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Down-regulation of circular RNA CDC14A e
peripherally ameliorates brain injury in acute
phase of ischemic stroke
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Abstract

Background: Inflammation is integral to the pathophysiology of ischemic stroke and a prime target for the develop-
ment of new stroke therapies. The aim of the present study is to seek out the regulatory mechanism of circCDC14A in
neuroinflammatory injury in tMCAQ mice.

Methods: The expression level of circCDC14A in peri-infarct cortex and plasma of mice were detected by gPCR. The
localization of circCDC14A in peripheral blood cells and peri-infarct cortex of tMCAO mice were explored by in situ
hybridization and immunofluorescence colocalization staining. Lentivirus were microinjected into lateral ventricular of
brain or injected into tail vein to interfere with the expression of circCDC14A, thus their effects on behavior, morphol-
ogy, and molecular biology of tMCAO mice were analyzed.

Results: The expression of circCDC14A in plasma and peri-infarct cortex of tMCAO mice significantly increased, and
circCDC14A was mainly localized in neutrophils peripherally while in astrocytes in peri-infarct cortex centrally. Tail vein
injection of lentivirus to interfere with the expression of circCDC14A significantly reduced the infarct volume (P<0.01)
at 72 h after reperfusion and density of activated astrocytes in peri-infarct cortex at 3 days, 5 days and 7 days after
tMCAO modeling (all P<0.0001). Moreover, mNSS (P<0.0001) and survival rate (P<0.001) were significantly improved
within 7 days in si-circCDC14A group compared to circCon group. Additionally, morphology analysis showed the
volume and surface area of each activated astrocytes significantly decreased (P<0.0001). Quantification analysis
measured the percentage of N2 phenotype among infiltrated neutrophils in brain sections and found N2 ratio was
significantly higher in si-circCDC14A group compared to circCon group (P<0.001).

Conclusion: Knocking down the expression of circCDC14A in peripheral blood cells relieved astrocytes activation in
peri-infarct cortex, thereby relieved brain damage in the acute phase of ischemic stroke.
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Background

Stroke is the second leading cause of death in the world
and the leading cause of death in China, where a fifth
of the world’s population resides [1]. Approximately
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70% of all stroke cases, is caused by occlusion of a cer-
ebral artery [2]. In the past few years, recanalization by
intravenous (i.v.) thrombolysis and thrombectomy were
regarded as first-line treatments for ischemic stroke
patients [3]. However, the narrow ‘therapeutic time win-
dow’ of recanalization only allows low percent of stroke
patients (approximately 10%) benefit from it [4, 5]. More-
over, peripheral immune cells infiltrated into peri-infarct
lesion through impaired blood brain barrier (BBB) after
stroke, which would further worsen stroke outcome even
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though recanalization therapy was applied [6, 7]. Post-
stroke inflammation indicated brain-resident microglial
and astrocytes, infiltrated leukocytes (predominantly pol-
ymorphonuclear leukocytes, neutrophils and monocytes/
macrophages), as well as cytokines play complex roles
causing neuroinflammatory injury after ischemic stroke
[7]. Consequently, new therapies targeting fundamen-
tal pathogenic mechanisms, especially on post-stroke
inflammation, are currently needed experimentally and
clinically, either alone or together with recanalization
therapy [8].

CircRNAs exert various roles in pathophysiology of
ischemic stroke and were prime targets for the develop-
ment of new stroke therapies [9]. Specifically, knocking
down of circHECTDI1 leads to the loss of miR-142 spong-
ing, thus depresses TIPARP which resulted in curtailed
autophagy of astrocytes and improved post-ischemic
functional outcome [10]. Furthermore, overexpression
of circDLGAP4 improves the BBB integrity in mice after
cerebral ischemia [11]. CircSCMHI1 administration sig-
nificantly improves functional recovery after stroke, with
enhancement of neuroplasticity and inhibition of glial
reactivity and peripheral immune cell infiltration [12].

Our previous study has verified elevated expression of
circCDC14A after stroke, which had potential to be bio-
markers in predicting stroke outcome [13]. With the sig-
nificance evaluated, rationale might be still unclear, and
we further explored the mechanism of circCDC14A in
acute phase of ischemic stroke. Additionally, our previ-
ous study has demonstrated that elevated expression of
circCDC14A in plasma mainly caused by the elevation in
granulocytes after stroke [13]. Granulocytes, especially
neutrophils infiltrated into the brain early after transient
middle cerebral artery occlusion (tMCAO) [14], which is
considered to be detrimental after stroke, either through
the release of neurotoxic proteolytic enzymes [15] or the
production of reactive oxygen species (ROS) that con-
tribute to BBB disruption [16]. As the elevated level of
circCDC14A in acute phase of stroke has been verified to
be associated with stroke outcome, the aim of the present
study is to sought out the regulatory mechanism of circ-
CDC14A in neuroinflammatory injury in tMCAO mice.

Methods

Animals

Adult male C57BL/6] mice (22.0-24.0 g, 8 weeks old)
were purchased from the Model Animal Research Center
of Nanjing University (Nanjing, China) and were ran-
domly assigned to experimental groups. Mice were ade-
quately supplied with food and water and housed under
a constant temperature with a 12 h light/12 h dark cycle.
All animal experiments were approved by the Institu-
tional Animal Care and Use Committee at the Medical
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School of Southeast University and performed in accord-
ance with the Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines.

tMCAO modeling

Number of mice involved in tMCAO modeling is listed
in Additional file 1: Table 1, as well as the number of
mice died or failed during or after the procedure. The
exact number of mice in different experimental groups
was included, too. tMCAQO was performed according to
a protocol published previously [17] with some adjust-
ments. In brief, anesthesia was induced with 3% isoflu-
rane and maintained with 1.5% isoflurane in 30% oxygen
and 70% nitrous oxide using a face mask. After the explo-
sion of the right external carotid artery (ECA), a silicone
rubber-coated 6-0 nylon filament (Doccol, Sharon, USA)
was inserted from the cut on ECA to the origin of the
middle cerebral artery (MCA) along the internal carotid
artery (ICA). One hour after the occlusion, the filament
was taken out carefully to restore blood flow of the MCA.
In sham-operated mice, the ECA was surgically prepared
while filament was not inserted.

