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ischemia/reperfusion injury by maintaining high-temperature requirement
protein A1 (Htra1) stability through recruiting heterogeneous nuclear
ribonucleoprotein L (HNRNPL)
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ABSTRACT ARTICLE HISTORY

This study aimed at investigating the role and mechanism of lincRNA-EPS (erythroid prosurvival) Received 7 March 2022
in cerebral ischemia/reperfusion (CIR) injury. The results showed that the overexpression of  Revised 26 April 2022
lincRNA-EPS was able to reduce the levels of interleukin-6, tumor necrosis factor-alpha and Accepted 2 May 2022
interleukin-1B stimulated in the OGD-treated Neuro-2a (N-2a) cells. The levels of reactive oxygen KEYWORDS

species and malondialdehyde were enhanced while the superoxide dismutase levels were Stroke: cerebral ischemia/
reduced by oxygen and glucose deprivation (OGD) treatment, in which the lincRNA-EPS over- reperfusion injury; lincRNA-
expression could reverse this effect in the cells. LincRNA-EPS interacted with high-temperature EPS; HNRNPL; Htra1
requirement protein A1 (Htral) and heterogeneous nuclear ribonucleoprotein L (HNRNPL), and

their depletion inhibited the Htral mRNA stability in N-2a cells. HNRNPL knockdown blocked

lincRNA-EPS overexpression-induced Htral expression in the cells. The depletion of Htral could

rescue lincRNA-EPS overexpression-mediated N-2a cell injury, inflammation, and oxidative stress

induced by OGD. Functionally, lincRNA-EPS alleviates CIR injury of the middle cerebral artery

occlusion/reperfusion mice in vivo. In conclusion, lincRNA-EPS attenuates CIR injury by maintain-

ing Htra1 stability through recruiting HNRNPL.
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Highlights

® LincRNA-EPS inhibits OGD-induced cell
injury in N-2a cells

e LincRNA-EPS enhances stability of Htral by
interacting with HNRNPL in N-2a cells

® LincRNA-EPS attenuates OGD-induced N-2a

cell injury by maintaining Htral stability

Introduction

Stroke is a leading cause of long-term physical
disability and death globally [1,2]. Each year,
approximately 15 million people suffer from
stroke, and cerebral ischemia represents the cause
in 87% of all stroke cases [3]. Stroke intrusions
include the reconstruction of blood racecourse,
which results in cerebral ischemia/reperfusion
(CIR) injury [4]. CIR injury serves as
a pathological process in which nervure lesions
caused by hypoxia and ischemia are further devel-
oped following the short-course recovery of blood
reperfusion [5]. Moreover, an increasing number
of studies show that hypoxia and ischemia usually
include a series of neural disorders, such as inflam-
matory response, apoptosis, and oxidative stress
[6-8]. Hence, it is of great importance to under-
stand the molecular mechanism of CIR injury.
Long non-coding RNAs (IncRNAs, ~200
nucleotides) represent a type of regulatory RNAs
with no protein coding ability. They have been
identified in regulating different cellular processes
[9]. In recent years, IncRNAs have been reported
to have an important role in the progression of
CIR injury. For instance, through modulating the
miR-136-5p/ROCK1 axis, IncRNA SNHGI14
enhances CIR-induced inflammation [10].
LncRNA GASS5 promotes CIR injury by increasing
neuronal glycolysis [11]. Furthermore, IncRNA
lincRNA-EPS (erythroid prosurvival) is able to
repress erythroid cell apoptosis [12] and has also
been shown to act as a transcriptional brake to
restrain inflammation [13]. Agliano et al. [14]
reported that following infection with the intracel-
lular bacterium Listeria monocytogenes, both
mouse macrophages and dendritic cells that lack
lincRNA-EPS increased the levels of inflammatory
genes. A recent study by Zhang et al. has
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confirmed that targeting cerebral infarction,
lincRNA-EPS inhibits inflammation and promotes
neuron regeneration [15]. Nevertheless, the poten-
tial mechanisms behind the effects of lincRNA-
EPS on CIR injury have rarely been studied.

LncRNAs are able to exert various functions
through binding with miRNAs and interacting
with  RNA-binding proteins (RBPs) [16].
Heterogeneous nuclear ribonucleoproteins
(HNRNPs) have been presented to have a major
function in the modulation of alternative RNA
splicing and to play fundamental roles in mRNA
stabilization, translation, and transport as multi-
functional RBPs [17]. There are more than 20
members in the HNRNPs family, termed from
HNRNPA to HNRNPU [18]. HNRNPL has been
identified to participate in multiple diseases, such
as cancer and heart defects [19-22]. In addition,
high-temperature requirement protein Al (Htral)
is an evolutionarily conserved extracellular serine
protease, which has been well-identified in brain
disorders, including cerebral small vessel disease
and cerebral autosomal recessive arteriopathy
[23,24].

In this study, we investigated the role and
underlying mechanism of lincRNA-EPS in CIR
injury. Our study highlights the potential of
lincRNA-EPS to act as an new therapeutic target
in CIR injury by elevating the stability of Htral
through recruiting HNRNPL.

