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Circular RNAs (circRNAs) are expressed at high levels in the brain and are involved in various CNS diseases. However, the potential role
of circRNAs in ischemic stroke-associated neuronal injury remains largely unknown. Here, we investigated the important functions of
circRNA TLK1 (circTLK1) in this process. The levels of circTLK1 were significantly increased in brain tissues in a mouse model of focal
cerebral ischemia and reperfusion. Knockdown of circTLK1 significantly decreased infarct volumes, attenuated neuronal injury, and
improved neurological deficits. Furthermore, circTLK1 functioned as an endogenous miR-335-3p sponge to inhibit miR-335-3p activity,
resulting in the increase of 2,3,7,8-tetrachlorodibenzo-p-dioxin-inducible poly (ADP-ribose) polymerase expression and a subsequent
exacerbation of neuronal injury. Clinical studies confirmed increased levels of circTLK1 in the plasma of patients with acute ischemic
stroke (59 males and 12 females). Our findings reveal a detrimental role of circTLK1 in ischemic brain injury.
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Introduction
Ischemic stroke is a common neurological disorder worldwide
and a major cause of permanent disability (Murphy and Corbett,
2009; Dimyan and Cohen, 2011). Clinical treatments, such as
tissue plasminogen activator-mediated thrombolysis, are often

restricted by a narrow therapeutic time window (Goldstein,
2007) and insufficient long-term effects (George and Steinberg,
2015). The extent of neuronal injury after brain ischemia is a
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Significance Statement

The extent of neuronal injury after brain ischemia is a primary factor determining stroke outcomes. However, the molecular switches that
control the death of ischemic neurons are poorly understood. While our previous studies indicated the involvement of circRNAs in
ischemic stroke, the potential role of circRNAs in neuronal injury remains largely unknown. The levels of circTLK1 were significantly
increased in the brain tissue and plasma isolated from animal models of ischemic stroke and patients. Knockdown of circTLK1 signifi-
cantly decreased infarct volumes, attenuated neuronal injury, and improved subsequent long-term neurological deficits. To our knowl-
edge, these results provide the first definitive evidence that circTLK1 is detrimental in ischemic stroke.
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primary factor determining outcomes. Our current understand-
ing of neuronal injury is based on experimental models and
clinical studies. Multiple destructive mechanisms, including ox-
idative stress, cell apoptosis, excitotoxicity, and the inflammatory
response, are responsible for neuronal damage (George and
Steinberg, 2015). During the hours after ischemic stroke, neurons
will become permanently damaged and undergo cell death (Lai et
al., 2014). In addition to the loss of neurons located within the
core area immediately affected by the loss of blood supply, neu-
ronal loss is also observed in the surrounding area of the brain,
resulting in a sudden loss of function (Rumpel, 2018). Therefore,
therapeutic options that rescue damaged neurons are important;
however, to date, only a few therapeutic agents have been re-
ported to relieve neurological deficits after stroke (Buchli and
Schwab, 2005). Novel therapeutic approaches that decrease neu-
ronal injury are urgently needed (Cramer, 2018).

Circular RNAs (circRNAs), which are newly identified endog-
enous noncoding RNAs (ncRNAs), are characterized by back-
splicing resulting from covalently closed continuous loops. Many
circRNAs are abundantly expressed in the brain, as evidenced by
the enrichment of circRim2, circEl2, and circDym in the cerebel-
lum and high expression of circPlxnd1 in the cortex (Rybak-Wolf
et al., 2015). Although their physiological functions are not yet
completely defined, dynamic changes in the abundance of several
circRNAs, such as circHomer1a, have been observed in the brain
during the process of synapse formation in development (You et
al., 2015). As shown in our previous studies, circHECTD1 aggra-
vates ischemic damage by regulating astrocyte activation (Han et
al., 2018b), and circDLGAP4 overexpression improves the
blood– brain barrier integrity in subjects with stroke (Bai et al.,
2018). In the present study, circRNA-mm9_circ_009932, also
known as circTLK1, was upregulated during the acute period
after focal ischemia (GEO accession number GSE115697; https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc�GSE115697).
circTLK1 is expressed in neurons, but its function remains unclear.
A genome-wide bioinformatics analysis revealed that circTLK1 acts
as a sponge for miR-335-3p. Moreover, 2,3,7,8-tetrachlorodibenzo-
p-dioxin-inducible poly (ADP-ribose) polymerase (TIPARP), a pre-
dicted target of miR-335-3p, is upregulated in ischemic brain tissues.
However, researchers have not determined whether the circTLK1/
miR-335-3p/TIPARP axis is involved in cerebral ischemic injury,
particularly neuronal injury.

Therefore, in this context, we aimed to investigate the role of
circTLK1 in neuronal injury after transient middle cerebral artery
occlusion (tMCAO) in adult mice. We hypothesized that upregu-
lated circTLK1 binds to miR-335-3p and acts as an endogenous
miR-335-3p sponge to increase the expression of miR-335-3p
target genes, which results in neuronal injury and thus contrib-
utes to neurological deficits. Downregulation of circTLK1 ex-
pression significantly improved neurological deficits in tMCAO
mice (Fig. 1). Our results reveal a detrimental role of circTLK1 in
neuronal injury after brain ischemia.

Materials and Methods
Study approval and patient recruitment. The ethics committees at Jiangsu
Province Hospital and Drum Tower Hospital approved this research
protocol (approval IDs 2016-SR-235 and 2016-123-02, respectively).
Participants or their legally authorized representatives provided written
informed consent to participate in the study. Patients with acute ischemic
stroke (AIS) were recruited from two academic stroke centers: the Emer-
gency Department at the Affiliated Jiangsu Province Hospital from April
2016 to April 2017 and the Neurology Department at the Affiliated Drum
Tower Hospital from March 2016 to August 2017.

Human plasma collection. Seventy-one patients with ischemic stroke
were recruited. The diagnosis of ischemic stroke was based on the clinical
presentation in combination with a diffusion-weighted imaging (DWI)
lesion on MRI or a new lesion on a delayed CT scan. Brain imaging
(either CT or MRI) was performed routinely within 24 h of admission.
Experienced neuroradiologists reviewed the imaging studies to confirm
the diagnosis and used the National Institutes of Health Stroke Scale
(NIHSS) to determine the severity of the patients’ neurological deficits.
Patients with recurrent stroke or a stroke onset longer than 48 h, intra-
cerebral hemorrhaging, active malignant disease, hematological disease,
inflammatory or infectious diseases, renal or liver failure, tumors, sur-
gery within the past 3 months, prior treatment with low molecular weight
or unfractionated heparin within the past month, or unknown diseases
were excluded from the study.

Patients were classified into three groups by experienced neuroradi-
ologists according to the Trial of Org 10172 in Acute Stroke Treatment
classification: large-artery arteriosclerosis (LA), cardioembolism, and
small-artery occlusion (Adams et al., 1993). In addition, the CT or MRI
data were analyzed by experienced neuroradiologists who categorized
the infarcts into three groups: cortical infarcts, subcortical infarcts, and
infratentorial infarcts (Wardlaw et al., 2013; Tan et al., 2016). Patients
with LA were recruited for infarct volume measurements. MRI with DWI
data were available for 16 patients with LA (53.3%). DWI lesion volumes
were determined by one experienced neurologist who was unaware of the
patients’ clinical and laboratory results. The infarct volume was calculated
using the ABC/2 method (A and B represent the largest diameter of the
infarct and its largest perpendicular diameter, respectively, whereas C repre-
sents the thickness of the slices with a visible infarct lesion) (Sims et al., 2009).

Nonstroke controls were recruited from patients who underwent an
annual medical examination at the hospital. The demographic and clin-
ical characteristics of the 71 patients and 71 nonstroke controls are pro-
vided in Table 1. The subjects were matched for age and gender. Stroke
risk factors were defined as follows: (1) hypertension: blood pressure �
140/90 mmHg; and (2) diabetes mellitus: fasting glucose level � 7.0 mM

or 2 h postprandial blood glucose level � 11.1 mM.
Plasma samples were collected from patients who did not receive drug

therapy. The mean time of the blood draw at enrollment was 19.6 � 1.7 h
after stroke onset. Peripheral blood samples (5 ml) were collected in
EDTA-K2 anticoagulant tubes (BD Biosciences) immediately after pa-
tient admission and centrifuged at 2500 rpm for 25 min at 4°C. The
prepared supernatant was then transferred to RNase/DNase-free tubes
and stored at �80°C until further processing.

Animals. Adult male C57BL/6J mice (24.0 –26.0 g, 8 –10 weeks old)
were purchased from the Model Animal Research Center of Nanjing
University (Nanjing, China) and randomly assigned to experimental
groups. All animals were housed at a constant temperature and humidity
under a 12 h light/12 h dark cycle, with the lights turned on at 7:00 A.M.
Food and water were available ad libitum. All animal experiments were
approved by the Institutional Animal Care and Use Committee at the
Medical School of Southeast University (approval ID SYXK-2010.4987)
and performed in accordance with the Animal Research: Reporting of In
Vivo Experiments guidelines.

Lentiviral vector construction. The plasmids pHBLV-U6-ZsGreen-
Puro with circTLK1 shRNA (shRNA-circTLK1), miR-335-3p mimic,
antago miR-335-3p (anti-miR-335-3p), TIPARP shRNA (shRNA-
TIPARP), and their control (Con) sequences were purchased from Han-
bio and inserted into lentiviruses. The shRNA sense sequences were
shRNA-circTLK1, 5�-GAATCAGAGGTGCAATGGA-3� and shRNA-
TIPARP, 5�-GCCTCCTTCTCCTTCTGAT-3�.

Adeno-associated virus (AAV) shRNA vector construction. Three AAV vectors
(AAV2/8 serotype), AAV-SYN-EGFP-shRNA-Con (AAV-SYN-shRNA-
Con), AAV-SYN-EGFP-shRNA-circTLK1 (AAV-SYN-shRNA-circTLK1),
and AAV-SYN-EGFP-shRNA-TIPARP (AAV-SYN-shRNA-TIPARP),
were constructed and packaged by OBio. All viral particles express EGFP
under the synapsin I (SYN) promoter (a neuron-specific promoter)
flanked by the woodchuck hepatitis post-transcriptional regulatory ele-
ment. In the AAV vector, the shRNA sequences were cloned into human
miR-30-based stem loops via polymerase-mediated extension of over-
lapping DNA oligonucleotides. The packaging cassettes were flanked by
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inverted terminal repeats for the AAV cassettes. These sequences were
also cloned into human miR-30-based stem loops through the polymer-
ase extension of overlapping DNA oligonucleotides. For the cloning of
shRNA vectors for AAV production, the following target sequences were
used for RNAi: shRNA-circTLK1, 5�-GAATCAGAGGTGCAATGGA-3�
and shRNA-TIPARP, 5�-GCCTCCTTCTCCTTCTGAT-3�.

Microinjection of circTLK1 shRNA lentivirus, neuron-specific circTLK1
shRNA AAV, and neuron-specific TIPARP shRNA AAV. The left lateral
ventricle of 5-week-old C57BL/6J mice was microinjected with either the

circControl shRNA-GFP (shRNA-Con) lentivirus or circTLK1 shRNA-
GFP (shRNA-circTLK1) lentivirus (2 �l of 1 � 10 9 TU/ml, Hanbio) at
the following microinjection coordinates: AP, �0.3 mm; lateral, 1.0 mm;
and ventral, 2.2 mm. At 1 or 3 weeks after the microinjection, we divided
the mice into the following groups to evaluate the effect of circTLK1 shRNA
lentiviruses on the tMCAO model: sham � shRNA-Con, sham � shRNA-
circTLK1, tMCAO � shRNA-Con, and tMCAO � shRNA-circTLK1.

For intracerebroventricular microinjections of AAV, the neuron-
specific control shRNA-GFP AAV (AAV-SYN-shRNA-Con), circTLK1

Figure 1. The proposed pathway by which circTLK1 regulates stroke progression. Upregulated circTLK1 directly binds to miR-335-3p and acts as an endogenous miR-335-3p sponge to inhibit miR-335-3p
activity and concomitantly increase the expression of the downstream intermediate TIPARP, which results in neuronal injury and contributes to cerebral infarction and neurological deficit. ceRNA, competing
endogenous RNA.
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shRNA-GFP AAV (AAV-SYN-shRNA-circTLK1), or TIPARP shRNA-
GFP AAV (AAV-SYN-shRNA-TIPARP) (viral preparations for 4 � 10 10

viral genomes/mouse in a volume of 1 �l, Obio) was infused into the left
lateral ventricle at a rate of 0.1 �l/min, followed by 10 min of rest to allow
diffusion. At 4 weeks after the microinjection, we divided the mice into
the following 4 groups to evaluate the effect of neuron-specific circTLK1
shRNA AAV on the tMCAO model: sham � AAV-SYN-shRNA-Con,
sham � AAV-SYN-shRNA-circTLK1, tMCAO � AAV-SYN-shRNA-
Con, and tMCAO � AAV-SYN-shRNA-circTLK1. The same experiment
was also designed to evaluate the effect of neuron-specific TIPARP
shRNA AAV on the neurological outcomes in the tMCAO model.

tMCAO. tMCAO was performed using methods described in a previ-
ous study (Stetler et al., 2008), with some modifications. Briefly, anesthe-
sia was induced with 3% isoflurane and maintained with 1.5% isoflurane
in 30% oxygen and 70% nitrous oxide using a face mask. The right
external carotid artery was exposed, and a silicone rubber-coated 6 – 0
nylon filament (Doccol) was inserted and advanced 9 –10 mm to the
carotid bifurcation along the internal carotid artery and to the origin of
the middle cerebral artery. One hour after the occlusion, the filament was
removed to restore blood flow to the middle cerebral artery territory.
Systolic blood pressure was monitored during surgery using a noninva-
sive tail-cuff (BP-2010, Softron Beijing Biotechnology). Arterial blood-
gas was measured 15 min after the onset of reperfusion using a calibrated
blood-gas analyzer, according to the manufacturer’s instructions (Edan
i15 VET, Edan Instrument). The rectal temperature was measured using
a rectal probe and maintained at 37.0 � 0.5°C during the surgery and
recovery period with a temperature-controlled heating pad. Physiologi-
cal variables were monitored in companion cohorts for all groups. In
sham-operated mice, the external carotid artery was surgically prepared
for insertion of the filament, but the filament was not inserted. Sham-
operated mice served as controls.

Cerebral blood flow (CBF) measurements. Cortical CBF was monitored
using a moorFLPI-2 Full-Field Laser Perfusion Imager, according to the
manufacturer’s instructions (Moor Instruments). Briefly, a charge-
coupled device camera was placed above the head of the anesthetized
mouse, and the intact skull surface was illuminated with a laser diode
(785 nm) to allow laser penetration through the brain in a diffuse man-
ner. CBF was measured in both cerebral hemispheres and recorded 15
min before MCAO, throughout the ischemic period and up to 15 min
after the onset of reperfusion. The animal was not exposed to direct
sunlight or infrared radiation, and the room temperature was main-
tained at 26°C. We established an ROI, including the right cortical infarct
region, which is posterior to the coronal suture and medial to the linear
temporalis, to evaluate changes in CBF. Animals that did not show a
reduction in CBF of at least 75% of the baseline level and animals that
suddenly died immediately after ischemic induction (�10%) were ex-

cluded from further experimentation (Shi et al., 2016) since the proba-
bility of infarction is 	95% if the early CBF is �25% of the control (Heiss
et al., 2001). The areas of the ischemic core (0%–20% residual CBF) and
the penumbra region (20%–30% residual CBF) were defined as de-
scribed in previous studies (Leak et al., 2013; Shi et al., 2016) and were
measured from laser speckle images.

In vivo MRI scanning. In vivo MRI was performed using a 7.0 tesla
small animal MRI scanner (Bruker PharmaScan) (Bai et al., 2014; Chang
et al., 2015). The mice were anesthetized with 2% isoflurane delivered
through a nose cone, and the respiratory rate and body temperature were
monitored using a physiology monitor. T2-weighted imaging was con-
ducted 24 h, 48 h, or 28 d after tMCAO using a 2D fast-spin echo se-
quence (2500/33 ms of repetition time/echo time, 1 average). Twelve
axial slices with a slice thickness of 1 mm, a matrix of 256 � 256, and an
FOV of 20 � 20 mm were positioned over the brain, excluding the
olfactory bulb. MRIs were then scanned and quantified with National
Institutes of Health ImageJ software (http://rsbweb.nih.gov/ij/), and the
hemisphere volume was calculated as follows: �hemisphere area � slice
thickness. The lesion volume was acquired based on the high signal area
of the T2-weighted images, from which the artifact of brain edema was
subtracted. The lesion volume was calculated as the volume of contralat-
eral hemisphere minus the ipsilateral noninfarct hemisphere. Volume
loss (brain atrophy) at 28 d after tMCAO was computed as the volume of
the contralateral hemisphere minus the ipsilateral hemisphere.