RNA isolation and quantitative polymerase chain reaction
(qPCR)

Mice subjected to tMCAO were sacrificed at 12 h, 24 h,
3 days, 5 days, 7 days and 9 days after reperfusion. Total
RNA was extracted from peri-infarct cortex and plasma
of every mouse according to the manufacturer’s protocol
[Trizol method and miRNeasy Mini kit (Qiagen)]. Then
total RNA was reverse transcribed with the HiScript Q
RT SuperMix for qPCR Kit (Vazyme, R123-01) accord-
ing to the manufacturer’s instructions. Quantitative PCR
was performed on the Applied Biosystems QuantStudio
6 (Applied Biosystems) using the manufacturer’s recom-
mended cycling conditions with SYBR Green Real-time
PCR Master Mix (Vazyme, R131-01). All samples were
run in duplicate. Replicates of individual samples with Cgq
values >35 were removed from the analysis. The prim-
ers used to amplify the circCDC14A transcripts were
synthesized by Invitrogen (forward: CTTTGAGACGTT
TGATGCGGAA; reverse: GGGTTTGAGCCAGAC
AGGA). The results were standardized to the control val-
ues of GAPDH. Relative expression was calculated using
the 2744 method.

Lentiviral shRNA vector construction

The plasmids pFU-GW-007-hU6-Ubiquitin-EGFP-IRES-
puromycin with circCDC14A siRNA (si-circCDC14A),
and their control (circCon) sequences were purchased
from Genechem (Shanghai, China) and constructed into
lentiviruses. The siRNA sense sequences were as follows:
si-circCDC14A, 5-TATGAACATTATGAGGTCA-3'.
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Microinjection and tail vein injection of circCDC14A siRNA
lentivirus

Six-week-old C57BL/6] mice were divided into two
groups (circCon and si-circCDC14A) firstly. Then mice
were microinjected with either the circControl siRNA-
GFP (circCon) lentivirus or circCDC14A siRNA-GFP
(si-circCDC14A) lentivirus (2 pL of 1x10° TU/mL,
Genechem, Shanghai, China) into the left lateral ven-
tricle with a rate of 0.2 pL/min using the following
microinjection coordinates: anteroposterior,—0.3 mm;
lateral, 1.0 mm; and ventral, 2.2 mm [18]. Two weeks
after microinjection, tMCAO were operated according to
protocol described above.

Seven-week-old C57BL/6] mice were divided into two
groups (circCon and si-circCDC14A) firstly. Then mice
were injected with either circCon lentivirus or si-circ-
CDC14A lentivirus (100 uL of 1 x 108 TU/mL) into tail
vein slowly. Seven days after injection, tMCAO were
operated according to protocol described above.

Triphenyl tetrazolium chloride (TTC) staining and cerebral
infarction measurement

Infarct volume was evaluated at 72 h after tMCAO. Each
brain was coronally sliced into five 1-mm slices with a
brain matrix after phosphate buffered saline (PBS) per-
fusion. Then brain slices were incubated in 2% TTC
(Sigma-Aldrich, St. Louis, USA, T8877) at 37 °C for
10 min. Acquired pictures were analyzed with Image ]
software to evaluate infarct volume. To correct for brain
swelling, infarct volume was calculated (contralateral
hemisphere volume — ipsilateral non-infarcted volume)
by integration of all brain slices.

Neurological deficit test

Another independent group of tMCAQO mice were exam-
ined for modified Neurological Severity Score (mNSS).
mNSS test was conducted to determine neurological
function by a researcher blinded to the experimental
groups. At first, mNSS were evaluated 24 h after tMCAO
to include qualified mice. Then mNSS test was performed
3, 5 and 7 days after tMCAO by the same researcher who
was blinded to the experimental groups. Additionally,
mice that died during the tests were recorded carefully.

Immunostaining and fluorescence in situ hybridization
(FISH)

The sections were cut into 30-um coronal slices by Oscil-
lating slicer (Leica VT1200). The brain sections were sub-
sequently incubated with 0.3% Triton X-100 in PBS for
15 min and blocked with 10% normal goat serum (ZSGB-
BIO, ZLI-0956) in 0.3% Triton X-100 for 1 h at room
temperature. Next, the sections were incubated with a
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mouse anti-Ly6g antibody (1:200, abcam, ab25377), rab-
bit anti-Ym1 antibody (1:400, abcam, ab192029), mouse
anti-GFAP antibody (1:500, sigma, G3893), chicken anti-
GFAP antibody (1:500, sigma, ab5541), mouse anti-NeuN
antibody (1:200, abcam, ab104224) or rabbit anti-Iba-1
antibody (1:200, Wako Pure Chemicals, Osaka, Japan,
019-19741) for colocalization with GFP-positive cells
after microinjection or tail vein injection of lentivirus.
After being washed with PBS, the sections were incu-
bated with Alexa Fluor 594 goat anti-rabbit IgG (1:250,
Invitrogen, Carlsbad, CA, USA, A-11037), Alexa Fluor
594 goat anti-mouse IgG (1:250, Invitrogen, A-11005),
or Alexa Fluor 647 goat anti-chicken IgY (1:250, Invit-
rogen, A-21449) for 1 h. After a final washing step with
PBS, brain sections were mounted onto glass slides.
Images were captured by microscopy (FV-3000, Olym-
pus, Japan).

