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Abstract  
After spinal cord injury, dysregulated miRNAs appear and can participate in inflammatory responses, as well as the inhibition of apoptosis 
and axon regeneration through multiple pathways. However, the functions of miRNAs in spinal cord ischemia-reperfusion injury pro-
gression remain unclear. miRCURY LNATM Arrays were used to analyze miRNA expression profiles of rats after 90 minutes of ischemia 
followed by reperfusion for 24 and 48 hours. Furthermore, subsequent construction of aberrantly expressed miRNA regulatory patterns 
involved cell survival, proliferation, and apoptosis. Remarkably, the mitogen-activated protein kinase (MAPK) signaling pathway was the 
most significantly enriched pathway among 24- and 48-hour groups. Bioinformatics analysis and quantitative reverse transcription poly-
merase chain reaction confirmed the persistent overexpression of miR-22-3p in both groups. These results suggest that the aberrant miRNA 
regulatory network is possibly regulated MAPK signaling and continuously affects the physiological and biochemical status of cells, thus 
participating in the regulation of spinal cord ischemia-reperfusion injury. As such, miR-22-3p may play sustained regulatory roles in spinal 
cord ischemia-reperfusion injury. All experimental procedures were approved by the Animal Ethics Committee of Jilin University, China 
[approval No. 2020 (Research) 01]. 
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Graphical Abstract   

Identification of aberrant miRNA regularory pattern in spinal cord ischemia-reperfusion injury (SCIRI)

Introduction 
Spinal cord ischemia-reperfusion injury (SCIRI), one of 
the most serious secondary spinal cord injuries, remains an 
unpredictable and devastating complication in clinical prac-
tice, with an incidence of 2–40% (Coselli et al., 2000, 2002). 
A cascade of secondary damage may be induced by SCIRI, 
such as neuronal lesions, which leads to further functional 
loss and behavioral impairments, as well as paraplegia (Bell 
et al., 2015; Fang et al., 2015). Importantly, there are no ef-

ficacious drugs or therapeutic approaches for SCIRI. Thus, 
many patients suffer substantial physical and psychological 
consequences. To date, the molecular mechanisms of SCIRI 
remain unclear, so it is difficult to develop novel drugs or 
treatments. Thus, it is urgent to identify the molecular mech-
anisms that underlie the pathogenesis of SCIRI.

Aberrant gene expression is associated with the develop-
ment of numerous diseases and may involve many types of 
regulatory molecules. MicroRNA (miRNA) is an important 
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kind of regulator that functions in RNA silencing and can 
subsequently regulate gene expression at the post-transcrip-
tional level (Ambros, 2004; Bartel, 2004). miRNAs that remit 
inflammatory damage to the blood-spinal cord barrier, such 
as miR-27a, may have essential roles in the progression of 
SCIRI (Li et al., 2015). Transcription factors (TFs), another 
important regulator of gene expression at the transcriptional 
level (Yang et al., 2013), are proteins coded by specific genes 
that control the transcription rate of other coding genes. 
Interactions between miRNAs and TFs provide complex 
information in molecular regulatory patterns. Therefore, al-
terations in miRNA-TF gene expression regulatory networks 
may result in the development of SCIRI. Unfortunately, the 
aberrant miRNA-TF gene regulatory patterns in SCIRI re-
main unclear. Thus, a systemic analysis of altered miRNA-TF 
co-regulatory patterns would facilitate understanding of the 
molecular mechanisms of SCIRI.

This study aimed to analyze miRNA expression profiles 
and construct a miRNA regulatory pattern in a SCIRI rat 
model. miRNA expression profiles were analyzed using a 
miRCURY® LNA® Array (Qiagen, Hilden, Germany). The 
targets of aberrantly expressed miRNAs were subsequently 
predicted by integrating the data in three miRNA informa-
tion databases. Altered miRNA-TF regulatory patterns were 
constructed based on the Transcriptional Regulatory Ele-
ment Database (http://rulai.cshl.edu/tred). Gene ontology 
(GO; http://www.geneontology.org) annotation and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway en-
richment (https://www.kegg.jp) were performed to provide a 
preliminary analysis of the function of aberrant miRNA-TF 
patterns in SCIRI, and the main findings were validated by 
quantitative reverse transcription-polymerase chain reaction 
(qRT-PCR). The ultimate goal of this study was to provide 
important clues for future investigations into the molecular 
mechanisms of SCIRI and facilitate the development of nov-
el therapeutic approaches for this devastating injury.
  
