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MicroRNA-544 inhibits inflammatory response
and cell apoptosis after cerebral ischemia
reperfusion by targeting IRAK4
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Abstract. — OBJECTIVE: Stroke remains the
most common malignant cerebrovascular event
in the world. The correlation between the ex-
pression of miR-544 and the degree of cerebral
ischemia reperfusion (CIR) injury has not been
well recognized in recent years. This study fo-
cuses on the effect of miR-544 on inflammation
and apoptosis after CIR.

PATIENTS AND METHODS: Plasma expres-
sion of miR-544 in ischemic stroke (IS) pa-
tients and healthy controls was determined by
quantitative reverse transcriptase-polymerase
chain reaction (qRT-PCR). The effects of miR-
544 on cerebral infarction and neurological defi-
cits were verified in vitro by tail vein injec-
tion of Ago-miR-544. Western blotting was uti-
lized to examine protein expressions of key pro-
teins involving in inflammation and apoptosis in
mouse brain. Western blotting, immunofluores-
cence staining and luciferase assays were used
to demonstrate whether miR-544 influences the
expression of interleukin-1 receptor-associated
kinase 4 (IRAK4), downstream inflammatory and
apoptosis-related proteins.

RESULTS: MiR-544 was found decreased in
peripheral blood of IS patients compared with
healthy controls. MiR-544 has been shown to
relieve neurological deficits and reduce the vol-
ume of cerebral infarction in mice. Overexpres-
sion of miR-544 ameliorated the inflammation
and apoptotic responses in brain tissue after
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ischemia reperfusion by down-regulating the
expression of IRAK4, whereas the low expres-
sion was opposite in vivo and in vitro.

CONCLUSIONS: We found that miR-544 may
participate in controlling inflammation and
apoptosis after ischemia-reperfusion by target-
ing IRAK4, providing possible diagnostic indica-
tors and therapeutic targets for IS.
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Introduction

The incidence of stroke has increased year
by year globally, especially among women, be-
coming a serious public health problem's. CIR
injury is a condition of blood perfusion recovery
after a short period of ischemia and hypoxia,
which aggravates brain tissue damage. It plays a
significant role in the process of stroke*°. Oxida-
tive stress, apoptosis and activated inflammatory
response are often known as a series of responses
after CIR®". Therefore, the inhibition of oxidative
stress, apoptosis and inflammatory response after
CIR is of vital importance to the prognosis and
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treatment of stroke. MicroRNAs (miRNAs) are
small RNAs with 21-25 nucleotides that partially
bind to complementary sequences in the 3’-un-
translated region (3’-UTR) of messenger RNA
(mRNA). MicroRNAs exert their role via nega-
tively affecting post-transcriptional regulation®®.
Previous studies'®"have found that differentially
expressed miRNAs are related to the develop-
ment of a wide variety of cerebrovascular diseas-
es. For example, miRNA-125b reduces CIR inju-
ry by targeting CK2a/NADPH oxidase signaling.
MiR-193 leads to toxic aldehyde accumulation
and tyrosine hydroxylase dysfunction after CIR
by targeting ALDH2'>"*. MiR-544 is located in
the highly conserved imprinted Dlk1-Dio3 region
in mammals'. A series of researches have found
that miR-544 is involved in the development of
various diseases such as cancer, neuralgia, asth-
ma, etc.'>8, However, the role of miR-544 in the
progress of CIR is rarely reported.

Interleukin-1 receptor-associated kinase 4
(IRAK4) belongs to IRAK family, alongside with
IRAK-1, IRAK-2 and IRAK-M". IRAK4 is in-
volved in inflammatory reactions in a variety of
diseases??!, especially tumor immunity during
tumorigenesis***. In cerebrovascular disease,
IRAK4 inhibits neointimal formation in carotid
arteries after balloon injury through toll like
receptor 4 (TLR4)/NF«xB (nuclear factor kap-
pa-B) signaling pathway. Additionally, IRAK4
also participates in neuroinflammation through
inhibition of TLR2 and TLR4 pathways in cere-
bral ischemia caused by middle cerebral artery
occlusion?*?°, However, it is still unknown wheth-
er IRAK4 is involved in CIR.

In this manuscript, the expression of miR-544
was first found to be lower in the peripheral blood
of IS patients. MiR-544 was validated for inhib-
iting inflammation and apoptosis through the es-
tablishment of a mouse CIR model. Finally, it was
demonstrated that miR-544 inhibits inflammation
and apoptosis after CIR by targeting IRAK4.

