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Abstract 45 

Circular RNAs (circRNAs) are expressed at high levels in the brain and are involved in 46 

various central nervous system diseases. However, the potential role of circRNAs in ischemic 47 

stroke-associated neuronal injury remains largely unknown. Here, we investigated the 48 

important functions of circRNA TLK1 (circTLK1) in this process. The levels of circTLK1 49 

were significantly increased in brain tissues in a mouse model of focal cerebral ischemia and 50 

reperfusion. Knockdown of circTLK1 significantly decreased infarct volumes, attenuated 51 

neuronal injury, and improved neurological deficits. Furthermore, circTLK1 functioned as an 52 

endogenous miR-335-3p sponge to inhibit miR-335-3p activity, resulting in the increase of 53 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-inducible poly (ADP-ribose) polymerase 54 

expression and a subsequent exacerbation of neuronal injury. Clinical studies confirmed 55 

increased levels of circTLK1 in the plasma of patients with acute ischemic stroke (59 males 56 

and 12 females). Our findings reveal a detrimental role of circTLK1 in ischemic brain injury. 57 

  58 
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Significance statement 59 

The extent of neuronal injury after brain ischemia is a primary factor determining stroke 60 

outcomes. However, the molecular switches that control the death of ischemic neurons are 61 

poorly understood. While our previous studies indicated the involvement of circRNAs in 62 

ischemic stroke, the potential role of circRNAs in neuronal injury remains largely unknown. 63 

The levels of circTLK1 were significantly increased in the brain tissue and plasma isolated 64 

from animal models of ischemic stroke and patients. Knockdown of circTLK1 significantly 65 

decreased infarct volumes, attenuated neuronal injury, and improved subsequent long-term 66 

neurological deficits. To our knowledge, these results provide the first definitive evidence 67 

that circTLK1 is detrimental in ischemic stroke. 68 

  69 
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Introduction 70 

Ischemic stroke is a common neurological disorder worldwide and a major cause of 71 

permanent disability (Murphy and Corbett, 2009; Dimyan and Cohen, 2011). Clinical 72 

treatments, such as tissue plasminogen activator-mediated thrombolysis, are often restricted 73 

by a narrow therapeutic time window (Goldstein, 2007) and insufficient long-term effects 74 

(George and Steinberg, 2015). The extent of neuronal injury after brain ischemia is a primary 75 

factor determining outcomes. Our current understanding of neuronal injury is based on 76 

experimental models and clinical studies. Multiple destructive mechanisms, including 77 

oxidative stress, cell apoptosis, excitotoxicity, and the inflammatory response, are responsible 78 

for neuronal damage (George and Steinberg, 2015). During the hours after ischemic stroke, 79 

neurons will become permanently damaged and undergo cell death (Lai et al., 2014). In 80 

addition to the loss of neurons located within the core area immediately affected by the loss 81 

of blood supply, neuronal loss is also observed in the surrounding area of the brain, resulting 82 

in a sudden loss of function (Rumpel, 2018). Therefore, therapeutic options that rescue 83 

damaged neurons are important; however, to date, only a few therapeutic agents have been 84 

reported to relieve neurological deficits after stroke (Buchli and Schwab, 2005). Novel 85 

therapeutic approaches that decrease neuronal injury are urgently needed (Cramer, 2018). 86 

Circular RNAs (circRNAs), which are newly identified endogenous noncoding RNAs 87 

(ncRNAs), are characterized by back splicing resulting from covalently closed continuous 88 

loops. Many circRNAs are abundantly expressed in the brain, as evidenced by the enrichment 89 

of circRim2, circEl2 and circDym in the cerebellum and high expression of circPlxnd1 in the 90 

cortex (Rybak-Wolf et al., 2015). Although their physiological functions are not yet 91 
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completely defined, dynamic changes in the abundance of several circRNAs, such as 92 

circHomer1a, have been observed in the brain during the process of synapse formation in 93 

development (You et al., 2015). As shown in our previous studies, circHECTD1 aggravates 94 

ischemic damage by regulating astrocyte activation (Han et al., 2018b), and circDLGAP4 95 

overexpression improves the blood-brain barrier (BBB) integrity in subjects with stroke (Bai 96 

et al., 2018). In the present study, circRNA-mm9_circ_009932, also known as circTLK1, was 97 

upregulated during the acute period after focal ischemia (GEO accession number: 98 

GSE115697). CircTLK1 is expressed in neurons, but its function remains unclear. A 99 

genome-wide bioinformatics analysis revealed that circTLK1 acts as a sponge for 100 

miR-335-3p. Moreover, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)-inducible poly 101 

(ADP-ribose) polymerase (TIPARP), a predicted target of miR-335-3p, is upregulated in 102 

ischemic brain tissues. However, researchers have not determined whether the 103 

circTLK1/miR-335-3p/TIPARP axis is involved in cerebral ischemic injury, particularly 104 

neuronal injury. 105 

Therefore, in this context, we aimed to investigate the role of circTLK1 in neuronal 106 

injury after transient middle cerebral artery occlusion (tMCAO) in adult mice. We 107 

hypothesized that upregulated circTLK1 binds to miR-335-3p and acts as an endogenous 108 

miR-335-3p sponge to increase the expression of miR-335-3p target genes, which results in 109 

neuronal injury and thus contributes to neurological deficits. Downregulation of circTLK1 110 

expression significantly improved neurological deficits in tMCAO mice (Fig. 1). Our results 111 

reveal a detrimental role of circTLK1 in neuronal injury after brain ischemia. 112 

  113 
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Materials and Methods 114 

Study approval and patient recruitment 115 

The ethics committees at Jiangsu Province Hospital and Drum Tower Hospital approved 116 

this research protocol (approval IDs: 2016-SR-235 and 2016-123-02, respectively). 117 

Participants or their legally authorized representatives provided written informed consent to 118 

participate in the study. Patients with acute ischemic stroke (AIS) were recruited from two 119 

academic stroke centers: The Emergency Department at the Affiliated Jiangsu Province 120 

Hospital from April 2016 to April 2017 and the Neurology Department at the Affiliated Drum 121 

Tower Hospital from March 2016 to August 2017. 122 

 123 

Human plasma collection 124 

Seventy-one patients with ischemic stroke were recruited. The diagnosis of ischemic 125 

stroke was based on the clinical presentation in combination with a diffusion-weighted 126 

imaging (DWI) lesion on magnetic resonance imaging (MRI) or a new lesion on a delayed 127 

computed tomography (CT) scan. Brain imaging (either CT or MRI) was performed routinely 128 

within 24 h of admission. Experienced neuroradiologists reviewed the imaging studies to 129 

confirm the diagnosis and used the National Institutes of Health Stroke Scale (NIHSS) to 130 

determine the severity of the patients’ neurological deficits. Patients with recurrent stroke or a 131 

stroke onset longer than 48 h, intracerebral hemorrhaging, active malignant disease, 132 

hematological disease, inflammatory or infectious diseases, renal or liver failure, tumors, 133 

surgery within the past three months, prior treatment with low molecular weight or 134 

unfractionated heparin within the past month, or unknown diseases were excluded from the 135 
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study. 136 

Patients were classified into three groups by experienced neuroradiologists according to 137 

the Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification: large-artery 138 

arteriosclerosis (LA), cardioembolism (CE), and small-artery occlusion (SA) (Adams et al., 139 

1993). In addition, the CT or MRI data were analyzed by experienced neuroradiologists who 140 

categorized the infarcts into three groups: cortical infarcts, subcortical infarcts and 141 

infratentorial infarcts (Wardlaw et al., 2013; Tan et al., 2016). Patients with LA were 142 

recruited for infarct volume measurements. MRI with DWI data were available for 16 patients 143 

with LA (53.3%). DWI lesion volumes were determined by one experienced neurologist who 144 

was unaware of the patients’ clinical and laboratory results. The infarct volume was calculated 145 

using the ABC/2 method (A and B represent the largest diameter of the infarct and its largest 146 

perpendicular diameter, respectively, while C represents the thickness of the slices with a 147 

visible infarct lesion) (Sims et al., 2009). 148 

Nonstroke controls were recruited from patients who underwent an annual medical 149 

examination at the hospital. The demographic and clinical characteristics of the 71 patients and 150 

71 nonstroke controls are provided in Table 1. The subjects were matched for age and gender. 151 

Stroke risk factors were defined as follows: (1) hypertension: blood pressure ≥ 140/90 mmHg 152 

and (2) diabetes mellitus: fasting glucose level ≥ 7.0 mmol/L or 2-h postprandial blood glucose 153 

level ≥ 11.1 mmol/L. 154 

Plasma samples were collected from patients who did not receive drug therapy. The mean 155 

time of the blood draw at enrollment was 19.6 ± 1.7 h after stroke onset. Peripheral blood 156 

samples (5 mL) were collected in EDTA-K2 anti-coagulant tubes (BD Biosciences, San Jose, 157 
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CA, USA) immediately after patient admission and centrifuged at 2500 rpm for 25 min at 4°C. 158 

The prepared supernatant was then transferred to RNase/DNase-free tubes and stored at -80°C 159 

until further processing. 160 

 161 

Animals 162 

Adult male C57BL/6J mice (24.0–26.0 g, 8–10 weeks old) were purchased from the 163 

Model Animal Research Center of Nanjing University (Nanjing, China) and randomly 164 

assigned to experimental groups. All animals were housed at a constant temperature and 165 

humidity under a 12-h light/12-h dark cycle, with the lights turned on at 7:00 AM. Food and 166 

water were available ad libitum. All animal experiments were approved by the Institutional 167 

Animal Care and Use Committee at the Medical School of Southeast University (approval ID: 168 

SYXK-2010.4987) and performed in accordance with the Animal Research: Reporting of In 169 

Vivo Experiments (ARRIVE) guidelines. 170 

 171 

Lentiviral vector construction 172 

The plasmids pHBLV-U6-ZsGreen-Puro with circTLK1 shRNA (shRNA-circTLK1), 173 

miR-335-3p mimic, antago miR-335-3p (anti-miR-335-3p), TIPARP shRNA 174 

(shRNA-TIPARP), and their control (Con) sequences were purchased from HANBIO 175 

(Shanghai, China) and inserted into lentiviruses. The shRNA sense sequences were 176 

shRNA-circTLK1, 5’-GAATCAGAGGTGCAATGGA-3’ and shRNA-TIPARP, 177 

5’-GCCTCCTTCTCCTTCTGAT-3’. 178 

 179 
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Adeno-associated virus (AAV) shRNA vector construction 180 

Three AAV vectors (AAV2/8 serotype), AAV-SYN-EGFP-shRNA-Con 181 

(AAV-SYN-shRNA-Con), AAV-SYN-EGFP-shRNA-circTLK1 182 

(AAV-SYN-shRNA-circTLK1) and AAV-SYN-EGFP-shRNA-TIPARP 183 

(AAV-SYN-shRNA-TIPARP), were constructed and packaged by OBio Company (Shanghai, 184 

China). All viral particles express enhanced green fluorescent protein under the synapsin I 185 

(SYN) promoter (a neuron-specific promoter) flanked by the woodchuck hepatitis 186 

posttranscriptional regulatory element. In the AAV vector, the shRNA sequences were cloned 187 

into human miR-30-based stem loops via polymerase-mediated extension of overlapping 188 