Materials and methods

Middle cerebral artery occlusion/reperfusion
(MCAO/R) mouse model

The middle cerebral artery occlusion/reperfusion
(MCAO/R) mouse model was constructed in
C57BL/6 ] mice (six-week-old, male, 20-25 g) as
previously described [25]. All mice were housed in
a controlled environment with free access to food
and water. In brief, the mice were anesthetized
with an intraperitoneal injection of 3.5% chloral
hydrate. Then, the left common carotid arteries of
the mice were exposed, and a 4-0 monofilament
nylon suture was inserted into the internal carotid
artery and advanced to occlude the left middle
cerebral artery. After 120 min, the monofilament
was removed to perform the reperfusion. In the
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sham group, the mice underwent the same surgical
procedures without monofilament insertion. At
five days before MCAO, the control vector or
pcDNA3.1-lincRNA-EPS was injected into the
cortex of the mice at three points using
a stereotaxia instrument under anesthesia as pre-
viously described [26]. The neurological function
score was measured at 24 h after reperfusion.
Then, brain tissues were collected for the subse-
quent experiments. Animal care and method pro-
cedure were authorized by the Animal Ethics
Committee of Jinan Municipal Hospital of
Traditional Chinese Medicine (DW20200112).

2,3,5-triphenyltetrazolium chloride (TTC) staining

TTC staining was used to assess cerebral infarction
area [27]. The brain tissue was sliced into 2-mm-
thick coronal sections. Subsequently, the sections
were stained in 2% TTC (Sigma, USA) at 37°C for
30 min, and then fixed in 10% formaldehyde over-
night. Finally, the Image ] software was used to
analyze the infarct volumes.

Enzyme-linked immunosorbent assay (ELISA)

The expression of interleukin-6 (IL-6), tumor
necrosis factor-alpha (TNF-a), and interleukin-1f
(IL-1B) in the serum of the mice was analyzed
using the ELISA. The samples were homogenized
by phosphate-buffered saline (PBS) comprising
protease-inhibitor (Sigma, USA), and the homo-
genate was centrifuged at 4°C for 30 min. The
ELISA kits (TNF-a: no. PT512; IL-1P: no. PI301
and IL-6: no. PI326) were obtained from
Beyotime, Jiangsu, China. All procedures were
performed according to the manufacturer’s
instructions.

Cell culture and treatment

Mouse neuroblast cell line Neuro-2a (N-2a) were
obtained from the Cell Bank of the Typical Culture
Preservation Committee of the Chinese Academy
of Sciences, and incubated at 5% CO, and 37°C in
the DMEM medium (Gibco, USA) with 10% FBS
(10%, Gibco, USA), streptomycin (0.1 mg/mL,
Sigma, USA) and penicillin (100 units/mL,
Sigma, USA). Regarding the oxygen and glucose

deprivation (OGD) treatment, the cells were cul-
tured in a glucose-free and FBS-free DMEM at the
condition of the hypoxic incubator including 1%
0,, 94% N, and 5% CO, at 37°C for 4 h. In the
control group, the cells were incubated in
a normoxic condition. To analyze the RNA stabi-
lity, the cells were treated with actinomycin
D (2pg/ml, Solarbio, China). The control
shRNA, lincRNA-EPS shRNA, HNRNPL shRNA,
Htral shRNA, pcDNA3.1 vector, and pcDNA3.1
lincRNA-EPS  vector were purchased from
GenePharma, China, and transfected into the
N-2a cells using Lipofectamine 2000 (Invitrogen,
USA) according to the manufacturer’s
instructions.

Quantitative real time-PCR (qRT-PCR)

The qRT-PCR was performed as described pre-
viously [28]. Total RNAs from brain tissues or
N-2a cells were isolated using the TRIzol reagent
(Invitrogen, USA). Then, cDNA was synthesized
using the TransScript One-Step gDNA Removal
and c¢DNA Synthesis SuperMix (TransGen
Biotech, China). Next, qRT-PCR was performed
using an ABI Prism 7500 Sequence Detection
System (Applied Biosystems, USA) with the pri-
mers and the TransStart TipTop Green qPCR
SuperMix (TransGen Biotech, China). The primer
sequences were as follows: lincRNA-EPS F: 5'-
CAGATGAGAGAAGTGCGCGG-3', R: 5-TGGC
CTGTTGTACCATGTGAT-3"; HNRNPL F: 5-GC
TAGGGTGGAAAGTGGGAC-3, R: 5-GGTCAT
CGTAGTTCTCCAGC-3'; Htral F: 5-AAGGGCA
GGAAGATCCCAAC-3, R: 5-TCGAGAAAGGA
AGCTTGCGATA-3; IL-6 F: 5-ACAAAGCCAG
AGTCCTTCAGAG-3', R: 5-TCTGTGACTCCA
GCTTATCTCTTG-3"; TNF-a F: 5-CCCTCACA
CTCACAAACCAC-3', R: 5- ACAAGGTACAA
CCCATCGGC-3'; IL-1B F: 5'-AGCTTCCTTGTG
CAAGTGTCTG-3, R: 5-GACCACTCTCCAGTA
CCCACT-3"; GAPDH F: 5- GGGTCCCAGCT
TAGGTTCAT-3, R: 5- CCCAATACGGCCAA
ATCCGT-3'.

Western blot analysis

Western blotting was performed as described pre-
viously [29]. Proteins were extracted from brain



tissues or N-2a cells using protein lysis solution
(Cell Signaling, USA) containing protease inhibitors
(Sigma, USA) and quantitatively detected using the
bicinchoninic acid (BCA) method (Thermo Fisher,
USA). Next, the proteins (50 pg) were separated
using 10% SDS-PAGE and transferred onto
a PVDF membrane (Millipore, USA), followed by
incubation with 5% milk and the primary antibodies
(HNRNPL, no. #65043, 1:500, Cell Signaling, USA;
Htral, no. 55011-1-AP, 1:1000, Proteintech, USA;
Bax, no. 50559-2-Ig, 1:1000, Proteintech, USA; Bcl-
2, no. 12789-1-AP, 1:1000, Proteintech, USA;
Caspase-3, no. #9662, 1:1000, Cell Signaling, USA;
cleaved caspase-3, no. #9661, 1:500, Cell Signaling,
USA; GAPDH, no. 60004-1-Ig, 1:2000, Proteintech,
USA) at 4°C overnight. Afterward, the membranes
were incubated with IgG secondary antibody
(Proteintech, USA) at room temperature for 1 h.
At last, an enhanced chemiluminescence reagent
(Bio-Rad, USA) was used to visualize the mem-
branes, and the Quantity 1 software (Bio-Rad,
USA) was used to analyze the intensity of bands.

