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Abstract

Introduction: Long noncoding RNAs (IncRNAs) mediate critical effects in
central nervous system diseases; however, the exact role of IncRNAs in hu-
man traumatic brain injury (TBI) remains elusive. Considering the princi-
ples of primary prediction, targeted prevention, and personalized treatment
medicine (PPPM), identifying specific novel biomarker associated with TBI
and exploring the underlying mechanisms comprehensively are crucial steps
towards achieving primary prediction, targeted prevention, and personal-
ized treatment of TBI.

Material and methods: In this study, we integrated single-cell RNA sequenc-
ing (sc-RNA-seq) data and microarray chipset data for TBI to identify a com-
peting endogenous RNA axis.

Results: We detected 11 clusters based on the sc-RNA-seq data and identi-
fied Ifit1 as a marker gene co-expressed with ENST00000505646.1 (RP11-
704M14.1). Additionally, the expression of /FITI and RP11-704M14.1 was
found to decrease with the severity of TBI. RP11-704M14.1 promoted neuro-
nal proliferation, and its knockdown prevented this effect. Furthermore, we
found that RP11-704M14.1 functions as a miR-6756-5p sponge and increas-
es the expression of its target gene ALOX15.

Conclusions: Our results show that RP11-704M14.1 promotes neuronal pro-
liferation by sponging miR-6756-5p and regulating ALOX15 expression in
brain insults; accordingly, targeting this IncRNA presents a promising avenue
for advancing the transition from reactive medicine to PPPM in managing
traumatic brain injury, potentially leading to significant clinical benefits.

Key words: competing endogenous RNA, long noncoding RNA, RP11-
704M14.1, single-cell RNA sequencing, traumatic brain injury.

Introduction

Traumatic brain injury (TBI) poses a significant public health challenge due
to its association with neurodegeneration, cognitive deficits, and psychiatric
disturbances [1, 2]. Although the precise molecular and pathological alter-
ations following TBI remain poorly understood, noncoding RNAs, particularly
long noncoding RNAs (IncRNAs), have emerged as pivotal players in disease
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mechanisms and therapeutic target development [3].
A number of IncRNAs in the brain are specifically re-
lated to neuronal and synaptic function [4]. LncRNAs
constitute a large class of post-transcriptional regu-
lators, some of which can act as competing endoge-
nous RNAs (ceRNASs) to inhibit microRNAs (miRNAs)
in the brain [5, 6]. Notably, aberrant IncRNA expres-
sion has been documented in the hippocampi of rats
subjected to TBI [7, 8]. Accumulating evidence has
demonstrated that several IncRNA can inhibit the in-
flammatory response after TBI [9, 10].

ALOX15 is implicated in the inflammatory re-
sponse of various diseases, including colitis, yet
its role in TBI is not fully elucidated. Dysregulation
of miRNAs has been observed in the context of
post-TBI neuroinflammation, with specific miRNAs
altering the inflammatory landscape [11-14]. We
previously reported that reduced miR-195 expres-
sion facilitates neuronal proliferation to improve
neurological outcome following TBI [15] and the
[NncRNA NKILA acts as a miR-195 sponge, leading
to increased expression of the miR-195 target gene
NLRX1, particularly in neocortical and hippocampal
neurons [15]. Comprehensive analyses of IncRNAs
in the brain may provide key insights into TBI; how-
ever, few studies have focused on ceRNAs in TBI
and their diagnostic and therapeutic value [16)].

In this study, we employed a data mining
strategy, integrating single-cell RNA sequencing
(sc-RNA-seq) and a bulk chipset data, to delin-
eate and validate a ceRNA network implicated
in TBI. We uncovered a novel ceRNA axis, RP11-
704M14.1-miR-6756-5p—ALOX15, and explored
its correlation with clinical manifestations using
in vitro and in vivo brain injury models. This led
us to hypothesize that RP11-704M14.1 may influ-
ence TBI pathogenesis through miR-6756-5p-me-
diated regulation of ALOX15.