Patients and Methods

Patient Sample Collection

50 IS (ischemic stroke) patients and 50 healthy
controls who were hospitalized in Shenzhen Sec-
ond People’s Hospital were selected since 2017.
This study was approved by the Ethics Commit-
tee of Shenzhen Second People’s Hospital. Signed
written informed consents were obtained from all
participants before the study. The enrollment of
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IS patients was based on: (1) acute focal neurolog-
ical deficits, (2) IS period of more than 24 hours,
and (3) positive results of magnetic resonance
imaging (MRI) and computed tomography (CT)
in the brain. Patients with history of hemorrhagic
embolism, peripheral arterial occlusion, chronic
liver and kidney disease, primary or metastatic
tumors or other malignant diseases were exclud-
ed. Healthy controls were also recruited during
the same period. Influencing factors such as hy-
pertension, diabetes, cardiovascular and cerebro-
vascular diseases were excluded through physical
signs and laboratory tests. Blood samples of all
participants were drawn after fasting for at least
12 hours, centrifuged at 2,500 rpm/min for 5 min,
and stored in liquid nitrogen.

Animal Model

C57 mice were purchased from Vital River
(Beijing, China). C57 mice were randomly divid-
ed into CIR group (n=4), Sham-operation group
(n=4) and Ago-miR-544 group (n=4). Mice in CIR
group received no treatment. Mice in Sham-oper-
ation group were anesthetized for surgery and
did not undergo injection. Mice in Ago-miR-544
group were anesthetized and operated, followed
by injection of Ago-miR-544 (Ribobio, Guang-
zhou, China). The CIR mouse model was con-
structed using suture embolization. After routine
anesthesia, a midline neck incision was realized
and the left common carotid artery and external
carotid artery were separated and ligated. Af-
ter the arteriotomy, the nylon monofilament was
inserted into the left internal carotid artery and
advanced cranially to the origin of the middle ce-
rebral artery until a mild resistance was felt. The
occluded filaments were maintained for 60 min.
The blocked nylon fibers were then withdrawn to
allow reperfusion. After 24 hours of reperfusion,
each mouse was decapitated for brain tissue col-
lection. Brain coronal sections were taken and
immersed in 2% triphenyltetrazolium chloride at
37°C for 30 min. After staining, the brain sam-
ples were fixed in 4% paraformaldehyde for 24
hours. The study was approved by the Animal
Ethics Committee of Shenzhen University Ani-
mal Center.

Cell Culture

BV2 cells (mouse microglia cell line) were
purchased from the Academy of Sciences (Shang-
hai, China). Cells were cultured in Roswell Park
Memorial Institute 1640 (RPMI-1640) medium
(Gibco, Rockville, MD, USA) supplemented with
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10% fetal bovine serum (FBS) (Gibco, Rockville,
MD, USA), 100 U/mL penicillin and 100 pg/mL
streptomycin (HyClone, South Logan, UT, USA)
at 37°C in a 5% CO, humidified cell incubator.
Logarithmic growth phase cells were cultured for
subsequent experiments.

Cell Transfection

The mmu-miR-544-mimics, mmu-miR-544-in-
hibitor and NC were purchased from Ribobio
(Guangzhou, China). MiR-544 mimics and NC
were purchased from Gene Pharma (Shanghai,
China). BV2 cells in logarithmic growth phase
were taken, passaged and plated into 6-well plates
(Corning, Corning, NY, USA). When the cell con-
fluence reached 70%, transfection was performed
by Lipofectamine® 3000 (Invitrogen, Carlsbad,
CA, USA) according to the instructions. Cells
were harvested 48 h later for follow-up experi-
ments.

Total RNA Extraction

1 mL of TRIzol solution (Invitrogen, Carlsbad,
CA, USA) was added in 100 mg of brain tissue for
lysis. 2x1075 BV2 cells were digested with tryp-
sin, washed once with phosphate-buffered sa-
line (PBS) solution (HyClone, South Logan, UT,
USA), and lysed by adding 1 mL TRIzol solution.
The total RNA was extracted with phenol chloro-
form. The extracted RNA was measured for puri-
ty by UV spectrophotometry and labeled. Finally,
the RNA samples were stored in a -80°C freezer.