DNA oligonucleotides. The packaging cassettes were flanked by inverted terminal repeats for 189 

the AAV cassettes. These sequences were also cloned into human miR-30-based stem loops 190 

through the polymerase extension of overlapping DNA oligonucleotides. For the cloning of 191 

shRNA vectors for AAV production, the following target sequences were used for RNAi: 192 

shRNA-circTLK1, 5’-GAATCAGAGGTGCAATGGA-3’ and shRNA-TIPARP, 5’ 193 

-GCCTCCTTCTCCTTCTGAT-3’. 194 

 195 

Microinjection of circTLK1 shRNA lentivirus, neuron-specific circTLK1 shRNA AAV 196 

and neuron-specific TIPARP shRNA AAV 197 

The left lateral ventricle of five-week-old C57BL/6J mice was microinjected with either 198 

the circControl shRNA-GFP (shRNA-Con) lentivirus or circTLK1 shRNA-GFP 199 

(shRNA-circTLK1) lentivirus (2 μL of 1 × 10
9
 TU/mL, HANBIO, Shanghai, China) at the 200 

following microinjection coordinates: anteroposterior, −0.3 mm; lateral, 1.0 mm; and ventral, 201 
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2.2 mm. At one or three weeks after the microinjection, we divided the mice into the 202 

following groups to evaluate the effect of circTLK1 shRNA lentiviruses on the transient 203 

middle cerebral artery occlusion (tMCAO) model: sham + shRNA-Con, sham + 204 

shRNA-circTLK1, tMCAO + shRNA-Con, and tMCAO + shRNA-circTLK1. 205 

For intracerebroventricular microinjections of AAV, either the neuron-specific control 206 

shRNA-GFP AAV (AAV-SYN-shRNA-Con), circTLK1 shRNA-GFP AAV 207 

(AAV-SYN-shRNA-circTLK1), or TIPARP shRNA-GFP AAV (AAV-SYN-shRNA-TIPARP) 208 

(viral preparations for 4 × 10
10

 viral genomes/mouse in a volume of 1 μL, Obio, Shanghai, 209 

China) was infused into the left lateral ventricle at a rate of 0.1 μL/min, followed by 10 min 210 

of rest to allow diffusion. At four weeks after the microinjection, we divided the mice into the 211 

following 4 groups to evaluate the effect of neuron-specific circTLK1 shRNA AAV on the 212 

tMCAO model: sham + AAV-SYN-shRNA-Con, sham + AAV-SYN-shRNA-circTLK1; 213 

tMCAO + AAV-SYN-shRNA-Con, and tMCAO + AAV-SYN-shRNA-circTLK1. The same 214 

experiment was also designed to evaluate the effect of neuron-specific TIPARP shRNA AAV 215 

on the neurological outcomes in the tMCAO model. 216 

 217 

tMCAO 218 

tMCAO was performed using methods described in a previous study (Stetler et al., 2008), 219 

with some modifications. Briefly, anesthesia was induced with 3% isoflurane and maintained 220 

with 1.5% isoflurane in 30% oxygen and 70% nitrous oxide using a face mask. The right 221 

external carotid artery was exposed, and a silicone rubber-coated 6-0 nylon filament (Doccol, 222 

Sharon, USA) was inserted and advanced 9-10 mm to the carotid bifurcation along the 223 
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internal carotid artery and to the origin of the middle cerebral artery. One hour after the 224 

occlusion, the filament was removed to restore blood flow to the middle cerebral artery 225 

territory. Systolic blood pressure was monitored during surgery using a noninvasive tail-cuff 226 

(BP-2010, Softron Beijing Biotechnology Co., Beijing, China). Arterial blood gas was 227 

measured 15 min after the onset of reperfusion using a calibrated blood gas analyzer, 228 

according to the manufacturer’s instructions (Edan i15 VET, Edan instrument Inc., Shenzhen, 229 

China). The rectal temperature was measured using a rectal probe and maintained at 37.0 ± 230 

0.5°C during the surgery and recovery period with a temperature-controlled heating pad. 231 

Physiological variables were monitored in companion cohorts for all groups. In 232 

sham-operated mice, the external carotid artery was surgically prepared for insertion of the 233 

filament, but the filament was not inserted. Sham-operated mice served as controls. 234 

 235 

Cerebral blood flow (CBF) measurements 236 

Cortical CBF was monitored using a moorFLPI-2 Full-Field Laser Perfusion Imager, 237 

according to the manufacturer’s instructions (Moor Instruments, Axminster, UK). Briefly, a 238 

charge-coupled device camera was placed above the head of the anesthetized mouse, and the 239 

intact skull surface was illuminated with a laser diode (785 nm) to allow laser penetration 240 

through the brain in a diffuse manner. CBF was measured in both cerebral hemispheres and 241 

recorded 15 min before MCAO, throughout the ischemic period and up to 15 min after the 242 

onset of reperfusion. The animal was not exposed to direct sunlight or infrared radiation, and 243 

the room temperature was maintained at 26°C. We established a region of interest including 244 

the right cortical infarct region, which is posterior to the coronal suture and medial to the 245 
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linear temporalis, to evaluate changes in CBF. Animals that did not show a reduction in CBF 246 

of at least 75% of the baseline level and animals that suddenly died immediately after 247 

ischemic induction (< 10%) were excluded from further experimentation (Shi et al., 2016) 248 

since the probability of infarction is greater than 95% if the early CBF is less than 25% of the 249 

control (Heiss et al., 2001). The areas of the ischemic core (0-20% residual CBF) and the 250 

penumbra region (20-30% residual CBF) were defined as described in previous studies (Leak 251 

et al., 2013; Shi et al., 2016) and were measured from laser speckle images. 252 

 253 

In vivo MRI scanning 254 

In vivo MRI was performed using a 7.0-Tesla small animal MRI scanner (Bruker 255 

PharmaScan, Billerica, USA) (Bai et al., 2014; Chang et al., 2015). The mice were 256 

anesthetized with 2% isoflurane delivered through a nose cone, and the respiratory rate and 257 

body temperature were monitored using a physiology monitor. T2-weighted imaging was 258 

conducted 24 h, 48 h or 28 d after tMCAO using a two-dimensional fast-spin echo sequence 259 

(2,500/33 msec of repetition time/echo time, 1 average). Twelve axial slices with a slice 260 

thickness of 1 mm, a matrix of 256 × 256, and a field of view of 20 × 20 mm were positioned 261 

over the brain, excluding the olfactory bulb. MRIs were then scanned and quantified with 262 

NIH ImageJ software (NIH Image, National Institutes of Health, Bethesda, MD; online at 263 

http://rsbweb.nih.gov/ij/), and the hemisphere volume was calculated as: ∑hemisphere area × 264 

slice thickness. The lesion volume was acquired based on the high signal area of the 265 

T2-weighted images, from which the artifact of brain edema was subtracted. The lesion 266 

volume was calculated as the volume of contralateral hemisphere minus the ipsilateral 267 
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non-infarct hemisphere. Volume loss (brain atrophy) at 28 d after tMCAO was computed as 268 

the volume of the contralateral hemisphere minus the ipsilateral hemisphere. 269 

 270 

Neurological deficits and behavioral tests 271 

Neurological deficits were evaluated 24 h after tMCAO. Neurological function was 272 

determined using the modified Neurological Severity Score test (Li et al., 2000) and 273 

performed by a researcher who was blinded to the experimental groups. The score was graded 274 

on a scale of 0 to 14 points (normal score, 0 points; maximum score, 14 points). One point 275 

was awarded for the inability to perform a test or for the lack of a tested reflex; thus, a higher 276 

score indicates a more severe injury. 277 

Behavioral tests were performed prior to MCAO and 3, 7, 14, 21, and 28 d after tMCAO 278 

by an independent investigator who was blinded to the experimental groups. In addition, mice 279 

that died during the experiments were excluded from further data and statistical analyses. 280 

Mortality was assessed 28 d after the induction of tMCAO. 281 

For the adhesive removal somatosensory test, all mice were familiarized with the testing 282 

environment. In the initial test, 2 small pieces of adhesive-backed paper dots (of equal size, 283 

25 mm
2
) were used as bilateral tactile stimuli occupying the distal-radial region on the wrist 284 

of each forelimb. The time it took for the mice to remove each stimulus from the forelimb 285 

was recorded in three trials per day. Individual trials were separated by at least 5 min. Before 286 

surgery, the animals were trained for 3 d. Once the mice were able to remove the dots within 287 

10 sec, they were subjected to tMCAO. 288 

The cylinder test encourages the use of the forelimbs for vertical wall exploration/press 289 
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in a cylinder. Mice were placed in a plastic cylinder (15 cm tall with a diameter of 10 cm) and 290 

videotaped for 5 min. 291 

 292 

Triphenyltetrazolium chloride staining and cerebral infarction measurement 293 

The infarct volume was evaluated 24 h after tMCAO. Each brain was coronally sectioned 294 

into five 1-mm slices with a brain matrix. The brain slices were incubated with 2% 295 

triphenyltetrazolium chloride (Sigma-Aldrich, St. Louis, MO, USA, T8877) at 37°C for 10 296 

min to determine the size and extent of the infarction. Images were analyzed using ImageJ 297 

software. We determined the infarct volume by subtracting the volume of noninfarcted tissue 298 

in the ipsilateral hemisphere from the volume of noninfarcted tissue in the intact contralateral 299 

hemisphere to correct for brain edema. The infarct volume was calculated by summing the 300 

infarct volumes for all slices of each brain (Arumugam et al., 2006). 301 

 302 

Immunostaining and analysis of images of sections 303 

Tissues were cut into 30-μm coronal slices with a cryostat. Sections were subsequently 304 

incubated with 0.3% Triton X-100 in PBS for 15 min and blocked with 10% normal goat 305 

serum (ZSGB-BIO, ZLI-0956) in 0.3% Triton X-100 for 1 h at room temperature. Next, 306 

sections were incubated with a rabbit anti-NeuN antibody (1:250, Proteintech group, Wuhan, 307 

China, 26975-1-AP), rabbit anti-GFAP antibody (1:100, Proteintech group, 16825-1-AP), or 308 

rabbit anti-Iba-1 antibody (1:500, Wako Pure Chemicals, Osaka, Japan, 019-19741) to 309 

examine the colocalization with GFP-positive cells after microinjection, as well as a mouse 310 

anti-NeuN antibody (1:500, Abcam, Cambridge, MA, USA, ab104224) and a rabbit 311 
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anti-TIPARP antibody (1:100, Abcam, ab170817) overnight at 4°C for double 312 

immunofluorescence staining. On the next day, sections were incubated with an Alexa Fluor 313 

594-conjugated goat anti-rabbit IgG (1:400, Invitrogen, Carlsbad, CA, USA, A-11037), Alexa 314 

Fluor 488-conjugated goat anti-rabbit IgG (1:400, Invitrogen, A-11034), or Alexa Fluor 315 

594-conjugated goat anti-mouse IgG (1:400, Invitrogen, A-11005) for 1 h. After a final 316 

washing step with PBS, sections were mounted onto glass slides. Images were captured using 317 

a microscope (Carl Zeiss LSM700, Zeiss, Oberkhorn, Germany). 318 

 319 

Immunohistochemistry and image analysis 320 

The 30-μm-thick coronal cryostat sections were incubated with a mouse anti-MAP2 321 

antibody (1:250, Abcam, ab11267) overnight at 4°C and then incubated with HRP-conjugated 322 

goat anti-mouse IgG secondary antibody (1:2000, Cell Signaling Technology, Danvers, USA, 323 

7076P2). Thereafter, the sections were incubated with the DAB chromogen (Vector 324 

Laboratories, Burlingame, CA, USA, SK-4100). Images were captured using a microscope 325 

(OLYMPUS, Tokyo, Japan, DP73). The areas of brain atrophy, the contralateral hemisphere, 326 

and ipsilateral hemisphere, as well as the total cross-sectional brain area were measured in 327 

seven equally spaced MAP2-stained sections encompassing the MCA territory by an observer 328 

who was blinded to the groups using the NIH Image program, and areas were multiplied by 329 

the distance between sections to obtain the respective volumes. Volume loss (brain atrophy) 330 

at 28 d after tMCAO was computed as the volume of the contralateral hemisphere minus the 331 

ipsilateral hemisphere (Shi et al., 2016). 332 

 333 
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Golgi-Cox staining, imaging, and analysis 334 

Freshly dissected mouse brains were used for Golgi-Cox staining with the FD Rapid 335 

GolgiStain kit (FD Neuro Technologies, Ellicott City, MD, USA) according to the 336 

manufacturer’s protocol. Briefly, mouse brains were incubated in Golgi solution A + B for 7 d 337 

followed by 1-d incubation in solution C. Coronal sections (150 μm) were cut with a cryostat 338 

(CM1950, Leica, Wetzlar, Germany). Sections were then stained, dehydrated, and cleared 339 

with xylene according to the manufacturer’s protocol. 340 

 Images of Golgi-stained neurons were acquired with a Zeiss microscope in z-stack 341 

images (Zeiss, Oberkochen, Germany, ImagerM2). Only pyramidal neurons in the peri-infarct 342 

cortex (within 200 μm of the infarct) were included in our analyses (Tang et al., 2017). For a 343 

neuron to be selected, the following three criteria must be met: (1) the neuron was located in 344 

the peri-infarct cortex, (2) the neuron was distinct from neighboring neurons to allow dendrite 345 

identification, and (3) the neuron had consistent and dark staining throughout its structure 346 

(Gould et al., 1990). The computer-based cell tracing software Neurolucida 360 (MBF 347 

Bioscience, Williston, VT, USA) was used for three-dimensional reconstruction of neurons. 348 