FISH in combination with immunostaining fluores-
cence was performed as described previously [12]. After
being permeabilized and prehybridized in hybridization
buffer, the brain sections or coverslips were incubated
with hybridization buffer containing 50 nM biotin-
labeled circCDC14A probes (Invitrogen) at 37 °C for
48 h. After being washed and blocked with a solution of
1% BSA and 3% NGS in PBS for 1 h at room temperature,
then brain sections were incubated with FITC-Strepta-
vidin (1:200, Invitrogen, 434311) for 24 h. Afterwards,
brain sections were blocked and then incubated with pri-
mary antibodies described above overnight at 4 °C. Then,
the samples were incubated with secondary antibodies
and mounted with Prolong Gold anti-fade reagent con-
taining 4/,6-diamidino-2-phenylindole (DAPI). Immu-
nofluorescence images were captured using confocal
microscopy (FV-3000, Olympus, Japan). The mouse circ-
CDC14A probe sequence was 5-aaalCTTTAAGTAGA
TGACCTCATAATGTTCATAT-3' and was biotinylated
at the 5'-end.

Oxygen glucose deprivation/reperfusion (OGD/R)
treatment on primary astrocytes in vitro

Firstly, the primary astrocytes were cultured with deox-
ygenated DMEM without glucose (Gibco, 11966-025)
in an incubator (Thermo Scientific, Waltham, USA)
with premixed gas (95% N, and 5% CO,) for 3 h and
then returned to 95% air, 5% CO,, and normal DMEM
medium. Control group cultures were cultured with
normal DMEM medium for the same incubation time.
Astrocytes were subsequently collected before reperfu-
sion or 3 h, 6 h and 12 h after reperfusion.

Analysis of cell density and morphology
Density and morphology of astrocytes and micro-
glia were assessed using image ] software and IMARIS
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software (IMARIS BITPLANE v.9.0). Integrated densities
of neurons were analyzed by image ] software. Parame-
ters such as volume or surface area were measured using
Imaris Software after creating a 3D surface in the maxi-
mum intensity projection image.

Experimental design and statistical analysis

Statistical analysis was performed by GraphPad Prism 8
Software. Data are expressed as mean =+ standard error
of mean (SEM) and P<0.05 was considered to indicate
significance. Shapiro—Wilk tests were used to assess the
normality of the distribution for each group. Significance
was assessed with Student’s t-test (two-tailed) or the
Mann-Whitney U test for continuous variables. One-
or two-way analysis of variance (ANOVA) followed by
Holm-Sidak tests was used for comparisons of 3 or more
groups. Log rank test was used in Kaplan—Meier curve in
assessing survival rate.

Results
Gene information and temporal expression of circCDC14A
in plasma and peri-infarct cortex of tMCAO mice
CircCDC14A is made by reverse splicing of exons 5, 6
and 7 on gene CDC14A (Additional file 1: Fig. 1a). Spe-
cies conservation analysis showed that gene sequences
that make up circCDC14A have high interspecies conser-
vation between humans and mice, the homology of which
is 90%. Furthermore, compared to heart, liver and spleen,
the expression of circCDC14A is relatively higher in
brain, lung and kidney of mice(Additional file 1: Fig. 1b).
Afterwards, expression levels of circCDCI4A in
plasma and peri-infarct cortex of tMCAO mice were
measured up to 9 days after tMCAOQO. The level of circ-
CDC14A in plasma showed an upward trend within 12 h
and significantly increased by 24 h after reperfusion. The
significant increased level of circCDC14A continued
until to the 5th day and dropped to normal level in the
7th day after tMCAO (Fig. 1a). However, the level of circ-
CDC14A in peri-infarct cortex significantly increased
from 3 days after tMCAO modeling, while returned to
normal at 7 days after tMCAO. The temporal inconsist-
ency of the change trend indicated that peripheral circ-
CDC14A increased prior to that in peri-infarct cortex
(Fig. 1b).

CircCDC14A elevated level is mainly derived

from neutrophils peripherally in tMCAO mice

By colocalization of FISH and immunofluorescence
staining of peripheral neutrophil surface marker Ly6g
and circCDC14A probes, it was found that circCDC14A
is mainly localized in neutrophils and differentially
expressed in various neutrophil populations (Fig. 1c). The

Page 4 of 15

same colocalization was observed in peripheral neutro-
phils from the 2nd day to the 3rd day after tMCAO mod-
eling (Fig. 1c).

The elevation of circCDC14A levels in peri-infarct cortex

of tMCAO mice mainly localized in astrocytes

Afterwards, we further explored cell distribution of
elevated circCDC14A in peri-infarct cortex of tMCAO
mice. Firstly, colocalization of circCDC14A in sham-
operated mice and tMCAO mice revealed that the ele-
vated circCDC14A in peri-infarct cortex of tMCAO mice
was mainly colocalized with astrocytes (Fig. 2a), while
no significant colocalization was observed in neuron
(Additional file 1: Fig. 2) and microglia (Additional file 1:
Fig. 3). Furthermore, quantification analysis showed the
colocalization with astrocytes significantly increased
from 1 to 5 days after tMCAO modeling compared to
sham-operated mice, while dropped to normal level in
7 days after modeling (Fig. 2b). In contrast, the colocali-
zation with neurons and others significantly decreased in
2 days and 3 days, respectively, compared to sham-oper-
ated mice (Fig. 2b). No significant change was observed in
colocalization with microglia within 7 days after tMCAO
modeling compared to sham-operated mice (Fig. 2b).

In addition, neutrophils were found in infarct cortex 2
and 3 days after reperfusion, that were colocalized with
circCDC14A probes (Fig. 3a). However, for the neutro-
phils that infiltrated into infarct cortex, the colocalization
with circCDC14A is significantly decreased than that
with peripheral neutrophils (Fig. 3b).

