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Introduction

Spinal cord injury (SCI) is a severe chronic disease that 
burdens patients significantly physically and emotionally.1 
Unfortunately, there is no fully effective treatment.2 Neural 
stem cells (NSCs) have the potential to repair damaged 
neural tissues and have, therefore, become the focus of 
research for SCI treatment.3 However, alterations in the 
tissue environment after SCI, such as inflammation and 
immune response, hinder the growth and differentiation of 
NSCs and, thus, the repair of neural injury.4

M1 macrophages secrete pro-inflammatory cytokines 
such as interleukin-β (IL-β), tumor necrosis factor-α 
(TNF-α), IL-6, and interferon-γ (IFN-γ), which exacerbate 

spinal cord injuries (SCIs). On the other hand, M2 mac-
rophages secrete anti-inflammatory cytokines, such as 
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IL-4, IL-10, IL-13, and neurotrophic factors, to inhibit 
inflammation and neuronal apoptosis. Therefore, modula-
tion of macrophage phenotypes to promote SCI repair rep-
resents a promising therapeutic target.5 Furthermore, 
studies have indicated that post-SCI angiogenesis is a cru-
cial step in tissue repair and is closely related to neuronal 
regeneration. Peptide modification with nerve peptide sub-
stance P of self-assembling RADA16 effectively stimu-
lates angiogenesis in the injured spinal cord.6 Another 
study revealed the utility of hyaluronic acid (HA) in pro-
moting axonal regeneration and angiogenesis. It was 
observed that severed axons in the injured site of mouse 
spinal cords extended into transplanted HA-based 
hydrogels.7

The XIST (X inactive specific transcript) gene is a long 
non-coding RNA that is found mainly on the single X 
chromosome in females and plays a vital role in the main-
tenance of the single X chromosome, balancing the num-
ber of sex chromosomes by suppressing the expression of 
related genes on the single X chromosome. In addition, the 
XIST gene also has various biological functions, such as 
regulating cell signaling, inducing cell differentiation, and 
regulating the immune system.5 In particular, XIST gene 
expression can affect macrophage polarization and, thus, 
the immune system response.8

Recent studies have shown that the XIST gene may be 
associated with the progression of spinal cord injury.9 The 
expression level of the XIST gene was significantly 
increased after spinal cord injury and correlated with the 
severity of spinal cord injury and apoptosis of neurons and 
glial cells.10 In addition, it was also found that the survival 
and regeneration of neurons and glial cells after spinal 
cord injury could be affected by regulating the expression 
levels of XIST genes, suggesting that XIST genes may be 
involved in the inflammatory response and apoptotic pro-
cess after spinal cord injury, which in turn affects the pro-
gression and repair of injury.9 Furthermore, the expression 
level of the XIST gene is higher in MSCs because these 
cells are undifferentiated stem cells, which are required to 
maintain the X chromosome in an activated state.11 In 
addition, modulation of XIST gene expression levels can 
reduce the differentiation level of MSCs.12

Post-spinal cord injury, the inflammatory response 
becomes the main microenvironment at the injury site, 
while the polarization state of macrophages determines the 
cytokine milieu within the injured area. M2 macrophages, 
known to produce high levels of anti-inflammatory factors 
such as IL-10 and TGF-β,13 play a crucial role in tissue 
repair and promoting axonal regeneration. Macrophage 
numbers increase significantly at 3 and 7 days after SCI 
injury, while macrophage-mediated inflammatory 
responses peak approximately 7 days after injury and slow 
functional recovery in patients. Macrophages can also pro-
duce growth factors that promote angiogenesis, stimulate 
fibroblast proliferation, and regulate connective tissue 

synthesis, critical factors in tissue repair.14 The main dif-
ference between the different roles of macrophages on the 
prognosis of SCI injury lies in the different sources of 
macrophages.15 It has been demonstrated that knockdown 
of XIST can regulate miR-27a/Smurf1 axis to reduce 
apoptosis of microglia and attenuate inflammatory injury 
in mouse SCI model.10 In addition, the knockdown of 
XIST acts on M1 macrophages, affecting co-cultured 
chondrocytes’ apoptosis.16 XIST promotes burn healing by 
targeting IL-33 to M2 macrophages via miR-19b.17

This study aims to investigate how XIST overexpres-
sion lentiviral vector affects BMSCs to regulate mac-
rophage M2 polarization and thus impacts the 
reconstruction of the NSC microenvironment in SCI. Our 
study will provide insight into the mechanism of SCI 
development and provide a new strategy for treating SCI, 
which will provide strong support for future research 
efforts and thus bring more help to SCI patients with cru-
cial scientific value and clinical significance.

Materials and methods

SCI-related microarray data download and 
differential gene screening

Download spinal cord injury (SCI)-related datasets 
GSE180767 and GSE132242 from the Gene Expression 
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/
geo/), where three Sham group and three SCI group mouse 
spinal cord samples were selected from the GSE180767 
dataset, and four Sham group and four SCI group mouse 
spinal cord samples were selected from the GSE132242 
dataset. SCI group mice spinal cord samples selected 
GSE132242 data set four Sham group and four SCI group 
mice spinal cord samples; download BMSCs transplanta-
tion for spinal cord injury-related data sets GSE139227, 
GSE178564, GSE125176, of which, selected GSE139227 
data set three SCI group and six SCI + BMSCs group 
mouse spinal cord samples, selected GSE178564 dataset 
nine SCI group and ten SCI + BMSCs group mouse spinal 
cord samples, selected GSE125176 dataset eight Sham 
group and eight SCI group BMSCs samples.

The GSE180767 and GSE132242 data sets were 
merged using the “limma” and “sva” packages and then 
batch-corrected. After correction, the merged data were 
evaluated by visualizing PCA plots using the “ggplot2” 
package.18–20 In addition, we also merged GSE139227 and 
GSE178564 with batch correction for subsequent 
analysis.

Public data immune infiltration analysis

The expression matrix of 22 immune cell signature gene 
sets was downloaded from the CIBERSORT website 
(https://cibersort.stanford.edu/), and immune cells in the 
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combined data of GSE180767 and GSE132242 were ana-
lyzed by the CIBERSORT algorithm with 1000 simula-
tions, and immune cells without infiltration were excluded. 
In addition, the relationship between target genes and dif-
ferent immune cells was examined by the “CIBERSORT” 
R script to analyze the correlation between core gene 
expression and SCI immune cell infiltration.21

The co-expression network was constructed by the R 
software package “WGCNA.” The workflow included 
gene co-expression network construction, module identifi-
cation, module relationship analysis, and identification of 
highly correlated genes. The soft threshold parameter 
β = 11 and the scale-free R2 = 0.90 were set to obtain the 
most significantly positively correlated module genes with 
SCI for subsequent analysis.22,23

Public data differential expression gene 
acquisition

We analyzed differential gene expression on the merged 
data using the “limma” package in the R programming lan-
guage. Genes with |logFC| > 1 and p-value<0.05 were 
selected as differentially expressed genes (DEGs). The R 
programming language generated a volcano plot of the dif-
ferential genes.

Functional and gene enrichment analysis of 
differentially expressed genes

GO enrichment analysis and KEGG enrichment analysis 
of differentially expressed genes were performed using the 
R language “ClusterProfiler” package, in which GO 
enrichment analysis included biological process (BP), 
molecular function (MF), and cellular component (CC) 
analysis. Therefore, GO enrichment analysis included bio-
logical process (BP), molecular function (MF), and cellu-
lar component (CC) analysis, and p < 0.05 was used as the 
screening condition.