Neurological deficits and behavioral tests. Neurological deficits were
evaluated 24 h after tMCAO. Neurological function was determined us-
ing the modified Neurological Severity Score test (Li et al., 2000) and
performed by a researcher who was blinded to the experimental groups.
The score was graded on a scale of 0 –14 points (normal score, 0 points;
maximum score, 14 points). 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.

Behavioral tests were performed before MCAO and 3, 7, 14, 21, and
28 d after tMCAO by an independent investigator who was blinded to the
experimental groups. In addition, mice that died during the experiments
were excluded from further data and statistical analyses. Mortality was
assessed 28 d after the induction of tMCAO.

For the adhesive removal somatosensory test, all mice were familiar-
ized with the testing environment. In the initial test, 2 small pieces of
adhesive-backed paper dots (of equal size, 25 mm 2) were used as bilateral
tactile stimuli occupying the distal-radial region on the wrist of each
forelimb. The time it took for the mice to remove each stimulus from the
forelimb was recorded in three trials per day. Individual trials were sep-
arated by at least 5 min. Before surgery, the animals were trained for 3 d.
Once the mice were able to remove the dots within 10 s, they were
subjected to tMCAO.

The cylinder test encourages the use of the forelimbs for vertical wall
exploration/press in a cylinder. Mice were placed in a plastic cylinder (15
cm tall with a diameter of 10 cm) and videotaped for 5 min.

Triphenyltetrazolium chloride staining and cerebral infarction measure-
ment. The infarct volume was evaluated 24 h after tMCAO. Each brain
was coronally sectioned into five 1 mm slices with a brain matrix. The
brain slices were incubated with 2% triphenyltetrazolium chloride
(Sigma-Aldrich, T8877) at 37°C for 10 min to determine the size and
extent of the infarction. Images were analyzed using ImageJ software. We
determined the infarct volume by subtracting the volume of nonin-
farcted tissue in the ipsilateral hemisphere from the volume of nonin-
farcted tissue in the intact contralateral hemisphere to correct for brain
edema. The infarct volume was calculated by summing the infarct vol-
umes for all slices of each brain (Arumugam et al., 2006).

Immunostaining and analysis of images of sections. Tissues were cut into
30 �m coronal slices with a cryostat. Sections were subsequently incu-
bated 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, sections were incubated with a rabbit anti-
NeuN antibody (1:250, Proteintech Group, 26975-1-AP), rabbit anti-
GFAP antibody (1:100, Proteintech Group, 16825-1-AP), or rabbit
anti-Iba-1 antibody (1:500, Wako Pure Chemicals, 019-19741) to exam-
ine the colocalization with GFP-positive cells after microinjection, as well

Table 1. Baseline characteristics of the study participantsa

Characteristic Control (n � 71) AIS (n � 71) p

Age (yr) 68.56 � 1.07 67.86 � 1.30 0.676
Male sex, n (%) 59 (83.10) 59 (83.10) 1.000
BMI (kg/m 2) 24.01 � 0.26 24.48 � 0.21 0.152
Smoking, n (%) 22 (30.99) 33 (46.48) 0.085
Drinking, n (%) 16 (22.53) 24 (33.80) 0.191
Hypertension, n (%) 35 (49.30) 45 (63.38) 0.128
Diabetes mellitus, n (%) 14 (19.72) 25 (35.21) 0.059
Total cholesterol (mM) 4.287 � 0.12 4.15 � 0.12 0.434
Triglycerides (mM) 1.36 � 0.10 1.55 � 0.08 0.136
LDL (mM) 2.54 � 0.10 2.57 � 0.10 0.872
HDL (mM) 1.12 � 0.04 1.06 � 0.04 0.234
LPA (g/L) 0.26 � 0.03 0.36 � 0.04 0.023
NIHSS score — 29 (40.85%) —

1– 4 — — —
5–15 — 34 (47.89%) —
16 –20 — 7 (9.86%) —
21– 42 — 1 (1.41%) —

aBMI, Body mass index; LDL, low-density lipoprotein; HDL, high-density lipoprotein; LPA: lipoprotein (a). Data are
mean � SEM. p values were calculated using Fisher’s exact test or Student’s t test, as appropriate.
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as a mouse anti-NeuN antibody (1:500, Abcam, ab104224) and a rabbit
anti-TIPARP antibody (1:100, Abcam, ab170817) overnight at 4°C for
double immunofluorescence staining. On the next day, sections were
incubated with an AlexaFluor-594-conjugated goat anti-rabbit IgG (1:
400, Invitrogen, A-11037), AlexaFluor-488-conjugated goat anti-rabbit
IgG (1:400, Invitrogen, A-11034), or AlexaFluor-594-conjugated goat
anti-mouse IgG (1:400, Invitrogen, A-11005) for 1 h. After a final wash-
ing step with PBS, sections were mounted onto glass slides. Images were
captured using a microscope (Carl Zeiss, LSM700).

Immunohistochemistry and image analysis. The 30-�m-thick coronal
cryostat sections were incubated with a mouse anti-MAP2 antibody (1:
250, Abcam, ab11267) overnight at 4°C and then incubated with HRP-
conjugated goat anti-mouse IgG secondary antibody (1:2000, Cell
Signaling Technology, 7076P2). Thereafter, the sections were incubated
with the DAB chromogen (Vector Laboratories, SK-4100). Images were
captured using a microscope (Olympus, DP73). The areas of brain atro-
phy, the contralateral hemisphere and ipsilateral hemisphere, as well as
the total cross-sectional brain area were measured in seven equally
spaced MAP2-stained sections encompassing the MCA territory by an
observer who was blinded to the groups using the National Institutes of
Health Image program, and areas were multiplied by the distance be-
tween sections to obtain the respective volumes. Volume loss (brain
atrophy) at 28 d after tMCAO was computed as the volume of the con-
tralateral hemisphere minus the ipsilateral hemisphere (Shi et al., 2016).

Golgi-Cox staining, imaging, and analysis. Freshly dissected mouse
brains were used for Golgi-Cox staining with the FD Rapid GolgiStain kit
(FD Neuro Technologies) according to the manufacturer’s protocol.
Briefly, mouse brains were incubated in Golgi solution A � B for 7 d
followed by 1 d incubation in solution C. Coronal sections (150 �m)
were cut with a cryostat (CM1950, Leica Microsystems). Sections were
then stained, dehydrated, and cleared with xylene according to the man-
ufacturer’s protocol.

Images of Golgi-stained neurons were acquired with a microscope in
z-stack images (Carl Zeiss, ImagerM2). Only pyramidal neurons in the
peri-infarct cortex (within 200 �m of the infarct) were included in our
analyses (Tang et al., 2017). For a neuron to be selected, the following
three criteria must be met: (1) the neuron was located in the peri-infarct
cortex; (2) the neuron was distinct from neighboring neurons to allow
dendrite identification; and (3) the neuron had consistent and dark
staining throughout its structure (Gould et al., 1990). The computer-
based cell tracing software Neurolucida 360 (MBF Bioscience) was used
for 3D reconstruction of neurons. NeuroExplorer (MBF Bioscience) was
used to measure the dendrite length and for Sholl and spine density
analyses. The total length of dendrites was calculated as the sum of the
dendritic length from one neuron. Sholl analysis was used to assess the
complexity of neural dendrites by placing 3D concentric circles in 20 �m
increments starting at 10 �m from the soma. The number of dendritic
intersections with each ring was counted, and the results are reported as
the number of intersections per radial distance from the soma and the
total number of intersections. Twenty neurons from 4 animals per group
were used for the Sholl analysis, which was performed in a blinded man-
ner. We traced and measured the length of dendrites and counted the
number of spines along the dendrites to calculate the spine density, ac-
cording to the manufacturer’s protocol. Spine density was calculated
from the number of spines divided by the length of the dendrite. Fifty
neurons from 6 animals per group were analyzed in a blinded manner.

Quantitative RNA sequencing. Mice subjected to tMCAO were killed at
24 h and 28 d after tMCAO. Total RNA was extracted from the ischemic
cortex of each mouse and used in RNA-Seq experiments. RNA-Seq ex-
periments were performed according to the manufacturer’s protocol,
and data were analyzed by LC Biotech (http://www.lc-bio.com/). Briefly,
total RNA was extracted using TRIzol reagent (Invitrogen, 15596026)
according to the manufacturer’s procedure. The total RNA quantity and
purity were analysis of Bioanalyzer 2100 and RNA 1000 Nano LabChip
Kit (Agilent Technologies) with RIN number 	 7.0. Poly(A) RNA was
purified from total RNA (5 �g) using poly-T oligo-conjugated magnetic
beads using two rounds of purification. Following purification, the
mRNA was fragmented into small pieces using divalent cations at a high
temperature. Then, the cleaved RNA fragments were reverse-transcribed

to generate cDNAs, which were subsequently used to synthesize
U-labeled second-stranded DNAs with Escherichia coli DNA polymerase
I, RNase H, and dUTP. An A-base was then added to the blunt ends of
each strand and ligated to modified Illumina multiplex barcode adap-
ters, including custom Unique Molecular Identifiers for minimizing
sequence-dependent bias and amplification noise as described in a pre-
vious study (Shiroguchi et al., 2012). Size selection was performed with
AMPureXP beads. After the heat-labile UDG enzyme treatment of the
U-labeled second-stranded DNAs, the ligated products were amplified
with PCR using the following conditions: initial denaturation at 95°C for
3 min; 8 cycles of denaturation at 98°C for 15 s, annealing at 60°C for 15 s,
and extension at 72°C for 30 s; and then a final extension step at 72°C for
5 min. The average insert size for the final cDNA library was 300 bp (�50
bp). Finally, we performed paired-end sequencing on an Illumina No-
vaseq 6000 instrument (LC Biotech) according to the manufacturer’s
recommended protocol. Then, the expression levels of all transcripts
were evaluated by calculating the fragments per kilobase per million
reads. The threshold of significantly differential expression was set to
p � 0.05 and �log2(fold change)� � 1. The Kyoto Encyclopedia of
Genes and Genomes (KEGG) database was used to explore the bio-
logical pathways in which the differentially expressed genes (DEGs)
were involved. After KEGG annotation, the KEGG pathway enrich-
ment analysis was performed.

Cell cultures. Cultures of primary neurons from the cerebral cortex
were obtained from C57BL/6J mouse embryos (E15-E16). Briefly, the
cortices were dissected from mouse embryos and incubated with trypsin-
EDTA (Invitrogen, 25200056) for 10 min; next, neurons were dissociated
and plated at a density of 0.3 million cells per well in Neurobasal medium
(Invitrogen, 21103049) supplemented with 0.5% GlutaMAX supple-
ment (Invitrogen, 35050061) and 2% B27 supplement (Invitrogen,
17504044). Glial growth was suppressed by the addition of cytosine-�-
D-arabinofuranoside (10 �M, Sigma-Aldrich, C1768) 1 d after plating,
yielding cultured cells containing 	90% neurons, as confirmed by stain-
ing for NeuN (neuron marker) and GFAP (astrocyte marker). The cells
were maintained at 37°C in humidified air containing 5% CO2. The
medium was changed every 3 d.

Primary mouse astrocytes and microglial cells were obtained from
postnatal (P)1 to P2 C57BL/6J mice. The dissected brain cortices were
placed in medium supplemented with PBS. After digestion with trypsin-
EDTA, cells were plated on poly-L-lysine-precoated cell culture flasks
containing DMEM supplemented with fetal FBS (10% v/v) and penicil-
lin/streptomycin (1% v/v). Cultures were maintained in a humidified
incubator (37°C, 5% CO2). For primary cortical astrocyte cultures, the
astrocytes were harvested by trypsinization after 7–10 d of culture. For
primary cortical microglia cultures, CSF2/GM-CSF (colony-stimulating
factor 2 [granulocyte-macrophage]; 0.25 ng/ml) was added to the me-
dium 7 d later to promote microglial proliferation. The microglia were
detached from the flasks by shaking and collected from the cell medium
by centrifugation at 1500 � g for 5 min.

HEK293T cells were grown in a 5% CO2 atmosphere in DMEM (Corn-
ing, 10-013-CVR) supplemented with FCS (10% v/v, Invitrogen, 10099-
141) and penicillin/streptomycin (1% v/v, Invitrogen, 10378-016).

Lentiviral transduction of cortical neurons. Neurons were transduced with
thecircControlshRNA,circTLK1shRNA,miR-control,miR-335-3p,anti-miR-
control, anti-miR-335-3p, control shRNA, or TIPARP shRNA lentiviruses
(Hanbio) at 4 DIV. Cultured neurons were infected with lentiviruses at a multi-
plicity of infection of 5. Cotransductions were performed using two lentiviruses,
each at a multiplicity of infection of 5. Infections were performed by directly
adding lentiviruses to the growth medium. Infections proceeded for 7 d before
oxygen-glucose deprivation treatment at 11 DIV.

Oxygen glucose deprivation/reperfusion (OGD/R) treatment. In all in
vitro experiments, neurons were used after 11 DIV. The OGD/R treat-
ment was performed as previously described (Harms et al., 2004). Briefly,
the cells were cultured with glucose-free deoxygenated DMEM (Invitro-
gen, 11966 – 025) in an incubator (Thermo Fisher Scientific) with a pre-
mixed gas (95% N2 and 5% CO2) for 2 h and then returned to 95% air,
5% CO2, and normal Neurobasal (B27) medium. Cultures in the control
group were cultured with normal Neurobasal (B27) medium for the
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same incubation time. Neurons were subsequently collected for cell via-
bility assays.

Cell viability assay. The Cell Counting Kit 8 (CCK8, Dojindo, CK04) is
widely used to assess cell viability. Neuronal injury was measured 6 h after
OGD/R using the CCK8 assay according to the manufacturer’s protocol.
Cells were divided into three groups: (a) the blank control group, (b) the
normal control group, and (c) the experimental group. The blank control
group contained the Neurobasal medium, the normal control group
contained neurons and Neurobasal medium, and the experimental
group contained the lentivirus-treated neurons and Neurobasal me-
dium. The experimental group was treated as described above. Cell via-
bility is calculated according to the following formula: [(c � a)/(b � a)].
Values represent the fold changes in cell viability induced by OGD/R. The
microplate reader was used to measure the OD450. Neuronal viability was
estimated based on the optical density values.

Immunostaining and analysis of images of neuron cultures. In the neu-
ronal morphology experiments, neurons were fixed with 4% (w/v) PFA
in PBS 1 week after the lentiviral infection and OGD/R treatment. The
following primary antibodies were used: a mouse anti-MAP-2 antibody
(1:250, Abcam, ab11267) and a mouse anti-SMI312 antibody (1:500,
BioLegend, 837904). The secondary antibody was AlexaFluor-594-
conjugated goat anti-mouse IgG (1:250, Invitrogen, A-11005). Prolong
Gold anti-fade reagent containing DAPI (Southern Biotechnology,
0100 –20) was applied to visualize the nuclei. Immunofluorescence im-
ages were captured using a microscope (Olympus, DP73). The NeuronJ
and advanced Sholl analysis plug-ins in ImageJ were used to calculate the
total dendritic length and dendritic complexity. Synapse images were
captured using a microscope in z-stack images (Carl Zeiss, LSM700).
Spine density was calculated as the number of spines divided by the
dendritic length using the reconstructed images of LV-GFP-infected
neuronal dendritic spines from ImageJ.

Real-time PCR. Real-time PCR was performed according to our pre-
vious studies in an Applied Biosystems Real-Time PCR System (Yao et
al., 2014). First, total RNA was extracted using TRIzol reagent (Invitro-
gen, 15596026). For mature miRNAs, the RNA was reverse-transcribed
with a stem-loop RT primer (RiboBio) using a HiScript Q Select RT
SuperMix for qPCR Kit (Vazyme, R133– 01) and quantified using AceQ
qPCR SYBR Green Master Mix (Vazyme, R141– 02). U6 was used as an
internal control. Bulge-loop miRNA qRT-PCR primer sets (one RT
primer and a pair of qPCR primers for each set) specific for miR-335-3p,
miR-142–3p, miR-129-5p, and miR-320-3p were designed by RiboBio.
The circRNAs and mRNAs were reverse-transcribed using a HiScript Q
RT SuperMix for qPCR Kit (Vazyme, R123– 01) and quantified using
SYBR Green Real-time PCR Master Mix (Vazyme, R141– 02). GAPDH
was used as an internal control. The primers used to amplify the circRNA,
and mRNA transcripts were synthesized by Invitrogen. The sequences of
the primers are listed in Table 2.