Materials and Methods
Animals
All experimental procedures were approved by the Animal 
Ethics Committee of Jilin University, China [approval No. 
2020 (Research) 01]. The experimental procedure followed 
the United States National Institutes of Health Guide for 
the Care and Use of Laboratory Animals (NIH Publica-
tion No. 85-23, revised 1996). Twenty-four male mature 
Sprague-Dawley rats weighing 220–280 g were purchased 
from Beijing HFK Bioscience Co., Ltd. [Beijing, China; 
Animal License No. SCXK (Jing) 2009-0004]. All rats were 
raised at the School of Public Health at Jilin University, 
housed in standard cages, and neurologically intact prior to 
anesthesia. Animals were individually housed after surgery. 

SCIRI rat models
To establish SCIRI rat models, 24 clean healthy adult male 
Sprague-Dawley rats were anesthetized by intraperitone-
al injection with 4% sodium pentobarbital (Solarbio Life 
Science, Beijing, China) at a dose of 50 mg/kg. SCIRI was 

induced by abdominal aorta occlusion for 90 minutes. Fol-
lowing anesthetization, the abdominal aorta was exposed 
using a cervicothoracic approach. The abdominal aorta was 
subsequently cross-clamped between the left renal artery 
and origin of the right renal artery using non-invasive arteri-
al clips. The occlusion situation was confirmed by detecting 
beating of the distal abdominal aorta (if clamped success-
fully, the beating would stop and the color of the left renal 
would change to dark red). After 90 minutes of ischemia, the 
arterial clips were removed and reperfusion was allowed to 
occur for 24 (24-hour group, n = 8) or 48 (48-hour group, n 
= 8) hours. Sham-operated rats (surgery without abdominal 
aortic clamp) were used as the control group (n = 8). The 
Basso Beattie Bresnahan locomotor rating scale was used to 
evaluate SCIRI rat models (Basso et al., 1995). Sham-oper-
ated rats underwent the same procedure without abdominal 
aortic occlusion.

RNA isolation, microarray hybridization, and signal 
scanning
Following the establishment of SCIRI rat models, total RNA 
in lesion tissues was extracted using TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s in-
structions, and then purified with an RNeasy Mini kit (Qia-
gen). RNA purity and concentration were detected using an 
UV2800 ultraviolet spectrophotometer (UNICO National, 
Fairfield, NJ, USA), which required concentrations ranging 
between 100 ng/mL and 1 mg/mL, an A260nm/A280nm ratio be-
tween 1.8 and 2.0, and A260nm/A230nm ratio greater than 1.8.

Following the manufacturer’s instructions, miRCURY 
LNA Array v.16.0 software (Qiagen) was used to profile 
differentially expressed miRNAs in lesion and normal tis-
sues. Briefly, the extracted total RNA was labeled with a 
miRCURY Array Power Labeling kit (Qiagen). Labeled total 
RNAs were subsequently hybridized to the miRCURY LNA 
Array by incubation at 56°C and rotated at 2 rpm overnight. 
Fluorescence intensities of the miRCURY LNA Array were 
scanned using a GenePix 4000B scanner and analyzed with 
GenePix Pro v.6.0 software (Axon Instruments, Foster City, 
CA, USA).

MiRNA-TF co-regulatory network analysis
After miRNA expression profile data were obtained, the ab-
errantly expressed miRNAs with fold changes over 1.5 and 
P-values less than 0.05 were identified. Regulatory interac-
tions among these differentially expressed miRNAs and tar-
get genes were predicted via data integration using miRbase 
(www.mirbase.org/) (Griffiths-Jones et al., 2006), miRDB 
(http://mirdb.org) (Wang, 2008), and miRanda (http://www.
microrna.org/microrna/home.do) (Betel et al., 2008). TFs 
were identified based on information provided by the Tran-
scriptional Regulatory Element Database (Zhao et al., 2005). 
miRNA-TF regulatory patterns were constructed by overlap-
ping these two results, and subsequently visualized using the 
free software Cytoscape v.3.2.0 (Shannon et al., 2003).
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Functional annotation and KEGG pathway enrichment 
analysis
MiRNA-TF regulatory patterns were identified using The 
Database for Annotation, Visualization, and Integrated Dis-
covery (https://david.ncifcrf.gov/) (Dennis et al., 2003) and 
tools in KEGG (Kanehisa and Goto, 2000) to conduct func-
tional annotation and KEGG pathway enrichment analyses. 
Significantly enriched KEGG pathways were sorted by P val-
ues less than 0.05.

