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ABSTRACT

Hemorrhagic transformation can complicate ischemic strokes after recanalization treatment within a time window that requires early
intervention. To determine potential therapeutic effects of matrilin-3, rat cerebral ischemia-reperfusion was produced using transient middle
cerebral artery occlusion (tMCAO); intracranial hemorrhage and infarct volumes were assayed through hemoglobin determination and
2,3,5-triphenyltetrazoliumchloride (TTC) staining, respectively. Oxygen-glucose deprivation (OGD) modeling of ischemia was performed
on C8-D1A cells. Interactions between matrilin-3 and YTH N6-methyladenosine RNA binding protein F2 (YTHDF2) were determined
using RNA immunoprecipitation assay and actinomycin D treatment. Reperfusion after tMCAO modeling increased hemorrhage, hemoglo-
bin content, and infarct volumes; these were alleviated by matrilin treatment. Matrilin-3 was expressed at low levels and YTHDF2 was
expressed at high levels in ischemic brains. In OGD-induced cells, matrilin-3 was negatively regulated by YTHDF2. Matrilin-3 overexpres-
sion downregulated p-PI3K/PI3K, p-AKT/AKT, ZO-1, VE-cadherin and occludin, and upregulated p-JNK/JNK in ischemic rat brains;
these effects were reversed by LY294002 (a PI3K inhibitor). YTHDF2 knockdown inactivated the PI3K/AKT pathway, inhibited inflamma-
tion and decreased blood-brain barrier-related protein levels in cells; these effects were reversed by matrilin-3 deficiency. These results
indicate that YTHDF2-regulated matrilin-3 protected ischemic rats against post-reperfusion hemorrhagic transformation via the PI3K/AKT
pathway and that matrilin may have therapeutic potential in ischemic stroke.

KEYWORDS : Blood-brain barrier, Hemorrhagic transformation, Ischemic stroke, Matrilin-3, PI3K/AKT signaling pathway, YTH N6-
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INTRODUCTION

Stroke is an acute cerebrovascular disease caused by obstruc-
tion of cerebral blood circulation, principally resulting in
ischemic infarction and intracerebral hemorrhage (1). Ische-
mic strokes account for 80% of all strokes and are the conse-
quence of a local disruption of blood supply to the brain
tissues that lead to hypoxia and necrosis, which in turn result
in a range of neurological impairments (2, 3). Current effec-
tive treatments for acute ischemic stroke include intravenous
thrombolysis and mechanical thrombectomy (4–6). However,
hemorrhagic transformation is a major complication of acute
cerebral infarct recanalization and it is correlated with mortal-
ity and poor patient outcome. A recent study pointed out that
only one-third of patients with hemorrhagic transformation
had a good prognosis compared to those without hemorrhage

and the mortality rate was 5 times higher (7). Therefore, early
identification or prediction of risk factors for intracranial hem-
orrhage after intravascular treatment is of great significance for
guiding clinical practice.
Available studies have suggest that intracranial hemorrhage

after recanalization therapy is correlated with endothelial and
basement membrane damage, increased blood-brain barrier
(BBB) permeability, reperfusion injury-induced inflammatory
responses and oxidative stress (8, 9). The phosphoinositide 3-
kinase/protein kinase B (PI3K/AKT) pathway is widely
present in various neural cells and is a vital pathway for
intracellular transduction of membrane receptor signals that
regulate cell proliferation, differentiation, metabolism, anti-
apoptosis, and other biological functions (10). Available stud-
ies have demonstrated that intervention with the PI3K/AKT
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pathway can notably promote or inhibit the expressions of
related factors, thereby reducing neuronal apoptosis and exert-
ing neuroprotective effects in treatments for ischemic stroke,
spinal cord injury, and epilepsy (11–13). Finding effective tar-
gets for regulating this signaling pathway is critical for prevent-
ing neurological damage after ischemic stroke and reducing
the risk of hemorrhagic transformation.
Matrilins are a group of noncollagenous extracellular adap-

tor proteins that are expressed in cartilage, as well as many
other extracellular matrices (ECMs). They are involved in
the assembly and stabilization of the ECM through protein-to-
protein interactions, largely due to their von Willebrand factor
A-like domains (14). Recent studies have verified that matrilin
is expressed in neurons, astrocytes, and different brain
regions, contributing to the repair and stabilization of the BBB
(15–17). New evidence from genome-wide association studies
has suggested that the alteration of matrilin-3 is associated
with the development of neurological diseases (18). Currently,
matrilin-3 is frequently reported to play a chondroprotective
role through the regulation of anti-inflammatory functions and
ECM components, which might be related to the PI3K/AKT
pathway (19–21). According to the previous analysis of
matrilin-3 distribution in brain tissues using ScRNASeqDB
database (https://bioinfo.uth.edu/scrnaseqdb/), we find that
matrilin-3 is mainly distributed in astrocytes and endothelial
cells. However, little is known about the effect of matrilin-3 on
ischemic strokes.
The present study was designed to explore the underlying

mechanism of matrilin-3 effects on hemorrhagic transforma-
tion after reperfusion in ischemic stroke with the aim to pro-
vide a new scheme to prevent hemorrhagic transformation
following acute ischemic stroke.

