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Background: Circular RNAs (circRNAs) have been reported to be involved in central nervous system (CNS) dis-
eases and to have a close connection with neuronal development. However, the role of circRNAs in neural
stem cell (NSC) differentiation and the treatment of ischaemic stroke remains unknown.
Methods: Ischaemic stroke was induced in mice using transient middle cerebral artery occlusion (tMCAO). NSCs
were transducted with circHIPK2 siRNA (si-circHIPK2-NSCs) or vehicle control (si-circCon-NSCs) and microin-
jected into lateral ventricle of brain at 7 d post-tMCAO. Magnetic resonance imaging (MRI) was used to detect
brain damage, and functional deficits were evaluated with sensorimotor behavioural tests. The distribution of
Differentiation the transplanted NSCs was investigated by near-infrared fluorescence imaging (NIF) and immunofluorescence.
CircHIPK2 The neural plasticity of si-circHIPK2-NSCs was verified by western blot and immunofluorescence in vivo and
Stroke in vitro.
Functional recovery Findings: We investigated the role of circHIPK2 in NCS differentiation. In vitro, silencing of circHIPK2 facili-
tated NSCs directionally differentiated to neurons but had no effect on the differentiation to astrocytes. In
vivo, microinjected NSCs could migrate to the ischaemic hemisphere after stroke induction. Si-circHIPK2-
NSCs increased neuronal plasticity in the ischaemic brain, conferred long-lasting neuroprotection, and signif-
icantly reduced functional deficits.
Interpretations: Si-circHIPK2 regulates NSC differentiation, and microinjection of si-circHIPK2-NSCs exhibits a
promising therapeutic strategy to neuroprotection and functional recovery after stroke.
Funding: The National Key Research and Development Program of China; the International Cooperation and
Exchange of the National Natural Science Foundation of China; the National Natural Science Foundation of
China; the Jiangsu Innovation & Entrepreneurship Team Program.
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Stroke is a major cause of disability and affects nearly 795,000
people every year, leading to immense health and economic burdens
in adults worldwide [1]. Intravenous administration of recombinant
human tissue-type plasminogen activator within three hours of
symptom onset remains the only Food and Drug Administration-
approved pharmacotherapy for the clinical management of stroke.
Because of its narrow therapeutic window, only approximately 7% of
patients are eligible for this treatment, and the efficacy of ischaemic
stroke thrombolytic therapy is limited [2]. Although many drugs
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Research in context

Evidence before this study

Stroke is a destructive neurological deficit that has become a
major cause of death and adult disability worldwide. However,
due to the narrow treatment window and the rigorous treat-
ment criteria, only a small percentage of stroke patients can
benefit from the current treatment. Neural stem cells (NSCs)
have been widely investigated for protective and regenerative
strategies after stroke and have shown great promise. Circular
RNAs (circRNAs) have been reported to be involved in regulat-
ing the physiological and pathophysiological processes associ-
ated with ischaemic stroke. However, the role of circRNAs in
NSC differentiation and the treatment of ischaemic stroke
remains unknown.

Added value of this study

The major achievements of this study are summarized below:

1. We demonstrated that circHIPK2 is involved in the differ-
entiation of NSCs. Silencing of circHIPK2 in NSCs facilitated
neuronal differentiation, and overexpression of circHIPK2
in NSCs reduced neuronal differentiation.

2. Si-circHIPK2-NSCs conferred long-lasting neuroprotection
and significantly reduced functional deficits after tMCAO,
revealing the potential of si-circHIPK2-NSCs as a promising
treatment for ischaemic stroke.

3. We explored the mechanism underlying si-circHIPK2-NSC-
induced neuroprotection, regeneration and functional
recovery after ischaemic stroke and found that Smox acts
as an important downstream mediator of circHIPK2.

Implications of all the available evidence

We report that late postischaemic treatment of mice with si-
circHIPK2-NSCs improves functional recovery. Thus, si-circH-
IPK2-NSCs might offer a new approach to the treatment of
stroke. This study may provide insight into the differentiation
of NSCs and provide a new therapeutic method.

show significant neuroprotection in animal models, these results
have not been replicated in human clinical trials [3]. Given the com-
plex nature of postischaemic brain injury and its systemic conse-
quences, cell-based approaches achieve greater efficacy than single
pharmacological therapies by targeting multiple mechanisms [4,5].
Emerging research interests have been focused on protective and
regenerative strategies using NSCs after stroke [6—8]. In human
patients and animal stroke models, neurons that are supplied with
blood solely by the affected artery die rapidly, whereas neurons
peripheral to the core, which are also perfused to some extent by
other arteries, undergo delayed apoptosis [9,10]. After stroke, endog-
enous quiescent NSCs become active and participate in the process of
brain repair. However, the self-repair process is usually inadequate
and transient [11]. NSCs may provide a cellular reservoir for the
replacement of lost or damaged cells and transplanted NSCs can dif-
ferentiate into neurons, astrocytes, oligodendrocytes and vascular
cells by secreting trophic factors [12,13], which can reduce cell death
and increase endogenous neurogenesis and angiogenesis, NSCs show
great promise for the treatment of neurological disorders [3,5].
Circular RNAs (circRNAs) are a novel class of noncoding RNAs
characterized by covalently closed loop structures with neither 5' to
3' polarity nor a polyadenylated tail [14,15]. Recently, studies have
shown that the expression of circRNAs is widespread [16,17]. More-
over, the expression of circRNAs has recently been shown to be