FISH. As described in our previous study (Yao et al., 2014), neurons
cultured on coverslips were fixed with 4% PFA and permeabilized with
0.25% Triton X-100 in PBS for 15 min. The samples were prehybridized
in hybridization buffer (50% formamide, 10 mM Tris-HCl, pH 8.0, 200
�g/ml yeast tRNA, 1� Denhardt’s solution, 600 mM NaCl, 0.25% SDS, 1

mM EDTA, and 10% dextran sulfate) for 1 h before an overnight incuba-
tion with hybridization buffer containing 50 nM biotin-labeled circTLK1
probes (Invitrogen) or 25 nM digoxigenin-labeled miR-335-3p probes
(Invitrogen) at 37°C. On the second day, after several washing steps, the
samples were blocked with a solution of 1% BSA and 3% NGS in PBS for
1 h at room temperature and then incubated with FITC-streptavidin
(1:200, Invitrogen, 434311) and an anti-digoxigenin-poly-POD anti-
body (1:200, Roche Diagnostics, 11207733910) overnight at 4°C. After
the coverslips were washed three times with TBS, signals were ampli-
fied by incubating the sections with a TSA Cy5 kit (PerkinElmer,
NEL745001KT) for 10 min at room temperature. Then, the coverslips
were mounted with Prolong Gold anti-fade reagent containing DAPI.
Images were captured using a microscope (Carl Zeiss, LSM700).

FISH in combination with immunostaining was performed as de-
scribed in our previous study (Zhang et al., 2016). After permeabilization
and prehybridization in hybridization buffer, the brain sections or cov-
erslips were incubated with hybridization buffer containing 50 nM

biotin-labeled circTLK1 probes (Invitrogen) at 37°C overnight. After
washes and blocking, samples were incubated with FITC-streptavidin
(1:200, Invitrogen, 434311), a mouse anti-NeuN antibody (1:500, Ab-
cam, ab104224), or a mouse anti-MAP2 antibody (1:250, Abcam,
ab11267) overnight at 4°C. Then, the samples were incubated with
AlexaFluor-594-conjugated goat anti-mouse IgG (1:250, Invitrogen,
A-11005) and mounted with Prolong Gold anti-fade reagent containing
DAPI. Immunofluorescence images were captured using a confocal mi-
croscope (Carl Zeiss, LSM700). The mouse circTLK1 probe sequence,
which was also biotinylated at the 5�-end, was 5�-AGCTCATCCATTG
CACCTCTGATTCTTTGTCA-3�. The digoxigenin-labeled miR-335-3p
probe sequence was 5�-GGTCAGGAGCAATAATGAAAAA-3�.

Affinity isolation assay with biotinylated miRNA. As described in our
previous study (Han et al., 2018b), 2 � 10 6 HEK293T cells were seeded
into plates 1 d before transfection. On the next day, HEK293T cells were
transfected with 3�-biotinylated WT miR-335-3p (Bio-335-WT) or mu-
tant miR-335-3p (Bio-335-Mut) at a final concentration of 50 nM for
36 h. Cells were incubated with lysis buffer [20 mM Tris, pH 7.5, 200 mM

NaCl, 2.5 mM MgCl2, 0.05% Igepal (Sigma-Aldrich, 18896), 60 U/ml
Superase-In (Invitrogen, AM2694), 1 mM DTT (Sigma-Aldrich, 43816),
and protease inhibitors] on ice for 10 min. Lysates were precleared by
centrifugation, and 50 �l aliquots of the samples were prepared as input.
The remaining lysates were incubated with M-280 streptavidin magnetic
beads (Invitrogen, 11205D). The beads were precoated with yeast tRNA
(Invitrogen, 54016) to prevent the nonspecific binding of RNA and pro-
tein complexes. The beads were incubated at 4°C for 1.5 h and washed
twice with ice-cold lysis buffer, twice with low-salt buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0, and 150 mM NaCl),
and once with high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM

EDTA, 20 mM Tris-HCl, pH 8.0, and 500 mM NaCl). The bound RNAs
were purified with TRIzol to measure circTLK1, circKLHL2, and
GAPDH levels. For the total input of each sample, cells were incubated
with 500 �l of lysis buffer, and 50 �l of the supernatant of cell lysates
was collected after centrifugation for RNA extraction. Then, 100 ng of
RNA was used as the template for reverse transcription in 10 �l
reaction system. Next, 2 �l of RT products was used for qPCR in a 20
�l reaction system. The 3�-biotinylated WT miR-335-3p sequence
was 5�-UUUUUCAUUAUUGCUCCUGACC-3�. The 3�-biotinylated
mutant miR-335-3p sequence was 5�-UGGCCAAGUAUUGCUCC
UGACC-3�. The 3�-biotinylated miRNAs were all synthesized by
GenePharma.

Affinity isolation assay with biotinylated DNA probes. Due to the low
background expression level of miR-335-3p in HEK293T cells, stably
transfected cell lines were used in this experiment. Briefly, HEK293T cells
were seeded and transfected with the miR-335-3p mimic lentivirus. After
a 24 h incubation, the virus solution was removed and replaced with
complete medium. At 72 h after transduction, we added puromycin to
the medium at a concentration of 5 �g/ml to establish stably transfected
cells. After antibiotic selection for 3 weeks, the blank control cells had all
died, and the corresponding stably transfected cell lines were obtained.

As described in our previous study (Han et al., 2018b), a biotinylated
DNA probe complementary to circTLK1 was synthesized and dissolved

Table 2. The primer sequences used for RT-PCR analyses

List of oligonucleotide sequences 5�-3�

GAPDH (human)-forward ACCATCTTCCAGGAGCGAGAT
GAPDH (human)-reverse GGGCAGAGATGATGACCCTTT
GAPDH (mouse)-forward AGGTCGGTGTGAACGGATTTG
GAPDH (mouse)-reverse TGTAGACCATGTAGTTGAGGTCA
circKLHL2 (human)-forward AGGTGAGATGAGTGAGAGCC
circKLHL2 (human)-reverse CTGGGCAGTGTTTTTCGGTA
circTLK1 (human)-forward ACAGTTTTGGAAGCTTGGGATCT
circTLK1 (human)-reverse TGCTCCCACTTGCAACTCCA
circTLK1 (mouse)-forward GACAAAGAATCAGAGGTGCAATGG
circTLK1 (mouse)-reverse ACTCCCAGTACTCCCAGTAGC
TLK1 (mouse)-forward CAGGGAAGGTGCAATGGATG
TLK1 (mouse)-reverse AGCTTTTGCTCCAACACTGC
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in 500 �l of wash/binding buffer (0.5 M NaCl, 20 mM Tris-HCl, pH 7.5,
and 1 mM EDTA). The probe was incubated with M-280 streptavidin
magnetic beads at 4°C for 3 h to generate probe-coated magnetic beads.
HEK293T cell lysates were incubated with probe-coated beads at 25°C for
1.5 h; and after washing with the wash/binding buffer, the RNA com-
plexes bound to the beads were eluted and extracted for real-time PCR
analysis. Relative miR-335-3p, miR-142–3p, and U6 levels were mea-
sured. For the total input of each sample, cells were incubated with 500 �l
of lysis buffer, and 50 �l of the supernatant of cell lysates was collected
after centrifugation for RNA extraction. Then, 100 ng of RNA was used as
the template for reverse transcription in a 10 �l reaction system. Next,
2 �l of RT products was used for qPCR in a 20 �l reaction system.
The 5�-biotinylated sequence of the circTLK1 pull-down probe was
5�-AGCTCATCCATTGCACCTCTGATTCTTTGTCA-3�, and the 5�-
biotinylated sequence of the random pull-down probe was 5�-AAA
GCTGCTGCTAGTGCAGTGTCCGTACCAGTCGG-3�. These probes
were all synthesized by Invitrogen.

Luciferase activity assays. The 3�-UTR of the 708 bp human TIPARP
gene containing the putative miR-335-3p target site was PCR amplified
from human genomic DNA using forward (5�-GCGGCTCGAGA
TGTATCAGCCAACCAGAG-3�) and reverse (5�-AATGCGGCCGC
CCACAAACATTACCAGGAG-3�) primers, and the DNA fragment was
cloned into the XhoI and NotI sites at the 3�-end of the luc2 gene in the
pmiR-RB-REPORT vector (RiboBio). For the pmiR-RB-TIPARP-3�-
UTR-miR-335-3p-target-mutant vector, the miR-335-3p target site
(TGAAAA) within the TIPARP 3�-UTR was changed to ACTTTT via
PCR-based mutagenesis with the primers TIPARP-miR-335-3p-F
(5�-CAACCATTACTTTTATTTTTGTCACCAGCAAA-3�) and TIPARP-
miR-335-3p-R (5�-ACAAAAATAAAAGTAATGGTTGTTTTTTGTTG-
3�). Briefly, HEK293T cells were transfected with a miR-335-3p mimic
(RiboBio) and a target plasmid, pmiR-RB-TIPARP-3�-UTR or pmiR-
RB-TIPARP-3�-UTR-miR-335-3p-target-mutant, at a molar ratio of
50:1. An miRNA control was used as a negative control. Luciferase activ-
ity was determined at 24 h after transfection, and reporter assays were
performed according to the manufacturer’s protocol (Promega, E2920).
Renilla luciferase activity was normalized to firefly luciferase activity and
reported as a percentage of the control.

Western blot analysis. As described in our previous studies (Yao et al.,
2011; Bai et al., 2016), proteins were extracted with RIPA lysis buffer
(Beyotime, P0013B), separated on SDS polyacrylamide gels (10% and
12%), and electrophoretically transferred onto PVDF membranes.
Membranes were probed with antibodies recognizing TLK1 (1:1000,
Proteintech Group, 13564 –1-AP), Bax (1:1000, Cell Signaling Technol-
ogy, 2772S), Bcl-xl (1:1000, Cell Signaling Technology, 2764S), caspase-3
(1:1000, Cell Signaling Technology, 9662S), PSD95 (1:1000, Abcam,
ab76115), SYN (1:250, Santa Cruz Biotechnology, sc-8295), TIPARP (1:
1,00, Abcam, ab170817), and �-actin (1:1000, CMCTAG, AT0001) over-
night at 4°C. Membranes were then incubated with an HRP-conjugated
goat anti-mouse/rabbit IgG secondary antibody (1:2000, Cell Signaling
Technology, 7076P2/7074P2) and a donkey anti-goat IgG secondary an-
tibody (1:5000, Abcam, ab6885). Signals were detected using chemilumi-
nescence and imaged with a Microchemi 4.2 (DNR) digital image
scanner. The individual protein bands were quantified using densitom-
etry with ImageJ software.

Experimental design and statistical analysis. All mice were male, and the
experimental groups were age-matched. Power analysis software (J. Hin-
tze, NCSS; www.ncss.com) was used to calculate the sample power re-
quired for the clinical study. The sample size required for the animal
study was empirically determined based on the results of previous exper-
iments and similar to the size generally used in the field.

Data are presented as mean � SEM. p � 0.05 was considered to indi-
cate a significant difference. Statistical analyses were performed using
GraphPad Prism 6 Software. Shapiro–Wilk tests were used to assess the
normality of the distribution for each group. Correlations were deter-
mined by calculating Pearson’s correlation coefficients. Interaction ef-
fects were analyzed using nonlinear regression models. The mortality
rate was determined using a � 2 analysis.

Significance was assessed with Student’s t test (two-tailed) for compar-
isons of 2 groups. The differences in neurological deficits caused by

tMCAO (R24 h), infarct volumes after tMCAO (R24 or 48 h), and brain
atrophy after tMCAO (R28 d) between groups were examined using
Student’s t test (shRNA-Con-microinjected groups vs shRNA-circTLK1-
microinjected groups, AAV-shRNA-Con-microinjected groups vs
AAV-shRNA-circTLK1-microinjected groups, and AAV-shRNA-Con-
microinjected groups vs AAV-shRNA-TIPARP-microinjected groups,
respectively). The same analysis was also performed to examine differ-
ences between the sham and tMCAO groups, and between normal con-
trols and patients with AIS. The expression of circTLK1 in shRNA-Con
and shRNA-circTLK-microinjected groups in vivo, as well as shRNA-
Con and shRNA-circTLK lentivirus-transduced groups in vitro, was ex-
amined using Student’s t test, and the expression of TIPARP in cells
transduced with shRNA-Con and shRNA-TIPARP lentivirus or AAV
was also analyzed.

One- or two-way ANOVA followed by Holm–Sidak tests were used to
compare 3 or more groups. Analyses of differences in circTLK1 or
TIPARP expression between control and OGD/R-treated groups, and
TIPARP expression between Sham and tMCAO mice were conducted
with a one-way ANOVA followed by the Holm–Sidak test. Behavioral
data collected at multiple repeating time points were analyzed using
two-way repeated-measures ANOVA, followed by Holm–Sidak post hoc
tests. The results were statistically significant if p � 0.05 according to the
ANOVA. p values, the statistical analyses used, and sample sizes are de-
scribed in the figure legends.

Results
Knockdown of circTLK1 expression reduces brain infarction
in tMCAO mice
Our previous circRNA microarray study in an established tMCAO
stroke model revealed significantly increased levels of 5 of 1178 cir-
cRNAs (by 	1.5-fold) in ischemic tissues compared with the sham
group (GEO accession number GSE115697; https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc�GSE115697). circTLK1, which is de-
rived from exons 2 and 3 of the TLK1 (tousled like kinase 1) gene, is one
of these upregulated circRNAs (Fig. 2-1A, available at https://doi.org/
10.1523/JNEUROSCI.0299-19.2019.f2-1). Using real-time PCR (Fig.
2-1B,C, available at https://doi.org/10.1523/JNEUROSCI.0299-
19.2019.f2-1),weverified theexpressionofcircTLK1indifferentmouse
organs, including the brain, heart, liver, spleen, lung, and kidney. As
shown in Fig. 2-1D (available at https://doi.org/10.1523/JNEURO-
SCI.0299-19.2019.f2-1), circTLK1 was expressed at high levels in the
brain, spleen, and lung.

Consistent with the microarray data, we observed elevated
levels of circTLK1 in mouse plasma (Fig. 2A) and the ipsilateral
cortex (Fig. 2B) 6 h after tMCAO reperfusion. However, the levels
of the TLK1 mRNA and protein in the ipsilateral cortex were
significantly decreased 6 h after tMCAO (Fig. 2-2, available at
https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f2-2). Next,
we sought to validate the role of circTLK1 in the pathogenesis of
stroke in vivo. The lateral ventricles of mice were microinjected
with either the circControl shRNA lentivirus (shRNA-Con) or
circTLK1 shRNA lentivirus (shRNA-circTLK1) (Fig. 2C; Fig. 2-3,
available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.
f2-3). We first examined the efficacy of shRNA-circTLK1-GFP
lentivirus transduction in vivo. GFP was widely expressed in the
cortex 21 d after injection and colocalized with NeuN, a neuronal
marker, in certain cells (Fig. 2D; Fig. 2-4, available at https://
doi.org/10.1523/JNEUROSCI.0299-19.2019.f2-4). As expected,
decreased circTLK1 expression was observed in circTLK1
shRNA-injected mice compared with circControl shRNA-
injected mice (Fig. 2E). Three weeks after the lentivirus microin-
jections, the mice were subjected to tMCAO. Treatment with the
circTLK1 shRNA lentivirus did not alter the CBF (Fig. 2F–H) or
physiological parameters (Table 3) of these mice. The neurolog-
ical deficits were significantly alleviated in the circTLK1 shRNA-
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Figure 2. Knockdown of circTLK1 expression reduces brain infarction in tMCAO mice. A, Relative plasma circTLK1 levels in tMCAO and sham mice at 6 h after reperfusion, as measured by real-time
PCR. n � 13 animals per group. t(24) � 2.664. *p � 0.0136 (two-tailed t test). B, Relative circTLK1 levels in the ischemic cortex of tMCAO and sham mice at 6 h after reperfusion, as measured by
real-time PCR. n � 8 animals per group. t(14) � 4.013. **p� 0.0013 (two-tailed t test). C, Illustration of the experimental procedure. D, Distribution of circTLK1 shRNA-GFP lentiviruses in the cortex
after lentivirus microinjection. Representative images obtained 3 weeks after the microinjection of circTLK1 shRNA lentiviruses into the lateral ventricle. Green represents circTLK1 shRNA lentivirus-
infected GFP-positive cells. Red represents the neuronal marker NeuN. Blue represents nuclei stained with DAPI. Scale bar, 25 �m. E, Relative expression of circTLK1 in the ipsilateral cortex 3 weeks
after circTLK1 shRNA lentivirus microinjection, as determined by real-time PCR. n � 6 animals per group. t(10) � 4.910. ***p � 0.0006 (two-tailed t test). F–H, Regional CBF was monitored using
2D laser speckle imaging techniques 15 min before tMCAO (Pre), 15 min after the onset of tMCAO (O), and after 15 min of reperfusion (R). F, Representative images from the shRNA-Con and
shRNA-circTLK1 groups. G, Ischemic areas measured from laser speckle images of either the ischemic core (0%–20% residual CBF) or the penumbra (20%–30% residual CBF) were not affected by
the transduction of circTLK1 shRNA lentiviruses. H, Quantification of CBF. Data are presented as percentages of the baseline levels before ischemia (Pre). n � 6 animals per group. Scale bar, 1 mm.
I, Neurological deficits were measured at 24 h after tMCAO by the modified Neurological Severity Score. n � 20 animals per group. t(38) � 6.453. ***p � 0.0001 (two-tailed t test). J, K,
Representative T2-weighted MRI of shRNA-Con-microinjected and shRNA-circTLK1-microinjected tMCAO mice at 24 h after reperfusion. Dashed line indicates the infarct area. n � 13 or 14 animals
per group. t(25) � 4.834. ***p � 0.0001 (two-tailed t test). L, M, Brain infarct volume at 24 h after tMCAO, as measured in triphenyltetrazolium chloride-stained coronal sections. n � 11 animals
per group. t(20) � 6.694. ***p � 0.0001 (two-tailed t test). Scale bar, 1 cm. mNSS, Modified Neurological Severity Score. For genetic information and primer sequence of circTLK1, see Figure 2-1
(available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f2-1). For the expression of TLK1 in the ischemic cortex after tMCAO in mice, see Figure 2-2 (available at https://doi.org/10.1523/
JNEUROSCI.0299-19.2019.f2-2). For the structures and sequence of circTLK1 shRNA, see Figure 2-3 (available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f2-3). For the distribution of
shRNA circTLK1-GFP lentiviruses in the cortex after lentivirus microinjection, see Figure 2-4 (available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f2-4). TTC, 2,3,5-triphenyltetrazolium
chloride.

