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Objective: Brain microvascular endothelial cells (BMECs) are involved in brain vascular
dysfunction in ischemic stroke. Abnormal expression of circular RNAs regulate physiologi-
cal and pathophysiological processes in the central nervous system. The aim of the present
study was to investigate profile circRNAs in human BMECs after oxygen glucose depriva-
tion (OGD), which was an in vitro model of ischemic stroke, and find promising biomarkers
in ischemic stroke.

Methods: RNA sequencing (RNA-seq) technology was conducted to analyze the differential
expression of circRNAs between BMECs after OGD and non-OGD treated BMECs. RT-
qPCR, cell proliferation, cell apoptosis and dual-luciferase assay, and so on, were used to
investigate the functions and molecular mechanisms of hsa_circ_0001360 (named circPHC3
in this study) in ischemic stroke.

Results: CircPHC3 was highly expressed in human BMECs after OGD. Knockdown of
circPHC3 inhibited cell death and apoptosis in human BMECs treated with OGD.
Mechanistically, circPHC3 acted as miR-455-5p sponge to activate TRAF3 to promote cell
death and apoptosis in human BMECs after OGD.

Conclusion: In short, circPHC3 promotes cell death and apoptosis in ischemic stroke
in vitro model, which might be a novel molecular target for acute cerebrovascular
protection.
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Introduction
Ischemic stroke and cerebral ischemia reperfusion injury can result in serious dysfunc-
tion of the brain, which leads to a high rate of morbidity, disability and mortality."
Various studies show that ischemia leads to a series of pathological events and activates
signaling cascades to promote cell death.? Besides, a combination of many genetic and
environmental factors causes the complex genetic disorder, ischemic stroke.” The
detailed pathogenesis mechanisms of ischemic stroke are still not completely under-
stood. Currently, intravenous administration of recombinant tissue plasminogen acti-
vator (tPA) is the only clinically effective therapy for acute ischemic stroke, which is
useful only within a narrow window of time.* Thus, further revealling the molecular
mechanisms of ischemic stroke, and developing novel and effective therapies for
ischemic stroke are really necessary.

Circular RNA (circRNA) is regarded as a novel class of non-coding RNAs,
which has closed covalent loops with neither a polyadenylate tail nor 5’ to 3’
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polarity.” CircRNA is highly stable and conservative and is
abundant in mammalian cells.® Various studies have
shown that circRNAs act as miRNA sponges to regulate
gene expression in different diseases including neurologi-
cal disorders.”” CircRNAs play critical roles in multiple
diseases including neural development and plasticity,
Alzheimer’s disease, heart senescence, hypertrophy and
failure, and cell growth through interaction analysis
between circRNA and disease-associated miRNAs.*'%!!
However, the molecular mechanisms of circRNA in
ischemic stroke still remains un clear.

In this study, RNA-seq technology was used to
investigate the transcriptome profiling circRNAs in
human brain microvascular endothelial cells (BMECs)
after exposure to oxygen glucose deprivation (OGD)'?
that is an in vitro mimic of stroke conditions. It is the
first time to identify various OGD-responsive
circRNAs in BMECs. We mainly focus on a circRNA
from PHC3, hsa circ 0001360, termed
circPHC3, which was screened from RNA-seq. Till
now, there are few studies of hsa circ_0001360.
Wang et al demonstrated that hsa circ 0001360 was
abundant and differentially expressed in maternal and

derived

neonatal umbilical cord plasma from SGA (small for
gestational age).'” In our study, the expression of
circPHC3 was increased significantly in BMECs trea-
ted with OGD. Besides, circPHC3 promoted cell death
and apoptosis in human BMECs after OGD via acting
as a ceRNA for miR-455-5p, and activated TRAF3
expression in ischemic stroke. In conclusion,
circPHC3 may be a novel potential target for early

diagnosis or treatment of ischemic stroke.

Methods
Cell Culture

Human brain microvascular endothelial cells (BMECs)
were purchased from Cell Systems Corp. (USA). Cells
were cultured according to a previous study.'* Cells were
maintained at 37°C in incubator.

In vitro OGD Model

Human BMECs were treated with OGD through cultivat-
ing in glucose-free culture medium and an anaerobic
chamber (Forma Scientific, Marietta, OH) containing 95%
N, and 5% CO, for 16h. Control human BMECs were not
exposed to OGD.