Material and methods
Sample collection

For the sample collection, bioinformatical anal-
ysis, in-vitro and in-vivo study, we followed the
methods of Dr. Zheng et al. 2022 [17]. Peripher-
al human blood samples were prospectively ob-
tained and transferred into PAX RNA Tubes (BD,
Shanghai, China) within one day after TBI [18].
Patients with TBI were recruited in 2019 based on
initial head CT findings, which demonstrated brain
contusions. The study protocol was approved by
the local Ethics Committee in Shanghai Pudong
New area People’s Hospital (20170223-001 on
March 7, 2017). The informed consent form was
obtained as required. Patients with TBI were clas-
sified according to the GCS score as follows: se-
vere group (GCS 3-8), moderate group (GCS 9-12)
and mild group (GCS 13-15). Patients aged 18-65

years with a closed brain injury were included.
The exclusion criteria were as follows: (1) severe
complication with thoracic or abdominal injury,
(2) serious previous diseases (such as thrombocy-
topenia and cancer), (3) refused blood collection.

Data processing

The  single-cell  transcriptome  dataset
GSE160763 was downloaded from the Gene Ex-
pression Omnibus (GEO) database (http://www.
ncbi.nlm.nih.gov/geo/) [19]. The chipset data from
TBI patients were previously reported and used as
an external verification here [18]. R (v. 4.0.2) was
used for bioinformatical analysis.

sc-RNA-seq analysis

The Seurat package was used for the sc-RNA
seq study [20]. The dimensionality of data was
reduced by principal component analysis (PCA)
and t-distributed stochastic neighbor embedding
(t-SNE). Marker genes for different clusters were
identified using the Seurat package. All clusters
were annotated using the SingleR package with
a mouse dataset [21], and cell-cell communica-
tion was performed using the CellChat package
[22]. Cluster biomarkers were identified using the
Seurat package. Monocle 3.0 was used to for the
pseudo-time analysis of clusters of interest [23].

Identification and validation of cluster
marker genes in the chipset data

The Agilent Human IncRNA Microarray 2019
(4*180k, Design 1D:086188) was used to analyze
16 samples by OE Biotechnology Co., Ltd. (Shang-
hai, China).

Construction of the prognostic model
associated with necroptosis

Firstly, the genes related to necroptosis with
prognostic value were preliminarily obtained by
univariate COX analysis. Subsequently, prognostic
necroptosis-related genes were further screened
by the least absolute and selection operator (LAS-
SO) regression, and the prognostic model was con-
structed. In this way, each cluster can be calculat-
ed with an necropotosis score (NCPS) through the
formula. Based on the median value, patients in
the cohort can be divided into high and low risk
groups. We then explored the difference in prog-
nosis between the two groups and assessed the
accuracy of the model.

Gene microarray

Total RNA was quantified by the NanoDrop ND-
2000 (Thermo Scientific, San Francisco, CA, USA),
and RNA integrity was assessed using the Agilent
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Bioanalyzer 2100 (Agilent Technologies, Santa
Clara, CA, USA) according to the manufacturer’s
protocols. In brief, total RNA was used for the syn-
thesis of cDNA, which was used for cRNA synthesis
and labeling with cyanine-3-CTP. The labeled cRNAs
were hybridized onto the microarray chipset. After
washing, the chipset was scanned using the Agi-
lent Scanner G2505C (Agilent Technologies).

Data analysis for gene chip

The specific analysis procedure has been re-
ported previously. First, the raw data were normal-
ized and further classified by PCA. Differentially
expressed genes (DEGs) were then selected with
a fold change > 2.0 and a p-value < 0.05.

Reagents and antibodies

The mouse polyclonal antibody anti-IFIT1
(ab70023), rabbit monoclonal antibody ALOX15
(ab244205), mouse monoclonal NeuN antibody
(ab104224) and rabbit monoclonal GAPDH anti-
body (ERP16891) were all purchased from Abcam
company.

Primary cortical neuronal cultures and HEK
293T cells

Primary culture of cortical neurons was pre-
viously reported [24]. Excitotoxicity was induced
by the treatment of neurons with kainic acid
(KA) at 1 nmol/|, the same as that used in pre-
vious analyses [24]. For pharmaceutical inter-
vention, cells were treated with si-RP11, miR-
6756-5p antagonist, or miR-6756-5p mimic. HEK
293T cells were cultured in Dulbecco’s modified
Eagle medium with D-glucose and 10% fetal
bovine serum (FBS). For RP11 overexpression,
3 x 108 HEK 293T cells were transfected with the
RP11-HA plasmid constructed by amplifying the
genomic cDNA according to the manufacturer’s
recommendation (pcDNA3.1/N-HA vector, Clon-
tech, Oxon, UK).