Machine learning to construct LASSO 
regression models to screen for signature genes

Regression analysis of sequenced differentially expressed 
genes was performed using the R language “glmnet” pack-
age to screen for the core signature gene of M2 mac-
rophage polarization.24 The regulatory relationship 
between lncRNA and core signature genes in BMSCs was 
predicted by the catRAPID website (http://service.tartagli-
alab.com/page/catrapid_omics2_group).

Identification of BMSCs

Well-grown mouse BMSCs (Item No. CP-M131, Procell, 
China) were taken from BMSCs in α-MEM (SH30265.01, 
HyClone, Thermo Fisher Scientific, USA) supplemented 

with 15% fetal bovine serum (FBS; 10091148, Thermo 
Fisher Scientific, USA) and 100 U/mL penicillin-strepto-
mycin solution (10378016, Thermo Fisher Scientific, 
USA) in α-MEM (SH30265.01, HyClone, Thermo Fisher 
Scientific, USA) medium. BMSCs were passaged when 
they reached 80% confluence, and third generation BMSCs 
were used for subsequent experiments.

After washing with PBS, 1×106/mL single-cell suspen-
sions were made. Fluorescently labeled antibodies were 
added in groups: CD44 (ab243894), CD73 (ab288154), 
CD90 (ab3105), CD105 (ab221675), CD45 (ab10558), 
and CD31 (ab7388), incubated at 4°C for 30 min and then 
incubated with The unlabeled antibodies were washed off 
with PBS after incubation at 4°C for 30 min, and the sam-
ples were analyzed by flow cytometric analysis for the 
expression of the corresponding labeled antibodies, which 
were purchased from Abcam (UK).

The osteogenic, lipogenic, and chondrogenic differen-
tiation ability of BMSCs was observed with alizarin red, 
oil red O staining, and Alcian blue staining, respectively, 
according to the BMSCs Induced Differentiation 
(Osteogenic, Lipogenic, and Chondrogenic) kit instruc-
tions (PD-003/4/5, Procell, China).25

Lentiviral construction of stable turnaround 
BMSCs-XIST

Mouse bone marrow-derived mesenchymal stem cells 
(BMSCs) were seeded onto a 6-well plate at 2 × 106 cells/
healthy density and cultured overnight at 37°C. 
Overexpressed XIST recombinant lentivirus was added to 
each well at a final concentration of 1 × 108 TU/mL or len-
tivirus control containing an empty vector. After 6 h of 
infection, the medium was replaced with a fresh culture 
medium. Following a 72-h viral infection, the medium  
was replaced with a complete culture medium containing  
2 µg/mL puromycin for continued culturing for 2 days to 
select stably transfected cell lines. The XIST recombinant 
lentivirus was constructed and provided by Shanghai 
GenePharma Ltd (Shanghai, China) construct.26

Culture and identification of NSCs and 
macrophages

NSCs were isolated from the spinal cords of neonatal 
C57BL/6N mice (strain code: 213, Beijing Viton Lever 
Laboratory Animal Co., Ltd., China). After careful peeling 
of the meninges, the spinal cord tissue was cut into 1 mm3 
slices and digested with TrypLE expression enzyme 
(12604013, Gibco, USA) for 15 min at 37°C. The trypsin 
was then diluted with PBS, and the cells were collected by 
centrifugation at 500g for 5 min. Next, the cells were col-
lected and centrifuged at 500g for 5 min. Next, the cells 
were suspended in a serum-free DMEM/F12 medium con-
taining 20 ng/mL bFGF, 20 ng/mL EGF, 1% N2, and 2% 
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B27. Half of the medium was replaced with fresh medium 
every 3 days. After 10 days, the newly formed neuro-
spheres were digested into individual NSCs and cultured 
in an adhesion medium containing 10% fetal bovine serum. 
The NSCs were cultured in 24-well plates covered with 
poly-d-lysine overlay, 1 × 105 cells/well. They were then 
cultured with a neuronal induction medium (NIM). Half of 
the medium was changed to fresh medium every 2 days. 
NSCs were observed by ordinary light microscopy, and the 
purity of NSCs was examined by immunofluorescence co-
staining to detect the expression of Nestin and SOX2 in 
NSCs.27–29

Mouse bone marrow-derived macrophages BMDM 
(CP-M141, Procell, China) were cultured in RPMI-1640 
medium containing macrophage colony-stimulating factor 
(100 ng/mL, R&D Systems, Minneapolis, MN, USA; 
11875119, Thermo Fisher Scientific, USA) in To induce 
BMDM polarization to M1: 20 ng/mL IFN-γ (AF-300-02, 
Peprotech)/100 ng/mL LPS (916374, Sigma-Aldrich, 
USA) was added; to induce BMDM polarization to M2: 
20 ng/mL IL-4 (SRP4137, Sigma- Aldrich, USA) and 
incubated for 5, 24 and 48 h; M0-type macrophages, that 
is, BMDM, were left untreated.

BMSCs-XIST co-cultured with BMDM

The mouse bone marrow-derived macrophages BMDM 
and mouse BMSCs were co-cultured, the mouse BMDM 
cells were placed in the upper chamber of Transwell, and 
the transfected mouse BMSCs cells of each group were 
placed in the lower chamber of Transwell for 24 h. After 
co-culture, the BMDM cells were collected for subsequent 
experiments.30

Co-cultivation of M0–M2 macrophages and 
NSCs in conditioned medium

After stimulating M0, M1, and M2 macrophages for 24 h, 
the supernatant was removed, and the cells were washed 
twice with PBS. An equal volume of fresh neural progeni-
tor cell culture medium was added to each macrophage 
culture medium group, followed by a 24-h incubation 
period. The supernatant collected from this incubation 
served as the primary culture medium, to which 100 μg/
mL penicillin/streptomycin (15140148, Gibco, USA), 
10 mmol/l L-glutamine (21051024, Gibco, USA), 1% N2 
(abs9121, Absin), 20 μL/mL B-27 supplement (A3582801, 
Gibco, USA), EGF (SRP3196, 5 ng/mL, Sigma-Aldrich), 
and FGF (SRP4057, 5 ng/mL, Sigma-Aldrich) were added. 
This produced a macrophage-conditioned medium (M0–
CM, M1–CM, and M2–CM). NSCs were then cultured in 
M0–CM, M1–CM, and M2–CM for 7 days, after which the 
proliferation, migration, differentiation, and axon forma-
tion of the NSCs were assessed.29

EdU staining and CCK-8 assay to detect the 
proliferation of NSCs

Cell Counting Kit-8 (40203ES60, Yeasen, Shanghai, 
China) was used. Briefly, NSCs were cultured with differ-
ent treatments of the macrophage-conditioned medium, 
and the proliferation of NSCs was measured on days 1, 3, 
and 7. After NSCs were cultured in a medium containing 
CCK8 (1:10) for 3 h, 100 μL of supernatant was transferred 
to 96-well culture plates. The absorbance of the solution 
was measured at 450 nm31,32 using an enzyme marker 
(EON, Genetics Ltd.). Under the same treatment condi-
tions, the proliferation of NSCs was detected on day 7 
using the EdU assay kit (C10310-3, RiboBio, China).