Table 3. Physiological parameters and blood-gas analysis of micea

LV-shRNA-Con LV-shRNA-circTLK1 AAV-SYN-shRNA-Con AAV-SYN-shRNA-circTLK1 AAV-SYN-shRNA-TIPARP

Sham (7) tMCAO (7) Sham (5) tMCAO (7) Sham (7) tMCAO (7) Sham (7) tMCAO (7) Sham (6) tMCAO (7)

Weight (g) 23.73 � 0.36 23.27 � 0.61 24.16 � 0.91 23.39 � 0.55 23.66 � 0.71 23.46 � 0.35 23.77 � 0.46 23.97 � 0.77 23.25 � 0.62 23.30 � 0.97
Body temperature (°C) 36.73 � 0.21 36.81 � 0.17 36.80 � 0.18 36.80 � 0.21 36.76 � 0.19 37.01 � 0.09 36.87 � 0.09 36.83 � 0.10 36.68 � 0.13 36.81 � 0.16
SBP (B) (mmHg) 100.3 � 5.2 94.3 � 6.3 100.8 � 4.7 98.6 � 5.9 102.3 � 3.6 107.7 � 4.9 102.0 � 2.1 98.2 � 4.4 102.4 � 4.1 97.2 � 2.4
SBP (A) (mmHg) 95.9 � 7.6 93.9 � 6.5 108.8 � 4.0 97.9 � 3.5 99.7 � 8.1 99.4 � 5.3 104.0 � 7.5 95.8 � 4.1 99.2 � 5.5 95.1 � 4.5
pH (mmHg) 7.34 � 0.03 7.34 � 0.02 7.35 � 0.02 7.35 � 0.02 7.36 � 0.01 7.35 � 0.02 7.35 � 0.03 7.35 � 0.02 7.35 � 0.02 7.35 � 0.02
pO2 (mmHg) 177.71 � 7.44 174.43 � 8.44 165.80 � 12.24 174.00 � 15.10 167.14 � 6.22 171.14 � 14.37 170.30 � 2.40 175.10 � 7.08 169.33 � 10.45 170.86 � 4.57
pCO2 (mmHg) 37.71 � 1.13 36.03 � 2.40 38.76 � 2.62 41.16 � 1.44 40.46 � 1.84 40.57 � 2.72 39.89 � 2.61 37.56 � 3.34 37.67 � 1.87 41.66 � 2.48
aThe mice were subjected to 60 min of MCAO, followed by reperfusion. Body weight was measured 15 min after the onset of reperfusion or 15 min after the sham operation. Body temperature was controlled and maintained
using a feedback temperature-control unit. Systolic blood pressure (SBP) was measured before ischemia (B) and 15 min after the onset of reperfusion (A). A total of 200 �l of arterial blood was collected 15 min after the onset
of reperfusion for the blood-gas determination (pH, pO2 , and pCO2 ). Data are mean � SEM. The number of mice in each group is shown in parentheses. No significant differences in any of the parameters were observed between
treatment groups.
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injected mice compared with the circControl shRNA-injected
mice after 24 h of reperfusion (Fig. 2I). The infarct size, as eval-
uated using MRI, was significantly decreased at 24 h after reper-
fusion in the circTLK1 shRNA-injected mice compared with the
circControl shRNA-injected mice (Fig. 2 J,K). We determined
the brain infarct volume at 24 h after surgery using 2,3,5-
triphenyltetrazolium chloride staining to verify this observation.
The infarct volume was significantly decreased in the circTLK1
shRNA-injected mice than in the circControl shRNA-injected
mice (Fig. 2L,M).

circTLK1 knockdown ameliorates neurological deficits after
focal ischemia in mice
We next evaluated the role of circTLK1 in neuronal deficits after
stroke. Neurological deficit scoring, an adhesive removal test, and
a cylinder test were conducted before and 3 and 7 d after tMCAO.
Microinjection of the circTLK1 shRNA lentivirus significantly

ameliorated neurological deficits (Fig. 3A) and improved so-
matosensory functions (cylinder test and adhesive removal test)
(Fig. 3B,C) after tMCAO. Consistent with these behavioral
improvements, the circTLK1 shRNA lentivirus treatment also
ameliorated the substantially decreased Bax/Bcl-xl ratio and
caspase-3/pro caspase-3 ratio induced by tMCAO (Fig. 3D–G;
Fig. 3-1, available at https://doi.org/10.1523/JNEUROSCI.0299-
19.2019.f3-1).

Furthermore, we continued to perform neurological deficit scor-
ing, the adhesive removal test, and the cylinder test before and 14, 21,
and 28 d after tMCAO. As shown in Figure 4A–C, microinjection of
the circTLK1 shRNA lentivirus significantly ameliorated neurologi-
cal deficits (Fig. 4A) and improved somatosensory functions (cylin-
der test and adhesive removal test) (Fig. 4B,C) after tMCAO. A
significant difference in the mortality rate was not observed among
the groups at 28 d after tMCAO (Fig. 4-1, available at https://doi.org/
10.1523/JNEUROSCI.0299-19.2019.f4-1). Brain atrophy evalu-

Figure 3. circTLK1 knockdown ameliorates neurological deficits after focal ischemia in mice. A, Neurological deficits were measured by calculating the modified Neurological Severity Scores at
3 and 7 d after tMCAO. n �9, 9, 12, and 14 animals in the sham� shRNA-Con, sham� shRNA-circTLK1, tMCAO� shRNA-Con, and tMCAO� shRNA-circTLK1 groups, respectively. shRNA-circTLK1:
F(3,40) � 133.8, p � 0.0001; time: F(2,80) � 176.9, p � 0.0001; interaction: F(6,80) � 69.42, p � 0.0001; subjects (matching): F(40,80) � 2.037, p � 0.0035. ***p � 0.001 versus the sham �
shRNA-Con group. ###p � 0.001 versus the tMCAO � shRNA-Con group (two-way repeated-measures ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). B, Cylinder test of
forelimb symmetry after stroke. L, Left; R, right; B, both forepaws. n � 9, 9, 12, and 14 animals in the sham � shRNA-Con, sham � shRNA-circTLK1, tMCAO � shRNA-Con, and tMCAO �
shRNA-circTLK1 groups, respectively. shRNA-circTLK1: F(3,40) � 30.08, p � 0.0001; time: F(2,80) � 20.1, p � 0.0001; interaction: F(6,80) � 7.897, p � 0.0001; subjects (matching): F(40,80) �
0.8624, p � 0.6925. *p � 0.05 versus the sham � shRNA-Con group. ***p � 0.001 versus the sham � shRNA-Con group. ##p � 0.01 versus the tMCAO � shRNA-Con group (two-way
repeated-measures ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). ###p � 0.001 versus the tMCAO � shRNA-Con group (two-way repeated-measures ANOVA followed by
Holm–Sidak post hoc multiple-comparison tests). C, Adhesive removal test of forelimb function at 3 and 7 d after tMCAO. n � 9, 9, 12, and 14 animals in the sham � shRNA-Con, sham �
shRNA-circTLK1, tMCAO � shRNA-Con, and tMCAO � shRNA-circTLK1 groups, respectively. shRNA-circTLK1: F(3,40) � 21, p � 0.0001; time: F(2,80) � 12.62, p � 0.0001; interaction: F(6,80) � 6.75,
p � 0.0001; subjects (matching): F(40,80) � 1.222, p � 0.2218. ***p � 0.001 versus the sham � shRNA-Con group. ###p � 0.001 versus the tMCAO � shRNA-Con group (two-way repeated-
measures ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). D, E, Western blot analysis of Bax and Bcl-xl levels in the ischemic cortex at 24 h after tMCAO. Representative images
are shown in D. E, Transduction with circTLK1 shRNA lentiviruses attenuated the tMCAO-induced increase in the Bax/Bcl-xl ratio. n � 6 animals per group. Bax/Bcl-xl (shRNA-circTLK1: F(1,20) �
41.81, p � 0.0001; tMCAO: F(1,20) � 51.37, p � 0.0001; interaction: F(1,20) � 66.52, p � 0.0001). ***p � 0.001 versus the sham � shRNA-Con group. ###p � 0.001 versus the tMCAO �
shRNA-Con group (two-way ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). F, G, Western blot analysis of caspase-3 levels in the ischemic cortex at 24 h after tMCAO.
Representative images are shown in F. G, Transduction of the circTLK1 shRNA lentiviruses attenuated the tMCAO-induced increase in the caspase-3/pro caspase-3 ratio. n � 6 animals per group.
Caspase-3/pro caspase-3 (shRNA-circTLK1: F(1,20) �10.98, p�0.0035; tMCAO: F(1,20) �28.35, p�0.0001; interaction: F(1,20) �9.811, p�0.0052). ***p�0.001 versus the sham� shRNA-Con
group. ###p � 0.001 versus the tMCAO � shRNA-Con group (two-way ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). Images of whole blots presented in D, F are shown in
Figure 3-1 (available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f3-1).
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Figure 4. circTLK1 knockdown ameliorates long-term neuronal deficits and injury after focal ischemia in mice. A, Long-term neurological deficits were measured by calculating the modified
Neurological Severity Scores at 14, 21, and 28 d after tMCAO. n � 9, 9, 12, and 14 animals in the sham � shRNA-Con, sham � shRNA-circTLK1, tMCAO � shRNA-Con, and tMCAO � shRNA-circTLK1
groups, respectively. shRNA-circTLK1: F(3,40) �91.05, p �0.0001; time: F(3,120) �77.18, p �0.0001; interaction: F(9,120) �35.38, p �0.0001; subjects (matching): F(40,120) �3.281, p �0.0001.
**p � 0.01 versus the sham � shRNA-Con group. ***p � 0.001 versus the sham � shRNA-Con group. ###p � 0.001 versus the tMCAO � shRNA-Con group (two-way repeated-measures ANOVA
followed by Holm–Sidak post hoc multiple-comparison tests). B, Cylinder test of forelimb symmetry at 14, 21, and 28 d after tMCAO. L, Left; R, right; B, both forepaws. n � 9, 9, 12, and 14 animals
in the sham � shRNA-Con, sham � shRNA-circTLK1, tMCAO � shRNA-Con, and tMCAO � shRNA-circTLK1 groups, respectively. shRNA-circTLK1: F(3,40) � 39.93, p � 0.0001; time: F(3,120) �
10.56, p � 0.0001; interaction: F(9,120) � 5.682, p � 0.0001; subjects (matching): F(40,120) � 1.073, p � 0.3755. ***p � 0.001 versus the sham � shRNA-Con group. ###p � 0.001 versus the
tMCAO � shRNA-Con group (two-way repeated-measures ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). C, Adhesive removal test of forelimb function at 14 and 21 d after
tMCAO. n � 9, 9, 12, and 14 animals in the sham � shRNA-Con, sham � shRNA-circTLK1, tMCAO � shRNA-Con, and tMCAO � shRNA-circTLK1 groups, respectively. shRNA-circTLK1: F(3,40) �
34.17, p � 0.0001; time: F(2,80) � 21.66, p � 0.0001; interaction: F(6,80) � 16.29, p � 0.0001; subjects (matching): F(40,80) � 1.89, p � 0.0080. ***p � 0.001 versus the sham � shRNA-Con
group. ###p � 0.001 versus the tMCAO � shRNA-Con group (two-way repeated-measures ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). D, The T2WI, ADC, and DWI MRI
data from the tMCAO mice at 28 d after reperfusion. Dashed lines indicate the relative area of the uninjured contralateral hemisphere to illustrate the area of ipsilateral atrophy for comparison. T2WI,
T2-weighted imaging. ADC, apparent diffusion coefficient. E, Brain atrophy was measured in shRNA-Con lentivirus-microinjected and shRNA-circTLK1 lentivirus-microinjected tMCAO mice at 28 d
after stroke from T2WI images. n � 5 animals per group. t(8) � 2.515. *p � 0.0361 (two-tailed t test). F–J, Representative images of z-stack projections of Golgi-Cox-stained neurons in the
peri-infarct cortex at 28 d after tMCAO, followed by 3D reconstruction of spines (F, bottom right) and dendrites (G) as well as the Sholl analysis. H, Sholl analysis of the dendritic complexity of
Golgi-stained neurons in the peri-infarct cortex at 28 d after tMCAO. Significant differences were observed at 50 –130 �m from the soma. The average total numbers of intersections per cell are
shown in I. Quantification of the total dendritic length per cell is shown in J. Twenty neurons from 4 animals per condition were analyzed. Total intersections (shRNA-circTLK1: F(1,76) � 10.18, p �
0.0021; Ipsi: F(1,76) � 25.56, p � 0.0001; interaction: F(1,76) � 5.613, p � 0.0204). Total dendritic length (shRNA-circTLK1: F(1,76) � 16.77, p � 0.0001; Ipsi: F(1,76) � 30.76, p � 0.0001;
interaction: F(1,76) � 5.715, p � 0.0193). ***p � 0.001 versus the Contra group. ###p � 0.001 versus the shRNA-Con Ipsi group (two-way ANOVA followed by Holm–Sidak post hoc multiple-
comparison tests). Scale bar, 20 �m. Contra, Contralateral cortex; Ipsi, ipsilateral cortex. K, L, Images and bar graph represent the dendritic spine density in the (Figure legend continues.)
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ated by MRI at 28 d after tMCAO was significantly reduced in the
shRNA-circTLK1 lentivirus-injected mice with stroke compared
with the circControl shRNA lentivirus-injected mice (Fig. 4D,E).
Compared with the circControl shRNA lentivirus treatment, the
circTLK1 shRNA lentivirus treatment significantly increased the
dendritic complexity in the peri-infarct cortex at 28 d after
tMCAO (Fig. 4F–J). Consistent with the behavioral changes,
tMCAO significantly decreased the number of spines in the peri-
infarct cortex of mice at 28 d after tMCAO, which was amelio-
rated by the shRNA circTKL1 treatment (Fig. 4K,L). Moreover,
the levels of the synapse-associated proteins SYN and PSD95
were decreased in the tMCAO group, changes that were signifi-
cantly alleviated by the circTLK1 shRNA lentivirus microinjec-
tion (Fig. 4M,N; Fig. 4-3, available at https://doi.org/10.1523/
JNEUROSCI.0299-19.2019.f4-3).