RNA Sequencing and Bioinformatics
Analysis

Three independent repeated human BMECs without OGD
and three independent repeated human BMECs after OGD
were chosen for RNA sequencing. TRIzol reagent
(Invitrogen, Grand Island, NY, USA) was used to extract
RNA from human BMECs according to the manufac-
turer’s protocol. Three U/ug RNase R was utilized to
eliminate linear RNA at 37 °C for 25 min. The HiSeq
2000 (Illumina) was employed to sequenced RNA. The
reads were aligned to the latest UCSC transcript set utiliz-
ing Bowtie2 version 2.1.0."> RSEM version 1.2.15 was
used to estimate gene expression.'® The reads were
mapped to genome using STAR.!” The circRNA expres-
sion was measured by DCC.'®

Reverse Transcription Real-Time

Quantitative Polymerase Chain Reaction
(RT-qPCR)

TRIzol reagent was used to isolate total RNA from human
BMECs and 3 U/ug RNase R was used to remove linear
RNA for circRNA detection. A PrimeScript RT Reagent Kit
with gDNA FEraser (Takara., Dalian, China) was utilized to
synthesize the first strand of cDNA for detection of circPHC3
and TRAF3. A commercial miRNA reverse transcription
PCR kit (RiboBio, Guangzhou, China) was used to synthe-
size cDNA for miR-455-5p detection. The SYBR Premix Ex
TaqTM kit (Takara, Dalian, China) was used for RT-qPCR
analysis on the Roche LightCycler 480 Real-Time PCR
System. Levels of GAPDH or U6 were used as an endogen-
ous control to normalize the differences of circRNA
and miRNA. The primers were: -circPHC3-forward:
5'-TCGTCATCGTCATCTTCCTG-3', circPHC3-reverse:
5'- GGGTAATACTGCCGCTGGTA-3"; TRAF3-forward:
5'- CAGACTAACC CGCCGCTAAAG-3', TRAF3-reverse:
5'-GATGCTCTCTTGACACGCTGT-3"; GAPDH-forward:
5-CGCTCTCTGCTCCTCCTGTTC-3', GAPDH-reverse:
5'-ATCCG TTGACTCCGACCTTCAC-3'". Primers of miR-
455-5p was purchased from GeneCopoeia Co. Ltd,

Z*AACT

Guangzhou, China. The comparative method was

used to analyze the expression levels.

Subcellular Fractionation Location

NE-PER Nuclear and Cytoplasmic Extraction Reagent
(Thermo Scientific, Waltham, MA, USA) was utilized to
get cytoplasmic and nuclear fraction from human BMECs.
RNAs separated from each of the fractions were used for
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RT—qPCR analysis to measure the expression levels of
cytoplasmic control transcript (GAPDH), nuclear control
transcript (U6) and circPHC3.

Cell Transfection

Lipofectamine 3000 Transfection Reagent (Invitrogen,
Carlsbad, CA, USA) was used to transfect siRNAs,
miRNA mimics, miRNA inhibitors or plasmids into
BMECs according to the manufacturer’s protocols.

Vector Construction

The siRNA targeting circPHC3 was synthesized by
GenePharma (Shanghai, China). Sequence of circPHC3 was
synthesized by Sangong (Shanghai, China) and cloned into
pCD-ciR vector (Geenseed Biotech Co, Guangzhou, China).
The wide-type circPHC3/TRAF3 3’ untranslated region
(UTR) sequence or circPHC3/TRAF3 3’ UTR sequence with
mutation of miR-455-5p binding site was inserted into
psiCHECK?2 vector (Promega, Madison, WI). MiR-455-5p
mimics or inhibitors were purchased from RiboBio
(Guangzhou, China).

Dual-Luciferase Reporter Assay

Human BMECs were transfected with corresponding
After
48 hour transfection, dual-luciferase reporter assay kit
(Promega, Madison, WI, USA) was used to detect luci-
ferase and renilla signals after 48 hour transfection. The

plasmids and miRNA mimics or inhibitors.

ratio (renilla luciferase activity/luciferase activity) was
analyzed.