NSCs migration experiment

NSCs were cultured with differently treated macrophage-
conditioned medium and incubated at 37°C for 24 h. After 
that, images of each well were taken using a Leica DMi8 
wide-field microscope. The migration index was defined 
as the total area of migrating cells divided by the internal 
area of the neurospheres of NSCs. The internal area and 
total area of the neurosphere were measured using ImageJ 
software.33

Construction of SCI mouse model

Forty-eight C57BL/6N mice (8-week-old, 20–25 g) were 
purchased from Beijing Viton Lever Laboratory Animal 
Co., Ltd (strain code: 213, Beijing, China) and housed in 
separate cages in an SPF-grade animal laboratory at 60%–
65% humidity and 22°C–25°C, and provided with free 
food and water under a 12-h light and dark cycle. The 
experiments were started after 1 week of acclimatization 
feeding, and the health status of mice was observed before 
the experiments. All animal experiments were approved 
by the Animal Ethics Committee of the Hubei University 
of Science and Technology (No. 2023-04-004). All animal 
experiments in this study followed the local management 
principles and the use of laboratory animals.

A total of four groups were randomly assigned in this 
study: the Sham group (undergoing surgery without spinal 
cord transection), the SCI group (undergoing spinal cord 
transection and receiving an equal volume of PBS injec-
tion), the BMSCs group (undergoing spinal cord transec-
tion and injected with 3 μL of 2 × 105 BMSCs using a 
Hamilton syringe as a control), and the BMSCs-XIST 
group (undergoing spinal cord transection and injected with 
3 μL of 2 × 105 BMSCs-XIST using a Hamilton syringe, 
with the needle tip retained in the spinal cord for 5 min after 
cell injection).34 Each group consisted of 12 mice.

SCI surgical procedure.  Mice were anesthetized by intra-
peritoneal injection of a mixture of 70 mg/kg ketamine and 
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5 mg/kg thiazide. After cessation of the corneal reflex, the 
surgical site was shaved, the skin was disinfected with a 
tincture of iodine agent and 70% ethanol, and the skin 
layer and paravertebral muscle layer of the mouse’s back 
were then incised. After the transection of the spinal cord, 
a 2 mm segment of the spinal cord was removed entirely 
by laminectomy at the level of T9–T10. After separate 
treatments, the paravertebral muscles and skin were closed 
in layers and disinfected with 70% ethanol. Postopera-
tively, these mice were placed in warm cages for recovery 
and given food and water. The weight of the mice was 
measured before surgery and 6 weeks after surgery.

At 6 weeks postoperatively, subjecting the mice to a 
20-min cardiac perfusion with polyformaldehyde, approx-
imately 2 mm of spinal cord tissue was obtained by dissec-
tion at the injury site, fixed in 4% paraformaldehyde at 4°C 
for 24 h, dehydrated with 20% v/v sucrose overnight, and 
then dehydrated with 30% sucrose at 4°C for an additional 
48 h. These dissected tissues were embedded in OCT and 
cut longitudinally into 10 μm-thick frozen sections using a 
frozen section machine (Leica CM1950. Germany). Intact, 
flat, unseparated, and non-folded frozen sections were 
selected for histological staining and immunofluorescence 
co-staining.31,32

Motor behavior and footprint analysis of mice

The mice were scored weekly on the Basso-Mouse Scale 
(BMS). The hindlimb movements of four groups of mice 
were observed in an 80 cm lateral length grid for 6 weeks 
after surgery. The BMS score was used to assess hindlimb 
motility, and the level of the BMS score represented the 
status of recovery of hindlimb motor function in mice with 
spinal cord injury; the higher the score, the better the 
recovery, and the score ranged from 0 (no ankle motion) to 
9 (full functional recovery). Mice were excluded if their 
BMS score was higher than 3 at 1 day after injury.

Body weight support and limb coordination were 
assessed by footprint analysis. First, the forelimbs and 
hindlimbs of the mice were stained with blue and red ink, 
respectively. Subsequently, mice were made to walk freely 
on white paper (1 m long and 7 cm wide), and the distance 
between the left and right hind paws was used as the basis 
for assessing weight support; the distance between the 
center pad of the forelimbs and the vertical center pad of 
the hind limbs was used to assess limb coordination; and 
the rotation angle (AR) was the angle formed by the third 
toe and the two stride lines at the center of the hind paws.31

Histological analysis

Spinal cord tissue sections were stained for H&E to detect 
pathology. Spinal cord tissue was fixed with 4% paraform-
aldehyde for 12 h. Paraffin-embedded tissue was cut at 
5 µm. Slides were rehydrated in graded ethanol, H&E 

stained, rehydrated in increasing increments and observed 
with light microscopy at different magnifications. 
Damaged neurons were counted by assessing gray matter 
alterations using a 6-point scale: (0) no lesion found; (1) 
gray matter containing 1–5 eosinophil neurons; (2) gray 
matter containing 5–10 eosinophil neurons; (3) gray mat-
ter containing more than 10 eosinophil neurons; (4) small 
infarcts, areas of gray matter less than one-third of the 
area; (5) moderate infarcts, areas of gray matter between 
areas between one-half and one-third for; and (6) severe 
infarcts, areas with gray matter area greater than one-half 
or more. The mean score of each group was recorded to 
obtain the cumulative scores.32,35

Adjacent tissue sections were stained with Masson’s tri-
chrome staining kit (G1340, Solarbio, China) to detect col-
lagen tissue deposition within the injury site.

Immunofluorescence co-staining

Tissue sections were permeabilized with 0.5% Triton 
X-100 in PBS solution and closed with 5% BSA for 1 h. 
Cells were then fixed with 4% paraformaldehyde at room 
temperature for 15 min, followed by two washes in PBS 
and 0.5% Triton X-100 (P0096, Beyotime, China) permea-
bilized for 10 min. Tissue sections or cells were then mixed 
with primary antibodies: Rabbit anti-MAP2 (ab183830, 
1:500), rabbit anti-GFAP (ab207165, 1:500), rabbit anti-
SYN1 (#5297, 1:200, CST, USA), mouse anti-Nestin 
(ab81462, 1:100), rabbit anti-SOX2 (ab92494, 1:100), rab-
bit anti-F4/F80 (ab6640, 1:200) were incubated overnight 
at 4°C. After washing three times with PBS solution. Next, 
the sections were incubated with Alexa Fluor 488/594-cou-
pled secondary antibodies (A32766/A-21203/A-21206/
A32754, 1:500, Thermo Fisher Scientific, USA) for 1 h. 
Then, the sections were washed three more times with 
PBS solution and incubated with DAPI The sections were 
stored at 4°C and then observed with a confocal micro-
scope (Leica SP8).32 Primary antibodies were purchased 
from Abcam (UK), except for SYN1.