Next, we further examined the efficacy of shRNA-circTLK1
lentivirus at different time points. Microinjection of the shRNA-
circTLK1 lentivirus significantly decreased the expression of
circTLK1 at 14 d after microinjection (Fig. 4-2A, available at
https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f4-2). In
mice receiving microinjection of shRNA-circTLK1 lentivirus at
7 d before tMCAO, the expression of circTLK1 was reduced at 7 d
after tMCAO (Fig. 4-2B, available at https://doi.org/10.1523/
JNEUROSCI.0299-19.2019.f4-2). A significant difference in the
mortality rate was not observed between the groups at 28 d after
tMCAO (Fig. 4-2C,D, available at https://doi.org/10.1523/
JNEUROSCI.0299-19.2019.f4-2). As shown in Fig. 4-2E–G
(available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.
f4-2), knockdown of circTLK1 expression after tMCAO signifi-
cantly ameliorated the neurological deficits and improved so-
matosensory functions (cylinder test and adhesive removal test)
at 14, 21, and 28 d after tMCAO.

circTLK1 knockdown ameliorates neuronal injury in vitro
Having determined that circTLK1 plays a critical role in stroke,
further experiments were needed to dissect the detailed mech-
anisms. First, we examined the localization of circTLK1 by in
situ hybridization (Fig. 5-1 A, available at https://doi.org/
10.1523/JNEUROSCI.0299-19.2019.f5-1); circTLK1 colocal-
ized with NeuN (Fig. 5-1B, available at https://doi.org/10.1523/
JNEUROSCI.0299-19.2019.f5-1). This finding was further
confirmed by examining the expression of circTLK1 in different

types of primary cultured cells from the brain, including neurons,
astrocytes, and microglia, using real-time PCR. As shown in
Fig. 5-1C (available at https://doi.org/10.1523/JNEUROSCI.
0299-19.2019.f5-1), circTLK1 was expressed at high levels in neu-
rons. As shown in Figure 5A, circTLK1 was expressed in primary
cultured cortical neurons. The expression of circTLK1 was signif-
icantly increased in primary cortical neurons treated with
OGD/R (Fig. 5B). However, the expression of TLK1 mRNA in
cortical neurons was significantly decreased after OGD/R (Fig.
5C). Transduction of primary cortical neurons with the circTLK1
shRNA lentivirus decreased the expression of circTLK1 (Fig. 5D),
while no change in TLK1 mRNA expression was observed (Fig.
5E). We treated RNA samples with RNase R, which cleaves linear
RNAs, to confirm that the transduction of the circTLK1 shRNA
lentivirus only affected circTLK1. As shown in Figure 5F, the
RNase R treatment resulted in a decrease in the level of linear
TLK1 mRNA. However, transduction with circTLK1 shRNA de-
creased circTLK1 levels in cells treated with RNase R, confirming
that the circTLK1 shRNA specifically targeted circTLK1 (Fig.
5G). We examined the effects of circTLK1 on OGD/R-induced
neuronal survival. As shown in Figure 5H, the circTLK1 shRNA
lentivirus treatment significantly inhibited the decrease in neu-
ronal survival induced by the OGD/R treatment. Western blots
revealed increases in the Bax/Bcl-xl ratio and the caspase-3/pro
caspase-3 ratio at 3–24 h after OGD (Fig. 5-2A–C, available at
https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f5-2), and
these effects were abolished by the circTLK1 shRNA at 6 h after
OGD/R (Fig. 5 I, J; Fig. 5-3, available at https://doi.org/10.1523/
JNEUROSCI.0299-19.2019.f5-3).

In addition, we examined the effect of circTLK1 on the levels
of SYN and PSD95. The levels of these proteins were decreased at
0 –24 h after OGD (Fig. 5-2D–F, available at https://doi.org/
10.1523/JNEUROSCI.0299-19.2019.f5-2). As shown in Figure
6A, B (Fig. 6-1, available at https://doi.org/10.1523/JNEUROSCI.
0299-19.2019.f6-1) cells transduced with the circTLK1 shRNA
lentivirus exhibited significant increases in SYN and PSD95 levels
at 6 h after OGD/R. The neuroprotective effects of circTLK1
shRNA were also confirmed by immunostaining for MAP-2. As
shown in Figure 6C–E, a marked loss of MAP-2 immunoreactiv-
ity and decreased length of neuronal processes were observed in
OGD/R-treated neurons, and these effects were ameliorated by
transduction with the circTLK1 shRNA lentivirus. Similarly, ax-
onal staining with SMI-312 (a panaxonal neurofilament marker)
revealed decreased axonal outgrowth at 6 h after OGD/R, which
was rescued by circTLK1 knockdown (Fig. 6F,G). Cortical neu-
rons were then exposed to OGD/R and subjected to confocal
microscopy. Similar to the in vivo findings, OGD/R exposure
resulted in a significant decrease in the density of dendritic
spines, which was ameliorated by transduction of the circTLK1
shRNA lentivirus (Fig. 6H, I).

Neuron-specific knockdown of circTLK1 improves
neurological deficits after stroke in mice
We used neuron-specific AAV (AAV2/8 serotype) with an SYN
promoter carrying the shRNA to inhibit the expression of
circTLK1 in neurons and confirm the effect of circTLK1 on neu-
ronal injury induced by ischemic stroke in vivo. AAV-SYN-
shRNA-circTLK1 was microinjected into the lateral ventricle to
selectively inhibit the expression of circTLK1 in neurons. The
circControl-GFP AAV (AAV-SYN-shRNA-Con) was used as the
control (Fig. 7A). The mice were monitored to determine the role
of circTLK1 in stroke pathogenesis (Fig. 7B). GFP was widely
expressed and colocalized with NeuN-positive cells, but not other

4

(Figure legend continued.) peri-infarct cortex at 28 d after tMCAO. Fifty neurons from 6
animals per condition were analyzed. shRNA-circTLK1: F(1,196) � 36.49, p � 0.0001; Ipsi:
F(1,196) � 61.24, p � 0.0001; interaction: F(1,196) � 20.10, p � 0.0001. ***p � 0.001 versus
the Contra group. ###p � 0.001 versus the shRNA-Con Ipsi group (two-way ANOVA followed by
Holm–Sidak post hoc multiple-comparison tests). Scale bar, 10 �m. M, N, Western blot analysis
of SYN and PSD95 levels in the ischemic cortex at 24 h after tMCAO. Representative images are
shown in M. N, Transduction with circTLK1 shRNA lentiviruses attenuated the tMCAO-induced
decrease in SYN and PSD95 levels. n � 6 animals per group. SYN (shRNA-circTLK1: F(1,20) �
7.835, p � 0.0111; tMCAO: F(1,20) � 12.47, p � 0.0021; interaction: F(1,20) � 3.659, p �
0.0702). PSD95 (shRNA-circTLK1: F(1,20) � 13.99, p � 0.0013; tMCAO: F(1,20) � 47.22, p �
0.0001; interaction: F(1,20) � 6.279, p � 0.0210). **p � 0.01 versus the sham � shRNA-Con
group. ***p � 0.001 versus the sham � shRNA-Con group. #p � 0.05 versus the tMCAO �
shRNA-Con group (two-way ANOVA followed by Holm–Sidak post hoc multiple-comparison
tests). ##p�0.01 versus the tMCAO� shRNA-Con group (two-way ANOVA followed by Holm–
Sidak post hoc multiple-comparison tests). For the effect of shRNA-circTLK1 lentivirus microin-
jection on mortality after focal cerebral ischemia, see Figure 4-1 (available at https://doi.org/
10.1523/JNEUROSCI.0299-19.2019.f4-1). For the effect of poststroke knockdown of circTLK1 on
neurological deficits after focal ischemia in mice, see Figure 4-2 (available at https://doi.org/
10.1523/JNEUROSCI.0299-19.2019.f4-2). Images of whole blots presented in M are shown in
Figure 4-3 (available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f4-3).
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cell types, such as astrocytes, oligodendrocytes, microglial cells,
and endothelial cells (Fig. 7C; Fig. 7-1, available at https://
doi.org/10.1523/JNEUROSCI.0299-19.2019.f7-1), indicating
successful AAV-SYN-shRNA-circTLK1 transduction in neu-
rons. Decreased expression of circTLK1 was observed in

shRNA-circTLK1-injected mice compared with AAV-SYN-
shRNA-Con-injected mice (Fig. 7D). Treatment with the
neuron-specific circTLK1 shRNA AAV did not alter the CBF (Fig.
7E–G) or physiological parameters (Table 3) of these mice. Next,
we investigated whether neuronal-specific knockdown of

Figure 5. circTLK1 knockdown ameliorates neuronal injury in vitro. A, circTLK1 expression in primary cortical neurons. The outline of the neuronal soma was identified using an antibody against
MAP-2. Green represents circTLK1. Red represents MAP-2. Blue represents DAPI. Scale bar, 10 �m. B, Relative expression of circTLK1 in primary neurons after OGD/R. The cells were treated with OGD
for 2 h and subjected to reperfusion for 3 or 6 h. n � 5. F(2,12) � 8.299, p � 0.0055. *p � 0.05 versus the control group (one-way ANOVA followed by the Holm–Sidak test). **p � 0.01 versus the
control group (one-way ANOVA followed by the Holm–Sidak test). C, Relative expression of the TLK1 mRNA in primary neurons after OGD/R. Cells were treated with OGD for 2 h and subjected to
reperfusion for 3 or 6 h. n � 4. F(2,9) � 7.848, p � 0.0106. **p � 0.01 versus the control group (one-way ANOVA followed by the Holm–Sidak test). D, Relative expression of circTLK1 in primary
cortical neurons after circTLK1 shRNA lentivirus transduction, as determined by real-time PCR. Cells were transduced with the circTLK1 shRNA lentivirus for 7 d, and then the expression of circTLK1
was measured. n � 6. t(10) � 3.034. *p � 0.0126 (two-tailed t test). E, Relative expression of the TLK1 mRNA in primary mouse cortical neurons after circTLK1 shRNA lentivirus transduction, as
measured using real-time PCR. Cells were transduced with the circTLK1 shRNA lentivirus for 7 d, and the expression of the TLK1 mRNA was then measured. Transduction of the circTLK1 shRNA
lentivirus did not alter levels of the TLK1 mRNA. n � 3. F, G, Total RNA was extracted from circControl and circTLK1 shRNA lentivirus-transduced neurons and incubated with or without RNase R,
followed by real-time PCR. The relative expression levels of the TLK1 mRNA (F) and circTLK1 (G) are shown. n � 4. TLK1 mRNA (shRNA-circTLK1: F(1,12) � 0.02594, p � 0.8747; RNase R: F(1,12) �
137.8, p � 0.0001; interaction: F(1,12) � 8.15e-005; p � 0.9929). circTLK1 (shRNA-circTLK1: F(1,12) � 41.38, p � 0.0001; RNase R: F(1,12) � 2.387, p � 0.1483; interaction: F(1,12) � 2.495, p �
0.1402). *p � 0.05 versus the no RNase R-treated (control) shRNA-Con group. ***p � 0.001 versus the no RNase R-treated (control) shRNA-Con group. ###p � 0.001 versus the RNase R-treated
shRNA-Con group (two-way ANOVA followed by the Holm–Sidak test). H, The circTLK1 shRNA lentivirus attenuated the OGD/R-induced increase in cell injury, as measured by the CCK8 assay. Cells
were transduced with circTLK1 shRNA lentiviruses for 7 d, treated with OGD for 2 h, and subjected to reperfusion for 6 h. n � 3. shRNA-circTLK1: F(1,8) � 25.88, p � 0.0009; OGD/R: F(1,8) � 79.74,
p � 0.0001; interaction: F(1,8) � 5.086, p � 0.0541. ***p � 0.001 versus the control shRNA-Con group. ##p � 0.01 versus the OGD/R-treated shRNA-Con group (two-way ANOVA followed by
Holm–Sidak post hoc multiple-comparison tests). I, J, The circTLK1 shRNA lentivirus attenuated the OGD/R-induced increase in the Bax/Bcl-xl ratio and caspase-3/pro caspase-3 ratio. Cells were
transduced with circTLK1 shRNA lentiviruses for 7 d, treated with OGD for 2 h, and subjected to reperfusion for 6 h. n � 3. Bax/Bcl-xl (shRNA-circTLK1: F(1,8) � 31.85, p � 0.0005; OGD/R: F(1,8) �
35.80, p � 0.0003; interaction: F(1,8) � 30.48, p � 0.0006). Caspase-3/pro caspase-3 (shRNA-circTLK1: F(1,8) � 5.588, p � 0.0457; OGD/R: F(1,8) � 10.04, p � 0.0132; interaction: F(1,8) � 5.836,
p � 0.0421). *p � 0.05 versus the control shRNA-Con group. ***p � 0.001 versus the control shRNA-Con group. #p � 0.05 versus the OGD/R-treated shRNA-Con group (two-way ANOVA followed
by Holm–Sidak post hoc multiple-comparison tests). ###p � 0.001 versus the OGD/R-treated shRNA-Con group (two-way ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). For
the expression of circTK1 in the ischemic cortex and primary cell cultures in mice, see Figure 5-1 (available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f5-1). For the effect of OGD/R on
neuronal injury in primary cortical neurons, see Figure 5-2 (available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f5-2). Images of whole blots presented in I are shown in Figure 5-3
(available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f5-3).
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circTLK1 resulted in functional improvements in mice with
stroke. Microinjection of the circTLK1 shRNA AAV resulted in a
significant recovery of neurological deficits (Fig. 7H) and so-
matosensory and sensorimotor functions (Fig. 7 I, J) after
tMCAO.

Moreover, MAP-2 staining revealed less brain atrophy in
shRNA-circTLK1-AAV-treated mice with stroke than in shRNA-
Con AAV-treated mice with stroke (Fig. 8A,B). Next, we inves-
tigated whether neuron-specific knockdown of circTLK1 led to
functional improvements at 14, 21, and 28 d after tMCAO. As
shown in Figure 8C–E, microinjection of the circTLK1 shRNA
AAV resulted in a significant recovery of neurological deficits
(Fig. 8C) and somatosensory and sensorimotor functions after
tMCAO (Fig. 8D,E). A significant difference in the mortality rate
was not observed among the groups at 28 d after tMCAO (Fig.
8-1, available at https://doi.org/10.1523/JNEUROSCI.0299-19.
2019.f8-1).

circTLK1 regulated TIPARP by binding to miR-335-3p
Since circRNAs function as ncRNA sponges to interact with
miRNAs and increase the expression of a target protein, we sought to
determine the downstream target protein displaying increased levels
in the ipsilateral side of tMCAO mice that served as an inducer of
ischemic brain injury. We first searched our microarray data from
tMCAO mouse brains and found that TIPARP mRNA levels were
significantly increased in the brain infarct and surrounding areas
(GEO accession number GSE98319; https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc�GSE98319). Importantly, TIPARP has been
shown to be involved in ischemic brain injury (Han et al., 2018b).
The next logical step is to search for miRNAs that target both
circTLK1 and TIPARP. Using the bioinformatics program RNAhy-
brid, the miRNA target prediction software from Arraystar, Target-
Scan (Enright et al., 2003) and miRanda (Pasquinelli, 2012), only
three miRNAs, miR-335-3p, miR-320-3p, and miR-129-5p, bound
to circTLK1 and the 3�-UTR of the TIPARP mRNA (Fig. 9A; Table

Figure 6. Effect of circTLK1 on neuronal plasticity in primary cortical neurons after OGD/R. A, B, The circTLK1 shRNA lentivirus attenuated the OGD/R-induced decrease in SYN and PSD95 levels.
Cells were transduced with the circTLK1 shRNA lentivirus for 7 d and subjected to OGD for 2 h and reperfusion for 6 h. n � 3. SYN (shRNA-circTLK1: F(1,8) � 20.70, p � 0.0019; OGD/R: F(1,8) � 19.67,
p � 0.0022; interaction: F(1,8) � 18.67, p � 0.0025). PSD95 (shRNA-circTLK1: F(1,8) � 30.54, p � 0.0006; OGD/R: F(1,8) � 22.48, p � 0.0015; interaction: F(1,8) � 1.582, p � 0.2439). *p � 0.05
versus the control shRNA-Con group. **p � 0.01 versus the control shRNA-Con group. ##p � 0.01 versus the OGD/R-treated shRNA-Con group (two-way ANOVA followed by Holm–Sidak post hoc
multiple-comparison tests). C, Representative images of cultured cortical neurons. D, Total dendritic length per neuron. E, Morphological characteristics of dendrites from neurons subjected to OGD
for 2 h and reperfusion for 6 h were measured by Sholl analysis. The circTLK1 shRNA lentivirus attenuated OGD/R-induced decreases in dendritic complexity. Significant differences were observed at
10 –100 �m from the soma. Fifteen neurons from three independent experiments were quantified. Total dendritic length (shRNA-circTLK1: F(1,56) �18.86, p�0.0001; OGD/R: F(1,56) �60.25, p�
0.0001; interaction: F(1,56) � 2.297, p � 0.1352). ***p � 0.001 versus the control shRNA-Con group. ###p � 0.001 versus the OGD/R-treated shRNA-Con group (two-way ANOVA followed by
Holm–Sidak post hoc multiple-comparison tests). Scale bar, 20 �m. F, G, Images (F) and bar graph (G) represent axonal outgrowth in primary cortical neurons after OGD/R. Axon length was
measured 6 h after OGD. Fifteen images from three independent experiments were quantified. shRNA-circTLK1: F(1,56) � 5.168, p � 0.0269; OGD/R: F(1,56) � 15.12, p � 0.0003; interaction: F(1,56)

� 3.308, p � 0.0743. ***p � 0.001 versus the control shRNA-Con group. #p � 0.05 versus the OGD/R-treated shRNA-Con group (two-way ANOVA followed by Holm–Sidak post hoc multiple-
comparison tests). Scale bar, 50 �m. H, I, Images (H) and bar graph (I) represent the dendritic spine density of representative neurons. Twenty-six to 34 neurons from five independent experiments
were quantified. shRNA-circTLK1: F(1,120) � 23.11, p � 0.0001; OGD/R: F(1,120) � 93.68, p � 0.0001; interaction: F(1,120) � 2.780, p � 0.0980. ***p � 0.001 versus the control shRNA-Con group.
###p � 0.001 versus the OGD/R-treated shRNA-Con group (two-way ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). Scale bar, 10 �m. Images of whole blots presented in A
are shown in Figure 6-1 (available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f6-1).