tissue-specific and regulated by different biological processes, such
as stroke, neuroinflammation and senescence, hypertrophy and heart
failure as well as cell growth [18—23]. Although transcription factors,
microRNAs, IncRNAs, and signalling pathways that control the transi-
tion between NSCs and neurogenic progenitors have been studied
intensively [24—27], the role of circRNAs in NSC differentiation is still
unknown.

In the present study, we investigated the role of circHIPK2 siRNA
in the differentiation of NSCs and the potential of NSCs transduced
with circHIPK2 siRNA (si-circHIPK2-NSCs) to promote functional
recovery and neural plasticity after stroke. Moreover, we wanted to
demonstrate the feasibility of tracking transplanted si-circHIPK2-
NSCs in vivo in tMCAO-injured mice, aiming to explore its potential
for clinical translation.

2. Materials and methods
2.1. Study approval

All animal procedures were performed in strict accordance with
the Animal Research: Reporting of in vivo Experiments guidelines.
The care and use of animals were reviewed and approved by the
Institutional Animal Care and Use Committee at the Medical School
of Southeast University (approval ID: SYXK-2010.4987).

2.2. Animals

Adult male C57BL/6 ] mice (22.0 to 28.0 g, 8 to 9 weeks old) and
EGFP transgenic mice were purchased from the Model Animal
Research centre of Nanjing University (Nanjing, China). Adult male
C57BL/6 ] mice were randomly assigned to experimental groups. All
animals were housed under a constant temperature and humidity
and a 12 h light/12 h dark cycle, with the lights on at 7:00 AM. Food
and water were available ad libitum.

2.3. Cell culture and NSC differentiation

Embryonic NSCs from C57BL/6 ] mice and EGFP transgenic mice
were isolated from the embryonic day 14 (E14) mouse hippocampus
and the neonatal EGFP transgenic mouse hippocampus. Cells in sus-
pension were cultured in proliferation medium containing 20 ng/mL
basic fibroblast growth factor (bFGF; Stem cell, Canada), 20 ng/ml
epidermal growth factor (EGF; Stem cell, Canada) and 2% B27 supple-
ment (Gibco, USA) and passaged every 4—6 d these embryonic NSCs
still possessed proliferative capacity. Embryonic NSCs and GFP* NSCs
from the 3rd to 8th passages were used in this study. For NSC differ-
entiation, NSCs were allowed to differentiate in growth factor-free
DMEM/F12 (1:1) medium containing 2% B27 (Gibco, USA) and 0.5%
foetal bovine serum (HyClone, USA).

2.4. Quantitative polymerase chain reaction (qPCR)

Total RNA from cells or tissues was extracted using a previously
described method [20]. RNAs were detected using qPCR. The primers
used in these assays are provided in Supplementary Table 1.

2.5. Bromodeoxyuridine (BrdU) labeling

NSCs were prepared on poly-L-lysine-coated glass cover slips. A
detailed method was performed using a previously described method
[28].

2.6. Lentiviral transduction

NSCs were transduced with circ control siRNA and circHIPK2
siRNA lentivirus (HANBIO Inc., China) with multiplicity of infection of
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0.5, followed by gentle swirling, incubation and replacement of fresh
feed medium.

2.7. Western blot analysis

Samples were processed to the determine cellular protein concen-
trations as previously described [20]. Next, equal amounts of protein
were separated by SDS-PAGE under reducing conditions, and the sep-
arated proteins were transferred onto a PVDF membrane. The PVDF
membranes were then blocked with 5% nonfat dry milk in Tris-buff-
ered saline with 0.2% Tween-20 at room temperature for 1 h. The
membranes were probed with antibodies specific for glial fibrillary
acidic protein (GFAP), (Cat# 16825-1-AP, RRID:AB_2109646, 1:1000,
Proteintech), Nestin (Cat# 66259-1-Ig, RRID:AB_2756523, 1:1000,
Proteintech), TUJ1 (Cat# ab18207, RRID:AB_444319, 1:1000, Abcam),
NeuN (Cat# ab104224, RRID:AB_10711040, 1:1000, Abcam), PSD-95
(Cat# ab2723, RRID:AB_303248, 1:1000, Abcam), synaptophysin
(Cat# ab32127, RRID:AB_2286949, 1:1000, Abcam), Smox (Cat#
15052-1-AP, RRID:AB_2239689, 1:500, Proteintech), and B-actin
(Cat# 60008-1-Ig, RRID:AB_2289225, 1:1000, Proteintech) overnight
at 4°C. After four additional washes, the membranes were then incu-
bated with horseradish peroxidase-conjugated goat anti-mouse IgG
secondary antibody (Cat# SA00001-1, RRID:AB_2722565, 1:2000,
Proteintech) or rabbit IgG secondary antibody (Cat# SA00001-2,
RRID:AB_2722564, 1:2000, Proteintech). A chemiluminescence
detection system (DNR, Israel) was used to detect the resultant sig-
nals. The individual protein bands were quantified by using Image]J
software. Each western blot was repeated at least three times.