NeuroExplorer (MBF Bioscience, Williston, VT, USA) was used to measure the dendrite 349 

length and for Sholl and spine density analyses. The total length of dendrites was calculated 350 

as the sum of the dendritic length from one neuron. Sholl analysis was used to assess the 351 

complexity of neural dendrites by placing three-dimensional concentric circles in 20-μm 352 

increments starting at 10 μm from the soma. The number of dendritic intersections with each 353 

ring was counted, and the results are reported as the number of intersections per radial 354 

distance from the soma and the total number of intersections. Twenty neurons from 4 animals 355 
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per group were used for the Sholl analysis, which was performed in a blinded manner. We 356 

traced and measured the length of dendrites and counted the number of spines along the 357 

dendrites to calculate the spine density, according to the manufacturer’s protocol. Spine 358 

density was calculated from the number of spines divided by the length of the dendrite. Fifty 359 

neurons from 6 animals per group were analyzed in a blinded manner. 360 

 361 

Quantitative RNA sequencing 362 

Mice subjected to tMCAO were sacrificed at 24 h and 28 d after tMCAO. Total RNA 363 

was extracted from the ischemic cortex of each mouse and used in RNA-Seq experiments. 364 

RNA-Seq experiments were performed according to the manufacturer’s protocol and data 365 

were analyzed by Lc. Biotech Co., Ltd. (Hangzhou, China, http://www.lc-bio.com/). Briefly, 366 

total RNA was extracted using TRIzol reagent (Invitrogen, 15596026) according to the 367 

manufacturer’s procedure. The total RNA quantity and purity were analysis of Bioanalyzer 368 

2100 and RNA 1000 Nano LabChip Kit (Agilent, Pal Alto, CA, USA) with RIN number > 369 

7.0. Poly(A) RNA was purified from total RNA (5 μg) using poly-T oligo-conjugated 370 

magnetic beads using two rounds of purification. Following purification, the mRNA was 371 

fragmented into small pieces using divalent cations at a high temperature. Then, the cleaved 372 

RNA fragments were reverse transcribed to generate cDNAs, which were subsequently used 373 

to synthesize U-labeled second-stranded DNAs with E. coli DNA polymerase I, RNase H and 374 

dUTP. An A-base was then added to the blunt ends of each strand and ligated to modified 375 

Illumina multiplex barcode adapters including custom Unique Molecular Identifiers for 376 

minimizing sequence-dependent bias and amplification noise as described in a previous study 377 
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(Shiroguchi et al., 2012). Size selection was performed with AMPureXP beads. After the 378 

heat-labile UDG enzyme treatment of the U-labeled second-stranded DNAs, the ligated 379 

products were amplified with PCR using the following conditions: initial denaturation at 380 

95°C for 3 min; 8 cycles of denaturation at 98°C for 15 sec, annealing at 60°C for 15 sec, and 381 

extension at 72°C for 30 sec; and then a final extension step at 72°C for 5 min. The average 382 

insert size for the final cDNA library was 300 bp (± 50 bp). Finally, we performed paired-end 383 

sequencing on an Illumina Novaseq
TM

 6000 instrument (LC Bio, China) according to the 384 

vendor’s recommended protocol. Then, the expression levels of all transcripts were evaluated 385 

by calculating the fragments per kilobase per million reads (FPKM). The threshold of 386 

significantly differential expression was set to p < 0.05 and |log2(fold change)|  ≥ 1. The 387 

Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to explore the 388 

biological pathways in which the differentially expressed genes (DEGs) were involved. After 389 

KEGG annotation, the KEGG pathway enrichment analysis was performed. 390 

 391 

Cell cultures 392 

Cultures of primary neurons from the cerebral cortex were obtained from C57BL/6J 393 

mouse embryos (E15-E16). Briefly, the cortices were dissected from mouse embryos and 394 

incubated with trypsin-EDTA (Gibco, Waltham, USA, 25200056) for 10 min; next, neurons 395 

were dissociated and plated at a density of 0.3 million cells per well in Neurobasal medium 396 

(Gibco, 21103049) supplemented with 0.5% GlutaMAX Supplement (Gibco, 35050061) and 397 

2% B27 supplement (Gibco, 17504044). Glial growth was suppressed by the addition of 398 

cytosine-β-D-arabinofuranoside (AraC, 10 μM, Sigma-Aldrich, C1768) one day after plating, 399 
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yielding cultured cells containing > 90% neurons, as confirmed by staining for NeuN (neuron 400 

marker) and glial fibrillary acidic protein (GFAP, astrocyte marker). The cells were 401 

maintained at 37°C in humidified air containing 5% CO2. The medium was changed every 3 402 

d. 403 

Primary mouse astrocytes and microglial cells were obtained from postnatal (P)1 to P2 404 

C57BL/6J mice. The dissected brain cortices were placed in medium supplemented with PBS. 405 

After digestion with trypsin-EDTA, cells were plated on poly-L-lysine-precoated cell culture 406 

flasks containing Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with fetal 407 

FBS (10% v/v) and penicillin/streptomycin (1% v/v). Cultures were maintained in a 408 

humidified incubator (37°C, 5% CO2). For primary cortical astrocyte cultures, the astrocytes 409 

were harvested by trypsinization after 7 to 10 d of culture. For primary cortical microglia 410 

cultures, CSF2/GM-CSF (colony-stimulating factor 2 [granulocyte-macrophage]; 0.25 ng/ml) 411 

was added to the medium seven days later to promote microglial proliferation. The microglia 412 

were detached from the flasks by shaking and collected from the cell medium by 413 

centrifugation at 1500 g for 5 min. 414 

HEK293T cells were grown in a 5% CO2 atmosphere in DMEM (Corning, Manassas, 415 

VA, USA, 10-013-CVR) supplemented with fetal calf serum (10% v/v, Gibco, 10099-141) 416 

and penicillin/streptomycin (1% v/v, Gibco, 10378-016). 417 

 418 

Lentiviral transduction of cortical neurons 419 

Neurons were transduced with the circControl shRNA, circTLK1 shRNA, miR-control, 420 

miR-335-3p, anti-miR-control, anti-miR-335-3p, control shRNA, or TIPARP shRNA 421 
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lentiviruses (HANBIO, Shanghai, China) at 4 d in vitro. Cultured neurons were infected with 422 

lentiviruses at a multiplicity of infection of 5. Cotransductions were performed using two 423 

lentiviruses, each at a multiplicity of infection of 5. Infections were performed by directly 424 

adding lentiviruses to the growth medium. Infections proceeded for 7 d before 425 

oxygen-glucose deprivation treatment at 11 d in vitro. 426 

 427 

Oxygen glucose deprivation/reperfusion (OGD/R) treatment 428 

In all in vitro experiments, neurons were used after 11 d in vitro. The OGD/R treatment 429 

was performed as previously described (Harms et al., 2004). Briefly, the cells were cultured 430 

with glucose-free deoxygenated DMEM (Gibco, 11966-025) in an incubator (Thermo 431 

Scientific, Waltham, USA) with a premixed gas (95% N2 and 5% CO2) for 2 h and then 432 

returned to 95% air, 5% CO2, and normal Neurobasal (B27) medium. Cultures in the control 433 

group were cultured with normal Neurobasal (B27) medium for the same incubation time. 434 

Neurons were subsequently collected for cell viability assays. 435 

 436 

Cell viability assay 437 

The Cell Counting Kit 8 (CCK8, Dojindo, Japan, CK04) is widely used to assess cell 438 

viability. Neuronal injury was measured 6 h after OGD/R using the CCK8 assay according to 439 

the manufacturer’s protocol. Cells were divided into three groups: (a) the blank control group, 440 

(b) the normal control group, and (c) the experimental group. The blank control group 441 

contained the Neurobasal medium, the normal control group contained neurons and 442 

Neurobasal medium, and the experimental group contained the lentivirus-treated neurons and 443 
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Neurobasal medium. The experimental group was treated as described above. Cell viability is 444 

calculated according to the following formula: [(c − a)/(b − a)]. Values represent the fold 445 

changes in cell viability induced by OGD/R. The microplate reader was used to measure the 446 

OD450. Neuronal viability was estimated based on the optical density values. 447 

 448 

Immunostaining and analysis of images of neuron cultures 449 

In the neuronal morphology experiments, neurons were fixed with 4% (wt/vol) 450 

paraformaldehyde in PBS one week after the lentiviral infection and OGD/R treatment. The 451 

following primary antibodies were used: a mouse anti-MAP-2 antibody (1:250, Abcam, 452 

ab11267) and a mouse anti-SMI312 antibody (1:500, Biolegend, San Diego, USA, 837904). 453 

The secondary antibody was Alexa Fluor 594-conjugated goat anti-mouse IgG (1:250, 454 

Invitrogen, A-11005). Prolong Gold anti-fade reagent containing DAPI (Southern Biotech, 455 

Birmingham, USA, 0100-20) was applied to visualize the nuclei. Immunofluorescence 456 

images were captured using a microscope (OLYMPUS, Tokyo, Japan, DP73). The NeuronJ 457 

and advanced Sholl analysis plug-ins in ImageJ were used to calculate the total dendritic 458 

length and dendritic complexity. Synapse images were captured using a Zeiss microscope in 459 

z-stack images (Zeiss, Carl Zeiss LSM700). Spine density was calculated as the number of 460 

spines divided by the dendritic length using the reconstructed images of LV-GFP-infected 461 

neuronal dendritic spines from ImageJ. 462 

 463 

Real-time polymerase chain reaction (PCR) 464 

Real-time PCR was performed according to our previous studies in an Applied 465 
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Biosystems Real-Time PCR System (Yao et al., 2014). First, total RNA was extracted using 466 

TRIzol reagent (Invitrogen, 15596026). For mature miRNAs, the RNA was reverse 467 

transcribed with a stem-loop RT primer (RiboBio, Guangzhou, China) using a HiScript Q 468 

Select RT SuperMix for qPCR Kit (Vazyme, Nanjing, China, R133-01) and quantified using 469 

AceQ qPCR SYBR Green Master Mix (Vazyme, R141-02). U6 was used as an internal 470 

control. Bulge-loop
TM

 miRNA qRT-PCR Primer sets (one RT primer and a pair of qPCR 471 

primers for each set) specific for miR-335-3p, miR-142-3p, miR-129-5p and miR-320-3p 472 

were designed by RiboBio (Guangzhou, China). The circRNAs and mRNAs were reverse 473 

transcribed using a HiScript Q RT SuperMix for qPCR Kit (Vazyme, R123-01) and 474 

quantified using SYBR Green Real-time PCR Master Mix (Vazyme, R141-02). GAPDH was 475 

used as an internal control. The primers used to amplify the circRNA and mRNA transcripts 476 

were synthesized by Invitrogen. The sequences of the primers are listed in Table 2. 477 

 478 

Fluorescence in situ hybridization (FISH) 479 

As described in our previous study (Yao et al., 2014), neurons cultured on coverslips 480 

were fixed with 4% paraformaldehyde and permeabilized with 0.25% Triton X-100 in PBS 481 

for 15 min. The samples were prehybridized in hybridization buffer (50% formamide, 10 mM 482 

Tris-HCl, pH 8.0, 200 μg/ml yeast tRNA, 1X Denhardt’s solution, 600 mM NaCl, 0.25% 483 

SDS, 1 mM EDTA, and 10% dextran sulfate) for 1 h before an overnight incubation with 484 

hybridization buffer containing 50 nM biotin-labeled circTLK1 probes (Invitrogen) or 25 nM 485 

digoxigenin-labeled miR-335-3p probes (Invitrogen) at 37°C. On the second day, after 486 

several washing steps, the samples were blocked with a solution of 1% BSA and 3% NGS in 487 
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PBS for 1 h at room temperature and then incubated with FITC-streptavidin (1:200, 488 

Invitrogen, 434311) and an anti-digoxigenin-poly-POD antibody (1:200, Roche, Basel, 489 

Switzerland, 11207733910) overnight at 4°C. After the coverslips were washed three times 490 

with TBS, signals were amplified by incubating the sections with a TSA Cy5 kit 491 

(PerkinElmer, Boston, USA, NEL745001KT) for 10 min at room temperature. Then, the 492 

coverslips were mounted with Prolong Gold anti-fade reagent containing DAPI. Images were 493 

captured using a microscope (Zeiss, Carl Zeiss LSM700). 494 

FISH in combination with immunostaining was performed as described in our previous 495 

study (Zhang et al., 2016). After permeabilization and prehybridization in hybridization 496 

buffer, the brain sections or coverslips were incubated with hybridization buffer containing 497 