Wu et al. • Role of circTLK1 in Neuronal Injury after Stroke J. Neurosci., September 11, 2019 • 39(37):7369 –7393 • 7381

https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f8-1
https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f8-1
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE98319
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE98319
https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f6-1


Figure 7. Neuron-specific knockdown of circTLK1 improves neurological deficits after stroke in mice. A, Structure of the AAV virus (AAV2/8 serotype) used in the experiments presented in B–J.
B, Experimental procedure shown in C–J. C, The distribution of shRNA-circTLK1-GFP-AAV in the cortex after microinjection. Representative images obtained 4 weeks after the microinjection of the
circTLK1 shRNA into the lateral ventricle. Green represents GFP-circTLK1-shRNA-AAV. Red represents the neuronal marker NeuN. Blue represents nuclei stained with DAPI. Scale bar, 25 or 50 �m.
D, The expression of circTLK1 in the ipsilateral cortex at 28 d after the circTLK1-shRNA-AAV microinjection was determined by real-time PCR. n � 6 animals per group. t(10) � 4.438. **p � 0.0013
(two-tailed t test). E–G, Regional CBF was monitored using 2D laser speckle imaging techniques 15 min before tMCAO (Pre), 15 min after the onset of tMCAO (O), and after 15 min of reperfusion (R).
E, Representative images of the AAV-SYN-shRNA-Con and AAV-SYN-shRNA-circTLK1 groups. F, Ischemic areas measured from laser speckle images of either the ischemic core (0%–20% residual
CBF) or penumbra (20%–30% residual CBF) were not affected by AAV-SYN-shRNA-circTLK1. G, Quantification of CBF. Data are presented as percentages of the baseline levels before tMCAO (Pre).
n � 6 animals per group. Scale bar, 1 mm. H, Neurological deficits were measured by the modified Neurological Severity Scores at different time points. Neurological deficit scores measured at 1,
3, and 7 d after tMCAO. n � 10, 10, 20, and 21 animals in the sham � AAV-SYN-shRNA-Con, sham � AAV-SYN-shRNA-circTLK1, tMCAO � AAV-SYN-shRNA-Con, and tMCAO � AAV-SYN-shRNA-
circTLK1 groups, respectively. AAV-shRNA-circTLK1: F(3,57) � 286.5, p � 0.0001; time: F(3,171) � 288.2, p � 0.0001; interaction: F(9,171) � 104.5, p � 0.0001; subjects (matching): F(57,171) �
3.246, p � 0.0001. ***p � 0.001 versus the sham � AAV-SYN-shRNA-Con group. ###p � 0.001 versus the tMCAO � AAV-SYN-shRNA-Con group (two-way repeated-measures ANOVA followed
by Holm–Sidak post hoc multiple-comparison tests). I, Adhesive removal test of forelimb function at different time points after stroke. The adhesive removal test was performed at 3 and 7 d after
tMCAO. n � 10, 10, 20, and 21 animals in the sham � AAV-SYN-shRNA-Con, sham � AAV-SYN-shRNA-circTLK1, tMCAO � AAV-SYN-shRNA-Con, and tMCAO � AAV-SYN-shRNA-circTLK1 groups,
respectively. AAV-shRNA-circTLK1: F(3,57) � 52.77, p � 0.0001; time: F(2,114) � 30.23, p � 0.0001; interaction: F(6,114) � 14.02, p � 0.0001; subjects (matching): F(57,114) � 1.092, p � 0.3417.
***p � 0.001 versus the sham � AAV-SYN-shRNA-Con group. ###p � 0.001 versus the tMCAO � AAV-SYN-shRNA-Con group (two-way repeated-measures ANOVA followed by Holm–Sidak post
hoc multiple-comparison tests). J, Cylinder test of forelimb symmetry at 7 d after stroke. L, Left; R, right; B, both forepaws in J. n � 10, 10, 20, and 21 animals in the sham � AAV-SYN-shRNA-Con,
sham � AAV-SYN-shRNA-circTLK1, tMCAO � AAV-SYN-shRNA-Con, and tMCAO � AAV-SYN-shRNA-circTLK1 groups, respectively. AAV-shRNA-circTLK1: F(3,57) � 24.03, p � 0.0001; time: F(1,57)

� 73.88, p � 0.0001; interaction: F(3,57) � 19.52, p � 0.0001; subjects (matching): F(57,57) � 0.9259, p � 0.6139. ***p � 0.001 versus the sham � AAV-SYN-shRNA-Con group. ###p � 0.001
versus the tMCAO � AAV-SYN-shRNA-Con group (two-way repeated-measures ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). For the distribution of shRNA-GFP in the cortex
after neuron-specific AAV microinjection, see Figure 7-1 (available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f7-1).
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4). Among these 3 miRNAs, only the levels of miR-335-3p, but not
miR-320-3p or miR-129-5p (Fig. 9-1, available at https://doi.org/
10.1523/JNEUROSCI.0299-19.2019.f9-1), were significantly de-
creased in the ischemic cortex at 6 h after tMCAO (Fig. 9B). We next
sought to determine whether circTLK1 physically bound to miR-
335-3p. Therefore, a biotin-coupled miR-335-3p mimic was then
applied to test whether miR-335-3p pulled down circTLK1. We ob-
served an enrichment of circTLK1 in the miR-335-3p-captured frac-
tion, but not in the fractions captured by mutant miR-335-3p
mimics with disrupted base paring between circTLK1 and miR-
335-3p (Fig. 9C). Another circRNA that was not predicted to bind to
miR-335-3p, circKLHL2, was not captured by miR-335-3p (Fig.
9C). These findings were confirmed in an inverse affinity isolation
assay for miR-335-3p using a biotin-labeled specific circTLK1
probe, but not with a random probe, or an unpredicted
miRNA, such as miR-142–3p (Fig. 9D). We further examined
the localization of circTLK1 and miR-335-3p in primary cor-
tical neurons using a FISH analysis with specific probes. FISH
revealed the colocalization of circTLK1 and miR-335-3p in the
cytoplasm of primary cortical neurons (Fig. 9E).

As described above, the 3�-UTR of the human and mouse
TIPARP mRNA contains a conserved miR-335-3p binding site
(Fig. 10A). Cotransfection of an miR-335-3p-overexpressing vec-
tor and a pmiR-GLO plasmid with the WT TIPARP 3�-UTR re-

sulted in the downregulation of luciferase activity, and this effect
was reversed in HEK293T cells transfected with a mutated
TIPARP 3�-UTR (Fig. 10B). The level of TIPARP was signifi-
cantly increased in the ischemic tissue 12 h to 7 d after tMCAO
(Fig. 10C,D). As shown in Figure 10E, TIPARP was highly colo-
calized with NeuN in the cortex. Additionally, the in vitro study
confirmed that TIPARP expression was significantly increased in
primary cortical neurons treated with OGD/R (Fig. 10F,G).
Transduction of cells with the mimic miR-335-3p lentivirus de-
creased TIPARP expression (Fig. 10H, I), whereas transduction
with the anti-miR-335-3p lentivirus increased the level of the
TIPARP protein in primary cortical neurons treated with or with-
out OGD/R (Fig. 10 J,K; Fig. 10-1, available at https://doi.org/
10.1523/JNEUROSCI.0299-19.2019.f10-1).

The circTLK1/miR-335-3p axis aggravates neuronal injury via
the downstream protein TIPARP
Having determined the relationship between circTLK1/miR-
335-3p with TIPARP, we next examined the functional role of
circTLK1/miR-335-3p in neuronal injury. Transduction with the
mimic miR-335-3p lentivirus significantly inhibited the decrease
in neuronal survival observed in the OGD/R-treated group
(Fig. 11A; Fig. 11-1A–C, available at https://doi.org/10.1523/
JNEUROSCI.0299-19.2019.f11-1). In contrast, transducing cells

Figure 8. Neuron-specific knockdown of circTLK1 improves long-term neurological functions after stroke in mice. A, B, Images (A) and bar graph (B) represent brain atrophy quantified in
MAP2-stained coronal sections at 28 d after tMCAO. Dashed lines indicate the relative area of the uninjured contralateral hemisphere to illustrate the area of ipsilateral atrophy for comparison. n �
6 animals per group. t(10) � 2.666. *p � 0.0237 (two-tailed t test). Scale bar, 1 mm. C, Long-term neurological deficits were measured using the modified Neurological Severity Scores at different
time points. Neurological deficit scores were measured at 14, 21, and 28 d after tMCAO. n � 10, 10, 20, and 21 animals in the sham � AAV-SYN-shRNA-Con, sham � AAV-SYN-shRNA-circTLK1,
tMCAO � AAV-SYN-shRNA-Con, and tMCAO � AAV-SYN-shRNA-circTLK1 groups, respectively. AAV-shRNA-circTLK1: F(3,57) � 289.6, p � 0.0001; time: F(3,171) � 232.4, p � 0.0001; interaction:
F(9,171) � 113, p � 0.0001; subjects (matching): F(57,171) � 3.32, p � 0.0001. ***p � 0.001 versus the sham � AAV-SYN-shRNA-Con group. ###p � 0.001 versus the tMCAO � AAV-SYN-shRNA-
Con group (two-way repeated-measures ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). D, Adhesive removal test of forelimb function at different time points after stroke.
Adhesive removal tests were performed at 14, 21, and 28 d after tMCAO. n � 10, 10, 20, and 21 animals in the sham � AAV-SYN-shRNA-Con, sham � AAV-SYN-shRNA-circTLK1, tMCAO �
AAV-SYN-shRNA-Con, and tMCAO � AAV-SYN-shRNA-circTLK1 groups, respectively. AAV-shRNA-circTLK1: F(3,57) � 37.70, p � 0.0001; time: F(3,171) � 8.885, p � 0.0001; interaction: F(9,171) �
6.747, p � 0.0001; subjects (matching): F(57,171) � 1.551, p � 0.0165. ***p � 0.001 versus the sham � AAV-SYN-shRNA-Con group. ###p � 0.001 versus the tMCAO � AAV-SYN-shRNA-Con
group (two-way repeated-measures ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). E, Cylinder test of forelimb symmetry at 14, 21, and 28 d after tMCAO. L, Left; R, right; B,
both forepaws in E. n � 10, 10, 20, and 21 animals in the sham � AAV-SYN-shRNA-Con, sham � AAV-SYN-shRNA-circTLK1, tMCAO � AAV-SYN-shRNA-Con, and tMCAO � AAV-SYN-shRNA-
circTLK1 groups, respectively. AAV-shRNA-circTLK1: F(3,57) � 66.61, p � 0.0001; time: F(3,171) � 23.1, p � 0.0001; interaction: F(9,171) � 8.519, p � 0.0001; subjects (matching): F(57,171) � 1.164,
p � 0.2283. ***p � 0.001 versus the sham � AAV-SYN-shRNA-Con group. ##p � 0.01 versus the tMCAO � AAV-SYN-shRNA-Con group (two-way repeated-measures ANOVA followed by
Holm–Sidak post hoc multiple-comparison tests). ###p � 0.001 versus the tMCAO � AAV-SYN-shRNA-Con group (two-way repeated-measures ANOVA followed by Holm–Sidak post hoc
multiple-comparison tests). For the effect of neuron-specific shRNA-circTLK1 AAV microinjection on mortality after focal cerebral ischemia, see Figure 8-1 (available at https://doi.org/10.1523/
JNEUROSCI.0299-19.2019.f8-1).
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with the anti-miR-335-3p lentivirus reduced neuronal survival in
OGD/R-challenged neurons (Fig. 11B; Fig. 11-1D,E, available at
https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f11-1). Fur-
thermore, transducing neurons with the mimic miR-335-3p len-
tivirus significantly increased the levels of SYN and PSD95 in
neurons and ameliorated the OGD/R-induced decrease in SYN
and PSD95 levels (Fig. 11-2A–C, available at https://doi.org/
10.1523/JNEUROSCI.0299-19.2019.f11-2). In contrast, transduc-
ing cells with the anti-miR-335-3p lentivirus reduced the levels of SYN
and PSD95 in neurons and aggravated the loss of SYN and PSD95 in
OGD/R-challenged neurons (Fig. 11-2D–F, available at https://doi.org/
10.1523/JNEUROSCI.0299-19.2019.f11-2).

Moreover, transduction with the circTLK1 shRNA lentivirus
significantly inhibited the OGD/R-induced increase in TIPARP
levels in mouse cortical neurons (Fig. 11C,D). We cotransduced
primary mouse cortical neurons with the circTLK1 shRNA lenti-
virus and anti-miR-335-3p lentivirus to further verify that miR-
335-3p acts as a mediator of circTLK1 to control TIPARP
expression. Transduction with the circTLK1 shRNA lentivirus

attenuated the increase in TIPARP expression induced by the
anti-miR-335-3p lentivirus (Fig. 11E,F). Next, we cotransduced
primary mouse cortical neurons with the circTLK1 shRNA lenti-
virus and anti-miR-335-3p lentivirus to determine whether
circTLK1 ameliorated neuronal injury via miR-335-3p. As shown
in Figure 11G, transduction with the circTLK1 shRNA lentivirus
attenuated the increase in neuronal injury induced by the anti-
miR-335-3p lentivirus. We next sought to examine the role of
TIPARP in neuronal injury using a genetic approach. Transduc-
tion of primary mouse neurons with the TIPARP shRNA lenti-
virus efficiently decreased TIPARP expression (Fig. 11H, I).
Knockdown of TIPARP expression significantly rescued the
OGD/R-induced decrease in neuronal survival (Fig. 11J). This
finding was further confirmed in vivo, as that microinjection of
the circTLK1 shRNA lentivirus significantly inhibited the in-
crease in TIPARP expression observed in tMCAO mice at 24 h
after reperfusion (Fig. 11K,L), suggesting that TIPARP expres-
sion was regulated by circTLK1 (Fig. 11-3, available at https://doi.
org/10.1523/JNEUROSCI.0299-19.2019.f11-3).

Figure 9. circTLK1 binds to miR-335-3p. A, Notably, circTLK1 contains one site complementary to miR-335-3p, as analyzed by RNAhybrid. B, Effect of tMCAO on miR-335-3p expression in the
ischemic cortex. The expression of miR-335-3p was detected in the ischemic cortex 6 h after tMCAO. n �8 animals per group. t(14) �3.436. **p �0.0040 (two-tailed t test). C, RNA was pulled down
by biotinylated WT miR-335-3p (Bio-335-WT) or biotinylated mutant miR-335-3p (Bio-335-mut), and levels of circTLK1, circKLHL2, and the GAPDH mRNA were quantified by real-time PCR. n � 6.
***p � 0.001 versus the bio-335-Mut circTLK1 group. t(10) � 7.529. ***p � 0.0001 (two-tailed t test). D, The miRNAs were pulled down by the circTLK1 probe or a random probe, and miR-335-3p,
miR-142–3p, and U6 levels were analyzed by real-time PCR. n�5. ***p�0.001 versus the random probe miR-335-3p group. t(8) �9.780. ***p�0.0001 (two-tailed t test). E, FISH assay showing
the location of circTLK1 and miR-335-3p in primary neurons. Green represents circTLK1. Red represents miR-335-3p. Blue represents DAPI. Scale bar, 15 �m. For relative expression of miRNAs in the
ischemic cortex after tMCAO in mice, see Figure 9-1 (available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f9-1). WT, wild type.

Table 4. The target miRNAs of mmu_circRNA_009932 (circTLK1) predicted using the miRNA target prediction software from Arraystar based on TargetScan and miRanda

Seq1 Seq2 Sites

TargetScan miRanda

Context� Context Structure Energy

mmu-miR-129-5p mmu_circRNA_009932 1 — — 143 �15.34
mmu-miR-320-3p mmu_circRNA_009932 1 — — 141 �13.31
mmu-miR-335-3p mmu_circRNA_009932 1 — �0.067 145 �10.42
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Next, we further examined the effect of circTLK1 on neuronal
function. As shown in Figure 12A, B, transduction with the anti-
miR-335-3p lentivirus significantly inhibited the increases in
PSD95 expression induced by the circTLK1 shRNA lentivirus.
Moreover, transduction of neurons with the circTLK1 shRNA
lentivirus increased the spine density, and this effect was inhib-
ited in neurons cotransduced with the circTLK1 shRNA lentivi-
rus and anti-miR-335-3p lentivirus (Fig. 12C,D). Knockdown of
TIPARP expression significantly rescued the OGD/R-induced

decrease in PSD95 levels (Fig. 12E,F; Fig. 12-1, available at
https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f12-1).