2.8. tMCAO

tMCAO was processed according to a previous study [18]. Briefly,
mice were anaesthetized with isoflurane (2-2.5%) in a mixture of O,/
N,0 (30%/70%). During the surgery and recovery period, the rectal
temperature of the mice was maintained at 37 °C, and the tempera-
ture of the mouse cages was maintained with a heating blanket. A sil-
icone-coated nylon filament was introduced into the right external
carotid artery (ECA), advanced through the internal carotid artery
and gently pushed up to the tMCAO. One hour after occlusion, the
mice were anaesthetized again and the nylon filament was removed
to achieve reperfusion. In sham-operated mice, the ECA was twisted
with an electrocoagulation pen, but a nylon filament was not inserted
into the ECA. All groups were monitored for physiological parameters
before tMCAO and for 1 h after reperfusion. Sham-operated mice
served as controls.

2.9. Microinjection of NSCs

Si-circHIPK2-NSCs and si-circCon-NSCs were microinjected at 7 d
after tMCAO as previously described [18]. At 7 d after tMCAO, the
mice were anaesthetized, placed in a stereotactic apparatus and fixed
accordingly. The skull was exposed, and a hole was drilled at the
appropriate position on the contralateral hemisphere. NSCs (1 x 10°)
in a total volume of 2 uL were microinjected into the left lateral ven-
tricle at a rate of 0.1 wL/min using an infusion pump (RWD, China).
The injection coordinates were as follows: anteroposterior,
—0.3 mm; lateral, 1.0 mm; and ventral, 2.2 mm.

2.10. In vivo MRI scanning

Mice were anesthetized with isoflurane (2%) in a mixture of O/
N,O (30%/70%) and then imaged with a 7.0 Tesla small animal MR
scanner (Bruker PharmaScan, Germany). The infarct volume of mice
was assessed by T2-weighted imaging. Their respiration rates were
monitored by a Bruker Physiogard system with 30—40 breaths/min.
T2-weighted imaging was performed with a 2-dimensional fast-spin

echo sequence (3000/45 ms of repetition time/echo time, 8 average).
Sixteen axial slices with a slice thickness of 0.6 mm, a 256 x 256
matrix and a 20 x 20 mm field of axial and coronal views were
located over the brain, and the olfactory bulb was not included in the
field of view. The total scan time was 9 min 36 s, and mice were
assessed by T2-weighted images. The hemisphere volume was calcu-
lated as follows: >"hemisphere area x slice thickness [29]. The lesion
volume was acquired based on the high signal area of the T2-
weighted images, from which the artefact of brain oedema was sub-
tracted. The lesion volume was calculated as the volume of the con-
tralateral hemisphere minus the ipsilateral non-infarct hemisphere.
The infarct volume was calculated using Image] software (NIH Image,
USA).

2.11. Invivo near-infrared fluorescence imaging (NIF)

Si-circHIPK2-NSCs and si-circCon-NSCs were evaluated at 7, 14,
17, 21 and 28 d after tMCAO by NIF. NIF images were obtained with
the Maestro in vivo Imaging System (CRi Inc., USA). Near-infrared
light was collected with a 540—580 nm bandpass excitation filter and
a > 600 nm longpass emission filter.

2.12. Measurement of neurological deficits and behavioural tests

Neurological deficits were assessed 24 h after tMCAO. Neurologi-
cal function was determined using the modified Neurological Sever-
ity Score (mNSS) [29]. The score was graded on a scale of 0 to 14
(normal score, 0; maximum score, 14). One point was awarded for
the inability to perform a test or for the lack of a tested reflex; thus, a
higher score indicates a more severe injury.

Mice were required to undergo three days of behavioural train-
ing prior to tMCAO, and behavioural tests were performed by an
independent investigator who was blinded to the experimental
group at 3, 7, 14, 21, and 28 d after tMCAO. The adhesive removal
test was adopted to assess somatosensory deficits and motor coor-
dination. All mice were placed in a transparent plexiglass box
(20 x 25 x 32 cm) for the test environment; two adhesive tapes
(1 x 1 cm) were randomly applied with equal pressure to the wrist
of each forelimb. The time spent to detect and remove the adhesive
was measured. The cylinder test was employed to assess forelimb
use asymmetry, and the use of the ipsilateral, contralateral or bilat-
eral forelimbs to explore the cylinder was videotaped for 5 min as
previously described [30].