50 nM biotin-labeled circTLK1 probes (Invitrogen) at 37°C overnight. After washes and 498 

blocking, samples were incubated with FITC-streptavidin (1:200, Invitrogen, 434311), a 499 

mouse anti-NeuN antibody (1:500, Abcam, ab104224) or a mouse anti-MAP2 antibody 500 

(1:250, Abcam, ab11267) overnight at 4°C. Then, the samples were incubated with Alexa 501 

Fluor 594-conjugated goat anti-mouse IgG (1:250, Invitrogen, A-11005) and mounted with 502 

Prolong Gold anti-fade reagent containing DAPI. Immunofluorescence images were captured 503 

using a confocal microscope (Zeiss, Carl Zeiss LSM700). The mouse circTLK1 probe 504 

sequence, which was also biotinylated at the 5’-end, was 505 

5’-AGCTCATCCATTGCACCTCTGATTCTTTGTCA-3’. The digoxigenin-labeled 506 

miR-335-3p probe sequence was 5’- GGTCAGGAGCAATAATGAAAAA-3’. 507 

 508 

Affinity isolation assay with biotinylated miRNA 509 
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As described in our previous study (Han et al., 2018b), 2 x 10
6
 HEK293T cells were 510 

seeded into plates one day prior to transfection. On the next day, HEK293T cells were 511 

transfected with 3’-biotinylated WT miR-335-3p (Bio-335-WT) or mutant miR-335-3p 512 

(Bio-335-Mut) at a final concentration of 50 nM for 36 h. Cells were incubated with lysis 513 

buffer [20 mM Tris, pH 7.5, 200 mM NaCl, 2.5 mM MgCl2, 0.05% Igepal (Sigma, St. Louis, 514 

USA, 18896), 60 U/ml Superase-In (Invitrogen, AM2694), 1 mM DTT (Sigma, 43816), and 515 

protease inhibitors] on ice for 10 min. Lysates were precleared by centrifugation, and 50-μL 516 

aliquots of the samples were prepared as input. The remaining lysates were incubated with 517 

M-280 streptavidin magnetic beads (Invitrogen, 11205D). The beads were precoated with 518 

yeast tRNA (Invitrogen, 54016) to prevent the nonspecific binding of RNA and protein 519 

complexes. The beads were incubated at 4°C for 1.5 h and washed twice with ice-cold lysis 520 

buffer, twice with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM 521 

Tris-HCl, pH 8.0, and 150 mM NaCl), and once with high-salt buffer (0.1% SDS, 1% Triton 522 

X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0, and 500 mM NaCl). The bound RNAs were 523 

purified with TRIzol to measure circTLK1, circKLHL2, and GAPDH levels. For the total 524 

input of each sample, cells were incubated with 500 μL of lysis buffer, and 50 μL of the 525 

supernatant of cell lysates were collected after centrifugation for RNA extraction. Then, 100 526 

ng of RNA were used as the template for reverse transcription in 10-μL reaction system. Next, 527 

2 μL of RT products were used for qPCR in a 20-μL reaction system. The 3’-biotinylated WT 528 

miR-335-3p sequence was 5’-UUUUUCAUUAUUGCUCCUGACC-3’. The 3’-biotinylated 529 

mutant miR-335-3p sequence was 5’-UGGCCAAGUAUUGCUCCUGACC-3’. The 530 

3’-biotinylated miRNAs were all synthesized by GenePharma (Shanghai, China). 531 



 

26 

 532 

Affinity isolation assay with biotinylated DNA probes 533 

Due to the low background expression level of miR-335-3p in HEK293T cells, stably 534 

transfected cell lines were employed in this experiment. Briefly, HEK293T cells were seeded 535 

and transfected with the miR-335-3p mimic lentivirus. After a 24-h incubation, the virus 536 

solution was removed and replaced with complete medium. At 72 h after transduction, we 537 

added puromycin to the medium at a concentration of 5 μg/mL to establish stably transfected 538 

cells. After antibiotic selection for 3 weeks, the blank control cells had all died, and the 539 

corresponding stably transfected cell lines were obtained. 540 

As described in our previous study (Han et al., 2018b), a biotinylated DNA probe 541 

complementary to circTLK1 was synthesized and dissolved in 500 μL of wash/binding buffer 542 

(0.5 M NaCl, 20 mM Tris-HCl, pH 7.5, and 1 mM EDTA). The probe was incubated with 543 

M-280 streptavidin magnetic beads at 4°C for 3 h to generate probe-coated magnetic beads. 544 

HEK293T cell lysates were incubated with probe-coated beads at 25°C for 1.5 h, and after 545 

washing with the wash/binding buffer, the RNA complexes bound to the beads were eluted 546 

and extracted for real-time PCR analysis. Relative miR-335-3p, miR-142-3p, and U6 levels 547 

were measured. For the total input of each sample, cells were incubated with 500 μL of lysis 548 

buffer, and 50 μL of the supernatant of cell lysates were collected after centrifugation for 549 

RNA extraction. Then, 100 ng of RNA were used as the template for reverse transcription in a 550 

10-μL reaction system. Next, 2 μL of RT products were used for qPCR in a 20-μL reaction 551 

system. The 5’-biotinylated sequence of the circTLK1 pull-down probe was 552 

5’-AGCTCATCCATTGCACCTCTGATTCTTTGTCA-3’, and the 5’-biotinylated sequence 553 
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of the random pull-down probe was 554 

5’-AAAGCTGCTGCTAGTGCAGTGTCCGTACCAGTCGG-3’. These probes were all 555 

synthesized by Invitrogen (Carlsbad, CA). 556 

 557 

Luciferase activity assays 558 

The 3’-UTR of the 708-bp human TIPARP gene containing the putative miR-335-3p 559 

target site was PCR amplified from human genomic DNA using forward 560 

(5’-GCGGCTCGAGATGTATCAGCCAACCAGAG-3’) and reverse 561 

(5’-AATGCGGCCGCCCACAAACATTACCAGGAG-3’) primers, and the DNA fragment 562 

was cloned into the XhoI and NotI sites at the 3’-end of the luc2 gene in the 563 

pmiR-RB-REPORT
TM

 vector (RiboBio). For the 564 

pmiR-RB-TIPARP-3’-UTR-miR-335-3p-target-mutant vector, the miR-335-3p target site 565 

(TGAAAA) within the TIPARP 3’-UTR was changed to ACTTTT via PCR-based 566 

mutagenesis with the primers TIPARP-miR-335-3p-F 567 

(5’-CAACCATTACTTTTATTTTTGTCACCAGCAAA-3’) and TIPARP-miR-335-3p-R 568 

(5’-ACAAAAATAAAAGTAATGGTTGTTTTTTGTTG-3’). Briefly, HEK293T cells were 569 

transfected with a miR-335-3p mimic (RiboBio) and a target plasmid, 570 

pmiR-RB-TIPARP-3’-UTR or pmiR-RB-TIPARP-3’-UTR-miR-335-3p-target-mutant, at a 571 

molar ratio of 50:1. An miRNA control was used as a negative control. Luciferase activity 572 

was determined at 24 h posttransfection, and reporter assays were performed according to the 573 

manufacturer’s protocol (Promega, Madison, USA, E2920). Renilla luciferase activity was 574 

normalized to firefly luciferase activity and reported as a percentage of the control. 575 
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 576 

Western blot analysis 577 

As described in our previous studies (Yao et al., 2011; Bai et al., 2016), proteins were 578 

extracted with RIPA lysis buffer (Beyotime, Shanghai, China, P0013B), separated on sodium 579 

dodecyl sulfate polyacrylamide gels (10% and 12%), and electrophoretically transferred onto 580 

polyvinylidene fluoride membranes. Membranes were probed with antibodies recognizing 581 

TLK1 (1:1000, Proteintech group, 13564-1-AP), Bax (1:1000, Cell Signaling Technology, 582 

Danvers, USA, 2772S), Bcl-xl (1:1000, Cell Signaling Technology, 2764S), caspase-3 583 

(1:1000, Cell Signaling Technology, 9662S), PSD95 (1:1,000, Abcam, ab76115), synapsin-1 584 

(1:250, Santa Cruz, Santa Cruz, USA, sc-8295), TIPARP (1:1,00, Abcam, ab170817), and 585 

β-actin (1:1000, CMCTAG, Milwaukee, USA, AT0001) overnight at 4°C. Membranes were 586 

then incubated with a horseradish peroxidase-conjugated goat anti-mouse/rabbit IgG 587 

secondary antibody (1:2,000, Cell Signaling, 7076P2/7074P2) and a donkey anti-goat IgG 588 

secondary antibody (1:5,000, Abcam, ab6885). Signals were detected using 589 

chemiluminescence and imaged with a Microchemi 4.2
®

 (DNR, Jerusalem, Israel) digital 590 

image scanner. The individual protein bands were quantified using densitometry with ImageJ 591 

software. 592 

 593 

Experimental design and statistical analysis 594 

All mice were male, and the experimental groups were age-matched. Power analysis 595 

software (Hintze, J. NCSS, LLC, Kaysville, Utah, USA; www.ncss.com) was used to 596 

calculate the sample power required for the clinical study. The sample size required for the 597 
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animal study was empirically determined based on the results of previous experiments and 598 

similar to the size generally used in the field. 599 

Data are presented as means ± SEM. P < 0.05 was considered to indicate a significant 600 

difference. Statistical analyses were performed using GraphPad Prism 6 Software. 601 

Shapiro-Wilks tests were used to assess the normality of the distribution for each group. 602 

Correlations were determined by calculating Pearson’s correlation coefficients. Interaction 603 

effects were analyzed using nonlinear regression models. The mortality rate was determined 604 

using a Chi square analysis. 605 

Significance was assessed with Student’s t-test (two-tailed) for comparisons of 2 groups. 606 

The differences in neurological deficits caused by tMCAO (R24 h), infarct volumes after 607 

tMCAO (R24 h or 48 h) and brain atrophy after tMCAO (R28 d) between groups were 608 

examined using Student’s t-test (shRNA-Con-microinjected groups vs. 609 

shRNA-circTLK1-microinjected groups, AAV-shRNA-Con-microinjected groups vs. 610 

AAV-shRNA-circTLK1-microinjected groups, and AAV-shRNA-Con-microinjected groups 611 

vs. AAV-shRNA-TIPARP-microinjected groups, respectively). The same analysis was also 612 

performed to examine differences between the sham and tMCAO groups, and between 613 

normal controls and patients with AIS. The expression of circTLK1 in shRNA-Con and 614 

shRNA-circTLK-microinjected groups in vivo, as well as shRNA-Con and shRNA-circTLK 615 

lentivirus-transduced groups in vitro was examined using Student’s t-test, and the expression 616 

of TIPARP in cells transduced with shRNA-Con and shRNA-TIPARP lentivirus or AAV was 617 

also analyzed. 618 

One- or two-way ANOVA followed by Holm-Sidak tests were used to compare 3 or more 619 
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groups. Analyses of differences in circTLK1 or TIPARP expression between control and 620 

OGD/R-treated groups, and TIPARP expression between Sham and tMCAO mice were 621 

conducted with a one-way ANOVA followed by the Holm-Sidak test. Behavioral data 622 

collected at multiple repeating time points were analyzed using two-way repeated measures 623 

ANOVA, followed by Holm-Sidak post hoc tests. The results were statistically significant if p 624 

< 0.05 according to the ANOVA. P values, the statistical analyses used, and sample sizes are 625 

described in the figure legends. 626 

  627 
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Results 628 

Knockdown of circTLK1 expression reduces brain infarction in tMCAO mice 629 

Our previous circRNA microarray study in an established tMCAO stroke model revealed 630 

significantly increased levels of 5 of 1178 circRNAs (by more than 1.5-fold) in ischemic 631 

tissues compared to the sham group (GEO accession number: GSE115697). CircTLK1, 632 

which is derived from exons 2 and 3 of the TLK1 gene, is one of these upregulated circRNAs 633 