Origins of elevated circCDC14A in astrocytes of peri-infarct
cortex
Further, we want to figure out the interaction of periph-
eral and central elevated cirCDC14A. Two days after
tMCAO modeling, according to colocalization of circ-
CDC14A in situ hybridization with immunofluorescent
staining of astrocytes and neutrophils surface markers,
significant colocalizations were found in neutrophils
and their surrounding astrocytes (Fig. 4a). Three days
after tMCAO modeling, the closer astrocyte was to the
neutrophils infiltrated into the brain, the more circ-
CDC14A were colocalized with astrocytes. No signifi-
cant circCDC14A colocalization was found in astrocytes
in peri-infarct cortex where without infiltrated neutro-
phils (Fig. 4b). Therefore, infiltrated neutrophils might be
important origins of elevated circCDCI14A in astrocytes.
However, circCDC14A in astrocytes might be
increased endogenously because of oxygen—glucose
deprivation after stroke. Next, oxygen—glucose depriva-
tion/reoxygenation (OGD/R) on mouse primary astro-
cytes showed that the level of circCDC14A were not
higher than that of the control group within 12 h after
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Fig. 1 Temporal expression profile of circCDC14A in plasma and peri-infarct cortex of tMCAO mice and colocalization of circCDC14A with
neutrophils. a The change of circCDC14A in plasma from 12 h to 9 days after stroke, n=6 mice per group. *P<0.05, **P<0.01, one-way ANOVA
test. b The change of circCDC14A in peri-infarct cortex from 12 h to 9 days after stroke, n=6 mice per group. ****P<0.0001, one-way ANOVA test. ¢
Colocalization of circCDC14A with neutrophils in sham-operated mice and tMCAQO mice 1 day, 2 days and 3 days after modeling

(See figure on next page.)

Fig. 2 Colocalization analysis of circCDC14A with astrocytes, microglia, neuron and others in peri-infarct cortex. a Colocalization with GFAP

in sham-operated and tMCAO mice from 1 to 7 days after modeling. Bar: 20 um. b Quantification of circCDC14A colocalization percent with
astrocytes, microglia, neuron and others, n=3 mice per group. *P<0.05, **P <0.01, ***P<0.001, compared to astrocytes in sham-operated mice;
#P<0.05, #¥P<0.01, compared to neuron in sham-operated mice; “P < 0.05, compared to others in sham-operated mice; two-way ANOVA test
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Fig. 3 Colocalization of circCDC14A with neutrophils. a Colocalization of circCDC14A with neutrophils in peri-infarct cortex of tMCAO mice from
2 to 3 days after modeling. Bar: 50 um. b Quantification of circCDC14A colocalization with neutrophil in peri-infarct cortex and peripheral leukocytes

reperfusion (Additional file 1: Fig. 4), not as the upward
trend as in vivo experiments, indicating that the eleva-
tion of circCDC14A in astrocytes was not caused by
ischemic damage, but might be originated from infil-
trated neutrophils.

Knocking down the expression of circCDC14A in brain
cortex by microinjection of lentivirus

Next, lateral ventricle microinjection of lentivirus was
performed 2 weeks before tMCAO modeling to knock
down the expression of circCDC14A in brain cortex
(Fig. 5a). As shown in the figure, 2 weeks after microin-
jection, immunofluorescence staining revealed signifi-
cant viral fluorescence expression in the cortex which
had colocalization with astrocytes (Fig. 5b). Further-
more, the expression of circCDC14A in mice injected
with circCDC14A knockdown lentivirus was significantly
reduced, and the knockdown efficiency could reach 50%
(Fig. 5¢). Later on, mNSS of tMCAO mice were evaluated
at 1 day, 3 days, 5 days and 7 days after modeling, shown
that knocking down the expression of circCDC14A in
cortex had no significant effect on the neurological defi-
cit scores of tMCAO mice (Fig. 5d). Besides, Infarct vol-
ume of the tMCAO mice was evaluated by TTC staining
72 h after reperfusion, found no significant difference
between two groups (Fig. 5e). Moreover, no significant
difference was calculated in the survival rate of tMCAO
mice between two groups within 7 days after modeling
(Fig. 5f).

Knocking down expression of circCDC14A in peripheral
blood cells by tail vein injection of lentivirus

The flowchart of knocking down the expression of circ-
CDC14A in peripheral blood cells is shown in Fig. 6a.
Significant and uniform expression of viral fluorescence

were observed in peripheral blood leukocytes 6 days after
tail vein injection of lentivirus and were colocalized with
neutrophils (Fig. 6b). The expression of circCDC14A
in peripheral white blood cells significantly decreased
examined by qPCR, and the knockdown efficiency could
reach more than 50% (Fig. 6¢), while the mRNA level
of CDC14A was not inhibited (Additional file 1: Fig. 5).
Therefore, tMCAO modeling was conducted 7 days after
the tail vein injection of lentivirus. TTC staining was
performed 72 h after reperfusion to evaluate the infarct
volume of tMCAO mice, suggesting that knocking down
the expression of circCDC14A peripherally significantly
reduced infarct volume in tMCAO mice (Fig. 6d). Neu-
rological deficit scores were evaluated on 1 day, 3 days,
5 days and 7 days after tMCAO, found that there was no
significant difference in the mNSS at 1 day after mod-
eling, while the mNSS scores were significantly lower in
tMCAO mice injected with si-circCDC14A lentivirus
compared to circCon group on 3 days, 5 days and 7 days
after modeling (Fig. 6e). Besides, survival rate of si-circ-
CDC14A group were significantly higher than circCon
group within 7 days after tMCAO modeling (Fig. 6f).

Knockdown of circCDC14A expression in peripheral blood
cells inhibit astrocytes activation in peri-infarct cortex
Knocking down the expression of circCDC14A in
peripheral blood cells significantly relieved the activation
of astrocytes in peri-infarct cortex. Specifically, cell den-
sity of activated astrocytes in peri-infarct cortex signifi-
cantly decreased in si-circCDC14A group compared to
circCon group at 3 days, 5 days and 7 days after modeling
(Fig. 7a, ¢ and e). Moreover, 3D-reconstructions based
on Z-stack slices were conducted by Imaris software.
Morphological analysis of the astrocytes in peri-infarct
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Fig. 4 Colocalization of circCDC14A with astrocytes together with neutrophils in tMCAO mice 2 days and 3 days after modeling. a Colocalization

with GFAP together with Ly6g in tMCAO mice 2 days after modeling, bar: 50 pm. Dashed line indicated the border of the infarct lesion. b
Colocalization with GFAP together with Ly6g in tMCAO mice 3 days after modeling
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Fig. 5 Knocking down the expression of circCDC14A in cortex. a Flow chart of the experiment design. b Colocalization of GFP lentivirus with GFAP
14 days after microinjection. Bar: 50 um. ¢ Expression of circCDC14A in cortex, n=3 mice per group. ****P<0.0001, Student’s t test. d Neurological
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Meier curve of tMCAO mice in 7 days after modeling. CircCon n=28, si-circCDC14A n=25. No significance, log rank test

cortex demonstrated that the surface area and volume
(Fig. 7b, d and f) of the astrocytes were significantly
lower in tMCAO mice injected with circCDC14A knock-
down lentivirus compared to those injected with circCon
lentivirus.