Quantitative reverse transcription-polymerase chain 
reaction 
The miRNA-TF regulatory patterns identified persistent 
overexpression of miR-22-3p during SCIRI. qRT-PCR was 
used to verify expression trends of miR-22-3p. For qRT-PCR, 
5 mg of total RNA extracted from lesion and normal spinal 
cord tissues was reverse-transcribed into cDNA using a first-
strand cDNA synthesis kit (Takara, Tokyo, Japan). miRNA 
expression of rno-miR-22-3p was detected using SYBR Pre-
mix Ex Taq (Takara) and an Applied Biosystems 7300 Fast 
Real-Time PCR System (Foster City, CA, USA). Relative 
miRNA expression was normalized to U6 expression levels 
using the comparative 2–ΔΔCt method (ΔCt = CtTarget – CtU6, 
ΔΔCt = ΔCtLesion – ΔCtNormal). Primers were designed using 
Primer Premier software, version 6.0 (Primer Biosoft, Palo 
Alto, CA, USA) and Primer-BLAST (https://www.ncbi.nlm.
nih.gov/tools/primer-blast/). qRT-PCR data were analyzed 
using Prism Version 5.0 software (GraphPad, San Diego, CA, 
USA). Rno-miR-22-3p specific primers were 5′-GGT TAA 
GCT GCC AGT TGA A-3′ (forward, 19 bp) and 5′-CAG 
TGC GTG TCG TGG AGT-3′ (reverse, 18 bp) (Kang Chen 
Bio-tech, Shanghai, China). Reaction conditions included a 
denaturation step at 95°C for 10 minutes, followed by 40 cy-
cles of 95°C for 10 seconds and 60°C for 60 seconds. Primers 
used to amplify U6 were 5′-GCT TCG GCA GCA CAT ATA 
CTA AAA T-3′ (forward, 25 bp) and 5′-CGC TTC ACG AAT 
TTG CGT GTC AT-3′ (reverse, 23 bp) (Kang Chen Bio-tech).

Statistical analysis
Measurement data are expressed as the mean ± SD and were 
analyzed using R version 3.1.2 software (https://www.r-proj-
ect.org). All variables were normally distributed, and groups 
were compared with one-way analysis of variance followed 
by the least significant difference post hoc test. P-values < 0.05 
were considered statistically significant.

Results
Differentially expressed miRNAs in the lesion region of 
SCIRI rat models
To identify potential roles of miRNAs in SCIRI, miRNA 
expression profiles were first detected in SCIRI lesion re-
gions at 24 and 48 hours after reperfusion for comparison 
with sham-operated tissues. The results demonstrated 
that among the 695 detected rat miRNAs, at 24 hours, 13 
miRNAs were aberrantly expressed, including 12 upreg-
ulated miRNAs and 1 downregulated miRNA (Figure 1A 
and Table 1). At 48 hours, 105 miRNAs were differentially 

expressed, including 44 upregulated miRNAs and 61 down-
regulated miRNAs (Figure 1B and Table 2). Rno-miR-22-
3p was significantly upregulated at both 24 and 48 hours 
after reperfusion (Figure 1C).

Aberrant putative miRNA-TF regulatory patterns in 
SCIRI rat models
To construct a landscape of miRNA-TF regulatory pat-
terns in SCIRI, the targets of all aberrantly expressed miR-
NAs were predicted using the miRNA databases miRbase, 
miRDB, and miRanda (Additional Table 1). General miR-
NA-TF regulatory patterns (Additional Table 2) were se-
quentially built based on rat TF information provided by the 
Transcriptional Regulatory Element Database (Additional 
Table 3). These networks indicated systemic miRNA-TF 
regulatory patterns. Furthermore, the regulatory strategies 
of miRNAs were substantially more complex at 48 hours 
compared with 24 hours after reperfusion (Figure 2 and 
Additional Figures 1 and 2). miRNA-TF regulatory patterns 
indicated the involvement of TFs associated with cell pro-
liferation, survival, and apoptosis, such as Egr2, Stat3, Ets1, 
Tp53, and Hif-1α. These findings suggest that apoptosis and 
inflammation may represent important biological processes 
involved in the progression of SCIRI.

Functional annotation and KEGG pathway enrichment 
analysis
To determine the function of putative miRNA-TF regulatory 
patterns, GO gene functional annotation was conducted for 
all predicted miRNA-target genes. Figure 3 shows the top 20 
significant GO annotation terms that exhibited a significant 
difference between 24 and 48 hours after reperfusion. Inter-