Detection of M1 and M2 macrophage ratios in 
mouse spinal cord tissue by flow cytometry

Mouse spinal cord tissue was collected in ice-cold PBS 
and processed as described. Briefly, samples were mechan-
ically cut using a McIlwain tissue sectioner (Mickle 
Laboratory Engineering) and then enzymatically digested 
with 3 mg/mL collagenase type A (Roche) and 25 μg/mL 
DNase I (Sigma) in serum-free medium in a shaking water 
bath at 37°C for 1 h. After washing, the samples were 
treated with fluorescein-coupled antibodies CD11b 
(PE-Cyanine5, 15-0112-82, eBioscience™, Invitrogen), 
NOS (Alexa Fluor™ 488, 53-5920-82, eBioscience™, 
Invitrogen) or CD11b (PE-Cyanine5, 15-0112-82, eBio-
science™, Invitrogen), CD206 (Alexa Fluor™ 488, 
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53-2061-82, eBioscience™, Invitrogen), cells were stained 
and incubated for 1 h against light, washed once with PBS, 
and 0.5 mL PBS was used to resuspend the cells. Diva soft-
ware (BD Biosciences) to collect data on a BD LSRII flow 
cytometer, and FlowJo software version 9.9.6 was used for 
data analysis.36

ChIP detection of Zmynd8 enrichment in the 
MID1 promoter region

The cells of each group of BMDM were fixed with formal-
dehyde for 10 min to produce DNA-protein crosslinks. The 
ultrasonic fragmentation apparatus was set up to break the 
chromatin into fragments (200–500 bp) by sonication for 
10 s at 10 s intervals for 15 cycles. After the cells were fully 
lyzed, 10% of the volume of whole cell lysate was taken as 
input, and the remaining samples were centrifuged at 4 °C 
at 12,000g. The supernatant was collected and divided into 
two tubes at 10 min. Negative control rabbit IgG (ab171870, 
Abcam, UK) and Zmynd8 (1:100, Cat No. 11633-1-AP, 
Proteintech) were added, respectively, and incubated over-
night at 4°C to bind fully. Protein and DNA complexes 
were precipitated with Pierce protein A/G Magnetic Beads 
(Thermo, 88803), centrifuged at 5000g for 1 min, the 
supernatant discarded, non-specific complexes washed, 
uncrosslinked overnight at 65°C, and DNA fragments 
were recovered by phenol/chloroform extraction and puri-
fication followed by qRT-PCR to detect changes in MID1 
promoter fragment enrichment.37

A dual luciferase reporter assay

BMDM cells were cultured in a 48-well plate for 24 h. To 
construct the MID1 plasmid, the pGL3-promoter (E1761, 
ProMega Biotech, Beijing, China) luciferase reporter vec-
tor was co-transfected with either oe-Zmynd8 or a nega-
tive control (oe-NC) plasmid into BMDM cells for 48 h. 
The Rluc (Renilla luciferase) and Luc (firefly luciferase) 
fluorescence were measured using the Pierce™ 
SuperSignal™ Dual-Luciferase Reporter Assay Kit 
(16186, Thermo Fisher Scientific, USA). Rluc was used as 
an internal control, and the relative luciferase activity was 
determined as the ratio of Luc to Rluc fluorescence.38,39 
The experiment was repeated three times.

RT-qPCR

According to the instructions, total tissue or cellular RNA 
was extracted using a Trizol reagent (15596026, Invitrogen, 
USA). cDNA was reverse-transcribed from RNA accord-
ing to the instructions of the PrimeScript RT reagent Kit 
(RR047A, Takara, Japan). The synthesized cDNA was 
assayed by Fast SYBR Green PCR kit (11736059, Thermo 
Fisher Scientific, USA) for RT-qPCR detection, and three 
replicates were set up for each well. GAPDH was used as 

an internal reference 2−ΔΔCt Relative expression was cal-
culated.40–42 The experiment was repeated three times. The 
primer sequences used for RT-qPCR in our study are 
shown in Supplemental Table 1, and Takara synthesized 
the primer sequences.

Western blot

Cellular protein samples isolated from tissue and whole 
cell lysates were quantified using the Pierce BCA Protein 
Assay Kit (23227, Thermo Fisher Scientific, USA). Tissue 
and cellular proteins were extracted using RIPA buffer. 
About 20 μg of protein from each sample was loaded onto 
a sodium dodecyl sulfate-polyacrylamide electrophoresis 
gel and transferred to a nitrocellulose membrane. About 
5% skimmed milk powder was used for 1 h after incuba-
tion with primary antibodies: rabbit anti-MAP2 (ab281588, 
199 kDa, 1:1000), rabbit anti-GFAP (ab33922, 50 kDa, 
1:10,000), and rabbit anti-SYN1 (ab274430, 74 kDa, 
1:1000), rabbit anti-MID1 (ab70770, 74 kDa, 1:1000), rab-
bit anti-GAPDH (ab9485, 37 kDa, 1:1000). All antibodies 
were purchased from Abcam (Cambridge, UK). The fol-
lowing day, secondary anti-goat anti-rabbit IgG H&L 
(ab6721, 1:5000, UK) was applied for 1 h. Immunoreactive 
bands were visualized using enhanced chemiluminescence 
reagent (WP20005, Thermo Fisher Scientific, USA), and 
ChemiDoc XRS Plus luminescent image analyzer (Bio-
Rad Laboratories, Hercules, CA, USA) was used to image 
the pictures. The groups of bands in the images were quan-
tified in grayscale using Image J analysis software, using 
GAPDH as an internal reference.43

Statistical analysis

Statistical analysis of our study data was performed using 
the SPSS software package (version 23.0, IBM SPSS) or 
GraphPad Prism software version 8.0. The measures were 
expressed as mean ± standard deviation and firstly tested 
for normality and chi-square, tested for conformity to nor-
mal distribution and chi-square, unpaired t-test was used 
between groups, and one-way ANOVA or ANOVA of 
repeated measures data was used to compare multiple 
groups. Pearson was used for the correlation analysis of 
the two indicators. p < 0.05, p < 0.01, and p < 0.001 indi-
cate statistically significant differences.

Results

Significantly increased M1-type macrophage 
infiltration in SCI samples

Firstly, we merged the SCI-related datasets GSE180767 
and GSE132242 for batch correction. As shown in 
Supplemental Figure 1A and B, before batch correction, 
there were significant differences between the two 
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datasets. However, after batch correction, the differences 
became significantly smaller, indicating reduced noise. 
Subsequently, we performed differential analysis on the 
batch-corrected mRNA dataset and identified a total of 530 
differentially expressed genes (DEGs), with 439 upregu-
lated and 91 downregulated genes (Figure 1(a) and (b)).

Next, we estimated the infiltration of immune cells in 
the merged dataset using the CIBERSORT algorithm. By 
plotting heatmaps and bar charts for the infiltration of 22 
immune cell types, we observed a significant increase in 
the proportion of dendritic cells, mast cells, and M1 

macrophages after SCI (Figure 1(c), Supplemental Figure 
1C). Furthermore, these three cell types showed certain 
correlations (Figure 1(d)). In addition, the PCA analysis 
results in Figure 1(e) demonstrated that SCI could be dis-
tinguished before and after based on the degree of immune 
cell infiltration.