Lactate dehydrogenase (LDH) assay

The death of the N-2a cells was assessed using
a cytotoxicity LDH assay kit (Jiancheng
Biotechnology, China) according to the manufac-
turer’s protocol as previously described [30].

Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL)

The apoptosis rate was assessed using a TUNEL
Apoptosis Assay kit (Roche, Germany) according
to the product’s guidance in mice [31]. Briefly, the
brain tissue sections were stained with the TUNEL
dye for 1 h in a 37°C humidified atmosphere.
Then, the sections were treated with diaminoben-
zidine, and counterstained with hematoxylin (to
stain the cell nuclei). Finally, an optical micro-
scope was used to visualize the apoptosis.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay

The viability of the N-2a cells was detected with
MTT assay [32]. In brief, N-2a cells at a density of
3 x 10° cells/well were plated into 96-well plates
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and MTT solution (20 upL, Beyotime, Jiangsu,
China) was added to each well. After incubation
for 2 h, the optical density of each well was
detected at 590 nm using a microplate reader
(BioTek Instruments, USA).

RNA immunoprecipitation (RIP)

The interaction of lincRNA-EPS with HNRNPL
and Htral was analyzed in the N-2a cells using
a RIP Kit (Millipore, USA) [33]. Briefly, the N-2a
cells were suspended through the lysis buffer
(200 ul, RNase inhibitor 0.5 pl, protease inhibitor
1 ul). Then, magnetic beads were used to pretreat
the anti-IgG, anti-HNRNPL, or anti-Htral antibo-
dies, followed by immunoprecipitation of the sam-
ples at 4°C overnight. Finally, the The RNAs were
purified from the protein-RNA complex and ana-
lyzed using qPCR with lincRNA-EPS primers.

RNA pull-down

Using an RNA pull-down kit (Thermo, USA), we
analyzed the direct interaction of lincRNA-EPS
with HNRNPL and Htral [34]. Briefly, the Biotin-
marked RNAs were transcribed in vitro and pur-
ified according to the manufacturer’s instructions,
followed by the incubation of complete cell lysates.
Biotin-labeled transcripts and interacted proteins
were isolated with streptavidin beads and then
subjected to western blot analysis.

Analysis of cell apoptosis

The apoptosis rate of N-2a cells was determined
using the Annexin V/PI staining kit (DOJINDO,
Japan) based on the manufacturer’s protocols [28].
Shortly, we incubated the resuspended N-2a cells
with 5 uL FITC-labeled Annexin-V for 10 min,
and with 10 pL PI for 10 min in the dark at room
temperature. At last, apoptotic cells were analyzed
using a flow cytometer (BD Biosciences, USA).

ROS production analysis

The ROS production was assessed by flow cyto-
metry with 7’-Dichlorodihydrofluorescein
Diacetate (DCFH-DA) [35]. After digestion and
centrifugation, N-2a cells were collected to detect
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the production of ROS. N-2a cells were stained
with 5 pmol/L DCFH-DA (Sigma, USA) for
20 min at room temperature. After resuspending
in PBS, the production of ROS was determined
using a flow cytometer (BD Biosciences, USA).

Malondialdehyde (MDA) analysis

The levels of malondialdehyde (MDA) was ana-
lyzed by using the thiobarbituric acid reaction in
rats [35]. Shortly, the rat brains were eliminated
after reperfusion and smoothly homogenized. The
tissue homogenates were incubated with thiobar-
bituric acid (0.67%, TBA) and trichloroacetic acid
(10%, TCA), and were heated at 100°C for 30 min-
utes. Then, the supernatants were shifted into the
96-well plates and analyzed by applying
a microplate reader (BioTek Instruments, USA)
at 532 nm. Finally, the concentration of MDA

was calculated using a standard curve, and the
values were indicated as nmol/mg.

The analysis of anti-oxidant enzyme activity

The brain was entirely eliminated and homoge-
nized in a saline solution on ice. Then, the activity
of superoxide dismutase (SOD) was measured
using the SOD assay kit (Cayman Company,
USA) [35].

Statistical analysis

All statistical analyses were performed using the
GraphPad prism 8.0 software. The results are pre-
sented as the means + standard deviation. The statis-
tical significance of the differences between the various
groups was assessed using the one-way analysis of
variance (ANOVA). The data of two groups were
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Figure 1. LincRNA-EPS alleviates OGD-induced N-2a cell injury. (a) After treatment with OGD, lincRNA-EPS level in N-2a cells was
determined using qRT-PCR. (b-g) pcDNA3.1 or pcDNA3.1 lincRNA-EPS overexpression vectors was transfected into the OGD-treated
N-2a cells. (b) The expression of lincRNA-EPS in N-2a cells was tested by qRT-PCR. (c) MTT assay was used to determine the viability
of N-2a cells. (d) LDH level of N-2a cells was evaluated using a cytotoxicity LDH assay kit. () Flow cytometry was used to detect the
apoptosis rate of N-2a cells. (f and g) Apoptosis related proteins expressions in N-2a cells were analyzed with western blot analysis.

** P < 0.01, ## P < 0.01.



analyzed by using the Student’s ¢-test. Differences with
a P value < 0.05 were deemed statistically significant.