Table 1 Differentially expressed miRNAs in spinal cords among 
SCIRI model rats at 24 hours

miRNA

CV value
Fold 
change P-valueI/R-24 hours Sham-24 hours

Upregulated
rno-miR-331-5p 0.3349 0.3595 3.115 0.0294
rno-miR-3560 0.1887 0.1173 2.7547 0.0047
rno-miR-463-3p 0.2192 0.2738 2.6625 0.0111
rno-miR-760-5p 0.2326 0.1164 2.0373 0.0212
rno-miR-125b-1-3p 0.0914 0.076 1.8157 0.0015
rno-miR-878 0.211 0.0659 1.7803 0.0239
rno-miR-486 0.2123 0.2746 1.7744 0.0452
rno-miR-22-3p* 0.2149 0.105 1.6759 0.0355
rno-miR-93-5p 0.2351 0.0983 1.6407 0.0494
rno-let-7i-5p 0.1598 0.2717 1.6115 0.0474
rno-miR-134-3p 0.1499 0.2066 1.5131 0.0443
rno-miR-493-5p 0.1086 0.0877 1.5037 0.0093
Downregulated
rno-miR-3084b-5p 0.2682 0.1679 0.5766 0.0325

Only the miRNAs with fold changes over 3.0 and P-value < 0.05 are 
shown. CV value means coefficient of variation between samples in 
different groups. *The miRNAs simultaneously differentially expressed 
in SCIRI rat models at 24 and 48 hours. I/R: Ischemia-reperfusion; 
SCIRI: spinal cord ischemia-reperfusion injury. 
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estingly, subsequent KEGG enrichment analysis indicated 
that the mitogen-activated protein kinase (MAPK) signaling 
pathway was most significantly enriched in both 24- and 48-
hour SCIRI groups (Tables 3 and 4). This finding indicates 
that the MAPK signaling pathway may play a critical role 
during the development of SCIRI and, therefore, represent 
a potential therapeutic target. Thus, potential correlations 

were analyzed between differentially expressed miRNAs and 
the MAPK signaling pathway. All associated miRNA-target 
genes were mapped to the MAPK signaling pathway (Fig-
ure 4A), and ideographs were created to demonstrate how 
these differentially expressed miRNAs regulate MAPK signal 
transduction processes via MAPK/ERK1/2 (Figure 4B), 
MAPK/p38 (Figure 4C), and MAPK/c-JNK (Figure 4D).

Verification of findings by qRT-PCR 
miRNA-TF regulatory patterns identified in this study were 
based on miRNA expression profile data. Therefore, qRT-
PCR was used to validate rno-miR-22-3p, which was signifi-
cantly upregulated at both 24 and 48 hours after reperfusion 
in spinal cord lesion tissues compared with control tissues. 
qRT-PCR findings were consistent with miRNA expression 
profile data (Figure 5).

Discussion
SCIRI triggers a cascade of molecular alteration events that 
can lead to neuronal cell death (Juurlink and Sweeney, 1997; 
White et al., 2000). Inflammation, reactive oxygen species, 
excitotoxicity (Sattler and Tymianski, 2001), and apoptosis 
(Gottlieb et al., 1994; Chopp and Li, 1996) are the primary 
mechanisms involved in SCIRI. To better understand the 
molecular mechanisms of SCIRI, the current study identi-
fied all differentially expressed miRNAs in a rodent model. 
miRNAs are delicate gene expression regulators with special 
abilities to regulate the translation and stability of their tar-
gets by inhibiting translational activity and promoting target 
mRNA cleavage (O’Connell et al., 2012; Ksiazek-Winiarek et 
al., 2013). In view of this fundamental function of miRNAs 
and their interactions with TFs, miRNAs may act as key reg-
ulators in many biological processes in SCIRI, such as apop-
tosis, cell proliferation, responses to reactive oxygen species, 
and inflammatory responses. Thus, miRNAs represent po-
tential therapeutic targets for SCIRI. 

The current novel findings indicated that miR-22-3p was 
upregulated at both 24 and 48 hours after reperfusion. miR-
22-3p was obviously increased at 48 hours after reperfusion. 
In myocardial ischemia-reperfusion injury, miR-22 report-
edly exhibited anti-apoptosis effects in rats via the down-
regulation of CREB-binding protein expression, which may 
decrease the acetylation levels of p53, Bax, and p21 (Yang 
et al., 2014). MiR-22 overexpression elicits neuroprotection 
through its targets in general anti-apoptosis signaling path-
ways, including MAPK/p38 and p53 (Jovicic et al., 2013; 
Yang et al., 2014). Other differentially expressed miRNAs 
identified at 24 or 48 hours after reperfusion exhibited a 
broad range of functions. For example, miR-29c overexpres-
sion at 48 hours may exhibit pro-apoptosis effects via the 
suppression of anti-apoptotic gene expression products (Ye 
et al., 2010; Armato et al., 2012). miR-451 upregulation at 48 
hours may decrease cardiomyocyte death in simulated isch-
emia-reperfusion injury in vitro, as it increases COX-2 ex-
pression to protect against cardiac injury (Gray et al., 1990; 
Penna et al., 2008; Inserte et al., 2009; Zhang et al., 2010). 
Furthermore, miR-199a targets hypoxia-inducible factor 1α, 