Quantitative Reverse Transcription
Polymerase Chain Reaction (qRT-PCR)
Total RNA samples were thawed on ice. Re-
verse transcription was performed according to
the instructions of the PrimeScript RT reagent
(TaKaRa, Otsu, Shiga, Japan). QRT-PCR was
performed using the SYBR Green Master Mix I
(TaKaRa, Otsu, Shiga, Japan) on the ABI 7900
Fast Real-Time PCR System (ABI, Foster City,
CA, USA). All miRNA samples were calibrated
with U6 and all mRNA samples were calibrated
with glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The reaction conditions were set as
follows: pre-denaturation at 95°C for 30 s, fol-
lowed by 45 cycles of 95°C for 5 s and 60°C
for 30 s per cycle. A dissolution curve was in-
troduced. Relative quantification was performed
using the 24T method. For miRNAs, primer
probes were designed and synthesized by Gemma
(Shanghai, China). Gene primers were designed
by Primer 5.0. The specific gene primer sequenc-

es were as follows: IRAK4 (F, 5>-CAAGTGATG-
GAGATGACCTCTGCTTAGT-3’; R, 5-TCTAG-
CAATAACTGAGGTTCACGGTGTT-3’), in-
terleukin-1 beta (IL-1B) (F, 5-AATCTCACAG-
CACATCAA-3; R, 5-AGCCCATACTTTAG-
GAAGACA-3’), Tumor necrosis factor (TNF)-a
(F, 5> TTCGAGTGACAAGCCTGTAGC-3%;
R, 5~ AGATTGACCTCAGCGCTGAGT-3"),
B-cell lymphoma-2 (Bcl-2) (F, 5-GAACTGG-
GGGAGGATTGTGG-3; R, 5-GCATGCTG-
GGGCCATATAGT-3’) and Bcl-2-associated X
(Bax) (F, 5>-CTGGATCCAAGACCAGGGTG-3;
R, 5-CCTTTCCCCTTCCCCCATTC-3’). Each
sample was detected in triplicate.

Western Blotting

0.5 M Ethylene Diamine Tetraacetic Acid (ED-
TA) (Beyotime, Shanghai, China), protease inhib-
itors (Beyotime, Shanghai, China) and phospha-
tase inhibitors (Beyotime, Shanghai, China) were
added into the radioimmunoprecipitation assay
(RIPA) solution (Beyotime, Shanghai, China) in a
ratio of 100:1. 50 mg of brain tissue were selected,
ground into a powder and added into the above
solution. For BV2 cells, 2x10"5 cells were digest-
ed with trypsin, washed once with PBS (Gibco,
Rockville, MD, USA) and added into the above
solution after centrifugation. The above solution
was transferred to a 1.5 mL Eppendorf (EP) tube
(Corning, Corning, NY, USA). After shaking for
30 min, the EP tube was placed on a cryogenic
centrifuge and centrifuged at 12000 rpm/min for
15 min at 4°C. The protein sample was added
into sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) protein loading buf-
fer (Beyotime, Shanghai, China) in a 1:4 volume
ratio and mixed well. The sample was then placed
in boiling water for 5 min. Proteins extracted
from BV2 cells and brain tissues were separat-
ed by 10% SDS-polyacrylamide gels and trans-
ferred to polyvinylidene difluoride (PVDF) mem-
branes (Roche, Basel, Switzerland). After being
blocked with 5% nonfat dry milk for 2 hours,
the membrane was incubated at 4°C with the
following specific primary antibodies (IRAK4
(ab13685), Bcl-2 (ab32124), Bax (ab182734), IL-1B
(ab200478) and TNF-a (ab6671) (1:1000; Abcam,
Cambridge, MA, USA) and GAPDH primary
antibody (ab9485) (1:2000; Abcam, Cambridge,
MA, USA). Membranes were then incubated
with horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG (1:2000) for 2 hours at room
temperature and then incubated 3 times with
Tris-buffered saline and Tween (TBS-T) buffer
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(Beyotime, Shanghai, China). The secondary an-
tibody was detected by an enhanced chemilumi-
nescence (ECL) system (Pierce Biotechnology,
Rockford, IL, USA). The experiments were per-
formed in triplicate.

Luciferase Reporter Assay

The 3’-UTR sequence or mutated sequence
of IRAK4 was inserted into the pLG3 promoter
vector (Promega, Madison, WI, USA), respec-
tively for constructing pLG3-IRAK4-WT and
pLG3-IRAK4-MuT. BV2 cells were seeded in
6-well plates (Corning, Corning, NY, USA) and
transfected with 100 ng of pLG3-IRAk4-WT or
pLG3-IRAK4-MuT, miR-544 mimics and NC
with Lipofectamine 3000 (Invitrogen, Carlsbad,
CA, USA), respectively. After 48 hours, trans-
fected cells were collected for detecting relative
luciferase activity using the Luciferase Assay Kit
(Promega, Madison, WI, USA).