Mouse TBI model, gRT-PCR, western blot,
and immunofluorescence

Lateral fluid percussion injury (FPI) surgery was
performed in 6- to 8-week-old male C57-B6 mice,
as described previously [11]. The gRT-PCR primer
sequences are listed in Supplementary Table SII.
Relative expression was calculated with the for-
mula: 27, AACt = (Ct,, . . = Cty ) TBI=(CE,
gene ~ Ctﬁ_actm) control. Experiments were repeated
at least three times. The immunofluorescence
(IFC) method was previously reported as well [15].
In this study, we probed the brain tissues with
NeuN and Alox15 overnight and the secondary
antibody was HRP.

Neurobehavioral assessment

The modified neurological severity score (mNSS)
test was used to evaluate neurological function.
The test was performed before TBI and on days
1, 3, 7 and 14 after TBI. The scale ranges from 0
to 18 points (normal score, O points; maximum
deficit score, 18). The mNSS consists of movement
(muscle state and abnormal movement), sensation
(vision, touch and proprioception), reflex response
and balance tests. If the mouse fails to complete
the test or does not respond as expected, 1 point
is scored; therefore, the higher the score, the more
severe the injury [9].

Nuclear fractionation

1 x 107 neurons were collected and washed
with RNase-free PBS. After incubation with frac-
tion buffer (Thermo Fisher, 78833) for 15 min on
ice, cells were centrifugated at 2500 rpm for an-
other 15 min, and the pellet containing nuclear
fractions was selected for RNA extraction.

FISH assay

The sub-localization of RP11-704M14.1 in
neurons was identified using FISH according to
the instructions of RiboTM RP11-704M14.1 FISH
Probe Mix (Green; Guangzhou Ribo Biology Co.,
Ltd., Guangzhou, Guangdong, China). The neu-
rons were seeded into the plate at 6 x 10* cells/
well and cultured until the cell confluency reached
about 80%. Then, the neurons were fixed by 1 ml
of 4% paraformaldehyde, treated with proteinase
K (2 pg/ml; Sigma-Aldrich Chemical Company, St
Louis, MO, USA), glycine (YZ-140689; Beijing so-
larbio science and technology Co., Ltd., Beijing,
China) and acetamidine reagent. The slides were
then incubated with 250 pl of pre-hybridization
solution at 42°C for 1 h and with 250 pl of 300 ng/
ml hybridization solution containing RP11 probe
overnight at 42°C. After that, the slides were
stained for 5 min with DAPI (ab104139, 1 : 100,
Abcam Inc., Cambridge, UK) diluted using PBS-
Tween 20. The slides were then mounted with an
anti-fluorescent quencher. Three different fields
were selected under a fluorescence microscope
(Olympus Optical Co., Ltd, Tokyo, Japan) for obser-
vation and photographs.

Overexpression and knockdown assays

Plasmid-mediated RP11-704M14.1 overex-
pression and knockdown vector were obtained
from WCgene (Shanghai, China), while siRNAs
targeting RP11 were obtained from GenePharma
(Suzhou, China). The miR-6756-5p mimic was ob-
tained from RiboBio (Guangzhou, China), and the
lentiviral expression vectors with the miR-6756-
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5p inhibitor and control plasmid were obtained
from GeneCopoeia (Rockville, MD, USA). For stable
transfections, puromycin was used to select cells
stably expressing RP11-704M14.1 and negative
vector. The plasmid vectors were incubated with
cells for in-vitro studies and injected into the ip-
silateral ventricles of TBI mice for in-vivo studies.

CCK-8 assay

Each group of cells was adjusted to 1,000 cells
per well. 10 pl of CCK-8 solution (Beyotime Bio-
technology, Shanghai, China) was added to the
cell dish. Only the CCK-8 solution was added to
a well as the blank control. Absorbance (OD) in
each well was read at 450 nm and tested every
24 h for 3 days.

RIP assay

The RIP assay was performed using the EZ-Mag-
na RiP Kit (Millipore, Billerica, MA, USA). Cells were
lysed in lysis buffer and further incubated with
magnetic beads together with human anti-Ago2
(Millipore) or normal human IgG control (Milli-
pore). The immunoprecipitation (IP) RNAs were
extracted with Trizol and assessed by qRT-PCR.