Table 2 Differentially expressed miRNAs in spinal cords among 
SCIRI model rats at 48 hours

miRNA

CV value
Fold 
change P-valueI/R-48 hours Sham-48 hours

Upregulated
rno-miR-935 0.4163 0.4626 17.5851 0.0173
rno-miR-140-5p 0.1901 0.2058 5.9027 0.0017
rno-miR-346 0.2265 0.1888 5.5674 0.0034
rno-miR-873-5p 0.1250 0.5378 5.2567 0.0010
rno-miR-339-5p 0.0464 0.1399 4.6452 0
rno-miR-632 0.3665 0.0658 4.5740 0.0210
rno-miR-149-5p 0.0535 0.3415 4.2643 0.0002
rno-miR-376a-5p 0.3423 0.9216 4.1114 0.0328
rno-miR-330-5p 0.3022 0.4134 3.5261 0.0186
rno-miR-127-3p 0.3104 0.4112 3.4201 0.0212
rno-miR-675-5p 0.2060 0.4406 3.3589 0.0076
rno-miR-22-3p* 0.0282 0.1050 3.2938 0
rno-miR-136-5p 0.1013 0.2865 3.2726 0.0009
Downregulated
rno-miR-129-2-3p 0.2139 0.4019 0.0569 0.0153
rno-miR-129-1-3p 0.2837 0.3105 0.1008 0.0075
rno-miR-20b-5p 0.3890 0.1709 0.1142 0.0010
rno-miR-130b-3p 0.2840 0.2577 0.1291 0.0044
rno-miR-743a-3p 0.4106 0.1252 0.1356 0.0004
rno-miR-199a-3p 0.8921 0.4862 0.1397 0.0412
rno-miR-497-5p 0.8839 0.1210 0.1442 0.0047
rno-miR-336-5p 0.7635 0.2644 0.1492 0.0069
rno-miR-148a-3p 0.6459 0.1697 0.1722 0.0021
rno-let-7f-5p 0.1446 0.2962 0.1857 0.0090
rno-miR-125b-2-3p 0.4142 0.3197 0.1893 0.0130
rno-miR-28-5p 0.5651 0.1985 0.1897 0.0034
rno-miR-375-5p 0.7981 0.1114 0.2070 0.0023
rno-miR-352 0.1873 0.1367 0.2126 0.0007
rno-miR-19a-3p 0.4423 0.3296 0.2247 0.0175
rno-miR-1188-3p 0.6553 0.1905 0.2350 0.0057
rno-miR-1306-5p 0.6237 0.2748 0.2450 0.0142
rno-miR-182 0.9751 0.2207 0.2450 0.0159
rno-miR-214-3p 1.1334 0.0927 0.2476 0.0116
rno-miR-1839-5p 0.3008 0.3663 0.2523 0.0258
rno-miR-499-5p 0.2286 0.4259 0.2591 0.0406
rno-miR-3547 0.3274 0.2988 0.2599 0.0145
rno-miR-19b-3p 0.6811 0.1261 0.2704 0.0048
rno-miR-98-5p 0.2295 0.0836 0.2990 0.0004
rno-miR-154-3p 0.5108 0.0813 0.3164 0.0028
rno-miR-743b-3p 0.5387 0.3014 0.3199 0.0275
rno-miR-542-5p 0.2353 0.3731 0.3211 0.0366

Only the miRNAs with fold changes over 3.0 and P-value < 0.05 are 
shown. CV value means coefficient of variation between samples in 
different groups. *The miRNAs simultaneously differentially expressed 
in SCIRI rat models at 24 and 48 hours. I/R: Ischemia-reperfusion; 
SCIRI: spinal cord ischemia-reperfusion injury.



2127

Liu ZG, Li Y, Jiao JH, Long H, Xin ZY, Yang XY (2020) MicroRNA regulatory pattern in spinal cord ischemia-reperfusion injury. 
Neural Regen Res 15(11):2123-2130. doi:10.4103/1673-5374.280323

Table 3 KEGG pathway enrichment analysis of the predicted miRNA-target genes in the spinal cords of rats 24 hours after 
ischemia-reperfusioin injury

KEGG terms Counts P value Genes

MAPK signaling pathway 14 0.004673737 TGFBR1, MKNK2, PPP3R1, PTPRR, FASLG, PRKX, NRAS, DUSP2, PAK2, 
RASGRP1, NTRK2, MAP3K8, PLA2G6, MAP3K12