Microglia and cytokines were evaluated to fur-
ther examine neuroinflammation state after stroke.
We stained microglia with anti-iba-1 antibodies in

peri-infarct cortex (Additional file 1: Fig. 6a) and found
cell density of activated microglia were not significant
different between two groups at 3 days after modeling
(Additional file 1: Fig. 6b). Moreover, 3D-reconstruc-
tions of microglia based on Z-stack slices in peri-infarct
cortex demonstrated that no difference was found in
surface area and volume of the microglia (Additional
file 1: Fig. 6¢, d) between two groups. Additionally, the
integrated density of neuron in these two groups were
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Fig. 6 Knocking down the expression of circCDC14A in peripheral blood cells. a Flow chart of the experiment design. b Colocalization of

GFP lentivirus with Lyég 6 days after tail vein injection. Bar: 20 um. ¢ Expression of circCDC14A in peripheral white blood cells, n=6 mice per
group. ****P<0.0001, Student’s t test. d Measurement of infarct volume by TTC staining on 72 h after tMCAO, n =8 mice per group. **P<0.01,
Student’s t test. e Neurological deficit score of tMCAQ mice in 1 day, 3 days, 5 days and 7 days after modeling. CircCon n =16, si-circCDC14A
n=18.****P<0.0001, two-way ANOVA test. f Kaplan-Meier curve of tMCAO mice in 7 days after modeling. CircCon n =25, si-circCDC14A n=25.
***P<0.001, log rank test

(See figure on next page.)

Fig. 7 Activation of astrocytes in peri-infarct cortex of tMCAQ mice in 7 days after modeling. a Representative images of immunofluorescence
showing activated astrocytes (GFAP) and neutrophils (Ly6g) in peri-infarct cortex 3 days after modeling. Dashed line showed the border of the
infarct lesion. Bar: 100 um. Density of activated astrocytes in peri-infarct cortex were analyzed, n=>5 field (200 um x 200 um) *6 different mice
represented by different colors per group. ****P<0.0001, Student’s t test. b 3D-reconstruction (Imaris) of a representative astrocyte cell per

region 3 days after modeling. Areas and volumes of activated astrocytes in peri-infarct cortex were analyzed by Imaris software, n =5 astrocytes
(200 pm x 200 um) *6 different mice represented by different colors per group. ****P <0.0001, Student's t test. ¢ Representative images of
immunofluorescence showing activated astrocytes (GFAP) and neutrophils (Ly6g) in peri-infarct cortex 5 days after modeling. Bar: 100 um. Density
of activated astrocytes in peri-infarct cortex were analyzed, n=5 field (200 um x 200 um) *4 different mice represented by different colors per
group. ****P<0.0001, Student’s t test. d 3D-reconstruction (Imaris) of a representative astrocyte cell per region 5 days after modeling. Areas and
volumes of activated astrocytes in peri-infarct cortex were analyzed by Imaris software, n=>5 field (200 pm x 200 um) *4 different mice represented
by different colors per group. ****P <0.0001, Student’s t test. e Representative images of immunofluorescence showing activated astrocytes (GFAP)
and neutrophils (Ly6g) in peri-infarct cortex 7 days after modeling. Bar: 100 um. Density of activated astrocytes in peri-infarct cortex were analyzed,
n=>5 field (200 pm x 200 um) *5 different mice represented by different colors per group. ****P <0.0001, Student’s t test. f 3D-reconstruction
(Imaris) of a representative astrocyte cell per region 7 days after modeling. Areas and volumes of activated astrocytes in peri-infarct cortex were
analyzed by Imaris software, n=>5 field (200 pm x 200 um) *5 different mice represented by different colors per group. **P<0.01, Student’s t test
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not significant different, too (Additional file 1: Fig. 6e).
Iba-1 proteins from peri-infarct cortex were detected
3 days after reperfusion, and no significant difference
was observed between two groups, too (Additional
file 1: Fig. 6f).

To investigate the effect of circCDC14A silencing on
pro-inflammatory and anti-inflammatory cytokine secre-
tion, the contents of tumor necrosis factor-a (TNF-a),
interleukin (IL)-10 and IL-6 in peri-infarct cortex were
detected at 3 days after modeling using ELISA. The levels
of TNF-a, IL-6, and IL-10 in si-circCDC14A group were
not significant different from those in circCon group
(Additional file 1: Fig. 6g—i), indicating pro-inflammatory
and anti-inflammatory cytokine secretion was not sup-
pressed or stimulated.

Inhibiting circCDC14A expression peripherally modulates
neutrophil polarization

Infiltrated total neutrophils were analyzed first to explore
whether knockdown of circCDC14A expression in
peripheral blood cells modulates neutrophil infiltration,
while no significant difference was found in two groups
(Fig. 8a, b). Furthermore, previous research has described
a population of neutrophils, so-called N2, that expressed
chitinase-like protein (also named YM1) in experimental
ischemia [19]. Thus, we selected this marker to explore
whether knocking down circCDC14A peripherally affects

the relative proportions of N2 neutrophil populations in
the ischemic brain. Quantification analysis measured the
percentage of N2 (Ly6G*/YM1") phenotype among infil-
trated neutrophils in brain sections and found N2 ratio
was significantly higher in si-circCDC14A group com-
pared to circCon group (Fig. 8a, ¢, P<0.001).