Luciferase reporter assay

A luciferase assay was carried out as previous-
ly reported [25]. Primary cultured neurons (5 x 10*
cells per well) were selected in a 96-well plate and
incubated for one day. The plasmids were trans-
fected using Lipofectamine 3000 (Thermo Fish-
er Scientific, Waltham, MA, USA). After 2 days
of transfection, luciferase signals were assessed
using a luciferase assay (E1980; Promega, Mad-
ison, WI, USA). The binding site for Alox15 and
miR-6756-5p was predicted using: TargetScan
[26], miRDB [27] and miRCarta [28]. In addition,
RP11 sequences containing the putative wild-type
or mutant binding sites for several miRNAs were
separately cloned into pmirGLO vector (Promega,
Madison, WI, USA). The pmirGLO-RP11-WT report-
er and pmirGLO- RP11-Mut reporter were co-trans-
fected into cells with miRNA mimics, miR-NC and
other miRNA mimics with Lipofectamine 3000. On
day 3, the luciferase reporter assay was carried out.

Statistical analysis

All data are presented as the mean + standard
error mean (SEM). GraphPad Prism 8.3.1 (San Di-
ego, CA, USA) was used for statistical analyses.
Differences among more than two groups were
analyzed using one-way ANOVA and subsequently
the LSD test or Student’s t-test, as they were nor-
mally distributed. Repeated one-way ANOVA was
used to analyze results of CCK-8 and behavioral

assays. Spearman correlation analysis was used
to assess the relationship between two parame-
ters, such as ALOX15 and [FITI with GCS. P < 0.05
was considered significant.

Results

The relationship between [fit1
and ENST00000505646.1 in TBI

All cells obtained from GSE 160763 (sc-RNA
seq data) were grouped into 11 clusters using the
t-SNE map. The 11 clusters were further annotat-
ed with SingleR (Figure 1 A). We found that most
cells were annotated as astrocytes, neurons, endo-
thelial cells, epithelial, macrophages, microglia, NK
cells and T cells. To classify the major cell types in
the brain after TBI, we determined the necroptosis
score (NCPTS) to classify the cluster using Seur-
at and identified high NCPTS in endothelial cells,
neurons, astrocytes and microglia (Figure 1 B).
We found that Ifitl was dominantly distributed
in endothelial cells (Figure 1 C) and related to
high NCPTS (Figure 1 D), and this indicated that
Ifitl might be involved in the necroptosis follow-
ing TBI, which was further verified using chipset
data, as previously reported [18] (Supplementary
Figure S1). We then evaluated the expression of
the marker gene Ifit1 in different clusters (Figure
1 D). Next, we looked at the cell-cell interaction
between control (Figures 1 E-H) and TBI (Fig-
ures 1 I-L) groups, and we found both outgoing
and incoming signaling patterns reduced in TBI
compared to the control group. It is interesting to
note that the interaction between astrocytes and
neurons and oligodendrocytes decreased in TBI,
which suggests that the supporting role of astro-
cytes decreased following brain injury.

We further analyzed the expression of IFIT1
in the TBI chipset dataset. /FIT1 expression was
decreased in patients with TBI and was signifi-
cantly associated with the severity of brain in-
jury (Figures 2 A, B, severe and moderate TBI
groups compared to the control group, p < 0.05).
Detailed information for TBI patients is listed in
Supplementary Table SI. Ifit1 was experimentally
found to bind to RNA; accordingly, we conducted
co-expression analysis of IncRNAs co-expressed
with Ifit1 and brain injury-related IncRNAs. Only
the IncRNA ENSTO0000505646.1, named RP11-
704M14.1, was identified in the intersection
(Figure 2 C). We have previously reported that
ENSTO0000505646.1 expression was significantly
decreased in patients with severe TBI [18]. How-
ever, its role has not been explored in brain injury.
We found that the expression of RP11-704M14.1
was positively correlated with expression of IFIT1
(Figure 2 D), which were both decreased in pa-
tients with TBI, and the expression levels were
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significantly associated with the severity of brain
injury (Figures 2 E, F).