(Fig. 2-1A). Using real-time polymerase chain reaction (Fig. 2-1B and C), we verified the 634 

expression of circTLK1 in different mouse organs, including the brain, heart, liver, spleen, 635 

lung, and kidney. As shown in Fig. 2-1D, circTLK1 was expressed at high levels in the brain, 636 

spleen and lung. 637 

Consistent with the microarray data, we observed elevated levels of circTLK1 in mouse 638 

plasma (Fig. 2A) and the ipsilateral cortex (Fig. 2B) 6 h after tMCAO-reperfusion. However, 639 

the levels of the TLK1 mRNA and protein in the ipsilateral cortex were significantly 640 

decreased 6 h after tMCAO (Fig. 2-2). Next, we sought to validate the role of circTLK1 in 641 

the pathogenesis of stroke in vivo. The lateral ventricles of mice were microinjected with 642 

either the circControl shRNA lentivirus (shRNA-Con) or circTLK1 shRNA lentivirus 643 

(shRNA-circTLK1) (Fig. 2C and Fig. 2-3). We first examined the efficacy of 644 

shRNA-circTLK1-GFP lentivirus transduction in vivo. GFP was widely expressed in the 645 

cortex 21 d after injection and colocalized with NeuN, a neuronal marker, in certain cells (Fig. 646 

2D and Fig. 2-4). As expected, decreased circTLK1 expression was observed in circTLK1 647 

shRNA-injected mice compared to circControl shRNA-injected mice (Fig. 2E). Three weeks 648 

after the lentivirus microinjections, the mice were subjected to tMCAO. Treatment with the 649 
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circTLK1 shRNA lentivirus did not alter the cerebral blood flow (CBF) (Fig. 2F-H) or 650 

physiological parameters (Table 3) of these mice. The neurological deficits were significantly 651 

alleviated in the circTLK1 shRNA-injected mice compared to the circControl 652 

shRNA-injected mice after 24 h of reperfusion (Fig. 2I). The infarct size, as evaluated using 653 

MRI, was significantly decreased at 24 h after reperfusion in the circTLK1 shRNA-injected 654 

mice compared to the circControl shRNA-injected mice (Fig. 2J and K). We determined the 655 

brain infarct volume at 24 h after surgery using 2,3,5-triphenyltetrazolium chloride staining to 656 

verify this observation. The infarct volume was significantly decreased in the circTLK1 657 

shRNA-injected mice than in the circControl shRNA-injected mice (Fig. 2L and M). 658 

 659 

CircTLK1 knockdown ameliorates neurological deficits after focal ischemia in mice 660 

We next evaluated the role of circTLK1 in neuronal deficits after stroke. Neurological 661 

deficit scoring, an adhesive removal test, and a cylinder test were conducted before and 3 and 662 

7 d after tMCAO. Microinjection of the circTLK1 shRNA lentivirus significantly ameliorated 663 

neurological deficits (Fig. 3A) and improved somatosensory functions (cylinder test and 664 

adhesive removal test) (Fig. 3B and C) after tMCAO. Consistent with these behavioral 665 

improvements, the circTLK1 shRNA lentivirus treatment also ameliorated the substantially 666 

decreased Bax/Bcl-xl ratio and caspase-3/pro caspase-3 ratio induced by tMCAO (Fig. 667 

3D-G). 668 

Furthermore, we continued to perform neurological deficit scoring, the adhesive removal 669 

test, and the cylinder test before and 14, 21, and 28 d after tMCAO. As shown in Fig. 4A-C, 670 

microinjection of the circTLK1 shRNA lentivirus significantly ameliorated neurological 671 
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deficits (Fig. 4A) and improved somatosensory functions (cylinder test and adhesive removal 672 

test) (Fig. 4B and C) after tMCAO. A significant difference in the mortality rate was not 673 

observed among the groups at 28 d after tMCAO (Fig. 4-1). Brain atrophy evaluated by MRI 674 

at 28 d after tMCAO was significantly reduced in the shRNA-circTLK1 lentivirus-injected 675 

mice with stroke compared with the circControl shRNA lentivirus-injected mice (Fig. 4D and 676 

E). Compared to the circControl shRNA lentivirus treatment, the circTLK1 shRNA lentivirus 677 

treatment significantly increased the dendritic complexity in the peri-infarct cortex at 28 d 678 

after tMCAO (Fig. 4F-J). Consistent with the behavioral changes, tMCAO significantly 679 

decreased the number of spines in the peri-infarct cortex of mice at 28 d after tMCAO, which 680 

was ameliorated by the shRNA circTKL1 treatment (Fig. 4K and L). Moreover, the levels of 681 

the synapse-associated proteins synapsin-1 and PSD95 were decreased in the tMCAO group, 682 

changes that were significantly alleviated by the circTLK1 shRNA lentivirus microinjection 683 

(Fig. 4M and N).  684 

Next, we further examined the efficacy of shRNA-circTLK1 lentivirus at different time 685 

points. Microinjection of the shRNA-circTLK1 lentivirus significantly decreased the 686 

expression of circTLK1 at 14 d after microinjection (Fig. 4-2A). In mice receiving 687 

microinjection of shRNA-circTLK1 lentivirus at 7 d before tMCAO, the expression of 688 

circTLK1 was reduced at 7 d after tMCAO (Fig. 4-2B). A significant difference in the 689 

mortality rate was not observed between the groups at 28 d after tMCAO (Fig. 4-2C and D). 690 

As shown in Fig. 4-2E-G, knockdown of circTLK1 expression after tMCAO significantly 691 

ameliorated the neurological deficits and improved somatosensory functions (cylinder test 692 

and adhesive removal test) at 14, 21, and 28 d after tMCAO. 693 
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 694 

CircTLK1 knockdown ameliorates neuronal injury in vitro 695 

Having determined that circTLK1 plays a critical role in stroke, further experiments were 696 

needed to dissect the detailed mechanisms. First, we examined the localization of circTLK1 697 

by in situ hybridization (Fig. 5-1A); circTLK1 colocalized with NeuN (Fig. 5-1B). This 698 

finding was further confirmed by examining the expression of circTLK1 in different types of 699 

primary cultured cells from the brain, including neurons, astrocytes, and microglia, using 700 

real-time PCR. As shown in Fig. 5-1C, circTLK1 was expressed at high levels in neurons. As 701 

shown in Fig. 5A, circTLK1 was expressed in primary cultured cortical neurons. The 702 

expression of circTLK1 was significantly increased in primary cortical neurons treated with 703 

OGD/R (Fig. 5B). However, the expression of TLK1 mRNA in cortical neurons was 704 

significantly decreased after OGD/R (Fig. 5C). Transduction of primary cortical neurons with 705 

the circTLK1 shRNA lentivirus decreased the expression of circTLK1 (Fig. 5D), while no 706 

change in TLK1 mRNA expression was observed (Fig. 5E). We treated RNA samples with 707 

RNase R, which cleaves linear RNAs, to confirm that the transduction of the circTLK1 708 

shRNA lentivirus only affected circTLK1. As shown in Fig. 5F, the RNase R treatment 709 

resulted in a decrease in the level of linear TLK1 mRNA. However, transduction with 710 

circTLK1 shRNA decreased circTLK1 levels in cells treated with RNase R, confirming that 711 

the circTLK1 shRNA specifically targeted circTLK1 (Fig. 5G). We examined the effects of 712 

circTLK1 on OGD/R-induced neuronal survival. As shown in Fig. 5H, the circTLK1 shRNA 713 

lentivirus treatment significantly inhibited the decrease in neuronal survival induced by the 714 

OGD/R treatment. Western blots revealed increases in the Bax/Bcl-xl ratio and the 715 
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caspase-3/pro caspase-3 ratio at 3-24 h after OGD (Fig. 5-2A-C), and these effects were 716 

abolished by the circTLK1 shRNA at 6 h after OGD/R (Fig. 5I and J). 717 

In addition, we examined the effect of circTLK1 on the levels of synapsin-1 and PSD95. 718 

The levels of these proteins were decreased at 0-24 h after OGD (Fig. 5-2D-F). As shown in 719 

Fig. 6A and B, cells transduced with the circTLK1 shRNA lentivirus exhibited significant 720 

increases in synapsin-1 and PSD95 levels at 6 h after OGD/R. The neuroprotective effects of 721 

circTLK1 shRNA were also confirmed by immunostaining for MAP-2. As shown in Fig. 722 

6C-E, a marked loss of MAP-2 immunoreactivity and decreased length of neuronal processes 723 

were observed in OGD/R-treated neurons, and these effects were ameliorated by transduction 724 

with the circTLK1 shRNA lentivirus. Similarly, axonal staining with SMI-312 (a panaxonal 725 

neurofilament marker) revealed decreased axonal outgrowth at 6 h after OGD/R, which was 726 

rescued by circTLK1 knockdown (Fig. 6F and G). Cortical neurons were then exposed to 727 

OGD/R and subjected to confocal microscopy. Similar to the in vivo findings, OGD/R 728 

exposure resulted in a significant decrease in the density of dendritic spines, which was 729 

ameliorated by transduction of the circTLK1 shRNA lentivirus (Fig. 6H and I). 730 

 731 

Neuron-specific knockdown of circTLK1 improves neurological deficits after stroke in 732 

mice 733 

We employed neuron-specific AAV (AAV2/8 serotype) with a synapsin I (SYN) 734 

promoter carrying the shRNA to inhibit the expression of circTLK1 in neurons and confirm 735 

the effect of circTLK1 on neuronal injury induced by ischemic stroke in vivo. 736 

AAV-SYN-shRNA-circTLK1 was microinjected into the lateral ventricle to selectively 737 
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inhibit the expression of circTLK1 in neurons. The circControl-GFP AAV 738 

(AAV-SYN-shRNA-Con) was used as the control (Fig. 7A). The mice were monitored to 739 

determine the role of circTLK1 in stroke pathogenesis (Fig. 7B). GFP was widely expressed 740 

and colocalized with NeuN-positive cells, but not other cell types, such as astrocytes, 741 

oligodendrocytes, microglial cells and endothelial cells (Fig. 7C and 7-1), indicating 742 

successful AAV-SYN-shRNA-circTLK1 transduction in neurons. Decreased expression of 743 

circTLK1 was observed in shRNA-circTLK1-injected mice compared to 744 

AAV-SYN-shRNA-Con-injected mice (Fig. 7D). Treatment with the neuron-specific 745 

circTLK1 shRNA AAV did not alter the CBF (Fig. 7E-G) or physiological parameters (Table 746 

3) of these mice. Next, we investigated whether neuronal-specific knockdown of circTLK1 747 

resulted in functional improvements in mice with stroke. Microinjection of the circTLK1 748 

shRNA AAV resulted in a significant recovery of neurological deficits (Fig. 7H) and 749 

somatosensory and sensorimotor functions (Fig. 7I and J) after tMCAO. 750 

Moreover, MAP-2 staining revealed less brain atrophy in 751 

shRNA-circTLK1-AAV-treated mice with stroke than in shRNA-Con AAV-treated mice with 752 

stroke (Fig. 8A and B). Next, we investigated whether neuron-specific knockdown of 753 

circTLK1 led to functional improvements at 14, 21, and 28 d after tMCAO. As shown in Fig. 754 

8C-E, microinjection of the circTLK1 shRNA AAV resulted in a significant recovery of 755 

neurological deficits (Fig. 8C) and somatosensory and sensorimotor functions after tMCAO 756 

(Fig. 8D and E). A significant difference in the mortality rate was not observed among the 757 

groups at 28 d after tMCAO (Fig. 8-1). 758 

 759 
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CircTLK1 regulated TIPARP by binding to miR-335-3p  760 

Since circRNAs function as ncRNA sponges to interact with miRNAs and increase the 761 

expression of a target protein, we sought to determine the downstream target protein 762 

displaying increased levels in the ipsilateral side of tMCAO mice that served as an inducer of 763 

ischemic brain injury. We first searched our microarray data from tMCAO mouse brains and 764 

found that TIPARP mRNA levels were significantly increased in the brain infarct and 765 

surrounding areas (GEO accession number: GSE98319). Importantly, TIPARP has been 766 

shown to be involved in ischemic brain injury (Han et al., 2018b). The next logical step is to 767 

search for miRNAs that target both circTLK1 and TIPARP. Using the bioinformatics program 768 

RNAhybrid, the miRNA target prediction software from Arraystar, TargetScan (Enright et al., 769 

2003) and miRanda (Pasquinelli, 2012), only three miRNAs, miR-335-3p, miR-320-3p and 770 

miR-129-5p, bound to circTLK1 and the 3’-UTR of the TIPARP mRNA (Fig. 9A and Table 4). 771 

Among these 3 miRNAs, only the levels of miR-335-3p, but not miR-320-3p or miR-129-5p 772 

(Fig. 9-1), were significantly decreased in the ischemic cortex at 6 h after tMCAO (Fig. 9B). 773 