MATERIALS AND METHODS
Animals

Sprague-Dawley rats (male, 250–290 g, Charles River, Beijing,
China) were used in this study. The rats were housed at a con-
stant temperature (25 ± 2�C) and a consistent light/dark cycle
(12 hour/12 hour) with available food and drinking water. All
procedures in animal experiments were approved by the Com-
mittee of Laboratory Animals of Sir Run Shaw Hospital
(ISHT20200622), and carried out in strict accordance with
the guideline from the Care and Use of Laboratory Animals.

PI3K inhibition
LY294002 (HY-10108), as a PI3K inhibitor, was purchased
from MedChemExpress (Monmouth Junction, NJ) and then
diluted to 0.5mg/mL in dimethyl sulfoxide (D103277, Alad-
din, Shanghai, China). Rats were injected with LY294002 sol-
ution (10 lL) via the tail vein 1 hour before the performance
of transient middle cerebral artery occlusion (tMCAO) (22).

Construction of adenoviral plasmid
To induce in vivo matrilin-3 overexpression, rat complemen-
tary DNA (cDNA) for matrilin-3 was inserted into adenoviral
shuttle vector pDC316-mCMV-EGFP (HG-VXY0585, Hon-
orGene, Changsha, China) to yield mCMV-matrilin-3-EGFP

plasmid which was then co-transfected with adenoviral back-
bone plasmid [pBHGlox(delta)E1,3Cre] (VT2214, Youbio,
Changsha, China) into HEK-293 cells according to the
instructions of AdMax packaging system (23). After amplifica-
tion, the purified adenovirus (Adv) were subjected to virus
titer detection using Adeno-X-Rapid Titer-Kit (632250,
Takara, Tokyo, Japan). Adv-EGFP with empty coding sequen-
ces for matrilin-3 was used as the negative control.

Rat modeling and treatment
After acclimation, rats were randomly divided into the follow-
ing groups (n¼ 5 rats/group): Control, tMCAO (2 hours of
tMCAO and reperfusion), tMCAOþNC (2 hours of tMCAO
and reperfusion, and Adv-EGFP injection),
tMCAOþMatrilin-3 (2 hours of tMCAO and reperfusion, and
Adv-matrilin-3 injection), and tMCAOþMatrilin-
3þ LY294002 groups (2 hours of tMCAO and reperfusion,
Adv-matrilin-3 and LY294002 injection). To investigate the
mechanism of matrilin-3 in hemorrhagic transformation after
ischemic stroke, we established tMCAO in rat as previously
described (24). In short, the right common carotid artery
(CCA), internal carotid artery, and external carotid artery
(ECA) were surgically exposed and separated amid rat anes-
thesia (2%–3% isoflurane, PHR2874, Sigma-Aldrich, St Louis,
MO). Then, a nylon suture (0.38mm in diameter) was
inserted into the lumen of ECA until the suture blunted distal
end met resistance. Then, 2 hours of occlusion later, the suture
was withdrawn to achieve reperfusion. Identical surgical proce-
dures were conducted on rats in the Control group aside for
tMCAO. Adv-matrilin-3 or Adv-EGFP (4� 109 IFU/mL)
were injected into the right lateral ventricle of rats through
stereotactic catheter per day for 5 days starting from 2 days
before ischemia modeling. After 24 hours of treatment, all rats
were killed by deep anesthesia (150mg/kg pentobarbital
sodium, P-010, Sigma-Aldrich) combined with cervical dislo-
cation to collect brain samples.

Hemoglobin determination
To evaluate the severity of cerebral hemorrhage, we measured
hemoglobin levels in rats as previously described (24). The
fresh brain samples were homogenized with cold phosphate-
buffered solution ([PBS], abs9459, Absin, Shanghai, China)
and then centrifuged (15 000 g) for 15minutes. Following
supernatant collection, Hemoglobin Assay Kit (MAK115,
Sigma-Aldrich) was used to detect the content of hemoglobin
according to the manufacturer’s instructions. The absorbance
at 400 nm (A400) was measured using a microplate reader
(LogPhase 600, BioTek, Winooski, VT). Concentration of
hemoglobin=[(A400 sample)−(A400 blank)]/[(A400 calibra-
tor)−(A400 blank)]�100mg/dL�df, 100mg/dL¼concentra-
tion of the diluted calibrator, df¼dilution factor (e.g. 100 for
the blood samples).