Results

LincRNA-EPS alleviates OGD-induced N-2a cell
injury

We firstly investigated the effects of lincRNA-EPS
on OGD-induced N-2a cell injury. As shown in
Figure 1(a), the expression level of lincRNA-EPS
was significantly lower in the OGD-treated N-2a
cells, which implies that lincRNA-EPS may parti-
cipate in the regulation of CIR injury. To validate
this, we transfected the N2a cells with control
vectors or lincRNA-EPS overexpression vectors,
and verified the overexpression efficiency using
qRT-PCR (Figure 1(b)). MTT assays showed that
OGD treatment reduced the N-2a cells viability, in
which lincRNA-EPS overexpression could rescue
this phenotype (Figure 1(c)). Moreover, the results
of (Figure 1(d)) showed that the LDH level was
notably increased after OGD treatment, which
could be reversed by lincRNA-EPS overexpression.
Moreover, the overexpression of lincRNA-EPS
attenuated the OGD-induced apoptosis of N-2a
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cells (Figure 1(e)). Similarly, the expression of
Bax and cleaved caspase-3 was enhanced and the
expression of Bcl-2 was inhibited in the OGD-
treated N-2a cells, while these effects were signifi-
cantly abolished by lincRNA-EPS overexpression
(figure 1(f,g)). These results implied that lincRNA-
EPS can alleviate OGD-induced N-2a cell injury.

LincRNA-EPS inhibits OGD-induced inflammation
and oxidative stress in N-2a cells

Subsequently, we further assessed the association
of lincRNA-EPS with inflammation and oxidative
stress in the OGD-treated N-2a cells. Remarkably,
the expression levels of IL-6, TNF-a, and IL-1f
were enhanced in the OGD-treated N-2a cells,
which was abolished by the overexpression of
lincRNA-EPS (Figure 2a). Meanwhile, the levels
of ROS and MDA were enhanced, while SOD
levels were reduced by OGD treatment, an effect
which can we reversed through the lincRNA-EPS
overexpression (Figure 2(b)). Taken together,
these data suggest that lincRNA-EPS inhibits the
OGD-induced inflammation and oxidative stress
in N-2a cells.
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Figure 2. LincRNA-EPS inhibits 0GD-induced inflammation and oxidative stress in N-2a cells. (a and b) The OGD-treated N-2a
cells were treated with pcDNA3.1 or pcDNA3.1 lincRNA-EPS overexpression vectors. (a) The mRNA expression of TNF-q, IL-1f, and IL-
6 was tested by gPCR in the cells. (b) The levels of ROS were analyzed by flow cytometry analysis based on DCFH-DA staining in the
cells. The levels of MDA and SOD were assessed in the cells. ** P < 0.01, ## P < 0.01.
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Figure 3. LincRNA-EPS enhances stability of Htra1l by interacting with HNRNPL in N-2a cells. (a) The interaction of lincRNA-
EPS, Htra1, and HNRNPL was analyzed by bioinformatics analysis based on RPISeq database. (b) The mRNA expression of HNRNPL
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N-2a cells. (d and e) The interaction of lincRNA-EPS with HNRNPL and Htra1l was determined by RNA pull down assays in the N-2a
cells. (f) The interaction of lincRNA-EPS with HNRNPL and Htra1 was assessed by RIP assays in the N-2a cells. (g) The N-2a cells were
treated with lincRNA-EPS shRNA or HNRNPL shRNA. The expression of lincRNA-EPS or HNRNPL was tested with qRT-PCR. (h) The N-2a
cells were co-treated with ActD and control shRNA, lincRNA-EPS shRNA, or HNRNPL shRNA. The mRNA expression of Htral was
examined by gPCR assays in the cells. (i) The N-2a cells were treated with control shRNA or HNRNPL shRNA. The expression of Htra1
was measured by Western blot analysis in the cells. (j) The N-2a cells were treated with pcDNA3.1 or pcDNA3.1 lincRNA-EPS
overexpression vectors, or co-treated with pcDNA3.1 lincRNA-EPS overexpression vectors and HNRNPL shRNA. The expression of
Htral was analyzed with western blot analysis in the cells. ** P < 0.01, ## P < 0.01.

LincRNA-EPS enhances the stability of Htral by

expression of Htral and HNRNPL was decreased
interacting with HNRNPL in N-2a cells

in the OGD-treated N-2a cells (Figure 3(b,c)). To

Next, we tried to assess the mechanism underlying
lincRNA-EPS-mediated CIR injury. Using bioinfor-
matics analysis (http://pridb.gdcb.iastate.edu/
RPISeq/), we identified the interaction probabilities
of lincRNA-EPS or Htral with HNRNPL

Predictions with probabilities >0.5 were considered
‘positive’, which indicates that the corresponding
RNA and protein are likely to interact. The results
in Figure 3(a) revealed an interaction between
lincRNA-EPS or Htral and HNRNPL. The

confirm this hypothesis, we performed RNA pull
down and RIP assays, and found that HNRNPL
could bind with lincRNA-EPS or Htral (Figure 3
(d-f)). Then, we validated the efficiency of lincRNA-
EPS and HNRNPL knockdown in N-2a cells
(Figure 3(g)). We speculated that lincRNA-EPS
might have an impact on Htral expression through
modulating the Htral mRNA stability. After treating
with Actinomycin D (ActD) to block mRNA gen-
eration, the expression of Htral mRNA was assessed
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using RT-qPCR. The resulting data showed that the  depletion of Htral significantly limited the inhibition
depletion of both lincRNA-EPS and HNRNPL  of N-2a cells cells through lincRNA-EPS overexpres-
remarkably decreased Htral mRNA expression in  sion (Figure 4(b)). In addition, the expression of Bax
N-2a cells (Figure 3(h)). Meanwhile, the HNRNPL  and cleaved caspase-3 was reduced, while the expres-
depletion significantly inhibited Htral expression  sion of Bcl-2 was increased by lincRNA-EPS over-
(Figure 3(i)). Moreover, the overexpression of  expression in the OGD-treated N-2a cells, and Htral
lincRNA-EPS significantly enhanced the expression = knockdown could reverse this effect (Figure 4(c,d)).
of Htral, and HNRNPL silencing could reverse this ~ Together these results indicate that lincRNA-EPS
function (Figure 3(j)). This implied that lincRNA-  attenuates OGD-induced N-2a cell injury by main-
EPS enhances the stability of Htral by interacting  taining Htral stability.

with HNRNPL in N-2a cells.