Further analysis was conducted by building a co-
expression network using WGCNA to identify core genes 
significantly associated with disease phenotypes and gene 
expression in SCI. We analyzed the merged dataset of 
batch-corrected GSE180767 and GSE132242 and selected 

Figure 1.  Bioinformatics analysis for the infiltration status of immune cells and inflammation in SCI in the central nervous system.
(a) a heatmap illustrating the expression of 530 DEGs in the merged datasets of GSE180767 and GSE132242, (b) a volcano plot illustrating the dif-
ferential expression of these 530 DEGs in the merged datasets, with black indicating genes with no differential expression, red denoting upregulated 
genes, and green representing downregulated genes, (c) A violin plot, based on the CIBERSORT algorithm, displays the proportions of 22 immune 
cell infiltrations in the merged datasets of GSE180767 and GSE132242, with blue and red representing the SCI and Sham groups, respectively, (d) 
a correlation heatmap of the proportions of immune cell infiltrations in the merged datasets, using the CIBERSORT algorithm, (e) the degree of 
dispersion of immune cell infiltrations in the SCI and Sham groups in the merged datasets of GSE180767 and GSE132242, as analyzed via PCA. The 
SCI and Sham groups consist of seven cases each, (f) the analysis of scale-free fitting indices and average connectivities for various soft threshold 
powers, (g) a gene co-expression network constructed using WGCNA, with each color representing a module within this network, (h) the analysis 
of the correlation between different modules and diseases, with each cell containing the correlation coefficient and respective p-value, and (i) a Venn 
diagram depicting the overlap between genes in the SCI-associated module (brown) and differentially expressed genes.
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a soft thresholding parameter β of 11 when using a correla-
tion coefficient threshold of 0.9 (Figure 1(f)). Subsequently, 
we obtained five co-expression modules through WGCNA 
analysis (Figure 1(g)). The correlation analysis of module 
characteristics showed that the core genes in the magenta 
module were significantly negatively correlated with SCI, 
while the core genes in the brown module were signifi-
cantly positively correlated with SCI (Figure 1(h)). 
Furthermore, by intersecting the genes in the brown mod-
ule with the differential genes in the merged dataset, we 
obtained 453 core genes (Figure 1(i)).

We then performed a Gene Ontology (GO) analysis on 
the core genes obtained from the intersection of WGCNA 
and differential genes. The results showed that the core 
genes were mainly enriched in biological processes (BP), 
such as positive regulation of cytokine production, posi-
tive regulation of response to external stimulus, and 
wound healing. In cellular components (CC), they were 
mainly enriched in items such as collagen-containing 
extracellular matrix, external side of plasma membrane, 
and cytoplasmic vesicle lumen. In molecular function 
(MF), they were mainly enriched in items such as cytokine 
receptor binding, cytokine activity, and immune receptor 
activity (Supplemental Figure 1D). KEGG analysis 
revealed enrichment in signaling pathways such as 

Cytokine-cytokine receptor interaction, Osteoclast differ-
entiation, TNF signaling pathway, Chemokine signaling 
pathway, and NF-kappa B signaling pathway 
(Supplemental Figure 1E).

LASSO machine algorithm screening yields 
XIST, a key factor (MID1) in the regulation of 
M2 macrophage polarization by BMSCs

To further screen the key factors of BMSCs for SCI, we 
performed a merge and difference analysis on the datasets 
GSE139227 and GSE178564 related to BMSCs trans-
plantation for spinal cord injury. We obtained 872 differ-
ent genes, of which 568 were up-regulated and 304 were 
down-regulated (Figure 2(a)). The up-regulated core 
genes in the combined dataset of GSE180767 and 
GSE132242 were intersected with the down-regulated 
differential genes in the combined dataset of GSE139227 
and GSE178564 to obtain 15 core genes (Figure 2(b)). 
Subsequently, the 15 core genes were used to construct 
LASSO regression models by machine learning to obtain 
four core genes: SPHK1, IER3, MID1, and IGFBP2 
(Figure 2(c)). We further analyzed the correlation between 
the f2 LASSO core genes and immune cells in the 

Figure 2.  Bioinformatics analysis to screen key factors of BMSCs that regulate the polarization of M2-type macrophages.
(a) Volcano plot of differentially expressed genes in the combined dataset of AGSE139227 and GSE178564, red represents upregulation and green 
represents downregulation, (b) venn diagram of core genes up-regulated in the combined dataset of GSE180767 and GSE132242 versus differentially 
genes downregulated in the combined dataset of GSE139227 and GSE178564, (c) Cross-validation curves of LASSO genes, (d) correlation analysis of 
IER3 in GSE139227, GSE178564 combined dataset and M1 type macrophage infiltration, (e) correlation analysis of MID1 in GSE139227, GSE178564 
combined dataset and M1 type macrophage infiltration, (f) GSE125176 dataset volcano plot of differential lncRNAs, red represents up-regulation, 
green represents down-regulation, and (g) venn diagram of binding proteins predicted by catRAPID website to interact with MID1, XISTRNA 
ranked in the top 10 tendencies.
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Figure 3.  XIST promotes the enrichment of Zmynd8 into the promoter region of MID1.
(a) The ChIP experiment was conducted to determine the binding of Zmynd8 in the promoter region of MID1 in macrophages, (b) Dual-luciferase 
reporter assay was used to examine the transcriptional regulation of MID1 by Zmynd8 in macrophages, (c) qRT-PCR and Western blot analysis 
were performed to assess the expression of XIST and MID1 in macrophages, * indicates the comparison between two groups, p < 0.05, cell experi-
ments were repeated at least three times.

combined dataset of GSE180767 and GSE132242. We 
showed that IER3 and MID1 were significantly associ-
ated with SCI-induced M1 polarization of macrophages 
(Figure 2(d) and (e)).

To clarify the specific mechanism by which BMSCs 
regulate macrophage polarization, we performed differen-
tial analysis on the BMSCs-related dataset GSE125176. 
We obtained 15 differential lncRNAs, of which 4 were up-
regulated and 11 were down-regulated (Figure 2(f)). With 
the help of the catRAPID website, we found multiple iden-
tical binding proteins between XIST and the MID1 pro-
moter, which contains a transcriptional regulator, Zmynd8 
(Figure 2(g)).

XIST may enrich Zmynd8 into the promoter 
region of MID1 and thus repress MID1 
transcription

The binding of Zmynd8 in the MID1 promoter region was 
examined using ChIP experiments (Figure 3(a)). The 
results demonstrated a significant increase in enrichment 
of the MID1 promoter fragment with Zmynd8 antibody 
immunoprecipitation compared to the IgG antibody group 
(p < 0.05). Additionally, overexpression of XIST was 
found to enhance the enrichment of Zmynd8 in the MID1 
promoter. To investigate the relationship between Zmynd8 
and MID1 in BMDM cells, simultaneous overexpression 
of MID1 promoter and empty vector or Zmynd8 was per-
formed, and the dual-luciferase reporter system was 
employed. The results revealed a significant increase in 
luciferase activity in BMDM cells following Zmynd8 
overexpression (Figure 3(b)).

Next, BMSCs overexpressing empty vector or XIST 
were co-cultured with BMDM cells, and qRT-PCR and 
WB analysis were conducted to evaluate the effects on 
BMDM cells. The results demonstrated that XIST overex-
pression significantly suppressed MID1 expression 
(p < 0.05; Figure 3(c)).

BMSCs-XIST induces macrophage M2 
polarization in vitro and in vivo

To further investigate whether BMSCs-XIST can induce 
macrophage M2 polarization. In the first step, BMSCs 
were firstly identified by flow cytometry in cultured mice, 
and positive expression of CD90, CD73, CD105, and 
CD44 and negative expression of CD45 and CD31 were 
detected in BMSCs (Supplemental Figure 2A); in addition, 
lipogenic, osteogenic and chondrogenic differentiation 
was induced in MSCs, and BMSCs were shown to possess 
lipogenic, osteogenic, and BMSCs were shown to be capa-
ble of lipogenic, osteogenic, and chondrogenic differentia-
tion (Supplemental Figure 2B).