Cell culture and treatment
Mouse type I astrocytes C8-D1A (CRL-2541) were provided
by American Type Culture Collection (Manassas, VA) and
grown in complete culture medium (CM-M157, Procell,
Wuhan, China) a 5% CO2 incubator at 37�C. For cell
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treatment, C8-D1A cells in the glucose-free medium were
incubated in normoxic condition (21% O2, 5% CO2) and
hypoxic condition (0.1% O2, 5% CO2, 95% N2), respectively,
for 3, 6, 9, and 12 hours (25).

Short hairpin RNA and cell transfection
To induce in vitro YTH N6-methyladenosine RNA binding
protein F2 (YTHDF2) and matrilin-3 knockdown, short hair-
pin RNA (shRNA) targeting YTHDF2 (shYTHDF2; sense:
50-GGCUAAUGUGUUUGUUAAAGG-30, antisense: 50-
UUUAACAAACACAUUAGCCAA-30), shMatrilin-3 (sense:
50-GGAGGAUCUUGUUCUAGAACC-30, antisense: 50-
UUCUAGAACAAGAUCCUCCCU-30) as well as scramble
shRNA were synthesized by GenePharma (Shanghai, China).
Next, transfection with shRNA was performed using Lipofect-
amine 3000 Reagent (L3000075, Thermo Fisher, Waltham,
MA) at 37�C for 48 hours when cell confluence reached over
70% in each well of 96-well plates.

RNA immunoprecipitation assay
The binding of YTHDF2 and matrilin-3 was detected using
Imprint RIP assay Kit (RIP-12RXN, Sigma-Aldrich). Briefly,
1� 107 cross-linked cells with shNC or shYTHDF2 were
homogenized in Lysis Buffer supplemented with Protease
Inhibitor Cocktail. The lysates were incubated with anti-
YTHDF2 antibody (MA5-47011, Thermo Fisher, Waltham,
MA) or anti-mouse IgG antibody at 4�C overnight, followed
by coupling with Protein A Magnetic Beads for 1 hour. There-
after, the purified RNA samples were determined by qPCR
analysis.

RNA decay assay
Actinomycin D (ACTD; SBR00013-1, Sigma-Aldrich) was
diluted in the culture medium at a final concentration of 5 lg/
mL (26). The cells with shNC or shYTHDF2 were incubated
with ACTD for 0, 1, 2, and 3 hours at 37�C, followed by quan-
titative real-time reverse transcription polymerase chain reac-
tion (qRT-PCR).

RNA extraction and qRT-PCR
Total RNA was extracted from fresh brain tissues and cells
using TRIzol reagent (9810, Takara, Japan) and then reversely
transcribed into cDNA by Transcriptor First Strand cDNA
Synthesis Kit (04379012001, Roche, Switzerland). The ampli-
fication of cDNA was conducted on a DNA thermal cycler
(ABI 7500, Thermo Fisher) equipped with Fast SYBR Green
Master Mix (4385612, Thermo Fisher). The reaction condi-
tions were set as: hold cycle at 95�C for 20 seconds; 40 cycles
at 95�C for 10 seconds; extension at 60�C for 30 seconds.
GAPDH served as the endogenous control and relative expres-
sions were normalized based on the 2−DDCt method (27). Pri-
mer sequences used in qRT-PCR are listed as follows (50–30):
matrilin-3 (rat: forward: 50-AAGGTCAGCTCCCATCTCCA-
30, reverse: 50-ACGGCCATGGCATTTTGTTTAT-30;
mouse: forward: 50-TCTCCCGCATCATCGACACT-30,
reverse: 50-GTCGGAATAGGTGTTGAGCTG-30), YTHDF2

(mouse: forward: 50-GAGCAGAGACCAAAAGGTCAAG-30,
reverse: 50-CTGTGGGCTCAAGTAAGGTTC-30), TNF-a
(mouse: forward: 50-CCCTCACACTCAGATCATCTTCT-
30, reverse: 50-GCTACGACGTGGGCTACAG-30), IL-6
(mouse: forward: 50-TAGTCCTTCCTACCCCAATTTCC-
30, reverse: 50-TTGGTCCTTAGCCACTCCTTC-30), and
GAPDH (rat: forward: 50-TAATGCCGCCCCTTACCATC-
30, reverse: 50-GGTGCAGCGATGCTTTACTT-30; mouse:
forward: 50-AGGTCGGTGTGAACGGATTTG-30, reverse:
50-TGTAGACCATGTAGTTGAGGTCA-30).