LincRNA-EPS relieves OGD-induced inflammation
LincRNA-EPS attenuates OGD-induced N-2a cell and oxidative stress in N-2a cells by maintaining
injury by maintaining Htral stability Htra1 stability

Next, we further investigated whether lincRNA-EPS ~ Then, we evaluated the role of the lincRNA-EPS
modulated the OGD-induced N-2a cell injury by  /Htral axis in the modulation of inflammation and
maintaining Htral. Our findings indicated that the  oxidative stress in OGD-treated N-2a cells. The
expression of Htral was decreased in the OGD-  results showed that the expression levels of IL-6,
treated N-2a cells (Figure 4(a)). The overexpression =~ TNF-a, and IL-1B were significantly reduced by
of lincRNA-EPS was able to enhance Htral expression ~ the overexpression of lincRNA-EPS, while the
in N-2a cells, an effect that could be reversed through  depletion of Htral could reverse these phenotypes
the depletion of Htral (Figure 4(a)). Moreover, the  (Figure 5(a)). Besides, the levels of ROS and MDA
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12256 H. GUO ET AL.

a 4
39 @ 4 41
% *% A\ *%k ﬁ
= = =
‘s S 3 o 34 **
5 2 s 8
7 @ 2
3 o 2+ o 2
s # s s
3 x
3 11 ) Lid o ##
g *% e 1 .g 14
» EIME PIME
- - [7]
& 0 T T T T T &) 0 T T T T T L4 0 T T T T T
Q < <] P > Q <] O S > Q < 9] P >
& S & & &
x? x & »2 »2 N N3 x2 x? & X
Y P £ »2 Ry el ) ) Y Pl ) )
& vg, & (8*9 & & &F & & F
S & §F & F & §&F & S & & ¢
O‘Q & Q& S on & S (‘o\\ & & S oo\\
& & F L & & 0*‘* 9 & & oox‘? 52
o L o ¢ @ o & @
9 4 T 5-
o 4 K 5 *% T 150 *%
. °, ]
& 4 5
g 3+ *k E’ 5
o
g % 3 E 100
g 27 £ * 2
3 E 2 > t
°, 2 2 3 50 Ill
- > . *% °
'% | | | | *% | i 1 ‘Q‘ | ok
< l—_'_—l o
x 0 T T T T T g 0 T T T T 7] T T T T T
P & ¢ & & L O L D P L L 2 &
& S & & £ I
S S N SN ¢ & & &
\‘0 Q" o,e cfa ‘\0 Qc.: oxe %,(a < QS & o
AR ) GRS F ¢ &
F ¢ &L F ¢ &L & F S
Q"o 00\\ O‘XY Q\g. Q"o 00\; Oév. 0\;7' & Q“o (9‘\ O\Q.
SIS L SIS L S & L
O QO y KR <) QO y* KR fe) © Q "
() o ¢ () Q v o () Q
o o & o o o & o o) &

Figure 5. LincRNA-EPS relieves OGD-induced inflammation and oxidative stress in N-2a cells by enhancing Htral expres-
sion. (@ and b) The OGD-treated N-2a cells were co-treated with pcDNA3.1 lincRNA-EPS overexpression vectors and Htral shRNA. (a)
The mRNA expression of TNF-q, IL-1B, and IL-6 was tested by gPCR in the cells. (b) The levels of ROS were analyzed by flow
cytometry analysis based on DCFH-DA staining in the cells. The levels of MDA and SOD were detected in the cells. ** P < 0.01, ##

P < 0.01.

were inhibited while the SOD levels were
enhanced by lincRNA-EPS overexpression in
OGD-treated N-2a cells, and Htral knockdown
could reverse this effect (Figure 5(b)). These find-
ings suggest that lincRNA-EPS relieves OGD-
induced inflammation and oxidative stress
N-2a cells by maintaining Htral stability.

in

LincRNA-EPS alleviates CIR injury in vivo

We also assessed the effects of lincRNA-EPS on
CIR injury in vivo. Our findings showed that the
expression of lincRNA-EPS was significantly
down-regulated in the MCAO/R mice relative to
the sham mice (Figure 6(a)). The neurological
score was elevated through the MCAO/R treat-
ment, in which lincRNA-EPS overexpression
markedly reversed this effect (Figure 6(b)).
Meanwhile, TTC staining showed the overexpres-
sion of lincRNA-EPS to decrease the infarct
volume of brain in MCAO/R mice (Figure 6(c)).

TUNEL analysis revealed that lincRNA-EPS over-
expression attenuated MCAO/R-induced apopto-
sis in mice (Figure 6(d)). Similarly, there was an
enhancement in the expression of Bax and cleaved
caspase-3 and an inhibition in the expression of
Bcl-2 in MCAO/R mice, while these effects were
significantly abolished by lincRNA-EPS overex-
pression (Figure 6(e,f)). Moreover, the expression
of IL-6, TNF-q, and IL-1f was up-regulated in the
MCAO/R mice, while the overexpression of
lincRNA-EPS was able to inhibit their levels
(Figure 6(g)). All data indicate that lincRNA-EPS
alleviates CIR injury in vivo.