Immunofiluorescence Staining Assay
Brain sections were fixed with 4% paraformal-
dehyde for 30 min at 37°C and then blocked and
permeabilized for 1 hour at room temperature
with buffer A. Anti-IRAK4 (1:500, ab13685) was
added and incubated overnight at 4°C. Brain sec-
tions were conjugated to Alexa Fluor 594 donkey
anti-rabbit (1:1000, A21207, Invitrogen, Carlsbad,
CA, USA). The diabodies were incubated for 2
hours at room temperature. DAPI (4°,6-diamid-
ino-2-phenylindole) staining solution (Thermo
Fisher Scientific, Waltham, MA, USA) was used
to label the nucleus. The image was captured by a
ZEISS microscope (Oberkochen, Germany).

Statistical Analysis

All experimental data were analyzed using
GraphPad software 6.0 (La Jolla, CA, USA) and
Statistical Product and Service Solutions (SPSS)
18.0 for statistical analysis (SPSS Inc., Chicago,
IL, USA). The p-values were analyzed using
Student’s t-test, one-way ANOVA and Spear-
man’s test. p < 0.05 was considered statistically
significant.

Results

The Level of miR-544 in IS Patients and
CIR Mouse Brain is Significantly Reduced
Plasma expression of miR-544 was measured
by qRT-PCR. The data showed that plasma ex-
pression of miR-544 of IS patients is significantly
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lower than that of the control group (Figure 1A).
An in vivo experiment was performed to verify
this phenomenon again (Figure 1B). MiR-544
expression in brain tissues of CIR mice was
significantly decreased compared with those of
Sham-operation group (Figure 1C). In addition,
miR-544 expression was significantly enhanced
by tail vein injection of Ago-miR-544 compared
with those of the CIR group (Figure 1D). The
above results indicated that miR-544 may be in-
volved in the process of CIR.

MiR-544 Alleviates Neurological
Deficits and Reduces Cerebral
Infarction Volume in Mice

Zea-Longa 5-point scheme was used to evaluate
the neurological deficits in mice. Three groups of
mice were scored at 24, 48 and 72 h after reperfu-
sion, respectively. It was worth noting that, at 24
and 48 h, the score of Ago-miR-544 group was
significantly lower than that of CIR group (Fig-
ure 2A), while Sham-operation group score was
always 0, indicating no neurological deficits at the
three time points. To verify the effect of miR-544
on cerebral infarction, brain tissues were stained
with triphenyltetrazolium chloride (Figure 1B).
The results showed that there was no staining in
Sham-operation group, while a pale infarct area
was seen in the CIR and Ago-miR-544 groups.
Moreover, the pale volume in CIR group was sig-
nificantly larger than that of Ago-miR-544 group
(Figure 2B). The results indicated that miR-544 al-
leviates neurological deficits and reduces cerebral
infarction volume in mice.

MiR-544 Inhibits Inflammatory
Responses and Apoptosis After CIR

In order to detect inflammation and apoptosis
after CIR, Western blotting was used to detect
the protein levels of IL-1B, TNF-a, Bax and Bcl-
2. As shown in Figure 3A and 3B, compared
with CIR group, protein expressions of IL-1p,
TNF-0, and Bax in Ago-miR-544 group was
significantly decreased, while Bcl-2 expression
level was significantly increased. At the same
time, mRNA expressions of the abovementioned
genes were measured by qRT-PCR. Compared
with CIR group, mRNA expressions of IL-1f,
TNF-0 and Bax were significantly decreased in
Ago-miR-544 group, while the expression level
of Bcl-2 was significantly increased (Figure 3C).
These results indicated that miR-544 suppresses
the inflammatory response and reduces the de-
gree of apoptosis after CIR.
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Figure 1. The level of miR-544 in IS patients and CIR mouse brain. 4, The expression of miR-544 in peripheral blood of
IS patients and healthy controls. B, Brain tissue sections and staining were performed in each group of mice. C, The level
of miR-544 in brain tissues in CIR group and Sham-operation group. D, Expression of miR-544 in the group injected with
Ago-miR-544 vial caudal vein compared with that of CIR group. Data were presented as the mean + SD of three independent

experiments (*p < 0.05, **p <0.01).