Discussion

Our previous research has confirmed the significantly
elevated circCDC14A level in plasma of acute ischemic
stroke (AIS) patients, which could be a biomarker for
acute ischemic stroke in diagnosis and predicting prog-
nosis. Therefore, a series of experiments were conducted
in tMCAO mice to further explore the mechanism of
how elevated circCDC14A endanger the prognosis of
stroke. Firstly, we found that the level of circCDC14A
significantly increased either in plasma or in peri-infarct
cortex of tMCAO mice, and the elevation in plasma was
prior to that in peri-infarct cortex. Afterwards, we have
confirmed that the elevated circCDC14A were mainly
located in neutrophils peripherally and in astrocytes
centrally. Through the impaired blood-brain barrier,
neutrophils were important medium for peripheral and
central inflammatory regulation, exerting the role of circ-
CDC14A in regulating inflammatory injury (Fig. 9) and
providing a theoretical basis for its potential role as a
therapeutic target in AIS.
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Several studies have shown that circRNAs were
involved in inflammatory regulation, especially neuroin-
flammatory regulation, thereby regulating inflammatory
injury and stroke progression [20—22]. Previous research
has demonstrated that circHIPK2 can participate in the
neuroinflammatory response caused by lipopolysac-
charide (LPS) [20]. In addition, circHECW?2 is involved
in the BBB damage caused by LPS and methampheta-
mine [21]. In tMCAO mice, overexpression of circDL-
GAP4 improves the BBB integrity in mice after cerebral
ischemia [11]. CircSCMH1 administration significantly
improves functional recovery after stroke, with enhance-
ment of neuroplasticity and inhibition of glial reactiv-
ity and peripheral immune cell infiltration [12]. All the
above research illustrated the role of circRNAs in physi-
ology and pathophysiology regulations, indicated their
potential application in stroke therapies.

Neutrophils affect the occurrence, progression and
prognosis of acute ischemic stroke through various
biological processes [23]. Matrix metalloproteinase-9
[24] and myeloperoxidase [25] which considered as
mediators of the neutrophil effects, and other potential
mediators such as elastase [26] and leukotriene B4 [27]
derived from neutrophils need to be evaluated in follow-
ing research to verify the correlation with circCDC14A
after stroke. Infiltration of neutrophils into infarct cortex

was proposed to be main origins of circCDC14A in peri-
infarct cortex, which delivered to astrocytes and exerting
its role in inflammatory damage after stroke. The specific
elevation of circCDC14A in astrocytes proposed further
assumptions for our research. Astrocytes are important
neuroinflammatory regulatory cells in the brain. Previous
studies have proved that circHECTD1 mainly aggravates
neuroinflammatory damage by regulating the autophagy
of astrocytes, illustrated that circHECTD1 had the
potential to be an effective therapeutic target for acute
ischemic stroke. Therefore, the downstream mechanism
of how circCDC14A regulates astrocytes activation need
to be further explored.

As mentioned above, post-stroke neuroinflammation
is an imperative target for stroke treatment. The present
study focused on the peripheral neutrophils and central
astrocytes and evaluated the effect of knocking down
circCDC14A either peripherally or centrally. Though
peripheral interference of circCDC14A ameliorated brain
injury in acute phase of ischemic stroke, the interference
was not selective which need further investigations on
selective targeting neutrophils. Another important short-
coming of the present study is that we could not exclude
the elevation of circCDC14A in astrocytes was endoge-
nous. However, the synthesis efficiency of circular RNA
in vitro is very low, which made marking and tracing of
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circular RNA difficult currently. Moreover, the results of
OGDJ/R on primary astrocytes illustrated that the eleva-
tion of circCDC14A was not caused by ischemia damage,
further verified exogenous increase of circCDC14A in
peri-infarct cortex.

In the past, there have been many attempts to treat
stroke by intervention on the peripheral immune system,
mainly through the intervention of cytokine receptors,
such as TNF-qa, IL-1, IL-6 and IL-10 [9], while most of
the attempts failed to be translated into clinical applica-
tion [9]. In the present study, knocking down the expres-
sion of circCDC14A peripherally changed the phenotype
of infiltrated neutrophils from N1 to N2 and suppressed
astrocyte activation which provide new hope for periph-
eral intervention treatment. For anti-inflammatory ther-
apy to be successful in stroke treatment, it is necessary
to understand the spatiotemporal dynamics of inflamma-
tory glial cells in the brain, inflammatory cells recruited
into the brain, and peripheral immune cells [28]. The
most advanced single-cell sequencing technology for
studying cell subtype could be used to determine astro-
cytes and neutrophils infiltrating into the brain, which is
a very promising preclinical study to prove the mecha-
nism of circCDC14A in specific neutrophil subtypes
on neuroinflammatory injury and a hot spot for future
stroke research. Generally, it requires further transla-
tional studies to target specific neutrophils subtypes in
stroke treatment.

As reperfusion therapy has been widely acknowledged,
more attempts should focus on reperfusion injury, espe-
cially for neuroinflammation. The result of the present
study found neutrophil-derived circCDC14A was criti-
cal for astrocytes activation, which worsen stroke out-
come. Therefore, targeting neutrophil to interfere with
circCDC14A expression peripherally might be an acces-
sible way to relieve neuroinflammatory injury, combined
with reperfusion therapy (intravenous thrombolysis and
thrombectomy). Though more molecular mechanism
might be explored and verified in the following research.

Conclusions

Knocking down the expression of circCDC14A in periph-
eral blood cells relieved astrocytes activation after stroke,
thereby relieved brain damage in the acute phase of
ischemic stroke. Peripheral interference with the expres-
sion of circCDC14A is expected to be an effective treat-
ment for brain injury after acute ischemic stroke.

Abbreviations

AIS: Acute ischemic stroke; ANOVA: Analysis of variance; BBB: Blood-brain
barrier; DAPI: 4,6-Diamidino-2-phenylindole; ECA: External carotid artery; FISH:
Fluorescence in situ hybridization; ICA: Internal carotid artery; IL: Interleu-

kin; LPS: Lipopolysaccharide; MCA: Middle cerebral artery; mNSS: Modified

Page 14 of 15

neurological severity score; OGD/R: Oxygen—glucose deprivation/reoxygena-
tion; PBS: Phosphate buffered saline; gPCR: Quantitative polymerase chain
reaction; ROS: Reactive oxygen species; SEM: Standard error of mean; tMCAO:
Transient middle cerebral artery occlusion; TNF-a: Tumor necrosis factor-o; TTC
:2,3,5-Triphenyle tetrazolium chloride.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512974-021-02333-6.