2.13. Immunofluorescence staining

Pretreatment of cells and tissue sections on the coverslips was
performed before staining as previously described [29]. Next, the sec-
tions and cells were incubated with a mouse anti-GFAP antibody
(Cat# 16825-1-AP, RRID:AB_2109646, 1:100, Proteintech), a rabbit
anti-TUJ1 antibody (Cat# ab18207, RRID:AB_444319, 1:500, Abcam),
an anti-synaptophysin antibody (Cat# ab32127, RRID:AB_2286949,
1:400, Abcam) or an anti-MAP2 antibody (Cat# ab11267, RRID:
AB_297885, 1:200, Abcam) or an anti-PSD-95 antibody (Cat# ab2723,
RRID:AB_303248, 1:200, Abcam) overnight at 4°C. On the following
day, the sections and cells on the coverslips were washed and incu-
bated with Alexa Fluor 488-conjugated anti mouse IgG (Cat# A-
11029, RRID:AB_138404, 1:250, Invitrogen), Alexa Fluor 488-conju-
gated anti-rabbit IgG (Cat# A-11008, RRID:AB_143165, 1:250, Invi-
trogen) or Alexa Fluor 594 goat anti-mouse IgG (Cat# A-11005, RRID:
AB_141372, 1:250, Invitrogen), Alexa Fluor 594 goat anti-rabbit IgG
(Cat# A-11012, RRID:AB_141359, 1:250, Invitrogen) for 1 h. After a
final washing step with PBS, the sections were mounted on glass
slides, or cells on the coverslips were mounted on glass slides and
Prolong gold anti-fade reagent containing DAPI (Southern Biotech,
USA) was applied for visualization of nuclei. Immunofluorescence
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images were captured by microscopy (Olympus, Japan). TUJ*GFP" and
GFAP*GFP* images were captured using a microscope and z-stack
images (Olympus, Japan), and co-localization of TUJ*GFP* and
GFAP*GFP* was calculated as the average of six brain slices in a mice
brain using Image]J software.

2.14. Oxygen and glucose deprivation/reperfusion (OGD/R)

OGD/R treatment was performed as described previously [31].
After 14 d of differentiation, cultured NSCs were exposed to OGD.
The cells were rinsed twice with serum- and glucose-free medium
and incubated in serum- and glucose-free medium in a hypoxia
chamber (Thermo Fisher Scientific, USA). The chamber was flushed
with a mixture of 95% N, and 5% CO, and then sealed and main-
tained at 37 °C for 2 h. After OGD, the serum-free and glucose-free
medium was replaced with normal medium for 6 h of reperfusion,
and the cells in the control group were cultured in normal medium
for the same incubation times. The pictures were analysed with
Image] software.

2.15. Golgi-Cox staining

Brains used for Golgi-Cox staining must be fresh and not perfused
and fixed [31]. Golgi-Cox staining shows subtle morphological
changes in neuronal dendrites and dendritic spines. Golgi-Cox stain-
ing was performed using an FD Rapid Golgi Stain Kit (FD Neuro Tech-
nologies, USA) according to the user manual. In short, the brains
were first placed in the impregnation solution (A + B) for 1 week and
then placed in C solution for 1 week. They were then cut into 100 ©m
coronal sections using a cryostat (Leica, Wetzlar, Germany) and
stained. Images of Golgi-stained neurons were acquired on a Olym-
pus microscope (Olympus, Japan). For morphological analysis, 10 ran-
dom neurons from each sample were measured and the mean was
considered the final value of the sample.

2.16. RNA-sequencing analysis

NSCs were transduced with circCon siRNA or circHIPK2 siRNA len-
tivirus. After 48 h, si-circCon-NSCs and si-circHIPK2-NSCs were col-
lected in TRIzol (Takara, Japan). Total RNA was extracted from the
TRIzol, and paired-end sequencing of the final cDNA library
(300 + 50 bp) was performed on an Illumina NovaseqTM 6000
instrument (LC Bio, China) according to the vendor’s recommended
protocol. RNA-sequencing experiments were performed according to
the manufacturer’s protocol, and data were analysed by LC Bio. Then,
the expression levels of all transcripts were evaluated by calculating
the fragments per kilobase per million reads (FPKM). The threshold
of significant differential expression was set to P < 0.05 and |log,(fold
change)| > 1.

2.17. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 soft-
ware (La Jolla, USA). All data are presented as the mean + SEM. Signif-
icance was assessed with Student’s t-tests for comparisons of 2
groups and One/Two-way ANOVA followed by Holm-Sidak post hoc
test was used for multi-group comparisons. Behavioral data collected
at repeating multiple time points were analyzed using two-way
repeated measures ANOVA, followed by Holm-Sidak post hoc test.
The statistical analyses used for the different experiments are
described in the respective figure legends and results were statisti-
cally significant if P < 0.05 by analysis of variance.