Discussion

Stroke is accompanied by pathological inflam-
mation, oxidative stress, and apoptosis [6].
Recently, IncRNAs are reported to play impor-
tant roles in CIR injury [32]. In this study, we
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Figure 6. LincRNA-EPS alleviates CIR injury in vivo. (a-g) The control vector or pcDNA3.1-lincRNA-EPS was injected into the cortex
of the MCAO/R-treated mice at three points by a stereotaxia instrument. (a) The expression of lincRNA-EPS in the brain tissues of the
mice was measured by qRT-PCR. (b) The neurological deficit scores were measured after 24 hours of reperfusion. (c) TCC staining was
used to determine cerebral infarction volume in the mice. (d) The cell apoptosis of brain tissues was determined with TUNEL
staining. (e and f) Apoptosis related proteins expressions in the brain tissues of mice were analyzed with western blot analysis.(g)
The level of TNF-a, IL-1B, and IL-6 in the serum of the mice was analyzed by ELISA. ** P < 0.01, ## P < 0.01.

found that lincRNA-EPS inhibits CIR injury by Several previous studies have identified that
increasing Htralstability through recruiting multiple IncRNAs play critical functions in the
HNRNPL. modulation of the myocardial infarction
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progression. LncRNA MEG3 is reported to
increase CIR injury by regulating the miR-485/
AIM2 axis [32]. LncRNA SNHGI2 inhibits CIR
injury by activating the AMPK signaling through
the miR-199a/SIRT1 axis [36]. LncRNA MALATI
promotes CIR injury by targeting miR-145/AQP4
[27], and IncRNA H19 contributes to CIR injury
by activating autophagy [37]. LincRNA-EPS
enhances inflammation and neurogenesis in cere-
bral infarction [38]. In this study, we showd that
the expression of lincRNA-EPS was down-
regulated in the OGD-treated N-2a cells and
MCAO/R mice. LincRNA-EPS was able to inhibit
the OGD-induced cell injury, inflammation, and
oxidative stress in N-2a cells. Meanwhile,
lincRNA-EPS could alleviate CIR injury in vivo.
These results demonstrate that lincRNA-EPS has
a crucial role of in attenuating CIR injury.
HNRNPL has been found to participate in reg-
ulating brain disorders. It has been shown to form
a complex with IncRNA SChLAPI to regulate
glioblastoma by activating NF-«kB signaling and
stabilizing ACTN4 [39]. HNRNPL modulates
brain injury by inhibiting the mitochondrial meta-
bolism by post- of isocitrate dehydrogenase (IDH)
[40]. Moreover, Htral has been reported to mod-
ulate cerebrovascular disorder, such that its muta-
tion is correlated with cerebral small vessel disease
[41], and it is abnormally expressed in astrocytes
to regulate astrocyte injury and development [42].
Furthermore, Htral promotes the formation of the
apolipoprotein E to stimulate neurogenesis [43]. In
our mechanical investigation, lincRNA-EPS was
able to interact with both Htral and HNRNPL,
and the depletion of lincRNA-EPS and HNRNPL
reduced the mRNA stability in N-2a cells.
HNRNPL knockdown reversed the effect of
lincRNA-EPS overexpression on enhancing the
Htral levels. LincRNA-EPS inhibited OGD-
induced inflammation and oxidative stress by the
HNRNPL/Htral axis in N-2a cells. This indicates
a novel correlation of lincRNA-EPS with Htral
and HNRNPL, which implies a new mechanism
that involves lincRNA-EPS, HNRNPL, and Htral
in the modulation of CIR injury. It should be
mentioned that our study has some limitations,
and further investigation is still needed to deter-
mine whether lincRNA-EPS can influence CIR
injury through interfering with Htral in vivo.

Conclusions

We showed that lincRNA-EPS attenuated CIR injury
by maintaining Htral stability through recruiting
HNRNPL. Our findings present novel insights in
the possibility of considering LincRNA-EPS, Htral
and HNRNPL as potential therapeutic targets for
CIR injury.

Abbreviations

cerebral ischemia/reperfusion (CIR), oxygen and glucose
deprivation (OGD), Neuro-2A (N-2a), middle cerebral artery
occlusion/repression (MCAOY/R), interleukin-6 (IL-6), tumor
necrosis factor-alpha (TNF-a), interleukin-13 (IL-1p), reac-
tive oxygen species (ROS), malondialdehyde (MDA), super-
oxide dismutase (SOD), RNA-binding proteins (RBPs),
Heterogeneous nuclear ribonucleoproteins (HNRNPs), high-
temperature requirement protein Al (Htral)

Disclosure statement

No potential conflict of interest was reported by the
author(s).

Funding

This research received no specific grant from any funding
agency in the public, commercial, or not-for-profit sectors.

Ethical Statement

The experimental protocol of our study was performed in
accordance with the Guide for the Care and Use of
Laboratory Animals and approved by Jinan Municipal
Hospital of Traditional Chinese Medicine (DW20200112).

Availability of data and material

The datasets used and analyzed during the current study are
available from the corresponding author.

Authors’ Contributions

Conception and design: Haifeng Guo; Perform research: Xia
Guo; Data analysis and interpretation: Haifeng Guo and
Shiting Jiang; Manuscript writing: Shiting Jiang; Final
approval of manuscript: All authors

ORCID

Shiting Jiang @ http://orcid.org/0000-0002-9747-4522



References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

Miller JB, Merck LH, Wira CR, et al. The advanced
reperfusion era: implications for emergency systems of
ischemic stroke care. Ann Emerg Med. 2017;69:192-201.
Chen B, Yang L, Chen J, et al. Inhibition of connexin43
hemichannels with gap1l9 protects cerebral ischemia/
reperfusion injury via the JAK2/STAT3 pathway in
mice. Brain Res Bull. 2019;146:124-135.