Additional file 1: Table S1. Involved experimental mice in tMCAO
modeling. Figure S1. Gene information and organ distribution in mice of
circCDC14A. Figure S2. Colocalization of circCDC14A with neuron in peri-
infarct cortex of sham-operated and tMCAO mice from 1 day up to 7 days
after modeling. Figure S3. Colocalization of circCDC14A with microglia

in peri-infarct cortex of sham-operated and tMCAQO mice from 1 day up
to 7 days after modeling. Figure S4. Relative expression of circCDC14A

in OGD/R treated primary astrocytes. Figure S5. The effect of knocking
down circCDC14A peripherally on mRNA level of CDC14A in peripheral
WBC and peri-infarct cortex. Figure S6. The effect of knocking down
circCDC14A peripherally on neuroinflammation state of microglia and
cytokines in tMCAQO mice.

Acknowledgements
Not applicable.

Authors’ contributions

Dr LZ designed and performed experiments, statistical analysis and wrote the
article. Dr LZ, Dr JX and Dr SL conducted in vivo experiments and analyzed
data. Dr LZ and Dr YL contributed to imaging quantification. Prof. FY and Prof.
ZZ conceived and supervised this project. All authors read and approved the
final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(No. 82071325), Program of Excellent Talents in Medical Science of Jiangsu
Province (No. JCRCA2016006) and Natural Science Foundation of Jiangsu Prov-
ince (No. BK20210229).

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate

All animal experiments were performed strictly following the ethical
guidelines and approved by the Biomedical Ethics Committee of Southeast
University (Approval ID: SYXK-2016-0014).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Neurology, Affiliated ZhongDa Hospital, School of Medicine,
Research Institution of Neuropsychiatry, Southeast University, Nanjing 210009,
China. 2Center of Interventional Radiology and Vascular Surgery, Department
of Radiology, Affiliated Zhongda Hospital, Medical School, Southeast Univer-
sity, Nanjing 210009, China.

Received: 5 July 2021 Accepted: 28 November 2021
Published online: 07 December 2021


https://doi.org/10.1186/s12974-021-02333-6
https://doi.org/10.1186/s12974-021-02333-6

Zuo et al. Journal of Neuroinflammation

(2021) 18:283

References

1.

20.

21

Pandian JD, Gall SL, Kate MP, Silva GS, Akinyemi RO, Ovbiagele BI, Lavados
PM, Gandhi DBC, Thrift AG. Prevention of stroke: a global perspective.
Lancet. 2018;392(10154):1269-78.

Wu 'S, Wu B, Liu M, Chen Z, Wang W, Anderson CS, Sandercock P,

Wang Y, Huang Y, Cui L, et al. Stroke in China: advances and chal-

lenges in epidemiology, prevention, and management. Lancet Neurol.
2019;18(4):394-405.

Leigh R, Knutsson L, Zhou J, van Zijl PC. Imaging the physiological evolu-
tion of the ischemic penumbra in acute ischemic stroke. J Cereb Blood
Flow Metab. 2018;38(9):1500-16.

Albers GW, Marks MP, Lansberg MG. Thrombectomy for stroke with selec-
tion by perfusion imaging. N Engl J Med. 2018;378(19):1849-50.
Nogueira RG, Jadhav AP, Haussen DC, Bonafe A, Budzik RF, Bhuva P, Yava-
gal DR, Ribo M, Cognard C, Hanel RA, et al. Thrombectomy 6 to 24 hours
after stroke with a mismatch between deficit and infarct. N Engl J Med.
2018,378(1):11-21.

Chamorro A, Meisel A, Planas AM, Urra X, van de Beek D, Veltkamp R. The
immunology of acute stroke. Nat Rev Neurol. 2012;8(7):401-10.

ladecola C, Anrather J. The immunology of stroke: from mechanisms to
translation. Nat Med. 2011;17(7):796-808.

Chamorro A, Dirnagl U, Urra X, Planas AM. Neuroprotection in acute
stroke: targeting excitotoxicity, oxidative and nitrosative stress, and
inflammation. Lancet Neurol. 2016;15(8):869-81.

Lambertsen KL, Finsen B, Clausen BH. Post-stroke inflammation-target or
tool for therapy? Acta Neuropathol. 2019;137(5):693-714.

Han B, Zhang Y, Zhang Y, Bai Y, Chen X, Huang R, Wu F, Leng S, Chao J,
Zhang JH, et al. Novel insight into circular RNA HECTD1 in astrocyte
activation via autophagy by targeting MIR142-TIPARP: implications for
cerebral ischemic stroke. Autophagy. 2018;14(7):1164-84.

. BaiY, Zhang, Han B, Yang L, Chen X, Huang R, Wu F, Chao J, Liu P, Hu

G, et al. Circular RNA DLGAP4 ameliorates ischemic stroke outcomes by
targeting miR-143 to regulate endothelial-mesenchymal transition asso-
ciated with blood-brain barrier integrity. J Neurosci. 2018;38(1):32-50.
Yang L, Han B, Zhang Z,Wang S, Bai Y, Zhang Y, Tang Y, Du L, Xu L, Wu F,
et al. Extracellular vesicle-mediated delivery of circular RNA SCMH1 pro-
motes functional recovery in rodent and nonhuman primate ischemic
stroke models. Circulation. 2020;142(6):556—74.

Zuo L, Zhang L, Zu J,Wang Z, Han B, Chen B, Cheng M, Ju M, Li M, Shu G,
et al. Circulating circular RNAs as biomarkers for the diagnosis and predic-
tion of outcomes in acute ischemic stroke. Stroke. 2020;51(1):319-23.
Chu HX, Arumugam TV, Gelderblom M, Magnus T, Drummond GR, Sobey
CG. Role of CCR2 in inflammatory conditions of the central nervous
system. J Cereb Blood Flow Metab. 2014;34(9):1425-9.