RP11-704M14.1 silencing inhibits neuronal
proliferation

To elucidate the neurological role of RP11-
704M14.1, primary cultured neurons with siRNA,

a lentiviral recombinant siRNA vector (vector), or
a lentiviral recombinant overexpression plasmid
was used to knock down or overexpress RP11-
704M14.1 (Figures 3 A, B). A CCK-8 assay showed
that RP11-704M14.1 knockdown significantly in-
hibited the proliferation of neurons, while RP11-
704M14.1 overexpression promoted neuronal
growth (Figures 3 C, D).
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RP11-704M14.1 promotes neuronal
and ALOX15 expression in TBI mice

To validate the in-vitro effect of RP11-704M14.1
on the proliferation in primary cultured neurons,
we injected the plasmid-mediated RP11-704M14.1
into the ipsilateral ventricle of TBI mice just after
the brain injury was modeled. We found that over-
expression of RP11-704M14.1 could increase the
neuronal level and ALOX15 expression reflected by
their positive counting at 24 h after injury (Supple-
mentary Figure S2). Meanwhile, RP11-704M14.1
was able to decrease the mNSS in TBI mice as well
(Supplementary Figure S2), which indicates that
RP11-704M14.1 has a neuroprotective effect in TBI.

RP11-704M14.1 acts as a molecular sponge
for miR-6756-5p in neurons

To explore the role of RP11-704M14.1 in neu-
rons, we first analyzed its subcellular location us-
ing fluorescence in situ hybridization (FISH). We
found that the expression of RP11-704M14.1 was

predominant in the cytosol (Figure 4 A), indicating
that it might function at the post-transcription-
al level. We used a bioinformatical approach to
predict miRNAs that bind to the RP11-704M14.1,
using miRbase. We detected potential binding
between RP11-704M14.1 and hsa-miR-6756-5p
(Figure 4 B). RNA immunoprecipitation (RIP) using
an Ago2 antibody revealed that RP11-704M14.1
binds directly to Ago2 in neurons, indicating that
this IncRNA might be involved in miRNA binding
(Figure 4 C). Next, we analyzed our ceRNA chipset
data from plasma of patients with TBI and found
that hsa-miR-6756-5pis a potential binding miRNA
for RP11-704M14.1. We evaluated the activity of
RP11-704M14.1 using a luciferase reporter assay
after site-directed mutagenesis of the putative
miR-6756-5p binding site. As expected, the lu-
ciferase reporter assay showed that miR-6756-
5p directly targets the 3’UTR of IncRNA RP11-
704M14.1-WT to negatively regulate the luciferase
activity of IncRNA RP11-704M14.1-wt-3'UTR but
not [ncRNA RP11-704M14.1-MUT’s 3'UTR (Fig-
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Figure 4. RP11-704M14.1 binds with miR-6756-5p in neurons. A — FISH assay showed that RP11-704M14.1 was
predominantly located in cytoplasm of neurons, and the enlarged figures are also shown. B — Subcellular fraction-
ation assays showed the subcellular distribution of RP11-704M14.1 and Alox15 in neurons. U6 and MALAT1 were
used as a nuclear control. C — Based on an interactome prediction, six miRNAs were predicted to bind to RP11-
704M14.1
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1gG and AGO2. E - Primary cultured neurons were co-transfected with each miRNA mimic and the RP11-704M14.1
wild-type reporter or RP11-704M14.1 mutant reporter; the y-axis shows the luciferase intensity. A scrambled mim-
ic was used as a control, *p < 0.05, luciferase activity compared between miRs and scramble. F — After primary
cultured neurons were transfected with si-NC (scramble), si- RP11-704M14.1, vector and RP11-704M14.1, the
expression level of miR-6756-5p was assessed, #p < 0.05, compared to scramble or vector, respectively. G — After
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replicates is 3 in each group and the error bar is mean + SEM. Bar = 20 pm

ure 4 D). Furthermore, we found that the knock-
down of IncRNA RP11-704M14.1 significantly
increased the expression level of miR-6756-5p
in neurons (Figure 4 E). Overexpression of RP11-
704M14.1 significantly inhibited the expression of
miR-6756-5p (Figure 4 E). In addition, a CCK-8 as-
say showed that si-RP11-704M14.1 could reduce
cell proliferation, and this effect was rescued by
a miR-6756-5p antagonist. Interestingly, the miR-
6756-5p antagonist increased the neuronal prolif-
eration. These results prompted us to investigate
predicted targets of miR-6756-5p (Figure 4 F).