MiR-544 Inhibits IRAK4 Expression by
Interacting Directly with the Putative
Binding Site of IRAK4-3-UTR

Previous studies®® have shown that miRNAs
interact with the target genes via the 3> UTR.
The potential targets for miR-544 were searched
from MicroRNA.org, MiRWalk and TargetScan
and IRK A4 was found to be a potential target for
miR-544. The predicted binding site for miR-544
and IRAK4 was shown in Figure 4A. Luciferase
activity assay was performed to further verify
the binding of miR-544 and IRAK4. The wild-
type (WT) and mutant-type (MuT) sequences of
IRAK4 were inserted into the luciferase reporter
vector. Then, the pGL3 luciferase reporter vector
and miR-544 mimics or NC were co-transfected
into BV2 cells. After 48 hours, the luciferase
activity of WT group was significantly lower

than that of MuT group (Figure 4B). These above
results indicated that IRAK4 is a potential target
of miR-544.

Overexpression of miR-544 Inhibits
Inflammation and Apoptosis by
Targeting IRAK4

IRAK expression in Ago-miR-544 group was
significantly reduced compared to the CIR group
through tissue immunofluorescence staining as-
say (Figure 5A). In addition, it was confirmed
that IRAK4 expression in Ago-miR-544 group
was significantly decreased by Western blotting
(Figure 5B). To further verify the downregulation
of IRAK4 by miR-544, mmu-miR-544-mimics,
mmu-miR-544-inhibitor or NC was transfected
into BV2 cells and the transfection efficiency
was verified (Figure 5C and 5D). As shown in
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Figure 4. IRAK4 is a possible target for miR-544. A,
Possible binding sites between IRAK4 and miR-544. B, The
fluorescence intensity of the WT group was significantly
weaker than that of the MuT group. Data were presented as
the mean + SD of three independent experiments (*p < 0.05,
**p <0.01).
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Figure 5E, 5F and 5G, overexpression of miR-544
significantly reduced the expressions of IRAK4,
IL-1B, TNF-a and Bax, and enhanced the expres-
sion of Bcl-2 by qRT-PCR. At the same time,
knockdown of miR-544 increased the expressions
of IRAK4, IL-1B, TNF-a and Bax and decreased
the expression of Bcl-2. These results indicated
that miR-544 could alleviate inflammation and
apoptosis after CIR by targeting IRAK4.

Discussion

In our current study, miR-544 was first found
to be lowly expressed in the peripheral blood of
IS patients. Overexpression of miR-544 reduced
cerebral neurological deficits and decreased ce-
rebral infarction volume in mice. It was found
that inflammation and apoptosis in mouse brain
tissue samples were significantly reduced in Ago-
miR-544 group compared with those CIR group.
In addition, miR-544 was shown to regulate
IRAK4 expression by Western blotting, immu-
nofluorescence staining and luciferase assay, re-
spectively. Therefore, these observations indi-
cated that miR-544 alleviates inflammation and
apoptosis by targeting IRAK4 after CIR, which
could be used as a diagnostic and therapeutic
indicator of ischemic stroke.

MiR-544, a member of the miRNA family, was
first reported to play a role in guiding prognosis
in esophageal cancer?’. In a mouse model, miR-
544 has also been shown to relieve neuralgia by
targeting STAT3". However, the role of miR-544
in CIR has not been studied. The TLR/IL-IR
family plays a regulatory role in various immune
responses, among which IRAK4 is a key factor
in the signal transduction system of the TLR/IL-
IR family®®. TIR family receptors are activated
at the onset of inflammation and promote the
binding of IRAK4 and IRAKI. IRAKI is then
phosphorylated by IRAK4, and phosphorylated
IRAKI initiates autophosphorylation of IRAKI,
which ultimately results in hyperphosphorylated
IRAKI. Alteration of IRAKI1 ligand results in
activation of NF-kB. As a result, activated NF-
kB stimulates the activation of pro-inflammatory
cytokines IL-1B, IL-6 and TNF-a, and induces
downstream cascades of inflammatory responses,
leading to tissue inflammatory lesions and apop-
totic cell responses®-!.

However, there are some limitations in this
research. IRAK4 is just one of many potential
targets of miR-544. In this study, we only con-

5612

firmed that miR-544 alleviates the progression of
inflammation and apoptosis by targeting IRAK4.
Whether there are other mechanisms still needs
further discussion. This work confirmed that
miR-544 may play a key role in the regulation of
inflammation and apoptosis by downregulating
IRAK4. Overexpression of miR-544 may be a
potential method for relieving CIR injury.

Conclusions

We showed that miR-544 has an inhibitory
effect on inflammation and apoptosis after CIR
in vitro and in vivo. In addition, miR-544 inhibits
the progression of inflammation and apoptosis by
inhibiting IRAK4. Our results indicate that miR-
544 could be used as a diagnostic indicator for
ischemic stroke.
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