Subsequently, we generated stable overexpressing 
BMSCs of XIST using lentivirus, named BMSCs-XIST, 
as well as control BMSCs expressing an empty vector. 
These two groups were co-cultured with BMDM, and the 
expression of XIST and MID1 in BMDM cells was exam-
ined using qRT-PCR. The results showed that compared 
to the BMSCs-NC group, the BMSCs-XIST group exhib-
ited a significant increase in XIST expression and a sig-
nificant decrease in MID1 expression in BMDM cells 
(Figure 4(a)).

To investigate whether BMSCs-XIST might affect the 
infiltrating macrophages in the injury area, we divided the 
experimental mice into four groups: Sham group, SCI 
group, BMSCs group, and BMSCs-XIST group, and 
detected the infiltration of macrophages in the injury area 
by RT-qPCR on the spinal cord tissues of mice, and the 
results showed that the spinal cord tissues of M1-type 
macrophage markers Nos2, Ccr7, and Cd86 were signifi-
cantly increased in spinal cord tissues after SCI surgery; 
after administration of BMSCs and BMSCs-XIST treat-
ment, the expression of M1-type macrophage markers was 
significantly decreased, while the expression of M2-type 
macrophage markers Arg1, Cd206, and Il-10 was signifi-
cantly increased, with a more significant trend in the 
BMSCs-XIST group (Figure 4(a) and (c)). In addition, 
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Figure 4.  Effect of BMSCs-XIST on the polarization of M2-type macrophages.
(a) qRT-PCR assay to detect the expression of XIST and MID1 in BMDM infected with XIST lentivirus, (b and c) RT-qPCR to detect the gene 
expression levels of M1-type macrophage markers Nos2, Ccr7, and Cd86 and M2-type macrophage markers Arg1, Cd206, and Il-10 in the spinal 
cord tissues of each group of mice; (d) Flow cytometry to detect the ratio of M1 and M2 cells in the spinal cord tissue of each group of mice; (e and 
f) RT-qPCR to detect the gene expression levels of M1-type macrophage markers Nos2, Ccr7, and Cd86 and M2-type macrophage markers Arg1, 
Cd206, and Il-10 in each group of BMDM. Six mice per group, * indicates a comparison between two groups, p < 0.05, **p < 0.01, ***p < 0.001, and 
cellular experiments were repeated at least three times.

flow cytometry detected the proportion of M1 and M2 
cells in the spinal cord tissues of mice in each group, and 
the results showed that the proportion of M1 macrophages 
and the proportion of M2 macrophages in the spinal cord 
tissues increased significantly after SCI surgery; after the 
administration of BMSCs and BMSCs-XIST, the propor-
tion of M1 macrophages decreased significantly, while the 
proportion of M2 macrophages increased significantly, 
with the BMSCs -XIST group showed a more significant 
trend (Figure 4(d)).

For further in vitro cell validation, we incubated 
BMSCs-XIST with BMDM. RT-qPCR results showed that 
compared with the PBS group, the M1-type macrophage 

marker levels were significantly decreased, and the 
M2-type macrophage marker expression levels were sig-
nificantly increased in the BMSCs group and BMSCs-
XIST group, with a more pronounced trend in the 
BMSCs-XIST group (Figure 4(e) and (f)).

BMSCs-XIST accelerates homeostatic 
microenvironment remodeling in NSCs by 
inducing M2-type macrophage polarization

Initially, NSCs were isolated from mouse spinal cord tis-
sue and passaged three times. Immunofluorescent co-
staining was performed for validation, demonstrating that 
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over 90% of NSCs were positive for NESTIN and over 
95% were positive for SOX2 (Supplemental Figure 3A-C).

NSCs proliferation and migration were assessed 
through CCK-8, EdU staining, and migration experiments. 
The results revealed that compared to CM from BMSCs-
NC-treated BMDM, CM from BMSCs-XIST-treated 
BMDM significantly promoted NSCs proliferation and 
migration (Figure 5(a)–(c)). Furthermore, immunofluores-
cent co-staining and RT-qPCR were employed to examine 
neuronal (MAP2) and astrocyte (GFAP) markers. It was 
found that co-culturing BMSCs-XIST with BMDM sig-
nificantly enhanced NSCs differentiation towards neurons, 
as evidenced by increased MAP2 expression, while inhib-
iting astrocyte differentiation, indicated by decreased 

GFAP expression (Figure 5(d)–(f)). RT-PCR analysis of 
inflammation-related factors in the NSCs steady-state 
microenvironment revealed that polarization of M2 mac-
rophages increased the expression of anti-inflammatory 
factors (Supplemental Figure 4). Finally, the positive 
expression of SYN1 demonstrated that co-culturing 
BMSCs-XIST with BMDM promoted neuronal axon for-
mation (Figure 5(g)).

NSCs proliferation and migration were assessed 
through CCK-8, EdU staining, and migration experi-
ments. The results revealed that compared to CM from 
BMSCs-NC-treated BMDM, CM from BMSCs-XIST-
treated BMDM significantly promoted NSCs prolifera-
tion and migration (Figure 5(a)–(c)). Furthermore, 

Figure 5.  Effect of BMSCs-XIST on the microenvironment of NSCs.
(a) EdU staining to detect the proliferation of NSCs in each group, blue DAPI stained nuclei, red NESTIN stained NSCs, green EdU stained prolifer-
ating NSCs, scale bar = 25 μm, (b) CCK-8 to detect the proliferation of NSCs in each group, (c) detection of migration of NSCs in each group, for 
more visual observation of migration distance difference, (d) immunofluorescence co-staining for positive neuronal and astrocyte markers in each 
group of NSCs, scale bar = 25 μm; (eand f) RT-qPCR for gene expression levels of neuronal and astrocyte markers in each group of NSCs, and (g) 
immunofluorescence co-staining for neuronal axon formation in each group of NSCs (scale bar = 25 μm).
*Indicates the comparison between two groups, p < 0.05, and cell experiments were repeated at least three times.
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immunofluorescent co-staining and RT-qPCR were 
employed to examine neuronal (MAP2) and astrocyte 
(GFAP) markers. It was found that co-culturing BMSCs-
XIST with BMDM significantly enhanced NSCs differ-
entiation towards neurons, as evidenced by increased 
MAP2 expression, while inhibiting astrocyte differentia-
tion, indicated by decreased GFAP expression (Figure 
5(d)–(f)). RT-PCR analysis of inflammation-related fac-
tors in the NSCs steady-state microenvironment revealed 
that polarization of M2 macrophages increased the 
expression of anti-inflammatory factors (Supplemental 
Figure 4). Finally, the positive expression of SYN1 dem-
onstrated that co-culturing BMSCs-XIST with BMDM 
promoted neuronal axon formation (Figure 5(g)).

To directly demonstrate that it is M2-type macrophages 
that promote NSCs proliferation, migration, and differen-
tiation toward neurons and axon formation, we directly 
cultured CMs of bone marrow macrophages (M0) and 
polarized M1 and M2 macrophages with NSCs and con-
firmed that it is M2-type macrophages, but not M0 and 
M1-type macrophages, that promote NSCs proliferation, 
migration, and differentiation toward neurons and axon 
formation (Supplemental Figure 5).