RNA Immunoprecipitation (RIP) Assay
RIP assays were carried out in human BMECs after
utilizing the Magna RIP RNA-binding protein immu-
noprecipitation kit (Millipore, Billerica, MA, USA).
Cells (1x10") were lysed in complete RNA lysis buffer,
then cell lysates were incubated with anti-Argonaute2
(AGO2) antibody (Millipore, Billerica, Ma, USA),
negative control mouse IgG (Millipore, Billerica, Ma,
USA) or total RNAs (input controls) in accordance
with the manufacturer’s instructions. Co-precipitated
RNA was measured by RT-qPCR as
described.

previously

Cell Viability Assay

Cell Counting Kit-8 (Beyotime Institute of Biotechnology,
Shanghai, China) was utilized to detect cell viability. 2500
cells were seeded into a 96-well plate and 10 pL. of CCK-8

was added to each well. Cells were cultivated for 120
minutes. Absorbance was detected at a wavelength of
450 nm employing an ELISA microplate reader (Bio-
Rad, Hercules, CA, USA) was used to measure the absor-
bance at the 450 nm wavelength.

Cell Apoptosis Assay

The FITC Annexin V Apoptosis Detection Kit (TransGen,
Peking, China) was utilized to double stain cells with
FITC-Annexin V and PI according to the manufacturer’s
instructions. Right lower quadrant represents the percen-
tage of early apoptosis cells. Besides, in order to detect the
effects of circPHC3 and TRAF3 on cell apoptosis, we
employed the caspase-3 ELISA assay that was widely
used to measure cell apoptosis (Husabio, Wuhan, China)
according to the manufacturer’s protocol.

Western Blot Analysis

The protein concentration was measured by the bicinch-
oninic acid (BCA) quantification assay (Pierce
Biotechnology, Rockford, IL, USA). The membranes
were incubated overnight with specific primary antibo-
dies against TRAF3 (1:1000; Abcam, USA) and GAPDH
(1:1000; Abcam, USA) after blocked with 5% nonfat dry
milk. Horseradish peroxidase conjugated secondary anti-
body (Amersham, Arlington Heights, IL) was used to
incubate the blot for one hour at room temperature on
a rocking platform. Finally, super signal chemilumines-

cence reagents (Thermo Fisher Scientific, Inc.,
Massachusetts, USA) was used to detect signal
intensities.

Statistical Analysis

All the above experiments were performed at least three
times in this study. SPSS software version 21.0 (SPSS
Inc., Chicago, IL, USA) was used to analyze all statistical
analysis. All data are presented as the mean + standard
error (SD). Student’s #-test, was used to analyze the
group difference. A P-value < 0.05 (two-sided) was chosen
for statistical significance.

Results

RNA-Seq ldentification of Transcriptome
Profiling circRNAs in Human BMECs
After OGD

We used an in vitro mimic of stroke conditions, human
BMEC:s after OGD, to determine the transcriptomic profiling
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circRNAs using RNA-seq. RNA sequencing reads were gen-
erated from non-OGD cells and OGD-treated cells. 3978
circRNAs were detected between non-OGD and OGD-
treated cells (supplementary material 1). The log2 fold change

(> 2) and P < 0.05 of up-regulated or down-regulated
circRNAs were considered expressed differentially. 74
circRNAs from OGD Vs Non-OGD,
regulated circRNAs and 60 down-regulated circRNAs

including 14 up-

(Figure 1A), were conformed to this criterion, and heatmap
of these 74 differential circRNA expression was shown in
Figure 1B.

circPHC3 Promoted Cell Death and
Apoptosis in Human BMECs After OGD

Next, we want to know whether these differential
circRNAs between non-OGD and OGD-treated BMECs
play critical roles in ischemic stroke. The parent genes
of 74 circRNAs were involved in different biological

process, cellular component and molecular function
Up regulated 14 circRNA
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according to GO analysis (Figure-S1A). Fourteen up-
regulated circRNAs were chosen for further study
(Table 1). Compared with non-OGD group, the expres-
sion levels of 14 circRNAs were highly increased in
human BMECs after OGD group through RT-qPCR
verification (Figure 2A). The siRNAs were designed
for 14 individual circRNAs and the result of CCK-8
assay indicated that hsa circ_0000566, hsa -
circ_ 0001360 and hsa circ_0101874 inhibited cell via-
bility significantly (Figure 2B). The most obvious
inhibitory effect of hsa circ 0001360 was presented
The hsa_circ_ 0001360
was picked for in-depth research. The circBase database
shows that hsa_circ_0001360, 258 nucleotides in length,
was generated from PHC3 gene (Figure-S1B). Thus,
hsa circ_0001360 was named circPHC3 in this study.
Flow cytometry assay was used to measure the effect of
circPHC3 on the apoptosis of BMECs after OGD. The
right lower quadrant of flow chart represents early apop-

among these three circRNAs.