2,3,5-Triphenyltetrazoliumchloride staining
The infract volumes in tMCAO rat brains were visualized by
2,3,5-triphenyltetrazoliumchloride (TTC) staining (28). The
brain samples were sliced into 5-lm sections and immersed in
TTC solution (17779, Sigma-Aldrich) at 37�C for 30minutes
away from light. Lastly, the stained sections were washed with
PBS and fixed with 4% paraformaldehyde (abs9179, Absin,
China). Infarct areas were visualized and quantified using
Image J Software (vision 1.8.0, National Institutes of Health,
Bethesda, MD). Infarct volume=[total infarct volume−(vol-
ume of intact ipsilateral hemisphere−volume of intact con-
tralateral hemisphere)]/contralateral hemisphere volume.

Western blot
To reveal the molecular mechanism of matrilin-3 in hemorrha-
gic transformation, we employed Western blot to detect
important protein levels related to PI3K/AKT signaling path-
way and BBB (29). Fresh brain tissues or cells were homogen-
ized in RIPA Lysis Buffer (P0013B, Beyotime, China), and
the extracted protein was determined with the application of
BCA Protein Concentration Assay Kit (E-BC-K318-M, Elabs-
cience, Wuhan, China). Then, each amount of protein was
separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and loaded onto polyvinylidene fluoride mem-
branes (Millipore, Billerica, MA). After being blocked by 5%
skim milk, the membranes were firstly incubated with primary
antibodies (Abcam, Cambridge, United Kingdom) against
phosphorylated (p)-PI3K (ab182651, 1:500, 84 kDa, Abcam,
United Kingdom), PI3K (ab191606, 1:1000, 85 kDa, Abcam,
United Kingdom), p-AKT (ab38449, 1:500, 56 kDa, Abcam,
United Kingdom), AKT (ab8805, 1:500, 55 kDa, Abcam,
United Kingdom), p-JNK (ab76572, 1:5000, 54/46 kDa,
Abcam, United Kingdom), JNK (ab179461, 1:1000, 54/
46 kDa, Abcam, United Kingdom), ZO-1 (ab190085, 1:500,
195 kDa, Abcam, United Kingdom), VE-cadherin (ab119785,
1:1000, 140 kDa, Abcam, United Kingdom), occludin
(ab167161, 1:1000, 59 kDa, Abcam, United Kingdom),
YTHDF2 (ab220163, 1:1000, 62 kDa, Abcam, United King-
dom), matrilin-3 (PA5-121125, 1:1000, 53 kDa,), and
GAPDH (ab8245, 1:500, 36 kDa Thermo Fisher) at 4�C over-
night, and then reacted with secondary antibodies anti-rabbit
IgG (ab205718, 1:2000) and anti-mouse IgG (ab6728, 1/
2000) (Abcam, United Kingdom) at room temperature for
1 hour. GAPDH served as the internal control. Lastly, immu-
noblots were probed with ECL Substrate Detection Kit
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(E-BC-R347, Elabscience, China) and analyzed using a Tanon
5200 multi automatic chemiluminescence/fluorescence image
analysis system (Tanon, Shanghai, China).

Statistical analysis
Statistical analysis was carried out using GraphPad Prism 8.0
(GraphPad Software Inc., San Diego, CA), with measurement
data expressed as mean±SD. Statistical differences among mul-
tiple groups were compared with 1-way analysis of variance, as
well as between 2 independent groups were compared with
independent samples t-test. A p-value <0.05 was perceived as
statistically significant.

RESULTS
Matrilin-3 reduced hemorrhage and hemoglobin content in

ischemic rat brains
We first constructed ischemia-reperfusion injury in the brains
of rats that were injected with or without Adv-matrilin-3 to
explore the effect of matrilin-3 on hemorrhagic transforma-
tion. In accordance with rat brains collected in Figure 1A, we
observed a severe hemorrhage in rats of the tMCAO group
compared to those of the Control group. This situation was
evidently attenuated in the presence of matrilin-3. The results
of hemoglobin determination indicated that hemoglobin level
was markedly elevated in rats of the tMCAO group (Fig. 1B,