Benjamin EJ, Virani SS, Callaway CW, et al. Heart
disease and stroke statistics-2018 update: a report
from the American heart association. Circulation.
2018;137:e67-e492.

Zou X, Xie L, Wang W, et al. FK866 alleviates cerebral
pyroptosis and inflammation mediated by Drpl in a rat
cardiopulmonary resuscitation model. Int Immunop-
harmacol. 2020;89:107032.

Zuo G, Zhang D, Mu R, et al. Resolvin D2 protects
against cerebral ischemia/reperfusion injury in rats.
Mol Brain. 2018;11:9.

Wu X]J, Sun XH, Wang SW, et al. Mifepristone alle-
viates cerebral ischemia-reperfusion injury in rats by
stimulating PPAR gamma. Eur Rev Med Pharmacol
Sci. 2018;22:5688-5696.

Liang W, Lin C, Yuan L, et al. Preactivation of Notchl
in remote ischemic preconditioning reduces cerebral
ischemia-reperfusion injury through crosstalk with
the NF-kappaB pathway.
2019;16:181.

Kahl A, Blanco I, Jackman K, et al. Cerebral ischemia
induces the aggregation of proteins linked to neurode-
generative diseases. Sci Rep. 2018;8:2701.

Huarte M. The emerging role of IncRNAs in cancer.
Nat Med. 2015;21:1253-1261.

Zhong Y, Yu C, Qin W. LncRNA SNHGI14 promotes
inflammatory response induced by cerebral ischemia/

] Neuroinflammation.

reperfusion injury through regulating miR-136-5p
/ROCKI1. Cancer Gene Ther. 2019;26:234-247.

Zhang XC, Gu AP, Zheng CY, et al. YY1/LncRNA
GAS5 complex aggravates cerebral ischemia/reperfu-
sion injury through enhancing neuronal glycolysis.
Neuropharmacology. 2019;158:107682.

Hu W, Yuan B, Flygare J, et al. Long noncoding
RNA-mediated anti-apoptotic activity in murine erythroid
terminal differentiation. Genes Dev. 2011;25:2573-2578.
Atianand MK, Hu W, Satpathy AT, et al. A long noncod-
ing RNA lincRNA-EPS acts as a transcriptional brake to
restrain inflammation. Cell. 2016;165:1672-1685.
Agliano F, Fitzgerald KA, Vella AT, et al. Long
non-coding RNA LincRNA-EPS inhibits host defense
against listeria monocytogenes infection. Front Cell
Infect Microbiol. 2019;9:481.

Zhang B, Li Q, Jia S, et al. LincRNA-EPS in biomimetic
vesicles targeting cerebral infarction promotes inflam-
matory resolution and neurogenesis. J Transl Med.
2020;18:110.

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

BIOENGINEERED (&) 12259

Bhan A, Soleimani M, Mandal SS. Long noncoding
RNA and cancer: a new paradigm. Cancer Res.
2017;77:3965-3981.

Han SP, Tang YH, Smith R. Functional diversity of the
hnRNPs: past, present and perspectives. Biochem J.
2010;430:379-392.

Das U, Nguyen H, Xie J. Transcriptome protection by
the expanded family of hnRNPs. RNA Biol
2019;16:155-159.

Gu J, Chen Z, Chen X, et al. Heterogeneous nuclear
ribonucleoprotein (hnRNPL) in cancer. Clin Chim
Acta. 2020;507:286-294.

Li Z, Chao TC, Chang KY, et al. The long noncoding
RNA THRIL regulates TNFalpha expression through
its interaction with hnRNPL. Proc Natl Acad Sci U S A.
2014;111:1002-1007.

Jia X, Miron RJ, Yin C, et al. HnRNPL inhibits the
osteogenic differentiation of PDLCs stimulated by
SrCl2 through repressing Setd2. J Cell Mol Med.
2019;23:2667-2677.

Pagotto S, Veronese A, Soranno A, et al. HNRNPL
restrains miR-155 targeting of BUBI to stabilize aber-
rant karyotypes of transformed cells in chronic lym-
phocytic leukemia. Cancers (Basel). 2019;11:575.
Zellner A, Scharrer E, Arzberger T, et al. CADASIL
brain vessels show a HTRALI loss-of-function profile.
Acta Neuropathol. 2018;136:111-125.

Chen Y, He Z, Meng S, et al. A novel mutation of the
high-temperature requirement A serine peptidase 1
(HTRAL1) gene in a Chinese family with cerebral auto-
somal recessive arteriopathy with subcortical infarcts
and leukoencephalopathy (CARASIL). J Int Med Res.
2013;41:1445-1455.

Gong L, Tang Y, An R, et al. RTN1-C mediates cere-
bral ischemia/reperfusion injury via ER stress and
mitochondria-associated apoptosis pathways. Cell
Death Dis. 2017;8:¢3080.

Chi W, Meng F, Li Y, et al. Downregulation of
miRNA-134 protects neural cells against ischemic injury
in N2A cells and mouse brain with ischemic stroke by
targeting HSPA12B. Neuroscience. 2014;277:111-122.
Wang H, Zheng X, Jin J, et al. LncRNA MALAT1
silencing protects against cerebral
ischemia-reperfusion injury through miR-145 to regu-
late AQP4. J Biomed Sci. 2020;27:40.