totic cells. As shown in Figure 2C, cell apoptosis was

Color Key

-2
Value

OGD Non-OGD

Figure | Volcano plot and heatmap of differential circRNAs expression in human BEMCs after OGD. (A) 74 differentially expressed circRNAs, including 14 up-regulated
circRNAs and 60 down-regulated circRNAs. (B) Heatmap of 74 differential circRNA expression.
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Table | [4 Differentially Overexpressed circRNAs in Human
BMECs After OGD

hsa_circbase_ID Log2 Fold Change P value

hsa_circ_0000566 142.7664 0.004438281
hsa_circ_0129657 109.2701 0.019167414
hsa_circ_0018401 88.42128 0.033491448
hsa_circ_0007177 75.59622 0.031720517
hsa_circ_0004813 7449171 0.032717908
hsa_circ_0006459 70.98372 0.011997804
hsa_circ_0001360 69.58975 0.032355104
hsa_circ_0005116 66.16305 0.038199277
hsa_circ_000831 1 64.08497 0.022371583
hsa_circ_0006633 51.2901 0.025548413
hsa_circ_0008257 46.75459 0.032034595
hsa_circ_0101874 46.30562 0.019710366
hsa_circ_0008853 42.29674 0.037469591
hsa_circ_0000647 29.84823 0.027182323

suppressed significantly after circPHC3 inhibition in
BMECs OGD (P = 0.0074006).
circPHC3 had no effects on angiogenesis (data was not

after However,
shown). In short, cell death and apoptosis were facili-
tated markedly by circPHC3 overexpression in human
BMECs after OGD.

circPHC3 Bound to miR-455-5p in

Human BMECs After OGD

The mechanism of circPHC3 in human BMECs after
exposure to OGD was investigated in our further
study. CircPHC3 was mainly localized in the cytoplasm
of BMECs using subcellular fractionation location assay
(Figure 3A). CircRNAs that mainly located in cytoplasm
to bind to miRNAs."
Bioinformatics analysis revealed that circPHC3 may

may function as sponges
bind to seven miRNAs (Figure 3B). A previous study
demonstrates that miR-455-5p suppresses neuronal cell
death in cerebral stroke?® and play a protective role in
cerebral stroke. Thus, the relationship between
circPHC3 and miR-455-5p was verified. Compared
with human BMECs with non-OGD, the expression
level of miR-455-5p was inhibited significantly in
human BMECs after OGD (Figure 3C). It is well
known that miRNAs degrade mRNA and suppress trans-
lation of their targets in an AGO2-dependent manner.”'
Anti-AGO2 precipitation (RIP) was carried out and
showed that compared with the control, the expression
level of circPHC3 bound to anti-AGO2 antibodies was

increased significantly in human BMECs after OGD
transfected with miR-455-5p mimics (Figure 3D).
Besides, the wide type circPHC3 (WT) with binding
sites of miR-455-5p or a mutated circPHC3 (Mut)
sequence was inserted into 3'UTR of renilla luciferase
in the psiCHECK-2 vector (Figure 3E). As shown in
Figure 3F, the luciferase activities of WT reporter were
decreased markedly after overexpression of miR-455-5p.
However, there was no difference in the mutated luci-
ferase reporter. These results suggest that circPHC3
could bind to miR-455-5p in human BMECs.

TRAF3 Was the Functional Target of

circPHC3 in Human BMECs After OGD

Yao et al reported that TRAF3, a member of the TRAF
families, is an important modulator in neuronal death,
and miR-455-5p inhibits neuronal cell death by targeting
TRAF3 in cerebral ischemic stroke.?’ Thus, we would
like to detect whether circPHC3 functioned in human
BMECs through TRAF3 regulation. We transfected the
luciferase reporter of WT TRAF3 into human BMECs
after OGD. As shown in Figure 4A, the luciferase activity
was promoted significantly in circPHC3 vector compared
to the NC vector group (P < 0.05). The luciferase activity
was decreased markedly in circPHC3 vector and miR-
455-5p group compared with circPHC3 vector and NC
mimics. When cells were transfected with NC vector and
miR-455-5p mimics, the luciferase activity was inhibited
obviously compared with NC vector and NC mimics
group. On the contrary, as shown in Figure 4B and C,
compared with NC siRNA group, the luciferase activity
and protein expression level of TRAF3 were restrained
significantly after inhibition of circPHC3. The luciferase
activity and protein expression level of TRAF3 in
circPHC3 siRNA plus miR-455-5p inhibitor group were
increased obviously compared with circPHC3 siRNA
plus NC inhibitor group. Compared with the correspond-
ing control, after co-transfection of NC siRNA and miR-
455-5p inhibitor, the luciferase activity and protein
expression level of TRAF3 were promoted notably.
These results demonstrated that circPHC3 and miR-455-
5p have joint influence on the expression of TRAF3.
Furthermore, as presented in Figure 4D, overexpression
of circPHC3 inhibited cell viability, but this effect could
be counteracted significantly by TRAF3 inhibition.
ELISA assay was used to detect cell apoptosis in
human BMECs. High caspase-3 activity means high cell
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Figure 2 CircPHC3 inhibited cell viability and promoted cell apoptosis in human BMECs after OGD. (A) 14 differentially increased circRNAs were verified by RT-qPCR. (B)
Cell viability was detected after overexpression of 14 differentially increased circRNAs. Hsa_circ_0001360 was named as circPHC3. (C) CircPHC3 promoted cell apoptosis