Figure 1. Effects of matrilin-3 on hemorrhagic transformation in ischemic rat brains. (A) Ischemic stroke modeling was performed on rats
injected with or without adenovirus-mediated matrilin-3 plasmids (Control, tMCAO, tMCAOþNC, and tMCAOþMatrilin-3 groups).
Cerebral hemorrhage in rats from each group was observed. (B) Hemoglobin level was determined in each group to evaluate the severity of
cerebral hemorrhage. (C) qRT-PCR was employed to detect the expression of matrilin-3 in each group. (D–G) Western blot was used to
analyze expressions of p-PI3K/PI3K, p-AKT/AKT, and p-JNK/JNK in each group. GAPDH served as the loading control. The data are
presented as the mean±SD of 3 independent experiments; ���p< 0.001 versus Control; ^p< 0.05, ^^^p< 0.001 versus tMCAOþNC.
Abbreviations: qRT-PCR, quantitative real-time reverse transcription polymerase chain reaction; PI3K, phosphatidylinositol-3-kinase;
p-PI3K, phosphorylated PI3K; AKT, protein kinase B; JNK, c-Jun NH2-terminal kinase; NC, negative control.
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p< 0.001). Matrilin-3 overexpression reduced the level of
hemoglobin in brains of ischemic rats (Fig. 1B, p< 0.05).

Upregulation of matrilin-3 activated PI3K/AKT signaling
pathway and inhibited JNK signaling pathway

Low expression of matrilin-3 was found in the brains of rats with
ischemia-reperfusion (Fig. 1C, p< 0.001); the expression of
matrilin-3 was upregulated in brains of ischemic rats following
injection with Adv-matrilin-3 (Fig. 1C, p< 0.001). Based on pre-
vious reports that PI3K/AKT and JNK signaling pathways differ-
ently participated in the regulatory mechanism of matrilin in cells
(19, 30), we carried out Western blot to detect the protein levels
of related markers. Interestingly, decreased expressions of p-
PI3K/PI3K and p-AKT/AKT as well as the increased expression
of p-JNK/JNK were demonstrated in the tMCAO group
(Fig. 1D–G, p< 0.001), however, these tendencies were rescued
in the tMCAOþMatrilin-3 group (Fig. 1D–G, p< 0.05).

PI3K inhibition reversed the protective effect of matrilin-3
on hemorrhagic transformation and infarction in the brains

of ischemic rats
Given slight effects of matrilin exerting on the JNK signaling
pathway, we therefore investigated whether the PI3K/AKT

signaling pathway was implicated in the underlying mecha-
nism of matrilin-3 in hemorrhagic transformation. In order to
inhibit the PI3K/AKT signaling pathway, we treated rats with
the PI3K inhibitor LY294002 ahead of tMCAO. Notably, a
significant hemorrhage and increment of hemoglobin level
were verified in the tMCAOþMatrilin-3þ LY294002 group,
in contrast with those in the tMCAOþMatrilin-3 group
(Fig. 2A, B, p< 0.05). As delineated in Fig. 2C, D, TTC stain-
ing validated that matrilin-3 overexpression greatly reduced
the infarct volume in brains of ischemic rats (p< 0.001), but
this effect was abrogated by LY294002 (p< 0.01).

Matrilin-3 was involved in the restoration of the BBB by
activating the PI3K/AKT signaling pathway

From the rescue experiments of Western blot, LY294002
reduced protein expressions of p-PI3K/PI3K and p-AKT/
AKT in the tMCAOþMatrilin-3þ LY294002 group, com-
pared to the tMCAOþMatrilin-3 group (Fig. 3A–C,
p< 0.001). ZO-1, VE-cadherin, and occludin acting as pivotal
roles in endothelial cell integrity were found to be aberrantly
expressed in the disruption of the BBB (31). As shown in
Fig. 3D, E, ZO-1, VE-cadherin, and occludin protein expres-
sions were downregulated in ischemic rat brains (p< 0.001),

Figure 2. PI3K inhibition reversed the protective role of matrilin-3 in hemorrhagic transformation and infarction in rat brains after tMCAO.
(A) Ischemic stroke modeling was performed on rats who were injected with or without adenovirus-mediated matrilin-3 plasmids and
LY294002 (Control, tMCAO, tMCAOþNC, tMCAOþMatrilin-3, and tMCAOþMatrilin-3þLY294002 groups). Rat brain sample in each
group were collected to observe cerebral hemorrhage. (B) Hemoglobin level was determined in each group to evaluate the severity of cerebral
hemorrhage. (C, D) The infarction area in the TTC-stained brain sections in each group was investigated by observation and quantitative
analysis. The data are presented as the mean±SD of 3 independent experiments; ��p< 0.01, ���p< 0.001 versus Control; ^^p< 0.01,
^^^p< 0.001 versus tMCAOþNC; #p< 0.05, ##p< 0.01 versus tMCAOþMatrilin-3. Abbreviation: TTC, 2,3,5-triphenyltetrazoliumchloride.
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but these tendencies were reversed following matrilin-3 over-
expression (p< 0.001). Compared with the
tMCAOþMatrilin-3 group, LY294002 injection resulted in
decreased expressions of ZO-1, VE-cadherin, and occludin in
the tMCAOþMatrilin-3þ LY294002 group (Fig. 3D, E,
p< 0.001). In addition, it was determined that the protein
expression of YTHDF2 was higher in the brains of ischemic
rats than that in the brains of normal rats (Fig. 4A, B,
p< 0.001).