ALOX15 is a miR-6756-5p target gene
and is indirectly regulated by IncRNA
RP11-704M14.1

To determine the ceRNA regulatory network
linking IncRNA RP11-704M14.1, miR-6756-5p, and

downstream targets, we used various algorithms
(TargetScan, miRDB, and miRCarta) to predict
potential miR-6756-5p targets. Additionally, we
verified the IncRNA RP11-704M14.1-miR-6756-5p
ceRNA network based on expression levels in our
TBI chipset dataset and found that 49 intersected
genes may be involved in this network (Supple-
mentary Figure S3). In addition, only ALOX15 was
found in the intersection of the 49 target genes
with the top 10 altered mRNAs in patients with
TBI (Supplementary Figure S4). Arachidonate
15-lipoxygenase, encoded by ALOX15, is involved
in the regulation of apoptosis. We performed a lu-
ciferase reporter gene assay driven by the wild-
type 3’UTR sequence of ALOX15 containing the
predicted miR-6756-5p-binding site (wt-ALOX15),
or mutant constructs containing a mutation in
the miR-6756-5p-binding site (mut-ALOX15).
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These plasmids were co-transfected into human
embryonic kidney (HEK) 293T cells with non-tar-
geting control miRNA, miR-6756-5p mimics and
miR-6756-5p inhibitor. Co-transfection with the
miR-6756-5p mimic resulted in significantly lower
wt-ALOX15-driven luciferase expression than that
in the control. Co-transfection with the miR-6756-
5p inhibitor increased wt-ALOX15-driven luciferase

expression, but this change was not detected for
the mutant miR-6756-5p binding site (Figure 5 A).
To determine the effect of the RP11-704M14.1-
miR-6756-5p axis in vivo, we measured the pro-
tein levels of IFIT1 and ALOX15 in the ipsilateral
cortex of a mouse model of TBI when the RP11-
704M14.1-miR-6756-5p axis was manipulated.
We found that TBI reduced the IFIT1 and ALOX15
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Figure 5. Alox15 is a miR-6756-5p target gene and is indirectly regulated by IncRNA RP11-704M14.1. A — After
primary cultured neurons were transfected with NC, miR-6756-5p, antagonist NC and miR-6756-5p antagonist,
the mRNA level of Alox15 was assessed; *,*p < 0.05, compared to NC group. B — IFIT1 and ALOX15 levels in TBI
depending on RP11-704M14.1 and miR-6756-5p. C, D — Quantification of western blotting results in Figure B.
E, F— Correlations between levels of IFIT1, ALOX15, and ENSTO0000505656.1. The number of replicates is 4 in each
group and the error bar is mean + SEM
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levels. RP11-704M14.1 treatment in TBI mod-
els increased the expression of both IFIT1 and
ALOX15 (Figure 5 B). The increase in ALOX15 lev-
els was rescued by miR-6756-5p but not by the
miR-NC and mutant miR-6756-5p. In addition, the
IFIT1 level was only affected by RP11-704M14.1,
but not miR-6756-5p or its negative control
and mutant form (Figures 5 C, D). Since RP11-
704M14.1 influenced the expression of both IFIT1
and ALOX15, we investigated their relationship
using our ceRNA chipset data and found that the
expression of ALOX15 was positively associated
with IFIT1 and RP11-704M14.1 levels (Figures
5 E, F). A cluster analysis of the top 10 IncRNAs
and 10 mRNAs showed that both /FIT1 and RP11-
704M14.1 can differentiate between moderate
and severe groups and mild plus control groups
(Supplementary Figure S3). Taken together, these
data suggest that the regulation of Alox15 expres-
sion regulation is primarily mediated by post-tran-
scriptional regulation of miR-6756-5p via IncRNA
RP11-704M14.1.