Allen C, Thornton P, Denes A, McColl BW, Pierozynski A, Monestier M,
Pinteaux E, Rothwell NJ, Allan SM. Neutrophil cerebrovascular transmigra-
tion triggers rapid neurotoxicity through release of proteases associated
with decondensed DNA. J Immunol. 2012;189(1):381-92.

Ikegame Y, Yamashita K, Hayashi S, Yoshimura S, Nakashima S, Iwama T.
Neutrophil elastase inhibitor prevents ischemic brain damage via reduc-
tion of vasogenic edema. Hypertens Res. 2010;33(7):703-7.

Stetler RA, Cao G, Gao 'Y, Zhang F,Wang S, Weng Z, Vosler P, Zhang L,
Signore A, Graham SH, et al. Hsp27 protects against ischemic brain injury
via attenuation of a novel stress-response cascade upstream of mito-
chondrial cell death signaling. J Neurosci. 2008;28(49):13038-55.

Wu F, Han B,Wu S, Yang L, Leng S, Li M, Liao J, Wang G, Ye Q, Zhang

Y, et al. Circular RNATLK1 aggravates neuronal injury and neurologi-

cal deficits after ischemic stroke via miR-335-3p/TIPARP. J Neurosci.
2019;39(37):7369-93.

Garcia-Culebras A, Duran-Laforet V, Pena-Martinez C, Moraga A, Bal-
lesteros |, Cuartero MI, de la Parra J, Palma-Tortosa S, Hidalgo A, Corbi AL,
et al. Role of TLR4 (Toll-like receptor 4) in N1/N2 neutrophil programming
after stroke. Stroke. 2019;50(10):2922-32.

Huang R, Zhang Y, Han B, Bai Y, Zhou R, Gan G, Chao J, Hu G, Yao H.
Circular RNA HIPK2 regulates astrocyte activation via cooperation

of autophagy and ER stress by targeting MIR124-2HG. Autophagy.
2017;13(10):1722-41.

Yang L, Han B, Zhang Y, Bai Y, Chao J, Hu G, Yao H. Engagement of circular
RNA HECW2 in the nonautophagic role of ATG5 implicated in the
endothelial-mesenchymal transition. Autophagy. 2018;14(3):404-18.

22.

23.

24.

25.

26.

27.

28.

Page 15 of 15

Zhang Y, Du L, BaiY,Han B, He C, Gong L, Huang R, Shen L, Chao J, Liu P,
et al. CircDYM ameliorates depressive-like behavior by targeting miR-9 to
regulate microglial activation via HSP90 ubiquitination. Mol Psychiatry.
2020;25(6):1175-90.

Garcia-Culebras A, Duran-Laforet V, Pena-Martinez C, Ballesteros |, Pradillo
JM, Diaz-Guzman J, Lizasoain I, Moro MA. Myeloid cells as therapeutic
targets in neuroinflammation after stroke: specific roles of neutro-

phils and neutrophil-platelet interactions. J Cereb Blood Flow Metab.
2018;38(12):2150-64.

Inzitari D, Giusti B, Nencini P, Gori AM, Nesi M, Palumbo V, Piccardi B,
Armillis A, Pracucci G, Bono G, et al. MMP9 variation after thrombolysis is
associated with hemorrhagic transformation of lesion and death. Stroke.
2013;44(10):2901-3.

Maestrini I, Tagzirt M, Gautier S, Dupont A, Mendyk AM, Susen S, Tailleux
A, Vallez E, Staels B, Cordonnier C, et al. Analysis of the association of MPO
and MMP-9 with stroke severity and outcome: cohort study. Neurology.
2020;95(1):e97-108.

Laridan E, Denorme F, Desender L, Francois O, Andersson T, Deckmyn H,
Vanhoorelbeke K, De Meyer SF. Neutrophil extracellular traps in ischemic
stroke thrombi. Ann Neurol. 2017:82(2):223-32.

Lammermann T, Afonso PV, Angermann BR, Wang JM, Kastenmuller W,
Parent CA, Germain RN. Neutrophil swarms require LTB4 and integrins at
sites of cell death in vivo. Nature, 2013;498(7454):371-5.

Mays RW, Savitz SI. Intravenous cellular therapies for acute ischemic
stroke. Stroke. 2018;49(5):1058-65.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Down-regulation of circular RNA CDC14A peripherally ameliorates brain injury in acute phase of ischemic stroke
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Animals
	tMCAO modeling
	RNA isolation and quantitative polymerase chain reaction (qPCR)
	Lentiviral shRNA vector construction
	Microinjection and tail vein injection of circCDC14A siRNA lentivirus
	Triphenyl tetrazolium chloride (TTC) staining and cerebral infarction measurement
	Neurological deficit test
	Immunostaining and fluorescence in situ hybridization (FISH)
	Oxygen glucose deprivationreperfusion (OGDR) treatment on primary astrocytes in vitro
	Analysis of cell density and morphology
	Experimental design and statistical analysis

	Results
	Gene information and temporal expression of circCDC14A in plasma and peri-infarct cortex of tMCAO mice
	CircCDC14A elevated level is mainly derived from neutrophils peripherally in tMCAO mice
	The elevation of circCDC14A levels in peri-infarct cortex of tMCAO mice mainly localized in astrocytes
	Origins of elevated circCDC14A in astrocytes of peri-infarct cortex
	Knocking down the expression of circCDC14A in brain cortex by microinjection of lentivirus
	Knocking down expression of circCDC14A in peripheral blood cells by tail vein injection of lentivirus
	Knockdown of circCDC14A expression in peripheral blood cells inhibit astrocytes activation in peri-infarct cortex
	Inhibiting circCDC14A expression peripherally modulates neutrophil polarization

	Discussion
	Conclusions
	Acknowledgements
	References