We next sought to determine whether circTLK1 physically bound to miR-335-3p. Therefore, 774 

a biotin-coupled miR-335-3p mimic was then applied to test whether miR-335-3p pulled 775 

down circTLK1. We observed an enrichment of circTLK1 in the miR-335-3p-captured 776 

fraction, but not in the fractions captured by mutant miR-335-3p mimics with disrupted base 777 

paring between circTLK1 and miR-335-3p (Fig. 9C). Another circRNA that was not 778 

predicted to bind to miR-335-3p, circKLHL2, was not captured by miR-335-3p (Fig. 9C). 779 

These findings were confirmed in an inverse affinity isolation assay for miR-335-3p using a 780 

biotin-labeled specific circTLK1 probe, but not with a random probe, or an unpredicted 781 
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miRNA, such as miR-142-3p (Fig. 9D). We further examined the localization of circTLK1 782 

and miR-335-3p in primary cortical neurons using a FISH analysis with specific probes. 783 

FISH revealed the colocalization of circTLK1 and miR-335-3p in the cytoplasm of primary 784 

cortical neurons (Fig. 9E).  785 

As described above, the 3’-UTR of the human and mouse TIPARP mRNA contains a 786 

conserved miR-335-3p binding site (Fig. 10A). Cotransfection of a 787 

miR-335-3p-overexpressing vector and a pmiR-GLO plasmid with the wild-type TIPARP 788 

3’-UTR resulted in the downregulation of luciferase activity, and this effect was reversed in 789 

HEK293T cells transfected with a mutated TIPARP 3’-UTR (Fig. 10B). The level of TIPARP 790 

was significantly increased in the ischemic tissue 12 h to 7 d after tMCAO (Fig. 10C and D). 791 

As shown in Fig. 10E, TIPARP was highly colocalized with NeuN in the cortex. Additionally, 792 

the in vitro study confirmed that TIPARP expression was significantly increased in primary 793 

cortical neurons treated with OGD/R (Fig. 10F and G). Transduction of cells with the mimic 794 

miR-335-3p lentivirus decreased TIPARP expression (Fig. 10H and I), whereas transduction 795 

with the anti-miR-335-3p lentivirus increased the level of the TIPARP protein in primary 796 

cortical neurons treated with or without OGD/R (Fig. 10J and K).  797 

 798 

The circTLK1/miR-335-3p axis aggravates neuronal injury via the downstream protein 799 

TIPARP 800 

Having determined the relationship between circTLK1/miR-335-3p with TIPARP, we 801 

next examined the functional role of circTLK1/miR-335-3p in neuronal injury. Transduction 802 

with the mimic miR-335-3p lentivirus significantly inhibited the decrease in neuronal 803 
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survival observed in the OGD/R-treated group (Fig. 11A and Fig. 11-1A-C). In contrast, 804 

transducing cells with the anti-miR-335-3p lentivirus reduced neuronal survival in 805 

OGD/R-challenged neurons (Fig. 11B and Fig. 11-1D-E). Furthermore, transducing neurons 806 

with the mimic miR-335-3p lentivirus significantly increased the levels of synapsin-1 and 807 

PSD95 in neurons and ameliorated the OGD/R-induced decrease in synapsin-1 and PSD95 808 

levels (Fig. 11-2A-C). In contrast, transducing cells with the anti-miR-335-3p lentivirus 809 

reduced the levels of synapsin-1 and PSD95 in neurons and aggravated the loss of synapsin-1 810 

and PSD95 in OGD/R-challenged neurons (Fig. 11-2D-F). 811 

Moreover, transduction with the circTLK1 shRNA lentivirus significantly inhibited the 812 

OGD/R-induced increase in TIPARP levels in mouse cortical neurons (Fig. 11C and D). We 813 

cotransduced primary mouse cortical neurons with the circTLK1 shRNA lentivirus and 814 

anti-miR-335-3p lentivirus to further verify that miR-335-3p acts as a mediator of circTLK1 815 

to control TIPARP expression. Transduction with the circTLK1 shRNA lentivirus attenuated 816 

the increase in TIPARP expression induced by the anti-miR-335-3p lentivirus (Fig. 11E and 817 

F). Next, we cotransduced primary mouse cortical neurons with the circTLK1 shRNA 818 

lentivirus and anti-miR-335-3p lentivirus to determine whether circTLK1 ameliorated 819 

neuronal injury via miR-335-3p. As shown in Fig. 11G, transduction with the circTLK1 820 

shRNA lentivirus attenuated the increase in neuronal injury induced by the anti-miR-335-3p 821 

lentivirus. We next sought to examine the role of TIPARP in neuronal injury using a genetic 822 

approach. Transduction of primary mouse neurons with the TIPARP shRNA lentivirus 823 

efficiently decreased TIPARP expression (Fig. 11H and I). Knockdown of TIPARP 824 

expression significantly rescued the OGD/R-induced decrease in neuronal survival (Fig. 11J). 825 
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This finding was further confirmed in vivo, as that microinjection of the circTLK1 shRNA 826 

lentivirus significantly inhibited the increase in TIPARP expression observed in tMCAO mice 827 

at 24 h after reperfusion (Fig. 11K and L), suggesting that TIPARP expression was regulated 828 

by circTLK1. 829 

Next, we further examined the effect of circTLK1 on neuronal function. As shown in Fig. 830 

12A and B, transduction with the anti-miR-335-3p lentivirus significantly inhibited the 831 

increases in PSD95 expression induced by the circTLK1 shRNA lentivirus. Moreover, 832 

transduction of neurons with the circTLK1 shRNA lentivirus increased the spine density, and 833 

this effect was inhibited in neurons cotransduced with the circTLK1 shRNA lentivirus and 834 

anti-miR-335-3p lentivirus (Fig. 12C and D). Knockdown of TIPARP expression 835 

significantly rescued the OGD/R-induced decrease in PSD95 levels (Fig. 12E and F). 836 

 837 

Neuron-specific knockdown of TIPARP improves neurological deficits after stroke in 838 

mice 839 

We employed neuron-specific AAV (AAV2/8 serotype) with a SYN promoter carrying a 840 

TIPARP shRNA to inhibit the expression of TIPARP in neurons and confirm the effect of 841 

TIPARP on neuronal injury induced by ischemic stroke in vivo (Fig. 13A). The mice were 842 

monitored to determine the role of neuronal TIPARP in stroke pathogenesis (Fig. 13B). GFP 843 

was widely expressed and colocalized with NeuN-positive cells (Fig. 13C), indicating 844 

successful neuron-specific TIPARP shRNA AAV (AAV-SYN-shRNA-TIPARP) transduction. 845 

As shown in Fig. 13D and E, the protein level of TIPARP was significantly decreased in the 846 

cortex at 28 d after the AAV microinjection. When tMCAO was induced, the neuron-specific 847 
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TIPARP shRNA AAV treatment did not change the CBF or physiological parameters of these 848 

mice (Fig. 13F-H and Table 3). MRI scanning performed at 48 h after tMCAO showed that 849 

compared to the control shRNA AAV (AAV-SYN-shRNA-Con) treatment, the 850 

neuron-specific TIPARP shRNA AAV treatment significantly reduced the brain infarction 851 

volume (Fig. 13I and J). Microinjection of the neuron-specific TIPARP shRNA AAV 852 

resulted in significant improvements in neurological scores (Fig. 13K) and forepaw function, 853 

as revealed by the adhesive removal test (Fig. 13L). Furthermore, TIPARP knockdown 854 

significantly decreased the levels of the apoptotic proteins Bax and caspase-3 at 24 h after 855 

tMCAO (Fig. 13-1A-D). We performed RNA-Seq of the ipsilateral cortex at 24 h after 856 

tMCAO to investigate the underlying mechanisms of AAV shRNA-mediated knockdown of 857 

TIPARP in neuronal injury (GEO accession number: GSE131712). At an expression fold 858 

change cutoff of 2.0 and p < 0.05, we identified 516 DEGs between the tMCAO + 859 

AAV-SYN-shRNA-TIPARP and tMCAO + AAV-SYN-shRNA-Con groups at 24 h after 860 

tMCAO, among which 77 genes showed higher expression and 439 genes showed lower 861 

expression (Fig. 13-1E). We identified several DEGs involved in the regulation of cell 862 

processes and signaling pathways that clustered together in the comparison of 863 

AAV-SYN-shRNA-Con and AAV-SYN-shRNA-TIPARP (Fig. 13-1F). Upon the KEGG 864 

pathway analysis, the significantly differential genes were enriched in those involved in 865 

biological processes that are critical for cell processes, signaling pathways and neurology, 866 

including apoptosis, p53 signaling pathway, calcium signaling pathways and neuroactive 867 

ligand-receptor interaction (Fig. 13-1G). 868 

Regarding the long-term effect of this treatment, microinjection of the neuron-specific 869 
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TIPARP shRNA AAV significantly decreased the brain atrophy volume at 28 d after tMCAO 870 

(Fig. 14A and B) and resulted in significant improvements in neurological scores (Fig. 14C) 871 

and forepaw function, as revealed by the adhesive removal test (Fig. 14D). A significant 872 

difference in mortality rate was not observed among the groups at 28 d after tMCAO (Fig. 873 

14-1). Moreover, the levels of the synapse-associated proteins synapsin-1 and PSD95 were 874 

decreased in the tMCAO group, changes that were significantly alleviated by the 875 

neuron-specific TIPARP shRNA AAV microinjection (Fig. 14E-H). We performed RNA-Seq 876 

of the ipsilateral cortex at 28 d after tMCAO to investigate the underlying mechanisms and 877 

long-term effects of AAV shRNA-mediated knockdown of TIPARP (GEO accession number: 878 

GSE131712). At an expression fold change cutoff of 2.0 and p < 0.05, we identified 192 879 

DEGs between the tMCAO + AAV-SYN-shRNA-TIPARP and tMCAO + 880 

AAV-SYN-shRNA-Con groups at 28 days after tMCAO, among which 159 genes showed 881 

higher expression and 33 genes showed lower expression (Fig. 14-2A). We identified several 882 

DEGs involved in the regulation of neurology, immunology and signaling pathways that 883 

clustered together in the comparison of AAV-SYN-shRNA-Con and 884 

AAV-SYN-shRNA-TIPARP (Fig. 14-2B). Upon the KEGG pathway analysis, the 885 

significantly differential genes were enriched in those with functions in biological processes 886 

involved in the regulation of neurology, signaling pathways and immunology, such as 887 

neuroactive ligand-receptor interaction, Toll-like receptor signaling pathway and 888 

cytokine-cytokine receptor interaction (Fig. 14-2C). 889 

 890 

CircTLK1 is upregulated in the plasma of patients with AIS 891 
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We further examined the level of circTLK1 in patients with AIS (age 67.86 ± 1.30 years). 892 

The sociodemographic and clinical characteristics of these patients are listed in Table 1. The 893 

levels of circTLK1 in these subjects were significantly increased (p < 0.001, n = 71) 894 

compared to age- and gender-matched cognitively healthy controls (n = 71) (Fig. 15A). AIS 895 

includes different subtypes, such as LA, SA, and CE, and a subsequent analysis indicated that 896 

plasma circTLK1 levels were significantly increased in patients with LA and SA (Fig. 15B). 897 

We analyze the differences among lesion localizations, such as cortical, subcortical or 898 

infratentorial strokes, and found that plasma circTLK1 levels were significantly increased in 899 

both patients with cortical-infarcted and subcortical-infarcted AIS, but the levels were not 900 

significantly changed in infratentorial-infarcted patients (Fig. 15C). An analysis of the 901 

receiver operating characteristic (ROC) curve revealed an area under the curve (AUC) of 902 

circTLK1 of 0.868, with a sensitivity of 0.789 and specificity of 0.915 (Fig. 15D). Further 903 

regression analysis revealed larger infarct volumes in patients with AIS presenting higher 904 

circTLK1 expression (r = 0.7197, p = 0.0017, Fig. 15E). Data from three sample patients with 905 

different lesion patterns, together with their National Institutes of Health Stroke Scale 906 

(NIHSS) scores, lesion volumes, and circTLK1 fold changes, are shown in Fig. 15F. 907 

908 
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Discussion 909 

CircRNAs are abundant in the mammalian brain, and their roles in many nervous system 910 

diseases, such as Alzheimer’s disease (Lukiw, 2013), multiple system atrophy (Chen et al., 911 

2016), neuropathic pain (Zhou et al., 2017), major depressive disorder (Cui et al., 2016), drug 912 

abuse (Huang et al., 2017), and ischemic stroke (Bai et al., 2018), have been explored. 913 