3. Results
3.1. circHIPK2 is involved in the differentiation of NSCs

The dynamic changes of circHIPK2 during the differentiation of
NSCs were detected. As shown in Fig. 1a, the expression of circHIPK2
in NSCs was highest at the first day during NSC differentiation and
decreased by 50% at 14 d, which suggested that circHIPK2 expression
decreased with time during the differentiation of NSCs. To further
explore the role of circHIPK2 in the differentiation of NSCs, we first
used siRNA lentiviral transduction with circCon or circHIPK2 knock-
down constructs. The level of circHIPK2 was significantly decreased
in NSCs compared to the control (Fig. 1b). The proliferation of the si-
circHIPK2-NSCs suggested that proliferation was not affected com-
pared to that of NSCs transducted with the siRNA circCon (si-circCon-
NSCs) under self-renewal conditions, as assessed by BrdU (Fig. 1c-d).
Both western blot (Fig. le-f) and immunofluorescence staining
(Fig. 1g-h) indicated that glial fibrillary acidic protein (GFAP)-positive
cells showed no obvious impact compared to the control. However,
silencing of circHIPK2 significantly increased the level of TUJ1 com-
pared to the control (Fig. le-f), and si-circHIPK2-NSCs generated
TUJ1-positive cells at rates 1.9-fold and 2.1-fold higher than those of
the control after 7 and 14 d of differentiation, respectively (Fig. 1i-j).
As shown in Supplementary Fig. 1, we investigated the expression of
the NeuN and MAP2 in the neuronal lineage, and the results indicated
that silencing of circHIPK2 in NSCs facilitated NeuN and MAP2
expression. This indicated that silencing of circHIPK2 in NSCs facili-
tated neuronal differentiation.

Additionally, the findings were further confirmed by overex-
pressed circHIPK2 in NSCs (Fig. 2a). The circHIPK2-overexpression
NSCs (circHIPK2-NSCs) exhibited no changes with proliferation com-
pared with to the circCon-transducted NSCs (circCon-NSCs) by BrdU
(Fig. 2b-c). Both western blot (Fig. 2d-e) and immunofluorescence
staining (Fig. 2f-g) indicated that GFAP-positive cells had no differ-
ence between circHIPK2-NSC group and circCon-NSC group. Interest-
ingly, the proportion of TUJ1 was determined to be significantly
reduced in the circHIPK2-NSCs by both western blot (Fig. 2d-e) and
immunofluorescence staining (Fig. 2h-i). All the evidences indicated
that circHIPK2-NSCs reduced neuronal differentiation.

3.2. Silencing of circHIPK2 expression in NSCs enhances functional
recovery after stroke

To determine the effect of si-circHIPK2-NSCs on cerebral infarc-
tion volume and functional recovery after stroke, mice were sub-
jected to tMCAO followed by NSC transplantation at 7 d post-tMCAO
(Fig. 3a) and for the further processing. Si-circCon-NSCs or si-circH-
IPK2-NSCs were microinjected into the lateral ventricle of injured
mice, and there was no difference in the physiological parameters of
the mice in each group before transplantation (Supplementary Table
2). The extent of brain infarct volume was measured by MRI at 1, 7,
14, 21 and 28 d post-tMCAO. As shown in Fig. 3b-c, MRI showed no
difference in the infarct size between si-circHIPK2-NSC group and si-
circCon-NSC group. Unexpectedly, the neurological deficiency scores
were significantly decreased in si-circHIPK2-NSC-transplanted mice
compared with si-circCon-NSC-microinjected mice at 21 and 28 d
post-tMCAO (Fig. 3d). The similar evidence for a therapeutic effect
was also found in the adhesive removal test and cylinder test, with
both of which revealed significant differences between si-circHIPK2-
NSC-transplanted mice and si-circCon-NSC-transplanted mice at 21
and 28 d post-tMCAO as shown in Fig. 3e-f.

In addition, we further examined the level of circHIPK2 in differ-
ent organs, including the brain, kidney, lung, spleen, heart and liver
using qPCR. As shown in Supplementary Fig. 2a, circHIPK2 was highly
expressed in the brain relative to other organs. The expression of
circHIPK2 in the ipsilateral cortex of tMCAO mice at different time
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tiation. All data were presented as mean 4+ SEM of 3 independent experiments. *P < 0.05, **P < 0.01 vs the si-circCon-NSC group cultured in differentiation medium for 7 and 14 d

using two-way ANOVA followed by Holm-Sidak post hoc multiple comparison test.
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points was also detected. As shown in Supplementary Fig. 2b, the
expression level of circHIPK2 remained unchanged in the tMCAO
mice. Taken together, these findings suggest the substantial posti-
schaemic repair potential of si-circHIPK2-NSC therapy, which pro-
tects against brain damage without affecting infarct size and
promotes functional recovery.