Zhang T, Wang H, Li Q, et al. MALAT]I activates the
P53 signaling pathway by regulating MDM2 to pro-
mote ischemic stroke. Cell Physiol Biochem.
2018;50:2216-2228.

Zhang B, Wang D, Ji TF, et al. Overexpression of IncRNA
ANRIL up-regulates VEGF expression and promotes
angiogenesis of diabetes mellitus combined with cerebral
infarction by activating NF-«B signaling pathway in a rat
model. Oncotarget. 2017;8:17347-17359.

Shan W, Chen W, Zhao X, et al. Long noncoding RNA
TUGL1 contributes to cerebral ischaemia/reperfusion



12260 H. GUO ET AL.

(31]

(32]

(33]

(34]

(35]

(36]

injury by sponging mir-145 to up-regulate AQP4
expression. ] Cell Mol Med. 2020;24:250-259.

Li X, Sui Y. Valproate improves middle cerebral artery
occlusion-induced ischemic cerebral disorders in mice
and oxygen-glucose deprivation-induced injuries in
microglia by modulating RMRP/PI3K/Akt axis. Brain
Res. 2020;1747:147039.

Liang J, Wang Q, Li JQ, et al. Long non-coding RNA
MEG3 promotes cerebral ischemia-reperfusion injury
through increasing pyroptosis by targeting miR-485/
AIM2 axis. Exp Neurol. 2020;325:113139.

Lei JJ, Li HQ, Mo ZH, et al. Long noncoding RNA
CDKN2B-AS1 interacts with transcription factor
BCL11A to regulate progression of cerebral infarction
through mediating MAP4K1 transcription. FASEB J.
2019;33:7037-7048.

Li EY, Zhao PJ, Jian J, et al. LncRNA MIAT overexpres-
sion reduced neuron apoptosis in a neonatal rat model of
hypoxic-ischemic injury through miR-211/GDNF. Cell
Cycle (Georgetown, Tex). 2019;18:156-166.

Zhang Y, Zhang Y. IncRNA ZFASI improves neuronal
injury and inhibits inflammation, oxidative stress, and
apoptosis by sponging miR-582 and upregulating
NOS3 expression in cerebral ischemia/reperfusion
injury. Inflammation. 2020;43:1337-1350.

Yin WL, Yin WG, Huang BS, et al. LncRNA SNHGI12
inhibits miR-199a to upregulate SIRT1 to attenuate
cerebral ischemia/reperfusion injury through activating
AMPK signaling pathway. Neurosci Lett. 2019;690:
188-195.

(37]

(38]

(39]

(40]

(41]

(42]

(43]

Wang J, Cao B, Han D, et al. Long non-coding RNA
H19 induces cerebral ischemia reperfusion injury via
activation of autophagy. Aging Dis. 2017;8:71-84.
Zhang B, Li Q, Jia S, et al. LincRNA-EPS in biomimetic
vesicles targeting cerebral infarction promotes inflam-
matory resolution and neurogenesis. ] Transl Med.
2020;18:110.

Ji J, Xu R, Ding K, et al. Long noncoding RNA
SChLAP1 forms a growth-promoting complex with
HNRNPL in human glioblastoma through stabilization
of ACTN4 and activation of NF-kappaB signaling. Clin
Cancer Res. 2019;25:6868-6881.

Sen A, Gurdziel K, Liu J, et al. Smooth, an
hnRNP-L homolog, might decrease mitochondrial
metabolism by post-transcriptional regulation of isoci-
trate dehydrogenase (Idh) and other metabolic genes in
the sub-acute phase of traumatic brain injury. Front
Genet. 2017;8:175.

Verdura E, Herve D, Scharrer E, et al. Heterozygous
HTRA1 mutations are associated with autosomal
dominant cerebral small vessel disease. Brain. 2015;138:
2347-2358.

Chen J, Van Gulden S, McGuire TL, et al. BMP-
responsive protease HtrAl is differentially expressed
in astrocytes and regulates astrocytic development
and injury response. ] Neurosci. 2018;38:3840-3857.
Munoz SS, Li H, Ruberu K, et al. The serine protease
HtrAl contributes to the formation of an extracellular
25-kDa apolipoprotein E fragment that stimulates
neuritogenesis. J Biol Chem. 2018;293:4071-4084.



	Abstract
	Highlights
	Introduction
	Materials and methods
	Middle cerebral artery occlusion/reperfusion (MCAO/R) mouse model
	2,3,5-triphenyltetrazolium chloride (TTC) staining
	Enzyme-linked immunosorbent assay (ELISA)
	Cell culture and treatment
	Quantitative real time-PCR (qRT-PCR)
	Western blot analysis
	Lactate dehydrogenase (LDH) assay
	Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
	3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay
	RNA immunoprecipitation (RIP)
	RNA pull-down
	Analysis of cell apoptosis
	ROS production analysis
	Malondialdehyde (MDA) analysis
	The analysis of anti-oxidant enzyme activity
	Statistical analysis

	Results
	LincRNA-EPS alleviates OGD-induced N-2a cell injury
	LincRNA-EPS inhibits OGD-induced inflammation and oxidative stress in N-2a cells
	LincRNA-EPS enhances the stability of Htra1 by interacting with HNRNPL in N-2a cells
	LincRNA-EPS attenuates OGD-induced N-2a cell injury by maintaining Htra1 stability
	LincRNA-EPS relieves OGD-induced inflammation and oxidative stress in N-2a cells by maintaining Htra1 stability
	LincRNA-EPS alleviates CIR injury invivo

	Discussion
	Conclusions
	Abbreviations
	Disclosure statement
	Funding
	Ethical Statement
	Availability of data and material
	Authors’ Contributions
	References