Oxygen-glucose deprivation-induced YTHDF2
upregulation and matrilin-3 downregulation in C8-D1A

cells
To further verify the mechanism of matrilin-3 on regulating
ischemic stroke, oxygen-glucose deprivation (OGD) subse-
quently was performed on C8-D1A cells for mimicking
in vitro ischemic stroke. Compared with the cells in the

glucose-free medium with normoxic condition, YTHDF2
expression was increased and matrilin-3 expression was
decreased in the cells cultured with glucose-free medium in a
hypoxic environment (Fig. 4C–E, p< 0.01).

YTHDF2 knockdown protected C8-D1A cells against
OGD-induced injury by binding to matrilin-3

After transfection with shYTHDF2, the expression of
YTHDF2 was significantly downregulated in C8-D1A cells
(Fig. 5A, p< 0.001). In contrast to the cells transfected with
scramble shRNA, shYTHDF2 elevated the expression of
matrilin-3 in cells (Fig. 5B, p< 0.001). According to RNA
immunoprecipitation (RIP) assay, the enrichment of matrilin-
3 in the anti-YTHDF2-tagged immunoprecipitates from the
cells transfected with shYTHDF2 (Fig. 5C, p< 0.001), indi-
cating the binding of matrilin-3 and YTHDF2. Additionally,
YTHDF2 knockdown reduced the decay of matrilin-3 in the

Figure 3.Matrilin-3 was involved in the restoration of the BBB via the PI3K/AKT signaling pathway. (A–E) Ischemic stroke modeling was
performed on rats who were injected with or without adenovirus-mediated matrilin-3 plasmids and LY294002 (Control, tMCAO,
tMCAOþNC, tMCAOþMatrilin-3, and tMCAOþMatrilin-3þ LY294002 groups). Western blot was used for quantitative analysis of
p-PI3K/PI3K, p-AKT/AKT, ZO-1, VE-cadherin, and occludin protein expressions in each group. GAPDH served as the loading control.
The data are presented as the mean±SD of 3 independent experiments; ���p< 0.001 versus Control; ^^^p< 0.001 versus tMCAOþNC;
###p< 0.001 versus tMCAOþMatrilin-3. Abbreviations: ZO-1, zonula occludens-1; VE-cadherin, vascular endothelial cadherin.
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ACTD-treated cells (Fig. 5D, p< 0.01). In C8-D1A cells, it
was detected that OGD facilitated expressions of TNF-a and
IL-6 (Fig. 5E, F, p< 0.001), but these effects were abrogated
in the absence of YTHDF2 (Fig. 5E, F, p< 0.001). To vali-
date YTHDF2 acting as a regulator for matrilin-3, we trans-
fected shMatrilin-3 into C8-D1A cells to suppress the
expression of matrilin-3 (Fig. 6A, p< 0.001). Of note, TNF-a
and IL-6 expressions were increased in the cells transfected
with shMatrilin-3 (Fig. 6B, C, p< 0.001), but these situations
were rescued following YTHDF2 knockdown (Fig. 6B, C,
p< 0.001). As demonstrated in Figure 6D–H, downregulation
of matrilin-3 resulted in decreased protein expressions of p-
PI3K/PI3K, p-AKT/AKT, ZO-1, VE-cadherin, and occludin
in the cells (p< 0.01), whereas these effects were reversed by
YTHDF2 knockdown (p< 0.01). Compared with the cells
transfected with shYTHDF2 alone, the effects of YTHDF2
knockdown on inhibiting TNF-a and IL-6 expressions, as well

as on promoting p-PI3K/PI3K, p-AKT/AKT, ZO-1, VE-cad-
herin, and occluding protein expressions were all reversed by
matrilin-3 deficiency (Fig. 6B–H, p< 0.001).