significantly. All data are shown as the mean + SD (*P < 0.05, **P < 0.01); bar, SD.

apoptosis rate.”> The result of ELISA showed that over-
expression of circPHC3 caused increased caspase-3
activity significantly in human BMECs after OGD
(Figure 4E, P < 0.01). However, the effect of circPHC3
on the caspase-3 activity was offset by suppression of
TRAF3 (Figure 4E, P < 0.01). In a word, these results
revealed that TRAF3 was the functional target of
circPHC3 in human BMECs after OGD.

Discussion
Cerebral ischemia causes irreversible neuronal injury in

the ischemic region through various biological

mechanisms.”®> Many studies have revealed that neuron
death is a highlight characteristic after stroke.>* Now,
thrombolytic therapy using tissue type plasminogen acti-
vator is regarded as the only globally approved treat-
ment for ischemic stroke, but this therapy is limited by
a short treatment window of time and low recanalization
Thus,
injury is critical for the treatment of patients with

rates.? refraining from ischemic-reperfusion
stroke.

CircRNAs have been verified to involve in various
diseases, including cerebrovascular diseases, nervous

system diseases, cancer, etc.?® In this study, the effects
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significantly after transfection of miR-455-5p mimics, while there was no difference in circPHC3 mutated vector (Mut) group. All data are shown as the mean + SD (*P <

0.05, **P < 0.0, **P < 0.001); bar, SD.

of circRNAs in ischemic stroke disease were studied.
Human BMECs after OGD was used as an in vitro
mimic of stroke conditions and RNA-seq was performed
between human BMECs without OGD and after OGD.
14 increased differentially circRNAs were chosen for
study and circPHC3 was picked owing to the greatest
impact on cell viability inhibition among these 14
circRNAs. In addition, cell apoptosis of BMECs after
OGD were promoted significantly. CircPHC3 was
mainly distributed in cell cytoplasm and suggested that
it may function as a ceRNA to regulate the expression
of target genes. Mechanistically, circPHC3 promoted
cell death and apoptosis through sponging miR-455-5p
to activate the expression of TRAF3.

OGD was the main pathophysiological cause for
ischemic stroke. But only a few patients could benefit
from timely initiation of reoxygenation/reperfusion.”’
Thus, we focus on in vitro OGD model in this study.
Besides, reoxygenation after OGD will be investigate

in our future work. A recent study has revealed the
expression profile of circRNAs in acute ischemic
stroke in a South Chinese Han population using
ischemic stroke patient circulating blood samples.® It
is the first time to identify various OGD-responsive
circRNAs in human BMECs. However, there are still
two deficiencies in this work. The effects of circPHC3
on cell death and apoptosis are not verified in vivo
ischemic stroke model. Besides, whether circPHC3
could bind to other miRNAs still needs investigation.
Therefore, we will further investigate the function and
mechanism of circPHC3 in ischemic stroke in the
future.

Conclusion

Our study illustrated that circPHC3 promoted cell death
and apoptosis of human BMECs after OGD, in an
in vitro mimic of stroke conditions, via binding to
miR-455-5p to activate the expression of TRAF3.
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Figure 4 TRAF3 was the functional target of circPHC3. (A) The luciferase activity was detected after co-transfection of circPHC3 and miR-455-5p mimics in TRAF3 WT
group. (B) The luciferase activity was measured after co-transfection of circPHC3 siRNA and miR-455-5p inhibitor in TRAF3 WT group. (C) The protein expression level of
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mean = SD (*P < 0.05, **P < 0.01); bar, SD.
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CircPHC3 might be regarded as a promising target for

ischemic disease.
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