Notably, circRNAs regulate gene expression through different regulatory mechanisms, such 914 

as functioning as microRNA sponges (Hansen et al., 2013), competing with linear splicing 915 

(Ashwal-Fluss et al., 2014), and binding to RNA-associated proteins (Yang et al., 2017). 916 

Based on the available evidence, circRNAs exert regulatory effects on different diseases via 917 

different mechanisms (Han et al., 2018a). The expression of circRNAs is altered after stroke, 918 

but the functional importance of circRNAs in poststroke outcomes is currently unknown. Our 919 

study elucidated the role of the circTLK1/miR-335-3p/TIPARP axis in stroke-associated 920 

neuronal injury and neurological deficits. Our findings regarding the expression and function 921 

of circTLK1 indicate that it represents a promising biomarker for evaluating the damage 922 

caused by ischemic insults. 923 

Current stroke research is centered on the development of acute neuroprotective agents. 924 

However, the failure of these agents in clinical trials suggests that future stroke research must 925 

expand its horizons to include both acute and long-term neuroprotection (Rumpel, 2018). In 926 

patients with stroke, neuronal damage correlates with the infarct size, and treatments that are 927 

capable of decreasing the infarct size often also attenuate neuronal injury (Bi et al., 2017; 928 

Chassagnon et al., 2017). As shown in the present study, strategies targeting early brain 929 

damage prevent neuronal injury and inhibit the cascades of damage induced by 930 
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ischemia/reperfusion, thereby eliciting long-term improvements in function. One potential 931 

limitation of the study is that the expression of circTLK1 was knocked down before tMCAO, 932 

and our findings were not restricted to the effect of this molecule on the late stage of stroke. 933 

Therefore, we are unable to exclude the potential effects exerted during the early stage of 934 

stroke. However, based on our findings, strategies targeting the very early pathological events 935 

occurring after stroke halt the progression of the injury, thereby conferring prolonged 936 

protection against neuronal injury. 937 

We further examined the efficacy of shRNA circTLK1 lentivirus at different time points. 938 

Microinjection of shRNA circTLK1 lentivirus significantly decreased the expression of 939 

circTLK1 at 14 d after microinjection (Fig. 4-2). Microinjection shRNA-circTLK1 lentivirus 940 

at 7 d before tMCAO led to reduced circTLK1 expression at day 7 after ischemia, while the 941 

brain infarct is mature after the acute stages of ischemic injury. The mechanism underlying 942 

this improvement of outcomes from stroke maybe due to enhanced cells survival and 943 

neuroplasticity as reported in previous studies (Murphy and Corbett, 2009; Li et al., 2015; 944 

Lin et al., 2017). Multiple pathophysiological events occur in the peri-infarct area over days 945 

to weeks in the delayed phase after stroke (George and Steinberg, 2015), our findings reveal a 946 

previously unrecognized role of circTLK1 in neural injury after stroke. 947 

The mechanism underlying the action of circTLK1 is currently unknown; however, 948 

circTLK1 bound to miR-335-3p. As shown in previous studies, circRNAs may act as 949 

endogenous sponges to interact with miRNAs and regulate the expression of miRNA target 950 

genes. The circRNA HRCR functions as an miR-223 sponge to regulate cardiac hypertrophy 951 

and heart failure (Wang et al., 2016). Consistent with these findings, circTLK1 functioned as 952 
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an miR-335-3p sponge to regulate neuronal injury in the present study. The interaction 953 

between miR-335-3p and circTLK1 was confirmed using a miRNA affinity isolation assay. 954 

According to numerous studies, miR-335-5p and -3p synergize to inhibit estrogen 955 

receptor alpha expression and promote tamoxifen resistance (Martin et al., 2017). Recent 956 

evidence also indicated that miR-335-3p lies downstream of β-catenin to regulate gastric 957 

cancer (Dong et al., 2015). In addition to cell proliferation, miR-335-3p plays a critical role in 958 

cell differentiation (Meyer et al., 2015). In our study, the level of miR-335-3p was decreased 959 

in the ischemic cortex of tMCAO mice. To determine whether the circTLK1-mediated 960 

functional effects specifically depend on miR-335-3p, primary cortical neurons were 961 

cotransduced with miR-335-3p and circTLK1. AntagomiR-335-3p significantly weakened the 962 

improvement in neuronal injury after circTLK1 knockdown. Although miR-335-3p was 963 

sponged by circTLK1 in the present study, our results do not exclude direct or indirect 964 

involvement of other circRNAs or molecules in the regulation of miR-335-3p activity. 965 

Further investigations are warranted to determine whether miRNAs other than miR-335-3p 966 

bind to circTLK1 and modulate neuronal damage and plasticity. 967 

TIPARP, a critical target induced by constitutively active aryl hydrocarbon receptor 968 

signaling (Yamada et al., 2016), is expressed in many different tissues, including the brain, 969 

heart, liver, spleen, and reproductive organs (Ma et al., 2001). TIPARP contains a 970 

CCCH-type zinc finger, a tryptophan-tryptophan-glutamate domain involved in 971 

protein-protein interactions, and a C-terminal catalytic domain (Hottiger et al., 2010). As a 972 

member of the poly (ADP)-ribose polymerase family, TIPARP transfers mono-ADP-ribose, 973 

but not poly-ADP-ribose, to its substrates (Vyas et al., 2014). ADP-ribosylation is a 974 
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posttranslational modification that is involved in several biological processes, such as 975 

immune cell function, transcription regulation, and DNA repair (Kraus and Hottiger, 2013). 976 

TIPARP expression is induced by nuclear hormone receptors (Sasse et al., 2013), 977 

platelet-derived growth factor (Chen et al., 2004) and viral infection (Atasheva et al., 2012). 978 

Therefore, TIPARP likely exerts many effects that are independent of the aryl hydrocarbon 979 

receptor (Ahmed et al., 2015). In the present study, the miR-335-3p/TIPARP axis played a 980 

critical role in neuronal injury in stroke. The detailed mechanism by which TIPARP regulates 981 

neuronal injury, particularly which target transcription factors are involved in this process, 982 

require further examination in future studies. 983 

Consistent with the findings from the animal model, the plasma circTLK1 levels were 984 

significantly increased in patients with AIS. When the patients were stratified into AIS 985 

subtypes, the level of circTLK1 was significantly increased in the LA and SA subtypes, but 986 

not in the CE subtype. The plasma circTLK1 level positively correlated with the lesion 987 

volume. Given the small sample size examined in these studies, the correlation of circTLK1 988 

levels with the lesion volume requires further study in larger samples. 989 

Collectively, our findings identified the miR-335-3p/TIPARP regulatory mechanism of 990 

circTLK1 that is involved in ischemic stroke-associated neuronal injury. As our results 991 

provide the first evidence that links a pure circRNA to ischemic neuronal injury, this study 992 

supplies new insights of molecular events that occur after stroke. 993 

  994 
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Table 1. Baseline characteristics of the study participants. 1195 

 Control AIS  

Characteristic n = 71 n = 71 p 

Age (years) 68.56 ± 1.07 67.86 ± 1.30 0.676 

Male sex, n (%) 59 (83.10) 59 (83.10) 1.000 

BMI (kg/m2) 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 (mmol/L) 4.287 ± 0.12 4.15 ± 0.12 0.434 

Triglycerides (mmol/L) 1.36 ± 0.10 1.55 ± 0.08 0.136 

LDL (mmol/L) 2.54 ± 0.10 2.57 ± 0.10 0.872 

HDL (mmol/L) 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 
 

  
 

(1-4)  

(5-15)               34 (47.89%)  

(16-20)                      7 (9.86%)  

(21-42)                  1 (1.41%)  

BMI: body mass index; LDL: low-density lipoprotein; HDL: high-density lipoprotein; LPA: 1196 

lipoprotein (a); NIHSS: National Institutes of Health Stroke Scale. Data are presented as 1197 

means ± SEM. P values were calculated using Fisher’s exact test or Student’s t-test, as 1198 

appropriate. 1199 

  1200 
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Table 2. The primer sequences used for RT-PCR analyses. 1201 

List of oligonucleotide sequences 5’ - 3’ 

GAPDH (human)-F ACCATCTTCCAGGAGCGAGAT 

GAPDH (human)-R GGGCAGAGATGATGACCCTTT 

GAPDH (mouse)-F AGGTCGGTGTGAACGGATTTG 

GAPDH (mouse)-R TGTAGACCATGTAGTTGAGGTCA 

circKLHL2 (human)-F AGGTGAGATGAGTGAGAGCC 

circKLHL2 (human)-R CTGGGCAGTGTTTTTCGGTA 

circTLK1 (human)-F ACAGTTTTGGAAGCTTGGGATCT 

circTLK1 (human)-R TGCTCCCACTTGCAACTCCA 

circTLK1 (mouse)-F GACAAAGAATCAGAGGTGCAATGG 

circTLK1 (mouse)-R ACTCCCAGTACTCCCAGTAGC 

TLK1 (mouse)-F CAGGGAAGGTGCAATGGATG 

TLK1 (mouse)-R AGCTTTTGCTCCAACACTGC 

 1202 

 1203 
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Table 3. Physiological parameters and blood-gas analysis of mice. 1204 

 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 

The mice were subjected to 60 min of MCAO, followed by reperfusion. Body weight was measured 15 min after the onset of reperfusion or 15 1205 

min after the sham operation. Body temperature was controlled and maintained using a feedback temperature-control unit. Systolic blood 1206 

pressure (SBP) was measured before ischemia (B) and 15 min after the onset of reperfusion (A). Two hundred microliters of arterial blood were 1207 

collected 15 min after the onset of reperfusion for the blood gas determination (pH, pO2, and pCO2). Data are presented as means ± SEM. The 1208 

number of mice in each group is shown in parentheses. No significant differences in any of the parameters were observed between treatment 1209 

groups. 1210 
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Table 4. The target miRNAs of mmu_circRNA_009932 (circTLK1) predicted using the 1211 

miRNA target prediction software from Arraystar based on TargetScan & miRanda. 1212 

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 

 1213 

  1214 
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Figure Legends 1215 

Figure 1. The proposed pathway by which circTLK1 regulates stroke progression. 1216 

Upregulated circTLK1 directly binds to miR-335-3p and acts as an endogenous miR-335-3p 1217 

sponge to inhibit miR-335-3p activity, and concomitantly increase the expression of the 1218 

downstream intermediate TIPARP, which results in neuronal injury and contributes to 1219 

cerebral infarction and neurological deficit. 1220 

Figure 2. Knockdown of circTLK1 expression reduces brain infarction in tMCAO mice. 1221 

(A) Relative plasma circTLK1 levels in tMCAO and sham mice at 6 h after reperfusion, as 1222 

measured by real-time PCR. n = 13 animals per group. t(24) = 2.664, *p = 0.0136, two-tailed 1223 

t-test. (B) Relative circTLK1 levels in the ischemic cortex of tMCAO and sham mice at 6 h 1224 

after reperfusion, as measured by real-time PCR. n = 8 animals per group. t(14) = 4.013, 1225 

**p= 0.0013, two-tailed t-test. (C) Illustration of the experimental procedure. (D) 1226 

Distribution of circTLK1 shRNA-GFP lentiviruses in the cortex after lentivirus 1227 

microinjection. Representative images obtained three weeks after the microinjection of 1228 

circTLK1 shRNA lentiviruses into the lateral ventricle. Green: circTLK1 shRNA 1229 

lentivirus-infected GFP-positive cells. Red: the neuronal marker NeuN. Blue: nuclei stained 1230 

with DAPI. Scale bar: 25 μm. (E) Relative expression of circTLK1 in the ipsilateral cortex 1231 

three weeks after circTLK1 shRNA lentivirus microinjection, as determined by real-time 1232 

PCR. n = 6 animals per group. t(10) = 4.910, ***p = 0.0006, two-tailed t-test. (F-H) Regional 1233 

CBF was monitored using two-dimensional laser speckle imaging techniques 15 min before 1234 

tMCAO (Pre), 15 min after the onset of tMCAO (O), and after 15 min of reperfusion (R). (F) 1235 

Representative images from the shRNA-Con and shRNA-circTLK1 groups. (G) Ischemic 1236 
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areas measured from laser speckle images of either the ischemic core (0-20% residual CBF) 1237 

or the penumbra (20-30% residual CBF) were not affected by the transduction of circTLK1 1238 

shRNA lentiviruses. (H) Quantification of CBF. Data are presented as percentages of the 1239 

baseline levels before ischemia (Pre). n = 6 animals per group. Scale bar: 1 mm. (I) 1240 