BMSCs-XIST promotes spinal cord repair 
in SCI mice by remodeling the homeostatic 
microenvironment of NSCs

Preoperative and postoperative mouse weights were 
recorded at 6 weeks. It was observed that the mouse weight 
increased in all groups at 6 weeks post-surgery. However, 
there was no significant difference in the mouse weight 
between the SCI, BMSCs-NC, and BMSCs-XIST groups, 
indicating that the treatment of BMSCs-NC and BMSCs-
XIST did not cause any weight changes in SCI mice 
(Supplemental Figure 6).

Furthermore, at 6 weeks post-surgery, the levels of oxi-
dative stress markers (T-AOC, T-SOD, CAT, and MDA 
activity) were measured in the spinal cord tissues of each 
group. The results (Supplemental Table 2) showed that 
compared to the Sham group, the SCI group exhibited sig-
nificantly decreased T-AOC, T-SOD, and CAT activity, 
and significantly increased MDA activity. However, after 
treatment with BMSCs and BMSCs-XIST, there was a sig-
nificant increase in T-AOC, T-SOD, and CAT activity, as 
well as a significant decrease in MDA activity, with the 
most significant changes observed in the BMSCs-XIST 
group. These findings suggest that BMSCs-XIST can alle-
viate spinal cord oxidative stress induced by SCI.

The Basso-mouse scale scored the motor behavior of 
mice. Figure 6(a) showed that all groups of mice showed 
normal motor behavior before the injury. After SCI sur-
gery, the motor ability was significantly reduced. In 

contrast, after administering BMSCs and BMSCs-XIST 
treatment, the mice recovered their motor ability. The mice 
in the BMSCs-XIST group recovered. The best recovery 
was observed in the BMSCs-XIST group. In addition, the 
footprint distribution (Figure 6(b)), support base (Figure 
6(c)), stride length (Figure 6(d)), and rotation angle (Figure 
6(e)) of the mice were further summarized based on the 
footprint distribution of the hind limbs. And toe-dragging 
(Figure 6(f)). The data were used to assess limb coordina-
tion in mice, and the trend was consistent with Figure 5(a), 
showing that BMSCs-XIST significantly enhanced limb 
coordination in mice.

In addition, we investigated the effect of BMSCs-XIST 
on the expression of regeneration-associated genes (RAGs) 
during acute (7 days postoperatively) and chronic SCI 
(42 days postoperatively). These genes were selected from 
neurological development (GO: 0007399), motor recovery 
(GO: 0007626), and chemical synaptic transmission (GO: 
0007268). RT-qPCR results showed that regeneration-
related gene expression in spinal cord tissue was signifi-
cantly reduced in both acute phases after SCI surgery. 
After administration of BMSCs and BMSCs-XIST treat-
ment, In both the acute and chronic phases, the expression 
of these related genes increased significantly compared to 
the SCI group. The increase was more pronounced in the 
BMSCs-XIST group compared to the BMSCs group 
(Figure 6(g) and (h)).

At 6 weeks after surgery, spinal cord tissue was removed 
(Figure 7(a)), and H&E staining showed that compared 
with the Sham group, the SCI group mice had little regen-
erated tissue and larger cavity volume in the spinal cord. In 
addition, the damage score was significantly increased. 
After treatment with BMSCs and BMSCs-XIST, the 
regenerated tissue in the spinal cord of mice showed a lin-
early ordered structure with reduced cavity volume, and 
the damage score was The most significant changes were 
observed in BMSCs-XIST (Figure 7(b) and (d)). This 
result indicates that BMSCs-XIST can significantly pro-
mote spinal cord tissue regeneration. In addition, Masson 
staining showed that blue collagen deposition was signifi-
cantly increased in spinal cord tissue after SCI surgery, 
while collagen deposition was significantly reduced in the 
BMSCs and BMSCs-XIST groups, with lower in the 
BMSCs-XIST group (Figure 7(c) and (e)). This finding 
suggests that BMSCs-XIST significantly reduces collagen 
deposition and may provide a suitable microenvironment 
for axonal regeneration.

Finally, the differentiation of NSCs in the spinal cord 
injury region was detected by immunofluorescence co-
staining. We can see from Figure 7(f) that although MAP2-
positive neurons and GFAP-positive astrocytes were seen 
at the injury site in all groups of mice in the SCI, BMSCs, 
and BMSCs-XIST groups, the BMSCs-XIST group mice 
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had the highest neuron-positive The signal density was the 
highest in the BMSCs-XIST group, while GFAP-positive 
astrocytes were the lowest, followed by the BMSCs group. 
In addition, Western blot detection of MAP2 and GFAP 
expression in spinal cord tissue further confirmed the 
results of immunofluorescence co-staining (Figure 7(g)).

Discussion

First, bioinformatics analysis showed that BMSCs were 
transplanted with SCI in vitro, in which M2 macrophage 
infiltration was significantly increased and XIST may  
be a key factor regulating M2 macrophage polarization. 

Figure 6.  Effect of BMSCs-XIST on motor function in mice.
(a) BMS score to assess the motility of each group of mice, (b)–(e) day 42, footprint distribution, support, rotation angle, stride length, and toe drag 
distance of each group of mice, (f) RT-qPCR to detect the gene expression levels of tissue regeneration-related factors in each group of mice in 
the acute phase (7 d), (g) RT-qPCR to detect the gene expression levels of tissue regeneration-related factors in the chronic phase (42 d) The gene 
expression levels of tissue regeneration-related factors in each group of mice were measured by RT-qPCR. Six mice in each group, * indicates the 
comparison between two groups, p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 7.  Effect of BMSCs-XIST on tissue healing, collagen deposition, and differentiation of NSCs in mouse spinal cord.
(a) White light map of spinal cord or spinal cord injury area in each group of mice (black arrow points to gel), (b) H&E staining to detect regen-
eration of spinal cord tissue in each group of mice (scale bar = 250 μm, black arrow points to the cavity), (c) Masson staining to detect collagen 
deposition in spinal cord tissue in each group of mice (scale bar = 250 μm, black arrow points to collagen deposition), (d) spinal cord injury score 
in Figure b, (e) collagen area in Figure c, (f) immunofluorescence co-staining for MAP2 and GFAP expression in spinal cord tissues of each group of 
mice (scale bar = 25 μm), and (g) Western blot for MAP2 and GFAP expression in spinal cord tissues of each group of mice. Six mice in each group, * 
indicates the comparison between two groups, p < 0.05, **p < 0.01.
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Subsequently, the expression of XIST in BMSCs was acti-
vated by CRISPR, and the results of in vitro experiments 
showed that BMSCs-XIST could induce macrophage M2 
polarization. Furthermore, in vitro cell validation experi-
ments confirmed that BMSCs-XIST could inhibit the 
inflammatory response and accelerate the reconstruction 
of the homeostatic microenvironment of NSCs by induc-
ing macrophage M2 polarization, thus promoting NSCs 
proliferation, migration, differentiation, and axonal 
growth. Finally, in vivo, animal experiments confirmed 
that BMSCs-XIST could significantly alleviate SCI by 
promoting NSC differentiation and axon formation in the 
injured region.