DISCUSSION

The hemorrhagic transformation that accompanies endovascu-
lar treatment of patients with ischemic stroke, (particularly if
symptomatic), is directly related to mortality and disability
thereby posing a serious threat to stroke outcome. Thus, it is
urgent to understand the mechanisms by which hemorrhagic
transformation occurs.
Previous studies indicate that high levels of hemoglobin are

strongly associated with thrombotic disorders such as ischemic
stroke and myocardial infarction (32–34). Elevated hemoglo-
bin levels increase blood viscosity and resistance to blood
flow, which affects blood circulation, decreases oxygen supply

Figure 4. Expressions of YTHDF2 and matrilin-3 in C8-D1A cells after OGD. (A, B)Western blot was used to detect the protein
expression of YTHDF2 in the brains of rats received with or without ischemic stroke modeling. (C–E) C8-D1A cells in glucose-free
medium were induced by normoxia or hypoxia for 3, 6, 9, and 12 hours before subjected to Western blot for detecting YTHDF2 and
matrilin-3 protein expressions. GAPDH served as the loading control. The data are presented as the mean±SD of 3 independent
experiments;

���
p< 0.001 versus Control; ##p< 0.01, ###p< 0.001 versus Normoxia. Abbreviation: YTHDF2, YTH N6-methyladenosine

RNA binding protein F2.
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to the brain, and increases the risk of infarction in ischemic
stroke areas. Chen et al (35) observed intracranial hemorrhage
and elevated hemoglobin level in an ischemia-reperfusion
brain injury model in rats. The present study revealed that
matrilin-3 overexpression prominently reduced hemorrhage,
hemoglobin content, and infarct volume in ischemic rat brains,
implying that matrilin-3 may be used as a target to prevent
hemorrhagic transformation during ischemic stroke.
When cerebral hemorrhage occurs, a series of secondary

injuries develop within the brain tissue surrounding the hema-
toma, prompting apoptosis and necrosis of some neurons and
exacerbating neurological dysfunction. For this reason, reduc-
ing apoptosis of neuronal cells after hemorrhage is key to alle-
viating brain injury, restoring cerebral function and inhibiting
hemorrhagic transformation. Evidence has shown that the
PI3K/AKT signaling pathway is one of the important path-
ways in the transduction of cerebral ischemia and apoptosis in
the nervous system (36–38). PI3K, as a kinase involved in cell
growth and skeletal remodeling, is an essential anti-apoptotic
regulator (39). PI3K phosphorylation drives AKT activation

which regulates apoptosis by promoting or inhibiting the
expressions of its downstream target proteins such as Caspase
9, NF-jB, and mTOR (40). In tMCAO mice, Jin et al (31)
demonstrated that the PI3K/AKT/GSK3b signaling pathway
was activated in brain tissues after avenanthramide C treat-
ment, which effectively impeded neuronal apoptosis. In addi-
tion, Vincourt et al (19) confirmed that matrilin-3 promoted
integration of ECM in chondrocytes, which was positively cor-
related with AKT phosphorylation. In our study, the activation
of PI3K/AKT pathway was revealed by Western blot in ische-
mic rat brains following matrilin-3 overexpression, but
LY294002 rescued this situation. Besides, JNK signaling path-
way is also involved in regulating cell apoptosis and is wildly
studied in ischemic stroke. It has been confirmed that anti-
apoptotic protein Bcl-2 was found to lose its apoptosis-
inhibiting effect after JNK phosphorylation (41).
At the microvascular level, there is evidence that the main

mechanism of hemorrhagic transformation is related to the
enhanced permeability and disruption of BBB integrity. The
BBB is a physiological barrier structure that exists between the

Figure 5. YTHDF2 bound to matrilin-3 and YTHDF2 knockdown reduced the inflammation of OGD-induced C8-D1A cells. (A, B) QRT-
PCR was employed to detect YTHDF2 and matrilin-3 expressions in C8-D1A cells transfected with or without shNC/shYTHDF2. (C)
RNA immunoprecipitation assay was performed to verify the binding of YTHDF2 and matrilin-3. (D) C8-D1A cells transfected with or
without shNC/shYTHDF2 were subjected to 5lg/mL ACTD treatment for 0, 1, 2, and 3 hours, followed by qRT-PCR for detecting the
changes of matrilin-3 decay. (E, F) C8-D1A cells transfected with or without shNC/shYTHDF2 were subjected to hypoxic induction in
glucose-free medium for obtaining OGD models (Control, OGD, OGDþshNC, and OGDþshYTHDF2 groups). TNF-a and IL-6
expressions in each group were determined using qRT-PCR. GAPDH served as the loading control. The data are presented as the mean±
SD of 3 independent experiments;

��
p< 0.01,

���
p< 0.001 versus shNC; ###p< 0.001 versus Control; ^^^p< 0.001 versus OGDþshNC.