Calcium signaling pathway 11 0.005785292 P2RX4, ADRB3, SLC8A1, ADRB2, P2RX1, CAMK4, PPP3R1, SAE1, VDAC3, PRKX, 
PTAFR

Axon guidance 8 0.019685239 NRAS, PAK2, LIMK2, LIMK1, SEMA4F, DPYSL5, PPP3R1, CXCL12
Purine metabolism 8 0.048743156 RRM2, NUDT5, PDE11A, GUCY1B3, ENTPD3, AMPD3, PRPS2, POLR3D
Adipocytokine signaling pathway 7 0.003087337 SLC2A4, NFKBIE, SLC2A1, PRKAB1, ACSL4, CAMKK1, STAT3
Neurotrophin signaling pathway 7 0.054806488 NRAS, YWHAG, CAMK4, NFKBIE, NTRK2, FASLG, SH2B3
PPAR signaling pathway 6 0.018280307 SCD1, OLR1, EHHADH, APOA5, GK, ACSL4
Apoptosis 6 0.036347469 CASP8, PPP3R1, PDE11A, FASLG, BCL2L1, PRKX
T cell receptor signaling pathway 6 0.086662229 NRAS, PAK2, NFKBIE, RASGRP1, MAP3K8, PPP3R1
Renal cell carcinoma 5 0.06160854 NRAS, PAK2, VHL, SLC2A1, EGLN3

Table 4 KEGG pathway enrichment analysis of the predicted miRNA-target genes in the spinal cords of rats 48 hours after 
ischemia-reperfusioin injury

KEGG terms Counts P value Genes

Pathways in 
cancer

68 1.20E-04 FGF9, ARNT2, PPARG, TGFB3, FASLG, FGF13, TGFB2, PAX8, CASP8, SLC2A1, MYC, EGFR, RET, 
CTBP1, CTBP2, HSP90AA1, RALBP1, RELA, TP53, VEGFB, HIF1A, CRKL, PIAS3, NCOA4, MAPK3, 
MAPK9, PDGFRB, BID, WNT5A, XIAP, ERBB2, EGLN3, KITLG, TFG, CDH1, KIT, BCL2L1, TPM3, 
IGF1R, PTK2, LAMB2, NKX3-1, RUNX1, AXIN2, FIGF, PIK3R2, FN1, CSF1R, MAP2K1, VHL, 
TGFBR1, FZD1, IGF1, RAF1, SMAD2, STAT1, STAT3, DVL1, NRAS, CBLB, CDKN1B, HDAC1, 
GSK3B, RASSF1, NTRK1, MTOR, IKBKB, CRK

MAPK 
signaling 
pathway

51 0.010601308 FGF9, GNA12, TGFB3, FASLG, FGF13, PRKX, TGFB2, BDNF, MAP3K8, PAK1, MYC, EGFR, RELA, 
TP53, PTPRR, CRKL, ARRB2, RRAS2, MAPK3, PLA2G6, PDGFRB, MAPK9, MAP3K12, TNF, MRAS, 
MAPKAPK3, MKNK2, CACNB1, PPP3R1, CACNB2, CACNB3, PPM1B, RASGRP1, MAP2K1, NTF3, 
TGFBR1, RAF1, DUSP5, NRAS, DUSP2, MAPK13, NTRK1, MAPK14, NTRK2, RAP1A, MAPK8IP1, 
CACNA1C, IKBKB, CRK, CD14, CACNA1B

Chemokine 
signaling 
pathway

45 1.54E-05 CXCL1, ADCY3, GNAI3, GNAI2, ADCY5, BCAR1, ADCY6, GNG11, CX3CL1, CXCR3, CXCL12, 
PRKX, PXN, CCL7, CXCL10, CCL22, PTK2, PLCB4, PAK1, CSK, GNG5, PIK3R2, MAP2K1, HCK, 
RELA, RAF1, STAT1, PRKCD, STAT3, STAT2, CCL11, NRAS, CRKL, CCR5, AGTR1B, ARRB2, 
CXCL13, GNG10, GSK3B, MAPK3, GRK6, RAP1A, GRK5, IKBKB, CRK

Regulation 
of actin 
cytoskeleton

41 0.015774407 ITGAL, FGF9, BCAR1, MRAS, WASF1, GNA12, PIP5K1B, ITGB4, FGF13, ARPC5, BDKRB2, PXN, 
PFN1, PTK2, PFN2, EZR, PAK1, CSK, FN1, PIK3R2, EGFR, MAP2K1, LIMK2, LIMK1, MYLK2, RAF1, 
PPP1CC, PPP1CB, NRAS, CRKL, CHRM3, CHRM2, RRAS2, CFL1, MAPK3, F2, ITGA7, PDGFRB, 
CRK, CD14, MYH10