Transplantation of BMSCs is considered a vital break-
through point for SCI treatment.44,45 Long-stranded non-
coding RNAs were also found to play an essential role in 
the pathogenesis of SCI.46,47 XIST plays a vital role in X 
chromosome silencing, regulating gene expression in mul-
tiple ways at the epigenetic, chromatin remodeling, tran-
scriptional, and translational levels.48 XIST Aberrant 
expression is associated with tumors, pulmonary fibrosis, 
inflammation, neuropathic pain, cardiomyocyte hypertro-
phy, and osteoarthritic chondrocytes.48 XIST is up-regu-
lated in models of spinal cord injury, and miR-219-5p 
analogs can inhibit XIST expression from reducing micro-
glia damage after spinal cord injury.46 A study by Zhao 
et  al. reported that inhibiting the long non-coding RNA 
XIST aggravates spinal cord injury. Their research focused 
on directly assessing the effects of XIST in microglial 
cells, concluding that overexpressing XIST promotes the 
differentiation of microglial cells towards the M1 pheno-
type. In contrast, our study investigates the role of XIST in 
bone marrow stem cell therapy for spinal cord injury. We 
found that XIST can suppress the expression of the MID1 
protein in bone marrow stem cells, promoting the differen-
tiation of macrophages in the immune environment 
towards the M2 phenotype.

Furthermore, this facilitates the further differentiation 
of NSC cells towards the neuronal lineage, thereby facili-
tating spinal cord injury recovery. These findings align 
with previous reports that XIST promotes the polarization 
of macrophages toward the M2 phenotype.17 In addition, 
silencing XIST was found to reduce the symptoms of car-
tilage injury in OA mice. Regarding the specific mecha-
nism, XIST expression is downregulated during the 
differentiation of BMSCs into cartilage, and inhibition of 
FUT1 restores XIST expression levels and thus inhibits the 
differentiation of BMSCs.49 Taken together, XIST may be 
an essential factor in the successful transplantation of 
BMSCs for SCI.

Increased polarization of M2-type macrophages can 
repair SCI and reduce neurological damage brought about 
by SCI.50,51 A recent study found that MSCs-derived 
exosomes can promote the repair of traumatic spinal cord 
injury by altering microglia’s M1/M2 polarization ratio, a 

type of macrophage in the brain.52 It has also been found 
that XIST can promote the polarization of M2 mac-
rophages.17,53 For example, in a study of burn wound 
repair, XIST increased IL-33 expression levels by inhibit-
ing miR-19b, promoted the proliferation and migration of 
skin fibroblasts, and promoted fibroblast extracellular 
matrix production by promoting the conversion of mac-
rophages to the M2 phenotype.17 However, no studies exist 
on XIST expression levels and macrophage polarization in 
BMSC.

It has been shown that miR-219-5p-mediated XIST 
silencing promotes microglia activity, inhibits apoptosis 
and inflammation, and thus promotes recovery from spinal 
cord injury.46 It has also been found that XIST can promote 
the polarization of M2 macrophages.17,53 For example, in a 
study of burn wound repair, XIST increased IL-33 expres-
sion levels by inhibiting miR-19b, promoted the prolifera-
tion and migration of skin fibroblasts, and promoted 
fibroblast extracellular matrix production by promoting 
the conversion of macrophages to the M2 phenotype.17 
Furthermore, in another study on neural stem cell trans-
plantation to replenish neuronal deficits after spinal cord 
injury, M2-type macrophages were found to promote neu-
ral stem cell differentiation and, thus, neuronal cell forma-
tion by improving the inflammatory microenvironment.54 
However, no evidence exists that BMSCs can promote 
neural stem cell re-differentiation by regulating XIST. In 
contrast, our experiments can directly demonstrate that 
transplantation of BMSCs overexpressing XIST can 
reconstitute the microenvironment of neural stem cells by 
increasing the polarization of M2-type macrophages, pro-
viding a soil for neural stem cells to revalue, differentiate, 
and thus generate a sufficient amount of mature neurons to 
form synapses. Therefore, transplanting BMSCs-BDNF is 
expected to reactivate the neural stem cells in the SCI 
region and thus alleviate SCI.

Neural stem cells can differentiate into neurons, astro-
cytes, and oligodendrocytes, and these differentiated cells 
are more easily absorbed by spinal cord tissue and promote 
tissue injury repair, so neural stem cell transplantation is 
considered the most advantageous therapy,55 and relevant 
clinical trials have already been approved.56 However, 
chronic inflammation at the damaged site makes it often 
difficult for transplanted neural stem cells to survive and 
differentiate in a microenvironmental imbalance.57,58 Our 
study found that BMSCs-XIST could improve the inflam-
matory microenvironment in the SCI region by activating 
M2-type macrophage polarization, creating favorable con-
ditions for the value-added and differentiation of neural 
stem cells. Thus, our findings suggest that transplantation 
of BMSCs-BDNF may be a potential means of treating or 
alleviating SCI.

Based on extensive past research, bone marrow mesen-
chymal stem cells (BMSCs) have been considered promis-
ing candidates with clinical application potential as they 
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have shown significant efficacy in repairing spinal cord 
injuries in experimental animal models. Furthermore, 
BMSCs are easily and safely applicable for autologous 
transplantation in clinical settings, and studies have indi-
cated that direct transplantation of BMSCs into the lesion 
site contributes to improved axonal regeneration and motor 
function recovery in rats with spinal cord injuries.59,60 
Recently, it has been demonstrated that transplantation of 
lentivirus-mediated miR-28-5p-overexpressing BMSCs in 
rats with spinal cord injury effectively enhances neural 
recovery. This also suggests that miR-28-5p-modified 
BMSCs can serve as a therapeutic target to enhance behav-
ioral and neural functional recovery in rats with spinal 
cord injuries.61 Previous studies have also indicated that 
lentivirus-mediated miR-124-modified BMSC transplan-
tation has a positive effect on spinal cord injury repair in 
rats.62 In these studies and our own research, no specific 
safety concerns were identified regarding lentivirus-medi-
ated overexpression vector-modified BMSCs. Due to time 
and budget limitations, we did not perform specific bio-
chemical marker testing in this study. Further research and 
exploration are planned for the future.

In summary, we can conclude that BMSCs overex-
pressing XIST can accelerate the remodeling of the home-
ostatic microenvironment of NSCs by inhibiting MID1 
transcription, inducing macrophage M2 polarization, sup-
pressing the inflammatory response, and thus promoting 
NSCs proliferation and migration as well as differentiation 
to neurons and axonal growth, ultimately preventing SCI 
progression (Figure 8). Despite the many advantages of 
transplantation therapy for NSCs, transplantation of NSCs 
often dysregulates the microenvironment due to a chronic 
inflammatory response at the damaged site, which affects 
the survival and differentiation of transplanted NSCs.57,58 
Thus, we provide a new possible option for treating SCI 
from a theoretical point of view.

Conclusions

Nevertheless, there are still many unexplained aspects of 
our study. However, it is still unclear through which path-
way XIST released by BMSCs activates M2 macrophage 
polarization, and this will be one of our future works. In 
addition, the immune cells infiltrating the SCI region are 
very diverse, and in addition to macrophages, there will be 
neutrophils and microglia.58 The present study focuses on 
the effect of XIST on improving the speed of SCI recovery 
through the polarization of macrophages. The diversity of 
cellular interactions and communication mechanisms pre-
vented us from determining whether XIST could also play 
a role in SCI repair by affecting the function of centrophils 
or microglia. Finally, from the perspective of clinical 
application, our study also only provides a theoretical pos-
sibility, and there is still a large amount of basic research 
needed to eventually realize the treatment of SCI by trans-
plantation of BMSCs, as well as a multidisciplinary inter-
section to promote this technology for the ultimate benefit 
of SCI patients.
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