Discussion

Recent investigations have highlighted the
significance of long noncoding RNAs (IncRNAs)
in central nervous system (CNS) disorders, in-
cluding traumatic brain injury (TBI) [6, 7, 14, 25].
Despite these advances, the specific functions of
[ncRNAs in TBI remain to be fully elucidated. Our
study integrates single-cell RNA sequencing (sc-
RNA-seq) with ceRNA chipset data, revealing that
Ifitl downregulation is associated with TBI. We
identified Ifitl as a marker gene through cluster-
ing analysis. Subsequent co-expression analysis,
combined with in vitro and in vivo assays, con-
firmed the involvement of the ceRNA axis RP11-
704M14.1-miR-6756-5p—ALOX15 in TBI.

Interestingly, RP11-704M14.1 has been shown
to be significantly upregulated in post-meno-
pausal osteoporosis, contributing to apoptotic
processes and enhancing NF-«xB signaling [29]. Of
note, ALOX15 is traditionally considered to have
a pro-inflammatory effect and may play a key role
in the acute inflammatory response [30]. Alox15
gene expression was increased in an animal model
of colitis, and systemic Alox15 deficiency induces
less inflammation [31]. In contrast, the transgen-
ic overexpression of human ALOX15 exacerbates
inflammatory symptoms in animal models [32].
The short-term administration of atorvastatin in
a model of cerebral ischemia has been shown to
downregulate Alox15 expression and reduce brain
damage [33]. However, recent studies show that
Alox15 inhibition or antisense oligonucleotide-me-
diated knockdown in the prefrontal cortex also
blocks the long-term potentiation of the hippocam-
pus-prefrontal cortex pathway and increases errors

in alternation in the T-maze test via reducing D1
receptor activation [34]. /n vivo studies have also
shown that the knockout of Alox15 impairs adipo-
cyte proliferation/differentiation [35]. The loss of
Alox15 reduced PI-3K/Akt and B-catenin signaling
and decreased the rate of cell proliferation [36].
In line with our findings, Alox15 expression was
found to decrease in a rat TBI model, with pro-
gesterone treatment enhancing Alox15 mRNA
levels, suggesting a neuroprotective effect [37].
Erythropoietin treatment after TBI also upregu-
lates Alox15 expression. We explored the RP11-
704M14.1-miR-6756-5p-ALOX15 axis’s impact on
cellular proliferation in vivo. Our data indicate that
RP11-704M14.1 knockdown significantly curtails
cellular proliferation, an effect partially reversed
by a miR-6756-5p antagonist. The discrepancies
between previous findings and ours regarding
Alox15’s role may stem from differing neurologi-
cal disease contexts and the diverse immune and
inflammatory cell profiles within neuronal micro-
environments [38]. Therefore, comprehensive as-
sessments of Alox15’s contribution to TBI, includ-
ing Alox15 siRNA or knockout mice studies, are
warranted.

Several limitations need to be addressed. We
have previously found that the number of altered
IncRNAs and mRNAs increases with the severity
of TBI. The precise changes in the expression level
and functions of IncRNAs after brain insults are
still unclear and could involve DNA-, RNA-, and
protein-level modifications [18]. Interferon-in-
duced protein with tetratricopeptide repeats 1, en-
coded by IFIT1, belongs to the interferon-induced
antiviral RNA-binding protein family; it is primarily
located in the cytoplasm and can bind specifically
to single-stranded RNA bearing a 5'-triphosphate
group (PPP-RNA) and inhibit the expression of vi-
ral mRNAs [39]. Single-stranded PPP-RNAs, which
lack the 2'0O-methylation of the 5’ cap, are con-
sidered to be foreign nucleic acids from viruses,
fungi, bacteria, or other parasites [40]. The 5’ cap
is critical for host interferon-induced proteins to
distinguish between self and non-self mRNAs as
a molecular signature with a cap snatching mech-
anism [41]. Therefore, it is essential to investigate
the relationship between Ifitl and IncRNAs in the
future to verify this new modification. Meanwhile,
Ifit1 is a marker gene mainly located in cluster 9,
and both cluster 9 (endothelial) and 20 (epithelial)
are mostly enriched clusters in our studies. This in-
dicates that Ifitl and the related RP11-704M14.1-
miR-6756-5p-Alox15 axis might have a critical role
in the blood-brain barrier in TBI, which is of inter-
est for future study as well.

In conclusion, our results show that RP11-
704M14.1 promotes neuronal proliferation by
sponging miR-6756-5p and regulating ALOX15
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expression in brain insults; accordingly, targeting
this IncRNA presents a promising avenue for TBI.
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