Neurotrophin 
signaling 
pathway

37 7.71E-06 YWHAZ, FASLG, BDNF, NGFRAP1, CSK, ARHGDIA, PIK3R2, IRAK2, PDK1, IRS3, NTF3, MAP2K1, 
RELA, TP53, YWHAB, RAF1, PRKCD, IRS1, YWHAE, NRAS, YWHAG, CRKL, YWHAH, CAMK4, 
MAPK13, NTRK1, GSK3B, MAPK14, MAPK3, NTRK2, YWHAQ, RAP1A, MAPK9, NGFR, IKBKB, 
CRK, CALM1

Insulin 
signaling 
pathway

36 5.89E-05 PRKAG1, PRKAG2, MKNK2, RHOQ, PRKX, PRKAR2A, EIF4EBP1, PPP1R3B, SLC2A4, PRKAA2, 
INSR, PIK3R2, IRS3, MAP2K1, FLOT2, FLOT1, PRKAB1, RAF1, FBP2, PPP1CC, IRS1, PPP1CB, PCK1, 
NRAS, CBLB, CRKL, EIF4E, PYGL, GSK3B, MAPK3, MAPK9, MTOR, PTPN1, IKBKB, CRK, CALM1

Oocyte meiosis 29 7.62E-04 ADCY3, YWHAZ, PPP2R5B, ADCY5, BTRC, ADCY6, PPP3R1, PRKX, IGF1R, PPP2CA, PPP2CB, 
STAG3, PPP2R1B, PPP2R1A, MAP2K1, YWHAB, IGF1, SKP1, PPP1CC, PPP1CB, YWHAE, CCNB1, 
YWHAG, CCNB2, YWHAH, PLK1, MAPK3, YWHAQ, CALM1

Lysosome 29 0.001817144 CLTA, CLTB, ATP6AP1, HEXA, PPT2, ABCA2, ACP2, CLTC, CTSL1, ASAH1, SLC11A2, AP3M1, 
SCARB2, ATP6V0D1, ABCB9, LAPTM4A, LIPA, PLA2G15, PSAP, CD164, M6PR, GNS, SLC17A5, 
LAMP3, IGF2R, CTSE, CTSB, GGA1, CTSH

Cell adhesion 
molecules 

29 0.044450344 CLDN8, PVR, ITGAL, MPZL1, CLDN9, CLDN3, CDH1, L1CAM, CLDN11, SDC2, RT1-DA, NRCAM, 
ALCAM, PVRL2, ESAM, CD4, NEGR1, CD28, SELL, NFASC, CD276, NLGN3, CD40, NCAM1, 
NCAM2, SDC1, CLDN1, CNTN2, SELE

Vascular 
smooth muscle 
contraction

27 0.004616772 ADCY3, ADORA2B, ADCY5, CALD1, ADCY6, GNA12, PRKX, PLCB4, CYP4A8, RAMP1, RAMP2, 
ACTC1, MAP2K1, PRKCH, RAF1, MYLK2, PPP1CC, PRKCE, PPP1CB, PRKCD, AGTR1B, MAPK3, 
PLA2G6, GUCY1B3, CACNA1C, ADRA1D, CALM1

which in turn, stabilizes the pro-apoptotic TF p53. Thus, the 
observed decrease of miR-199a at 48 hours in this study may 
prevent ischemia-reperfusion injury in the heart, kidney, and 
any other tissues (Rane et al., 2009; Wang et al., 2014; Bi et 
al., 2015; Nanayakkara et al., 2015). However, the functions 

of many other differentially expressed miRNAs identified in 
this study have not been previously reported and, thus, re-
quire further investigation. 

The MAPK signaling pathway reportedly plays essen-
tial roles in responding to external stimuli during isch-
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Figure 1 Cluster analyses of altered miRNAs after SCIRI.
(A) Aberrantly expressed miRNAs in SCIRI and sham-operated tissues 
at 24 hours (n = 3). (B) Aberrantly expressed miRNAs in SCIRI and 
sham-operated tissues at 48 hours post-injury (n = 3). Each row rep-
resents an individual miRNA, and each column represents a sample. 
Red represents relatively high expression level, while green represents 
relatively low expression. (C) Number of aberrantly expressed miRNAs 
in the spinal cord lesion regions following reperfusion: overlapping re-
gions between the ovals indicate the number of differentially expressed 
miRNAs shared at 24 and 48 hours after reperfusion. SCIRI: Spinal 
cord ischemia-reperfusion injury.