3.3. Distribution of the transplanted NSCs in tMCAO mice

Having determined the role of si-circHIPK2-NSCs in functional
recovery, we next sought to examine whether si-circHIPK2-NSCs
recolonize and reach to the ipsilateral hemisphere. NSCs from EGFP
transgenic mice were isolated from the embryonic hippocampus
(Fig. 4a). After transduction with circCon or circHIPK2 siRNA lentivi-
rus, si-circCon-NSCs and si-circHIPK2-NSCs were microinjected at 7 d
after tMCAO and tracked longitudinally in vivo by NIF of the

endogenous fluorescent signal. NIF showed a progressive decline in
the fluorescent signal in both groups, from 100% to 25% within 3
weeks of transplantation. Although there was a tendency that the
brain fluorescence intensity in si-circHIPK2-NSC group was higher
than si-circCon-NSC group, the difference was not statistical (Fig. 4b-
c). These results suggested that transplanted NSCs gradually migrated
to the infarct side, while the florescent signal of mice showed a time-
dependent decrease. Ex vivo images of mice brains were assessed to
further evaluate the possibility of transplanting NSCs to the infarct
brain regions. As shown in Fig. 4d-e, the transplanted NSCs migrated
to the infarct regions and the fluorescence intensity was gradually
weak from 7 d to 28 d after tMCAO. In addition, the fluorescence
intensity and the distribution profile did not show remarkable differ-
ences between si-circCon-NSCs and si-circHIPK2-NSCs. After 28 d of
tMCAO, frozen sections of the mouse brain with DAPI staining were
pictured by electron microscope to identified NSCs at the injection
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tion of the references to color in this figure legend, the reader is referred to the web version of this article.)

site and in the ischaemic area (Fig. 4f). The fluorescence demon-
strated that huge number of GFP-positive cells migrated from the
injection site to the infarcted cortex. Massive infiltration of GFP-
active cells was detected in the ischaemic territory in proximity to
necrotic tissue areas (Fig. 4f). This finding convincingly demonstrated
that the NSCs migrated across the corpus callosum into the lesioned
tissue.

3.4. Silencing of circHIPK2 enhances NSC-differentiated neurons and
promotes neuronal plasticity in vitro

The increased functional recovery of injured mice combined with
the recolonization of transplanted si-circHIPK2-NSCs urged us to
ascertain whether si-circHIPK2-NSCs implicated in ischaemic-
induced structural alterations of neurons. We subjected neurons that
differentiated from NSCs to OGD/R. OGD/R exposure significantly
decreased the total process length and dendrite spine density of sur-
viving neurons, and si-circHIPK2 ameliorated the process length
(Fig. 5a-b). Similarly, OGD/R exposure led to a significant decrease in
dendritic spine density, which was ameliorated by si-circHIPK2
(Fig. 5¢-d). The findings were further confirmed by western blot

analysis. The expression of synaptophysin, PSD-95 and TUJ1
decreased significantly under OGD/R, and this change was reversed
by si-circHIPK2 treatment (Fig. 5e-f). Furthermore, silencing circH-
IPK2 had no obvious effect on the astrocyte size and GFAP expression
against OGD/R (Supplementary Fig. 3). Therefore, silencing circHIPK2
enhances the differentiation of NSCs to neurons and promotes neuro-
nal plasticity against OGD/R.

3.5. Si-circHIPK?2 triggers NSC-differentiated neurons and facilitates
neuronal plasticity in tMCAO mice

To investigate whether the si-circHIPK2-NSCs were capable of dif-
ferentiating into neuronal cells in vivo, double immunostaining of
TUJ1 (neuronal maker) and GFP (transplanted NSCs) in the ischaemic
site was conducted at 28 d post-tMCAO. In addition to the endoge-
nous neurons, the NSCs homing to the ischaemic site exhibited TUJ1-
positive and visualized as highlighted red spots in the immunostain-
ing photomicrograph. As shown in Fig. 6a-c, the number of TUJ1*GFP*
co-labelled neuronal cells in the si-circHIPK2-NSC group was signifi-
cantly higher than that in the si-circCon-NSC group, which indicated
that silencing of circHIPK?2 triggered neuronal differentiation of NSCs.
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In addition, si-circHIPK2 treatment did not influence the differentia- associated with circHIPK2-mediated neuronal production from
tion of NSCs into astrocyte-like cells or the percentage of GFAP-posi- grafted NSCs.
tive cells at different time points after tMCAO (Supplementary Fig. 4). Staining for synaptic markers demonstrated a higher number of

The in vivo findings suggested that functional recovery was causally colocalized presynaptic (synaptophysin) and postsynaptic (PSD-95)
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puncta on the engrafted GFP* NSCs in si-circHIPK2-NSC-treated mice
relative to si-circCon-NSC-treated mice. Quantitative analysis
revealed a 3-fold increase in these putative contacts in si-circHIPK2-
NSC-treated mice relative to si-circCon-NSC-treated mice (Fig. 6d-e),
which suggested the formation of synapses. Moreover, the levels of
synaptophysin, PSD-95 and TUJ1 were decreased in the si-circCon-
NSC-treated group and significantly alleviated by si-circHIPK2-NSC
treatment, as determined by western blot (Fig. 6f-g). Consistent with
evidence for behavioural improvement, tMCAO treatment signifi-
cantly decreased the spine numbers in the peri-infarct cortex of mice
at 28 d post-tMCAO, which was ameliorated by si-circHIPK2-NSC
treatment (Fig. 6h-i). The above results suggest that si-circHIPK2-
NSCs could facilitate neural plasticity in tMCAO mice.