Neuron-specific knockdown of TIPARP improves
neurological deficits after stroke in mice
We used neuron-specific AAV (AAV2/8 serotype) with an SYN
promoter carrying a TIPARP shRNA to inhibit the expression of
TIPARP in neurons and confirm the effect of TIPARP on neuro-
nal injury induced by ischemic stroke in vivo (Fig. 13A). The mice

Figure 10. TIPARP is the downstream target of miR-335-3p. A, Putative miR-335-3p binding sites in the TIPARP mRNA. Red represents the potential complementary residues. B, Relative
luciferase activity of WT and 3�-UTR mutant constructs of the TIPARP mRNA cotransfected with the miR-335-3p mimic and the miRNA negative control. n � 5. ***p � 0.001 versus the miRNA
negative control (NC) group. t(8) �5.251. ***p�0.0008 (two-tailed t test). C, D, Images (C) and bar graph (D) represent Western blot analyses of TIPARP levels in the ischemic cortex of tMCAO mice.
n � 6 animals per group. F(4,25) � 42.75, p � 0.0001. *p � 0.05 versus the sham group (one-way ANOVA followed by the Holm–Sidak test). ***p � 0.001 versus the sham group (one-way ANOVA
followed by the Holm–Sidak test). E, Colocalization of NeuN and TIPARP in the mouse cortex. Green represents TIPARP. Red represents NeuN. Blue represents DAPI. Scale bar, 50 �m. F, G, Images
(F) and bar graph (G) represent Western blot analyses of TIPARP levels in primary cortical neurons after OGD/R. n � 3. F(5,12) � 12.84, p � 0.0002. *p � 0.05 versus the control group (one-way
ANOVA followed by the Holm–Sidak test). ***p � 0.001 versus the control group (one-way ANOVA followed by the Holm–Sidak test). H, I, Images (H) and bar graph (I) represent Western blot
analyses of TIPARP levels in primary cortical neurons transduced with the mimic miR-335-3p lentivirus. Cells were transduced with the mimic miR-335-3p lentiviruses for 7 d, treated with OGD for
2 h, and subjected to reperfusion for 6 h. n � 4. Mimic miR-335-3p: F(1,12) � 35.37, p � 0.0001; OGD/R: F(1,12) � 76.23, p � 0.0001; interaction: F(1,12) � 4.735, p � 0.0502. *p � 0.05 versus
the control miR-Con group. ***p � 0.001 versus the control miR-Con group. ###p � 0.001 versus the OGD/R-treated miR-Con group (two-way ANOVA followed by Holm–Sidak post hoc
multiple-comparison tests). J, K, Images (J) and bar graph (K) represent Western blot analyses of TIPARP levels in primary cortical neurons transduced with the anti-miR-335-3p lentivirus. Cells were
transduced with anti-miR-335-3p lentiviruses for 7 d, treated with OGD for 2 h, and subjected to reperfusion for 6 h. n � 4. Anti-miR-335-3p: F(1,12) � 47.18, p � 0.0001; OGD/R: F(1,12) � 74.94,
p � 0.0001; interaction: F(1,12) � 0.1660, p � 0.6909. **p � 0.01 versus the control anti-miR-Con group. ***p � 0.001 versus the control anti-miR-Con group. ###p � 0.001 versus the
OGD/R-treated anti-miR-Con group (two-way ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). Images of whole blots presented in C, F, H, J are shown in Figure 10-1 (available
at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f10-1). UTR, untranslated region.
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Figure 11. The circTLK1/miR-335-3p axis aggravates neuronal injury via the downstream protein TIPARP. A, Neurons transduced with the mimic miR-335-3p lentivirus showed an attenuated
OGD/R-induced increase in cell injury, as measured by the CCK8 assay. Cells were transduced with mimic miR-335-3p lentiviruses for 7 d, treated with OGD for 2 h, and subjected to reperfusion for
6 h. n � 3. Mimic miR-335-3p: F(1,8) � 15.54, p � 0.0043; OGD/R: F(1,8) � 59.18, p � 0.0001; interaction: F(1,8) � 13.53, p � 0.0062. ***p � 0.001 versus the control miR-Con group. ##p � 0.01
versus the OGD/R-treated miR-Con group (two-way ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). B, Neurons transduced with the anti-miR-335-3p lentivirus exhibited an
exacerbation of the OGD/R-induced increase in cell injury, as measured by the CCK8 assay. Cells were transduced with anti-miR-335-3p lentiviruses for 7 d, treated with (Figure legend continues.)
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were monitored to determine the role of neuronal TIPARP in
stroke pathogenesis (Fig. 13B). GFP was widely expressed and
colocalized with NeuN-positive cells (Fig. 13C), indicating
successful neuron-specific TIPARP shRNA AAV (AAV-SYN-
shRNA-TIPARP) transduction. As shown in Figure 13D, E (Fig.
13-2, available at https://doi.org/10.1523/JNEUROSCI.0299-
19.2019.f13-2) the protein level of TIPARP was significantly de-
creased in the cortex at 28 d after the AAV microinjection. When
tMCAO was induced, the neuron-specific TIPARP shRNA AAV
treatment did not change the CBF or physiological parameters of
these mice (Fig. 13F–H; Table 3). MRI scanning performed at
48 h after tMCAO showed that, compared with the control
shRNA AAV (AAV-SYN-shRNA-Con) treatment, the neuron-
specific TIPARP shRNA AAV treatment significantly reduced the
brain infarction volume (Fig. 13 I, J). Microinjection of the
neuron-specific TIPARP shRNA AAV resulted in significant im-
provements in neurological scores (Fig. 13K) and forepaw func-
tion, as revealed by the adhesive removal test (Fig. 13L).
Furthermore, TIPARP knockdown significantly decreased the

levels of the apoptotic proteins Bax and caspase-3 at 24 h after
tMCAO (Fig. 13-1A–D, available at https://doi.org/10.1523/
JNEUROSCI.0299-19.2019.f13-1). We performed RNA-Seq of
the ipsilateral cortex at 24 h after tMCAO to investigate the
underlying mechanisms of AAV shRNA-mediated knockdown
of TIPARP in neuronal injury (GEO accession number GSE131712;
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc�GSE131712).
At an expression fold change cutoff of 2.0 and p � 0.05, we
identified 516 DEGs between the tMCAO � AAV-SYN-shRNA-
TIPARP and tMCAO � AAV-SYN-shRNA-Con groups at 24 h
after tMCAO, among which 77 genes showed higher expression
and 439 genes showed lower expression (Fig. 13-1E, available at
https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f13-1). We
identified several DEGs involved in the regulation of cell pro-
cesses and signaling pathways that clustered together in the
comparison of AAV-SYN-shRNA-Con and AAV-SYN-shRNA-
TIPARP (Fig. 13-1 F, available at https://doi.org/10.1523/
JNEUROSCI.0299-19.2019.f13-1). Upon the KEGG pathway
analysis, the significantly differential genes were enriched in
those involved in biological processes that are critical for cell
processes, signaling pathways, and neurology, including apopto-
sis, p53 signaling pathway, calcium signaling pathways, and neu-
roactive ligand–receptor interaction (Fig. 13-1G, available at
https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f13-1).

Regarding the long-term effect of this treatment, microinjec-
tion of the neuron-specific TIPARP shRNA AAV significantly
decreased the brain atrophy volume at 28 d after tMCAO (Fig.
14A,B) and resulted in significant improvements in neurological
scores (Fig. 14C) and forepaw function, as revealed by the adhe-
sive removal test (Fig. 14D). A significant difference in mortality
rate was not observed among the groups at 28 d after tMCAO
(Fig. 14-1, available at https://doi.org/10.1523/JNEUROSCI.
0299-19.2019.f14-1). Moreover, the levels of the synapse-asso-
ciated proteins SYN and PSD95 were decreased in the tMCAO
group, changes that were significantly alleviated by the neuron-
specific TIPARP shRNA AAV microinjection (Fig. 14E–H; Fig.
14-3, available at https://doi.org/10.1523/JNEUROSCI.0299-
19.2019.f14-3). We performed RNA-Seq of the ipsilateral cortex
at 28 d after tMCAO to investigate the underlying mechanisms
and long-term effects of AAV shRNA-mediated knockdown of
TIPARP (GEO accession number GSE131712; https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc�GSE131712). At an ex-
pression fold change cutoff of 2.0 and p � 0.05, we identified 192
DEGs between the tMCAO � AAV-SYN-shRNA-TIPARP and
tMCAO � AAV-SYN-shRNA-Con groups at 28 d after tMCAO,
among which 159 genes showed higher expression and 33 genes
showed lower expression (Fig. 14-2A, available at https://doi.org/
10.1523/JNEUROSCI.0299-19.2019.f14-2). We identified sev-
eral DEGs involved in the regulation of neurology, immunology,
and signaling pathways that clustered together in the comparison
of AAV-SYN-shRNA-Con and AAV-SYN-shRNA-TIPARP (Fig.
14-2B, available at https://doi.org/10.1523/JNEUROSCI.0299-
19.2019.f14-2). Upon the KEGG pathway analysis, the signifi-
cantly differential genes were enriched in those with functions in
biological processes involved in the regulation of neurology, sig-
naling pathways, and immunology, such as neuroactive ligand–
receptor interaction, Toll-like receptor signaling pathway, and
cytokine-cytokine receptor interaction (Fig. 14-2C, available at
https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f14-2).

circTLK1 is upregulated in the plasma of patients with AIS
We further examined the level of circTLK1 in patients with AIS
(age 67.86 � 1.30 years). The sociodemographic and clinical

4

(Figure legend continued.) OGD for 2 h, and subjected to reperfusion for 6 h. n � 3. Anti-miR-
335-3p: F(1,8) � 17.44, p � 0.0031; OGD/R: F(1,8) � 75.21, p � 0.0001; interaction: F(1,8) �
0.02178, p � 0.8863. *p � 0.05 versus the control anti-miR-Con group. **p � 0.01 versus the
control anti-miR-Con group. #p � 0.05 versus the OGD/R-treated anti-miR-Con group (two-
way ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). C, D, Images (C) and
bar graph (D) represent that the circTLK1 shRNA lentivirus attenuated the OGD/R-induced in-
crease in TIPARP levels in primary cortical neurons, as determined by Western blot analyses.
Cells were transduced with circTLK1 shRNA lentiviruses for 7 d, treated with OGD for 2 h, and
subjected to reperfusion for 6 h. n � 3. shRNA-circTLK1: F(1,8) � 97.11, p � 0.0001; OGD/R:
F(1,8) � 127.6, p � 0.0001; interaction: F(1,8) � 46.77, p � 0.0001. ***p � 0.001 versus the
control shRNA-Con group. ###p � 0.001 versus the OGD/R-treated shRNA-Con group (two-way
ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). E, F, Images (E) and bar
graph (F) represent that the transduction of cortical neurons with the anti-miR-335-3p lentivi-
rus significantly attenuated the circTLK1 shRNA-induced decrease in TIPARP levels, as deter-
mined by Western blot analyses. n � 4. shRNA-circTLK1: F(1,12) � 35.09, p � 0.0001; anti-
miR-335-3p: F(1,12) � 55.75, p � 0.0001; interaction: F(1,12) � 8.062, p � 0.0149. ***p �
0.001 versus the group cotransduced with the circControl shRNA and anti-miR-Con. #p � 0.05
versus the group cotransduced with the circTLK1 shRNA and anti-miR-Con (two-way ANOVA
followed by Holm–Sidak post hoc multiple-comparison tests). G, Transduction of cortical neu-
rons with the anti-miR-335-3p lentivirus significantly reduced the circTLK1 shRNA-induced
increase in cell viability, as determined by the CCK8 assay. n � 3. shRNA-circTLK1: F(1,8) �
10.20, p � 0.0127; anti-miR-335-3p: F(1,8) � 32.64, p � 0.0004; interaction: F(1,8) � 1.213,
p � 0.3028. **p � 0.01 versus the group cotransduced with the circControl shRNA and anti-
miR-Con. #p � 0.05 versus the group cotransduced with the circTLK1 shRNA and anti-miR-Con
(two-way ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). H, I, Images
(H) and bar graph (I) represent TIPARP levels in primary mouse cortical neurons after TIPARP
shRNA lentivirus transduction, as measured by Western blotting. n � 3. t(4) � 5.745. **p �
0.0045 (two-tailed t test). J, The TIPARP shRNA lentivirus attenuated the OGD/R-induced de-
crease in cell viability, as determined by the CCK8 assay. Cells were transduced with TIPARP
shRNA lentiviruses for 7 d, treated with OGD for 2 h, and subjected to reperfusion for 6 h. n � 3.
shRNA-TIPARP: F(1,8) � 13.70, p � 0.0060; OGD/R: F(1,8) � 56.40, p � 0.0001; interaction:
F(1,8) � 5.632, p � 0.0450. ***p � 0.001 versus the control shRNA-Con group. #p � 0.05
versus the OGD/R-treated shRNA-Con group (two-way ANOVA followed by Holm–Sidak post
hoc multiple-comparison tests). K, L, Images (K) and bar graph (L) represent Western blot
analyses of TIPARP levels in the ischemic cortex after the circTLK1 shRNA lentivirus injection at
24 h after tMCAO. n � 4 animals per group. shRNA-circTLK1: F(1,12) � 21.18, p � 0.0006;
tMCAO: F(1,12) � 25.81, p � 0.0003; interaction: F(1,12) � 16.92, p � 0.0014. ***p � 0.001
versus the sham � shRNA-Con group. ###p � 0.001 versus the tMCAO � shRNA-Con group
(two-way ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). For the effect
of miR-335-3p on neuronal injury after OGD/R in primary cortical neurons, see Figure 11-1
(available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f11-1). For the effect of miR-
335-3p on neuronal plasticity after OGD/R in primary cortical neurons, see Figure 11-2 (available
at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f11-2). Images of whole blots presented
in C, E, H, K are shown in Figure 11-3 (available at https://doi.org/10.1523/
JNEUROSCI.0299-19.2019.f11-3).
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characteristics of these patients are listed in Table 1. The levels of
circTLK1 in these subjects were significantly increased (p �
0.001, n � 71) compared with age- and gender-matched cogni-
tively healthy controls (n � 71) (Fig. 15A). AIS includes different
subtypes, such as LA, small-artery occlusion, and cardioembo-
lism, and a subsequent analysis indicated that plasma circTLK1
levels were significantly increased in patients with LA and small-
artery occlusion (Fig. 15B). We analyze the differences among
lesion localizations, such as cortical, subcortical, or infratentorial
strokes, and found that plasma circTLK1 levels were significantly
increased in both patients with cortical-infarcted and subcor-
tical-infarcted AIS, but the levels were not significantly changed in
infratentorial-infarcted patients (Fig. 15C). An analysis of the
receiver operating characteristic curve revealed an area under the
curve of circTLK1 of 0.868, with a sensitivity of 0.789 and speci-
ficity of 0.915 (Fig. 15D). Further regression analysis revealed
larger infarct volumes in patients with AIS presenting higher
circTLK1 expression (r � 0.7197, p � 0.0017; Fig. 15E). Data
from three sample patients with different lesion patterns, to-
gether with their NIHSS scores, lesion volumes, and circTLK1
fold changes, are shown in Figure 15F.

Discussion
circRNAs are abundant in the mammalian brain, and their roles
in many nervous system diseases, such as Alzheimer’s disease
(Lukiw, 2013), multiple system atrophy (Chen et al., 2016), neu-
ropathic pain (Zhou et al., 2017), major depressive disorder (Cui
et al., 2016), drug abuse (Huang et al., 2017), and ischemic stroke
(Bai et al., 2018), have been explored. Notably, circRNAs regulate
gene expression through different regulatory mechanisms, such
as functioning as microRNA sponges (Hansen et al., 2013), com-
peting with linear splicing (Ashwal-Fluss et al., 2014), and bind-
ing to RNA-associated proteins (Yang et al., 2017). Based on the
available evidence, circRNAs exert regulatory effects on different

diseases via different mechanisms (Han et al., 2018a). The expres-
sion of circRNAs is altered after stroke, but the functional impor-
tance of circRNAs in poststroke outcomes is currently unknown.
Our study elucidated the role of the circTLK1/miR-335-3p/
TIPARP axis in stroke-associated neuronal injury and neurolog-
ical deficits. Our findings regarding the expression and function
of circTLK1 indicate that it represents a promising biomarker for
evaluating the damage caused by ischemic insults.

Current stroke research is centered on the development of
acute neuroprotective agents. However, the failure of these agents
in clinical trials suggests that future stroke research must expand
its horizons to include both acute and long-term neuroprotec-
tion (Rumpel, 2018). In patients with stroke, neuronal damage
correlates with the infarct size, and treatments that are capable of
decreasing the infarct size often also attenuate neuronal injury (Bi
et al., 2017; Chassagnon et al., 2017). As shown in the present
study, strategies targeting early brain damage prevent neuronal
injury and inhibit the cascades of damage induced by ischemia/
reperfusion, thereby eliciting long-term improvements in func-
tion. One potential limitation of the study is that the expression
of circTLK1 was knocked down before tMCAO, and our findings
were not restricted to the effect of this molecule on the late stage
of stroke. Therefore, we are unable to exclude the potential effects
exerted during the early stage of stroke. However, based on our
findings, strategies targeting the very early pathological events
occurring after stroke halt the progression of the injury, thereby
conferring prolonged protection against neuronal injury.