Figure 2 Putative miRNA-TF regulatory patterns in spinal cord 
ischemia-reperfusion injury.
Blue circles represent miRNA-target genes (all node details are provid-
ed in Additional Tables 1–3). Yellow triangles represent TFs. Red dia-
monds represent differentially expressed miRNAs with predicted target 
genes. This is a landscape of putative miRNA-TF regulatory patterns at 
24 hours after reperfusion in which the miRNAs were upregulated. TF: 
Transcription factor. 

Figure 3 GO annotation of all predicted target genes.
(A–C) Biological Process (BP), Cell Component (CC), and Molecular Function (MF) terms, respectively, of all miRNA-target genes in the 24-hour 
group. (D–F) BP, CC, and MF terms, respectively, of all miRNA-target genes in the 48-hour group. Only the top 20 significantly enriched GO terms 
are presented. DE: Differentially expressed. 
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Figure 4 Potential correlations 
between differentially expressed 
miRNAs and MAPK pathways 
related to SCIRI.
(A) Map of predicted miRNA-target 
genes in the MAPK signaling path-
way; mapped genes are indicated by 
pink rectangles. (B) Detailed puta-
tive miRNA regulatory pattern in 
the MAPK/ERK1/2 signaling path-
way. (C) Detailed putative miRNA 
regulatory pattern in the MAPK/
p38 signaling pathway. (D) Detailed 
putative miRNA regulatory pattern 
in the MAPK/JNK signaling path-
way. ERK: Extracellular-signal-re-
lated kinase; JNK: c-Jun N-terminal 
kinase; MAPK: mitogen-activated 
protein kinase; SCIRI: spinal cord 
ischemia-reperfusion injury.
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Figure 5 qRT-PCR analysis confirmed the microarray detection 
of key miRNAs aberrantly expressed at both 24 and 48 hours after 
SCIRI. 
Relative expression represents the change in expression compared 
with the control group at 24 or 48 hours after reperfusion. Data are 
expressed as the mean ± SD (n = 3). qRT-PCR results confirmed miR-
22-3p expression levels detected by microarray. qRT-PCR: Quantitative 
reverse transcription-polymerase chain reaction.

emia-reperfusion. ERK1/2, JNK, and p38 are three major 
signaling cascades in the MAPK signaling transduction 
pathway. MAPK/ERK1/2 activates ERK1/2 and exhibits a 
close relationship with cell survival, differentiation, and pro-
liferation based on the association with neurotropic factors, 
which are also involved in myocardial ischemia-reperfusion 
injury (Boulton et al., 1991; Segal and Greenberg, 1996; Ji-
ang et al., 2013). Nuclear factor-κB is induced through the 
MAPK/ERK1/2 signaling pathway to regulate anti-apoptotic 

mechanisms in SCIRI lesion tissues (Lu et al., 2010). Fur-
thermore, MAPK/p38/JNK is regarded as a stress-induced 
kinase and plays important roles in inflammatory responses 
(Wang et al., 2009; Abi-Hachem et al., 2010). In this study, 
at 24 and 48 hours after ischemia-reperfusion, most of the 
predicted differentially expressed miRNA target genes were 
mapped to the MAPK signaling pathway (14 at 24 hours and 
51 at 48 hours). These findings indicate that although the 
molecular mechanisms of SCIRI are complicated and remain 
unclear, MAPK appears to be the most critical signaling 
pathway. And miR-22-3p may affect SCIRI process by regu-
lating MAPK pathway.

Despite these promising findings, there are several lim-
itations that must be considered in the interpretation of our 
results. First, only three repetitions were performed for each 
group, which may have resulted in uncontrollable errors. Sec-
ond, the current study only involved a preliminary analysis 
of the functions of putative miRNA-TF regulatory patterns, 
which require further validation by functional experiments.

Nevertheless, to the best of our knowledge, this study is 
the first to develop a general landscape of aberrant miR-
NA-TF regulatory patterns in a SCIRI model. These novel 
findings provide important clues for future studies on SCIRI 
and a theoretical foundation for the development of novel 
therapeutic approaches.
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Additional Figure 1 Putative miRNA-TF regulatory patterns in SCIRI for up-regulated 
miRNAs in the 48-hour group. 
The blue circles represent the miRNA-target genes. The yellow triangles represent the 
TFs. The red diamonds represent the differentially expressed miRNAs with predicted 
target genes. TF: Transcription factors; SCIRI: spinal cord ischemia-reperfusion injury. 
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Additional Figure 2 Putative miRNA-TF regulatory patterns in SCIRI for down-regulated miRNAs in 
the 48-hour group. 
The blue circles represent the miRNA-target genes. The yellow triangles represent the TFs. The 
red diamonds represent the differentially expressed miRNAs with predicted target genes. TF: 
Transcription factors; SCIRI: spinal cord ischemia-reperfusion injury. 