3.6. Silencing of circHIPK2 promotes NSC differentiation via
downstream SMOX

To explore the mechanism underlying si-circHIPK2-NSC-induced
neuroprotection, regeneration and functional recovery after

ischaemic stroke, we next sought for candidate target genes. The
mRNA expression profiles of si-circCon-NSCs and si-circHIPK2-NSCs
were obtained using RNA sequencing (GEO accession number:
GSE133701). A total of 4 upregulated genes and 16 downregulated
genes were determined with cutoffs of |logy(fold change)| > 1 and
adjusted P value < 0.05 (Fig. 7a). Among these 20 genes which had
the most significant differences on expression in si-circCon-NSCs and
si-circHIPK2-NSCs, 4 upregulated genes (Supplementary Fig. 5a) and
16 downregulated genes (Supplementary Fig. 5b and 7b) were fur-
ther verified by qPCR. Among these, the expression levels of 4 genes
were confirmed the same trends with the RNA sequencing results.
And in the 4 genes, spermine oxidase (Smox) is an important media-
tor involved in the regulation of cerebral ischaemic injury [32]. Of
course, we can't rule out the potential role of the 3 other genes in
cerebral ischaemic injury.

Both the mRNA and protein levels of Smox were dramatically
decreased in si-circHIPK2-NSCs (Fig. 7b-d), confirming the results of
RNA sequencing. Silencing of circHIPK2 significantly inhibited the
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increased expression of Smox induced by OGD/R (Fig. 7e-f). Similarly,
we found that si-circHIPK2-NSCs significantly reduced the increased
expression of Smox in ischaemic tissue (Fig. 7g-h). Mechanically, to
further verify that Smox acts as a mediator to regulate the expression
of TUJ1, NSCs were transfected with Smox siRNA. Knockdown of
Smox efficiently decreased the expression of Smox (Fig. 7i) and sig-
nificantly promoted the TUJ1 expression induced by OGD/R (Fig. 7j-
k). Overall, it was confirmed that knockdown of Smox could promote
the differentiation of NSCs, increase the number of differentiated
neurons and improve neural plasticity.

4. Discussion

CircRNAs are endogenous, conserved in mammalian cells and rel-
atively abundant [33]. They have been reported to be involved in a
variety of CNS diseases, such as Alzheimer's disease, glioma, drug
abuse and ischaemic stroke [20,34—37]. Recently, studies have indi-
cated that circRNAs are closely related to neuronal development, as
evidenced by their specific distribution in different brain regions and
developmental stages [17,38].

Our preliminary study found that there is a binding site between
circHIPK2 and miR-124 [20], and miR-124 was reported to not only
be involved in the regulation of stem cell differentiation but also to
promote the number of NSC-differentiated neurons [39,40]. Other
researchers found that miR-124 can play a neuroprotective role and
promote nerve recovery after stroke [41]. Given its great potential to
repair damaged regions and extend the therapeutic time window for
intervention, NSC transplantation is a novel therapeutic approach
that can benefit more stroke patients [4,5]. Therefore, we wanted to
investigate whether circHIPK? is also involved in the differentiation
and regulation of NSCs and elucidate its potential role in ischaemic
stroke. Moreover, to rule out the effect of lentivirus on NSC prolifera-
tion and differentiation, we also confirmed that lentivirus-trans-
ducted NSCs did not affect NSC proliferation and differentiation in
vivo and in vitro by western blot and immunostaining experiments
(Supplementary Fig. 6). Additionally, we also examined the effects of
NSC transduction with lentivirus on neural plasticity and down-
stream proteins, and the results showed that lentivirus-transducted
NSCs did not affect the neural plasticity and the Smox expression
(Supplementary Fig. 7).

The expression level of circHIPK2 decreased with time during the
differentiation of NSCs, and silencing of circHIPK2 in NSCs facilitated
neuronal differentiation. Previous assessment of NSC-based therapies
in animal models of stroke has commonly used direct intracerebral
administration of stem cells [6,7]. In our study, transplanted NSCs
provided long-lasting neuroprotection, which was indicated by
enhanced functional recovery. The fate, homing and function of
transplanted NSCs in vivo have always been key issues in stem cell
therapy. Therefore, a variety of methods were used to trace the trans-
planted NSCs. We found that NSCs migrated to the infarcted hemi-
sphere of tMCAO animals, indicating that these cells homed to the
damaged areas of the brain. This is consistent with previous studies
showing that NSCs are able to use endogenous adhesion and chemo-
attractant molecules to extravasate from the vascular compartment
and migrate to the ischaemic lesion [8,42,43].