Abbreviations: shYTHDF2, shRNA targeting YTHDF2; shNC, scramble shRNA; ACTD, Actinomycin D; OGD, oxygen-glucose
deprivation; TNF-a, tumor necrosis factor alpha; IL-6, interleukin 6.
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blood circulation of the brain and neural tissue (42). It con-
sists of cerebrovascular endothelial cells, astrocyte peduncles,
pericytes, and basement membranes, each playing a critical
role in maintaining the physiological homeostasis of the cen-
tral nervous system (43). The study of Mark et al (44)

reported that BBB permeability was increased by alteration of
tight junctions after hypoxia-reoxygenation in the brain. In the
composition of tight junction, occludin binds to adjacent cells
through the extracellular portion of the cell membrane to pro-
duce paracellular closure, which plays a role in transmembrane

Figure 6. YTHDF2 knockdown suppressed inflammation, the PI3K/AKT signaling pathway and BBB-related proteins in C8-D1A cells by
regulating matrilin-3. (A) QRT-PCR was employed to detect the expression of matrilin-3 in C8-D1A cells transfected with or without
shNC/shMatrilin-3. (B–C) C8-D1A cells transfected with shMatrilin-3 or/and shYTHDF2 (Control, shMatrilin-3, shYTHDF2, and
shMatrilin-3þ shYTHDF2 groups). TNF-a and IL-6 expressions in each group were determined using qRT-PCR. (D–H) Western blot
was used for quantitative analysis of p-PI3K/PI3K, p-AKT/AKT, ZO-1, VE-cadherin, and occludin protein expressions in each group.
GAPDH served as the loading control. The data are presented as the mean±SD of 3 independent experiments; ��p< 0.01, ���p< 0.001
versus shNC; ##p< 0.01, ###p< 0.001 versus shMatrilin-3; ^^^p< 0.001 versus shYTHDF2. Abbreviation: shMatrilin-3, shRNA targeting
matrilin-3.
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resistance of BBB and the formation of intercellular water
channels (45). ZO-1 acts as a bridge in the connection
between occludin and intracellular skeletal system, and in the
signaling mechanism (46). VE-cadherin is predominantly
found in vascular endothelial cells and is a key adhesion-linked
protein that is closely associated with vascular permeability
(47). In this study, we uncovered that matrilin-3 overexpres-
sion upregulated ZO-1, VE-cadherin, and occludin in ischemic
rat brains, which were reversed by LY294002. It is indicated
that matrilin-3 can improve the BBB in ischemic stroke to
reduce the risk of intracranial hemorrhage through regulating
the PI3K/AKT pathway.
Epigenetically, N6-methyladenosine (m6A) methylation is

the most common and reversible mRNA modification, and
there is growing evidence that it plays a pivotal role in many
pathological processes during ischemic stroke (48, 49). Thus,
an in-depth understand of m6A modification-mediated mecha-
nisms underlying the pathogenesis of ischemic stroke is con-
ducive to the development of therapeutic approaches for
preventing and treating hemorrhagic transformation. Based on
the analysis of GSE16561 and GSE22255 datasets, a recent
study has reported 3 significantly upregulated m6A regulators
(IGF2BP2, IGF2BP1, YTHDF2) in patients with ischemic
stroke (50); among them YTHDF2 is recognized as a reader
and usually responsible for degrading mRNAs in a m6A-inde-
pendent manner (51). In the brains of ischemic rats, we deter-
mined the significant upregulation of YTHDF2. Intriguingly,
matrilin-3 has been highlighted to exert protective effect on
nucleus pulposus cells through exosome delivery-mediated
intercellular crosstalk (52). Taking into consideration all the
above, we hypothesize that matrilin-3 may be delivered to
endothelial cells from astrocytes to promote BBB repair. As
expected, we observed that OGD-induced YTHDF2 upregula-
tion and matrilin-3 downregulation in C8-D1A cells, as well as
following results of RIP assay and RNA decay assay demon-
strated that YTHDF2 bound to matrilin-3 and negatively regu-
lated the stability of matrilin-3. The study of Liu et al (53)
recently has showed that astrocytes can protect human micro-
vascular endothelial cells against hypoxia-caused injury and
enhance BBB function. In our in vitro experiments, YTHDF2
knockdown was found to inhibit the release of TNF-a and IL-
6, as well as promoted expression of BBB-related proteins and
the activation of PI3K/AKT pathway in C8-D1A cells. Such
effects of YTHDF2 knockdown were accomplished by stabiliz-
ing the expression of matrilin-3.
In conclusion, this study unveils the important role of

matrilin-3 in attenuating the hemorrhagic transformation after
ischemic stroke. Mechanistically, downregulation of YTHDF2
enhances the stability of matrilin-3 to promote BBB function
repair via the PI3K/AKT pathway. These findings support
matrilin-3 as a promising target for the treatment of stroke.
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