We further examined the efficacy of shRNA circTLK1 lentivi-
rus at different time points. Microinjection of shRNA circTLK1
lentivirus significantly decreased the expression of circTLK1 at
14 d after microinjection (Fig. 4-2, available at https://doi.org/
10.1523/JNEUROSCI.0299-19.2019.f4-2). Microinjection shRNA-
circTLK1 lentivirus at 7 d before tMCAO led to reduced circTLK1

Figure 12. The circTLK1/miR-335-3p axis impairs neuronal plasticity via the downstream protein TIPARP. A, B, Images (A) and bar graph (B) represent that the transduction of cortex neurons
with the anti-miR-335-3p lentivirus significantly reduced the circTLK1 shRNA-induced increase in PSD95 levels, as determined by Western blot analyses. n � 4. shRNA-circTLK1: F(1,12) � 18.33, p �
0.0011; anti-miR-335-3p: F(1,12) � 19.82, p � 0.0008; interaction: F(1,12) � 0.02298, p � 0.8820. *p � 0.05 versus the group cotransduced with the circControl shRNA and anti-miR-Con. #p �
0.05 versus the group cotransduced with the circTLK1 shRNA and anti-miR-Con (two-way ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). C, D, Images (C) and bar graph (D)
represent that the transduction of cortical neurons with the anti-miR-335-3p lentivirus significantly reduced the circTLK1 shRNA-induced increase in spine density. n � 8. shRNA-circTLK1: F(1,28) �
29.84, p � 0.0001; anti-miR-335-3p: F(1,28) � 29.20, p � 0.0001; interaction: F(1,28) � 1.825, p � 0.1875. ***p � 0.001 versus the group cotransduced with circControl shRNA and anti-miR-Con.
#p � 0.05 versus the group cotransduced with the circTLK1 shRNA and anti-miR-Con (two-way ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). Scale bar, 10 �m. E, F, Images
(E) and bar graph (F) represent that the TIPARP shRNA lentivirus attenuated the OGD/R-induced decrease in PSD95 levels. Cells were transduced with TIPARP shRNA lentiviruses for 7 d, treated with
OGD for 2 h, and subjected to reperfusion for 6 h. n � 3. shRNA-TIPARP: F(1,8) � 62.21, p � 0.0001; OGD/R: F(1,8) � 65.63, p � 0.0001; interaction: F(1,8) � 2.909, p � 0.1265. **p � 0.01 versus
the control shRNA-Con group. ***p � 0.001 versus the control shRNA-Con group. ##p � 0.01 versus the OGD/R-treated shRNA-Con group (two-way ANOVA followed by Holm–Sidak post hoc
multiple-comparison tests). Images of whole blots presented in A, E are shown in Figure 12-1 (available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f12-1).
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Figure 13. Neuron-specific knockdown of TIPARP improves neurological deficits after stroke in mice. A, Schematic representation of AAV constructs (AAV2/8 serotype). B, Schematic illustrating
the experimental procedure used in C–L. C, The distribution of the neuron-specific TIPARP shRNA-GFP AAV in the cortex after microinjection. Representative images obtained 4 weeks after
microinjection of AAV-SYN-shRNA-TIPARP into the lateral ventricle. Green represents neuron-specific TIPARP shRNA AAV-infected GFP-positive cells. Red represents the neuronal marker NeuN. Blue
represents nuclei stained with DAPI. Scale bar, 25 or 50 �m. D, E, Western blot analysis (D) and bar graph (E) represent a significant decrease in the level of the TIPARP protein in the cortex at 28 d
after microinjection. n � 6. t(10) � 5.715. ***p � 0.0002 (two-tailed t test). F–H, Regional CBF was monitored using 2D laser speckle imaging techniques 15 min before tMCAO (Pre), 15 min after
the onset of tMCAO (O), and after 15 min of reperfusion (R). F, Representative images of the AAV-SYN-shRNA-Con and AAV-SYN-shRNA-TIPARP groups. G, Ischemic areas measured from laser speckle
images of either the ischemic core (0%–20% residual CBF) or the penumbra (20%–30% residual CBF) were not affected by AAV-SYN-shRNA-TIPARP. H, Quantification of CBF. Data are presented as
percentages of the baseline levels before tMCAO (Pre). n � 6 animals per group. Scale bar, 1 mm. I, J, Representative T2-weighted MRI (I) and infarct volumes (J) of AAV-SYN-shRNA-Con-
microinjected and AAV-SYN-shRNA-TIPARP-microinjected tMCAO mice at 48 h after reperfusion. n � 5 animals per group. t(8) � 4.302. **p � 0.0026 (two-tailed t test). K, Neurological deficits
were measured by the modified Neurological Severity Scores 1, 3, and 7 d after tMCAO. n � 8, 8, 12, and 12 animals in the sham � AAV-SYN-shRNA-Con, sham � AAV-SYN-shRNA-TIPARP, tMCAO
� AAV-SYN-shRNA-Con, and tMCAO � AAV-SYN-shRNA-TIPARP groups, respectively. AAV-shRNA-TIPARP: F(3,36) � 293.4, p � 0.0001; time: F(3,108) � 189.2, p � 0.0001; interaction: F(9,108) �
70.17, p � 0.0001; subjects (matching): F(36,108) � 2.104, p � 0.0018. ***p � 0.001 versus the sham � AAV-SYN-shRNA-Con group. ###p � 0.001 versus the tMCAO � AAV-SYN-shRNA-Con
group (two-way repeated-measures ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). L, Adhesive removal test of forelimb function performed 3 and 7 d after tMCAO. n � 8, 8,
12, and 12 animals in the sham � AAV-SYN-shRNA-Con, sham � AAV-SYN-shRNA-TIPARP, tMCAO � AAV-SYN-shRNA-Con, and tMCAO � AAV-SYN-shRNA-TIPARP groups, respectively.
AAV-shRNA-TIPARP: F(3,36) � 18.85, p � 0.0001; time: F(2,72) � 16.42, p � 0.0001; interaction: F(6,72) � 7.916, p � 0.0001; subjects (matching): F(36,72) � 1.453, p � 0.0893. **p � 0.01 versus
the sham � AAV-SYN-shRNA-Con group. ***p � 0.001 versus the sham � AAV-SYN-shRNA-Con group. ##p � 0.01 versus the tMCAO � AAV-SYN-shRNA-Con group (two-way repeated-
measures ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). ###p � 0.001 versus the tMCAO � AAV-SYN-shRNA-Con group (two-way repeated-measures ANOVA followed
by Holm–Sidak post hoc multiple-comparison tests). For potential mechanisms underlying neuroprotective effect of neuron-specific knockdown of TIPARP in ischemic cortex after stroke,
see Figure 13-1 (available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f13-1). Images of whole blots presented in D are shown in Figure 13-2 (available at https://doi.org/
10.1523/JNEUROSCI.0299-19.2019.f13-2).
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Figure 14. Neuron-specific knockdown of TIPARP improved long-term outcomes after stroke in mice. A, B, Representative T2-weighted MRI (A) and brain atrophy volume (B) of AAV-SYN-
shRNA-Con-microinjected and AAV-SYN-shRNA-TIPARP-microinjected tMCAO mice at 28 d after reperfusion. Dashed lines indicate the relative area of the uninjured contralateral hemisphere to
illustrate the area of ipsilateral atrophy for comparison. n � 5 animals per group. t(8) � 4.265. **p � 0.0027 (two-tailed t test). C, Long-term neurological deficits were measured by the modified
Neurological Severity Scores at 14, 21, and 28 d after tMCAO. n � 8, 8, 12, and 12 animals in the sham � AAV-SYN-shRNA-Con, sham � AAV-SYN-shRNA-TIPARP, tMCAO � AAV-SYN-shRNA-Con,
and tMCAO � AAV-SYN-shRNA-TIPARP groups, respectively. AAV-shRNA-TIPARP: F(3,36) � 257.9, p � 0.0001; time: F(3,108) � 117.6, p � 0.0001; interaction: F(9,108) � 54.5, p � 0.0001; subjects
(matching): F(36,108) � 1.839, p � 0.0087. ***p � 0.001 versus the sham � AAV-SYN-shRNA-Con group. ###p � 0.001 versus the tMCAO � AAV-SYN-shRNA-Con group (two-way repeated-
measures ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). D, Adhesive removal test of forelimb function performed 14, 21, and 28 d after tMCAO. n � 8, 8, 12, and 12 animals
in the sham � AAV-SYN-shRNA-Con, sham � AAV-SYN-shRNA-TIPARP, tMCAO � AAV-SYN-shRNA-Con, and tMCAO � AAV-SYN-shRNA-TIPARP groups, respectively. AAV-shRNA-TIPARP: F(3,36)

� 25.72, p � 0.0001; time: F(3,108) � 6.846, p � 0.0003; interaction: F(9,108) � 5.243, p � 0.0001; subjects (matching): F(36,108) � 1.563, p � 0.0412. ***p � 0.001 versus the sham �
AAV-SYN-shRNA-Con group. ###p � 0.001 versus the tMCAO � AAV-SYN-shRNA-Con group (two-way repeated-measures ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). E,
F, Western blot analysis of SYN levels in the ischemic cortex 28 d after tMCAO. Representative images are shown in E. F, Neuron-specific knockdown of TIPARP attenuated the tMCAO-induced
decrease in SYN levels. n � 6 animals per group. AAV-shRNA-TIPARP: F(1,20) � 17.13, p � 0.0005; tMCAO: F(1,20) � 9.36, p � 0.0062; interaction: F(1,20) � 0.8395, p � 0.3705. *p � 0.05 versus
the sham � AAV-SYN-shRNA-Con group. ##p � 0.01 versus the tMCAO � AAV-SYN-shRNA-Con group (two-way ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). G, H,
Western blot analysis of PSD95 levels in the ischemic cortex 28 d after tMCAO. Representative images are shown in G. H, Neuron-specific knockdown of TIPARP attenuated the tMCAO-induced
decrease in PSD95 levels. n � 6 animals per group. AAV-shRNA-TIPARP: F(1,20) � 24.6, p � 0.0001; tMCAO: F(1,20) � 48.79, p � 0.0001; interaction: F(1,20) � 3.812, p � 0.0650. ***p � 0.001
versus the sham � AAV-SYN-shRNA-Con group. ###p � 0.001 versus the tMCAO � AAV-SYN-shRNA-Con group (two-way ANOVA followed by Holm–Sidak post hoc multiple-comparison tests). For
the effect of neuron-specific shRNA-TIPARP AAV microinjection on mortality after focal cerebral ischemia, see Figure 14-1 (available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f14-1). For
potential mechanisms underlying long-term effects of neuron-specific knockdown of TIPARP in ischemic cortex after stroke, see Figure 14-2 (available at https://doi.org/10.1523/JNEUROSCI.0299-
19.2019.f14-2). Images of whole blots presented in E, G are shown in Figure 14-3 (available at https://doi.org/10.1523/JNEUROSCI.0299-19.2019.f14-3).
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expression at day 7 after ischemia, while the brain infarct is mature
after the acute stages of ischemic injury. The mechanism underlying
this improvement of outcomes from stroke may be due to enhanced
cell survival and neuroplasticity as reported in previous studies
(Murphy and Corbett, 2009; Li et al., 2015; Lin et al., 2017). Multiple
pathophysiological events occur in the peri-infarct area over days to
weeks in the delayed phase after stroke (George and Steinberg, 2015),
our findings reveal a previously unrecognized role of circTLK1 in
neural injury after stroke.

The mechanism underlying the action of circTLK1 is cur-
rently unknown; however, circTLK1 bound to miR-335-3p. As
shown in previous studies, circRNAs may act as endogenous
sponges to interact with miRNAs and regulate the expression of
miRNA target genes. The circRNA HRCR functions as an miR-
223 sponge to regulate cardiac hypertrophy and heart failure
(Wang et al., 2016). Consistent with these findings, circTLK1
functioned as an miR-335-3p sponge to regulate neuronal injury
in the present study. The interaction between miR-335-3p and
circTLK1 was confirmed using a miRNA affinity isolation assay.

According to numerous studies, miR-335-5p and miR-335-3p
synergize to inhibit estrogen receptor � expression and promote
tamoxifen resistance (Martin et al., 2017). Recent evidence also
indicated that miR-335-3p lies downstream of �-catenin to reg-
ulate gastric cancer (Dong et al., 2015). In addition to cell prolif-
eration, miR-335-3p plays a critical role in cell differentiation
(Meyer et al., 2015). In our study, the level of miR-335-3p was
decreased in the ischemic cortex of tMCAO mice. To determine
whether the circTLK1-mediated functional effects specifically
depend on miR-335-3p, primary cortical neurons were
cotransduced with miR-335-3p and circTLK1. AntagomiR-
335-3p significantly weakened the improvement in neuronal
injury after circTLK1 knockdown. Although miR-335-3p was
sponged by circTLK1 in the present study, our results do not
exclude direct or indirect involvement of other circRNAs or
molecules in the regulation of miR-335-3p activity. Further
investigations are warranted to determine whether miRNAs
other than miR-335-3p bind to circTLK1 and modulate neu-
ronal damage and plasticity.

Figure 15. circTLK1 is upregulated in the plasma of patients with AIS. A, Relative plasma circTLK1 levels in patients with AIS (n � 71) and healthy controls (n � 71), as measured by real-time
PCR. t(140) � 5.067. ***p � 0.0001 (two-tailed t test). B, Relative plasma circTLK1 levels in patients with stroke classified according to the Trial of Org 10172 in Acute Stroke Treatment subtypes and
healthy controls. F(3,138) � 11.45, p � 0.0001. *p � 0.05 versus the normal control group (one-way ANOVA followed by the Holm–Sidak test). ***p � 0.001 versus the normal control group
(one-way ANOVA followed by the Holm–Sidak test). C, Relative plasma circTLK1 levels in patients with stroke categorized by lesion locations: Group A, cortical infarcts; Group B, subcortical infarcts;
and Group C, infratentorial infarcts; and healthy controls. F(3,138) � 9.936, p � 0.0001. ***p � 0.001 versus the normal control group (one-way ANOVA followed by the Holm–Sidak test). D,
Receiver operating characteristic curve of plasma circTLK1 levels for the diagnosis of AIS. E, The correlation between plasma circTLK1 levels and infarct volume. Patients with LA were recruited for
infarct volume measurements. Correlations were estimated by calculating Pearson’s correlation coefficients (r � 0.7197, p � 0.0017). Solid line was generated with a nonlinear regression analysis
using Prism 6.0 ( GraphPad). F, Representative data from 3 patients with different lesion patterns showing their NIHSS scores, lesion volumes, and relative plasma circTLK1 levels (fold change). R,
Right hemisphere; L, left hemisphere. CE, cardioembolism; SA, small-artery occlusion; ROC, receiver operating characteristic; AUC, area under the curve.
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TIPARP, a critical target induced by constitutively active aryl
hydrocarbon receptor signaling (Yamada et al., 2016), is ex-
pressed in many different tissues, including the brain, heart, liver,
spleen, and reproductive organs (Ma et al., 2001). TIPARP
contains a CCCH-type zinc finger, a tryptophan-tryptophan-
glutamate domain involved in protein–protein interactions, and
a C-terminal catalytic domain (Hottiger et al., 2010). As a
member of the poly (ADP)-ribose polymerase family, TIPARP
transfers mono-ADP-ribose, but not poly-ADP-ribose, to its
substrates (Vyas et al., 2014). ADP-ribosylation is a post-
translational modification that is involved in several biological
processes, such as immune cell function, transcription regula-
tion, and DNA repair (Kraus and Hottiger, 2013). TIPARP ex-
pression is induced by nuclear hormone receptors (Sasse et al.,
2013), PDGF (Chen et al., 2004), and viral infection (Atasheva et
al., 2012). Therefore, TIPARP likely exerts many effects that are
independent of the aryl hydrocarbon receptor (Ahmed et al.,
2015). In the present study, the miR-335-3p/TIPARP axis played
a critical role in neuronal injury in stroke. The detailed mecha-
nism by which TIPARP regulates neuronal injury, particularly
which target transcription factors are involved in this process,
requires further examination in future studies.

Consistent with the findings from the animal model, the
plasma circTLK1 levels were significantly increased in patients
with AIS. When the patients were stratified into AIS subtypes, the
level of circTLK1 was significantly increased in the LA and small-
artery occlusion subtypes, but not in the cardioembolism sub-
type. The plasma circTLK1 level positively correlated with the
lesion volume. Given the small sample size examined in these
studies, the correlation of circTLK1 levels with the lesion volume
requires further study in larger samples.

Collectively, our findings identified the miR-335-3p/TIPARP
regulatory mechanism of circTLK1 that is involved in ischemic
stroke-associated neuronal injury. As our results provide the first
evidence that links a pure circRNA to ischemic neuronal injury,
this study supplies new insights of molecular events that occur
after stroke.
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