In this study, NSCs were microinjected into the left lateral ventricle
at 7 d after tMCAO. The selected scheme also considered the potential
clinical application of NSCs. According to the clinical course of stroke
patients [44], the possibility of using stem cell therapy in the acute
phase of stroke is low. Transplantation of NSCs at earlier time points
(6—24 h after stroke) leads to greater differentiation into astrocytes,
whereas transplantation at later time points (7—14 d after stroke) leads
to greater differentiation into neurons [8]. Previous work has shown
that the acute release of products related to tissue damage and death
typically subsides within 7 d post-tMCAO, thus providing a potentially
less hostile graft environment as well as reduced brain injury,

inflammation, and both short- and long-term functional deficits [7].
Stem cell transplantation at delayed time points (e.g., 7 d after stroke)
in rodent models can avoid the cytotoxic environment in the acute
phase of MCAO [45,46]. Thus, NSC transplantation during the chronic
phase of stroke may be an attractive method of repairing the damaged
brain. We assessed the potential of NSCs for modulating repair pro-
cesses and facilitating functional recovery when transplanted 7 d after
tMCAO and observed improved sensorimotor recovery. Therefore, the
present study also provides important experimental data for further
applications of NSCs in stroke.

We analysed the biodistribution of si-circHIPK2-NSCs in the dam-
aged hemisphere, and their effects on brain neuroplasticity. Previous
studies indicated that ischaemic stroke occurs when an artery supplying
the brain becomes occluded, leading to diverse pathophysiological
changes including brain edema, neuronal cell death, and synapse loss in
the brain [47]. Cerebral ischaemic suppresses the expression of synapto-
physin and PSD-95, which are important in modulating synaptogenesis.
Interestingly, overexpression of PSD-95 increases the number and size
of spines. Spine growth and stabilization require activity-dependent
PSD-95 expression and local translational activity [48—50]. In addition,
researchers found that the reduction in synaptophysin can reduce syn-
aptic plasticity in the brain [51]. Moreover, researchers not only demon-
strated a correlation between changes in brain function and plasticity
after stroke but also found that increased brain plasticity usually has a
positive effect on recovery of motor function after stroke [30,52]. Similar
to our findings, si-circHIPK2-NSCs promoted functional recovery and
neural plasticity after stroke.

When brain damage such as cerebral ischaemia occurs, astrocytes
initiate an emergency rescue mode and rapidly proliferate in the ischae-
mia area. At this point, the resting astrocytes transform into
activated astrocyte cells that can self-divide like stem cells, rapidly accu-
mulate in the core edge of damaged brain tissue, such as that occurring
with ischaemia, and perform brain repair functions [53]. Studies have
reported that a decrease in gliosis is related to a reduction in the infarct
size [30]. Therefore, the elimination of glial scars caused by glial cells is
also a major problem in the repair of brain injury. Our study found that
there was no significant reduction in the formation of glial scars after
treatment with si-circHIPK2-NSCs for the repair of brain injury.

Smox, a member of the polyamine oxidases [54], has been shown
to be involved in ischaemic brain damage [32] and was increased in
the plasma of stroke patients [55]. Moreover, overexpression of Smox
in the neocortex resulted in higher H,O, production and glial activa-
tion. Smox activity occurred both in the cytoplasm and the nucleus
[56,57], and its production of H,0, in close proximity to DNA results
in oxidative DNA damage that elevates the potential for neoplastic
transformation [58]. We found that Smox can regulate NSC differenti-
ation. This study represents the first report showing that Smox acts as
an important downstream mediator of circHIPK2 and can regulate
the level of TUJ1 in differentiated neurons of NSCs induced by OGD/R.
After treatment with si-circHIPK2-NSCs, the level of Smox signifi-
cantly decreased in the ischaemic tissue of tMCAO mice. Our findings
seem consistent with those of a previous study that showed that
Smox downregulation significantly improved tMCAO-induced brain
injury as evidenced by ameliorated neurological deficits [32]. The
detailed mechanism of Smox in NSC differentiation needs to be fur-
ther examined in future studies.

In summary, this study explored the potential of si-circHIPK2-
NSCs as a neuroprotective therapy for ischaemic stroke in a mouse
model for the first time. Given the lack of current treatments and the
narrow therapeutic window for t-PA, si-circHIPK2-NSCs have shown
promising beneficial effects after stroke, and the results are quite
encouraging. This study marks the first time that Smox has been
demonstrated to act as an important downstream mediator of circH-
IPK2 and has been shown to regulate the level of TUJ1 in differenti-
ated neurons of NSCs induced by OGD/R. In addition, the expression
level of Smox was significantly decreased in the ischaemic tissues of
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Fig. 8. Si-circHIPK2-NSCs enhance functional recovery by facilitating neuronal differentiation via Smox. Transplanted NSCs in the contralateral hemisphere migrate to the ipsilateral
hemisphere, where silencing of circHIPK2 in NSCs facilitates neuronal differentiation via downstream inhibition of Smox expression, with subsequent enhancement of neural plas-

ticity and functional recovery after stroke.

tMCAO mice. Moreover, our study reported the improvement of func-
tional recovery and brain plasticity after stroke, revealing the poten-
tial of si-circHIPK2-NSCs as a promising treatment for ischaemic
stroke (Fig. 8).
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