Neurological deficits were measured at 24 h after tMCAO by the modified Neurological 1241 

Severity Score. n = 20 animals per group. t(38) = 6.453, ***p < 0.0001, two-tailed t-test. (J 1242 

and K) Representative T2-weighted MRI of shRNA-Con-microinjected and 1243 

shRNA-circTLK1-microinjected tMCAO mice at 24 h after reperfusion. The dashed line 1244 

denotes the infarct area. n = 13-14 animals per group. t(25) = 4.834, ***p < 0.0001, 1245 

two-tailed t-test. (L and M) Brain infarct volume at 24 h after tMCAO, as measured in 1246 

triphenyltetrazolium chloride-stained coronal sections. n = 11 animals per group. t(20) = 1247 

6.694, ***p < 0.0001, two-tailed t-test. Scale bar: 1 cm. mNSS: modified Neurological 1248 

Severity Score. See Figure 2-1 for genetic information and primer sequence of circTLK1. 1249 

See Figure 2-2 for the expression of TLK1 in the ischemic cortex after tMCAO in mice. See 1250 

Figure 2-3 for the structures and sequence of circTLK1 shRNA. See Figure 2-4 for the 1251 

distribution of shRNA circTLK1-GFP lentiviruses in the cortex after lentivirus 1252 

microinjection. 1253 

Figure 3. CircTLK1 knockdown ameliorates neurological deficits after focal ischemia in 1254 

mice. (A) Neurological deficits were measured by calculating the modified Neurological 1255 

Severity Scores at 3 and 7 d after tMCAO. n = 9, 9, 12 and 14 animals in the sham + 1256 

shRNA-Con, sham + shRNA-circTLK1, tMCAO + shRNA-Con and tMCAO + 1257 

shRNA-circTLK1 groups, respectively. shRNA-circTLK1: F (3, 40) = 133.8, P < 0.0001; 1258 
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time: F (2, 80) = 176.9, P < 0.0001; interaction: F (6, 80) = 69.42, P < 0.0001; subjects 1259 

(matching): F (40, 80) = 2.037, P = 0.0035. ***p < 0.001 versus the sham + shRNA-Con 1260 

group; ###p < 0.001 versus the tMCAO + shRNA-Con group (two-way repeated measures 1261 

ANOVA followed by Holm-Sidak post hoc multiple comparison tests). (B) Cylinder test of 1262 

forelimb symmetry after stroke. L: left; R: right; B: both forepaws. n = 9, 9, 12 and 14 1263 

animals in the sham + shRNA-Con, sham + shRNA-circTLK1, tMCAO + shRNA-Con and 1264 

tMCAO + shRNA-circTLK1 groups, respectively. shRNA-circTLK1: F (3, 40) = 30.08, P < 1265 

0.0001; time: F (2, 80) = 20.1, P < 0.0001; interaction: F (6, 80) = 7.897, P < 0.0001; subjects 1266 

(matching): F (40, 80) = 0.8624, P = 0.6925. *p < 0.05 and ***p < 0.001 versus the sham + 1267 

shRNA-Con group; ##p < 0.01 and ###p < 0.001 versus the tMCAO + shRNA-Con group 1268 

(two-way repeated measures ANOVA followed by Holm-Sidak post hoc multiple comparison 1269 

tests). (C) Adhesive removal test of forelimb function at 3 and 7 d after tMCAO. n = 9, 9, 12 1270 

and 14 animals in the sham + shRNA-Con, sham + shRNA-circTLK1, tMCAO + 1271 

shRNA-Con and tMCAO + shRNA-circTLK1 groups, respectively. shRNA-circTLK1: F (3, 1272 

40) = 21, P < 0.0001; time: F (2, 80) = 12.62, P < 0.0001; interaction: F (6, 80) = 6.75, P < 1273 

0.0001; subjects (matching): F (40, 80) = 1.222, P = 0.2218. ***p < 0.001 versus the sham + 1274 

shRNA-Con group; ###p < 0.001 versus the tMCAO + shRNA-Con group (two-way repeated 1275 

measures ANOVA followed by Holm-Sidak post hoc multiple comparison tests). (D and E) 1276 

Western blot analysis of Bax and Bcl-xl levels in the ischemic cortex at 24 h after tMCAO. 1277 

Representative images are shown in D. (E) Transduction with circTLK1 shRNA lentiviruses 1278 

attenuated the tMCAO-induced increase in the Bax/Bcl-xl ratio. n = 6 animals per group. 1279 

Bax/Bcl-xl (shRNA-circTLK1: F (1, 20) = 41.81, P < 0.0001; tMCAO: F (1, 20) = 51.37, P < 1280 
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0.0001; interaction: F (1, 20) = 66.52, P < 0.0001). ***p < 0.001 versus the sham + 1281 

shRNA-Con group; ###p < 0.001 versus the tMCAO + shRNA-Con group (two-way ANOVA 1282 

followed by Holm-Sidak post hoc multiple comparison tests). (F and G) Western blot 1283 

analysis of caspase-3 levels in the ischemic cortex at 24 h after tMCAO. Representative 1284 

images are shown in F. (G) Transduction of the circTLK1 shRNA lentiviruses attenuated the 1285 

tMCAO-induced increase in the caspase-3/pro caspase-3 ratio. n = 6 animals per group. 1286 

Caspase-3/pro caspase-3 (shRNA-circTLK1: F (1, 20) = 10.98, P = 0.0035; tMCAO: F (1, 20) 1287 

= 28.35, P < 0.0001; interaction: F (1, 20) = 9.811, P = 0.0052). ***p < 0.001 versus the 1288 

sham + shRNA-Con group; ###p < 0.001 versus the tMCAO + shRNA-Con tMCAO 1289 

(two-way ANOVA followed by Holm-Sidak post hoc multiple comparison tests). Images of 1290 

whole blots presented in the Fig. 3D and F were shown in Figure 3-1.1291 

Figure 4. CircTLK1 knockdown ameliorates long-term neuronal deficits and injury 1292 

after focal ischemia in mice. (A) Long-term neurological deficits were measured by 1293 

calculating the modified Neurological Severity Scores at 14, 21 and 28 d after tMCAO. n = 9, 1294 

9, 12 and 14 animals in the sham + shRNA-Con, sham + shRNA-circTLK1, tMCAO + 1295 

shRNA-Con and tMCAO + shRNA-circTLK1 groups, respectively. shRNA-circTLK1: F (3, 1296 

40) = 91.05, P < 0.0001; time: F (3, 120) = 77.18, P < 0.0001; interaction: F (9, 120) = 35.38, 1297 

P < 0.0001; subjects (matching): F (40, 120) = 3.281, P < 0.0001. **p < 0.01 and ***p < 1298 

0.001 versus the sham + shRNA-Con group; ###p < 0.001 versus the tMCAO + shRNA-Con 1299 

group (two-way repeated measures ANOVA followed by Holm-Sidak post hoc multiple 1300 

comparison tests). (B) Cylinder test of forelimb symmetry at 14, 21 and 28 d after tMCAO. L: 1301 

left; R: right; B: both forepaws. n = 9, 9, 12 and 14 animals in the sham + shRNA-Con, sham 1302 



 

66 

+ shRNA-circTLK1, tMCAO + shRNA-Con and tMCAO + shRNA-circTLK1 groups, 1303 

respectively. shRNA-circTLK1: F (3, 40) = 39.93, P < 0.0001; time: F (3, 120) = 10.56, P < 1304 

0.0001; interaction: F (9, 120) = 5.682, P < 0.0001; subjects (matching): F (40, 120) = 1.073, 1305 

P =0.3755. ***p < 0.001 versus the sham + shRNA-Con group; ###p < 0.001 versus the 1306 

tMCAO + shRNA-Con group (two-way repeated measures ANOVA followed by Holm-Sidak 1307 

post hoc multiple comparison tests). (C) Adhesive removal test of forelimb function at 14 and 1308 

21 d after tMCAO. n = 9, 9, 12 and 14 animals in the sham + shRNA-Con, sham + 1309 

shRNA-circTLK1, tMCAO + shRNA-Con and tMCAO + shRNA-circTLK1 groups, 1310 

respectively. shRNA-circTLK1: F (3, 40) = 34.17, P < 0.0001; time: F (2, 80) = 21.66, P < 1311 

0.0001; interaction: F (6, 80) = 16.29, P < 0.0001; subjects (matching): F (40, 80) = 1.89, P = 1312 

0.0080. ***p < 0.001 versus the sham + shRNA-Con group; ###p < 0.001 versus the tMCAO 1313 

+ shRNA-Con group (two-way repeated measures ANOVA followed by Holm-Sidak post hoc 1314 

multiple comparison tests). (D) The T2WI, ADC, and DWI MRI data from the tMCAO mice 1315 

at 28 d after reperfusion. The dashed lines outline the relative area of the uninjured 1316 

contralateral hemisphere to illustrate the area of ipsilateral atrophy for comparison. (E) Brain 1317 

atrophy was measured in shRNA-Con lentivirus-microinjected and shRNA-circTLK1 1318 

lentivirus-microinjected tMCAO mice at 28 d after stroke from T2WI images. n = 5 animals 1319 

per group. t(8) = 2.515, *p = 0.0361, two-tailed t-test. (F-J) Representative images of z-stack 1320 

projections of Golgi-Cox-stained neurons in the peri-infarct cortex at 28 d after tMCAO, 1321 

followed by three-dimensional reconstruction of spines (F, lower right panel) and dendrites 1322 

(G) as well as the Sholl analysis. (H) Sholl analysis of the dendritic complexity of 1323 

Golgi-stained neurons in the peri-infarct cortex at 28 d after tMCAO. Significant differences 1324 
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were observed at 50 μm to 130 μm from the soma. The average total numbers of intersections 1325 

per cell are shown in I. Quantification of the total dendritic length per cell is shown in J. 1326 

Twenty neurons from 4 animals per condition were analyzed. Total intersections 1327 

(shRNA-circTLK1: F (1, 76) = 10.18, P = 0.0021; Ipsi: F (1, 76) = 25.56, P < 0.0001; 1328 

interaction: F (1, 76) = 5.613, P = 0.0204). Total dendritic length (shRNA-circTLK1: F (1, 76) 1329 

= 16.77, P = 0.0001; Ipsi: F (1, 76) = 30.76, P < 0.0001; interaction: F (1, 76) = 5.715, P = 1330 

0.0193). ***p < 0.001 versus the Contra group; ###p < 0.001 versus the shRNA-Con Ipsi 1331 

group (two-way ANOVA followed by Holm-Sidak post hoc multiple comparison tests). Scale 1332 

bar: 20 μm. Contra: contralateral cortex. Ipsi: ipsilateral cortex. (K and L) Images and bar 1333 

graph showing the dendritic spine density in the peri-infarct cortex at 28 d after tMCAO. 1334 

Fifty neurons from 6 animals per condition were analyzed. shRNA-circTLK1: F (1, 196) = 1335 

36.49, P < 0.0001; Ipsi: F (1, 196) = 61.24, P < 0.0001; interaction: F (1, 196) = 20.10, P < 1336 

0.0001. ***p < 0.001 versus the Contra group; ###p < 0.001 versus the shRNA-Con Ipsi 1337 

group (two-way ANOVA followed by Holm-Sidak post hoc multiple comparison tests). Scale 1338 

bar: 10 μm. (M and N) Western blot analysis of synapsin-1 and PSD95 levels in the ischemic 1339 

cortex at 24 h after tMCAO. Representative images are shown in M. (N) Transduction with 1340 

circTLK1 shRNA lentiviruses attenuated the tMCAO-induced decrease in synapsin-1 and 1341 

PSD95 levels. n = 6 animals per group. Synapsin-1 (shRNA-circTLK1: F (1, 20) = 7.835, P = 1342 

0.0111; tMCAO: F (1, 20) = 12.47, P = 0.0021; interaction: F (1, 20) = 3.659, P = 0.0702). 1343 

PSD95 (shRNA-circTLK1: F (1, 20) = 13.99, P = 0.0013; tMCAO: F (1, 20) = 47.22, P < 1344 

0.0001; interaction: F (1, 20) = 6.279, P = 0.0210). **p < 0.01 and ***p < 0.001 versus the 1345 

sham + shRNA-Con group; #p < 0.05 and ##p < 0.01 versus the tMCAO + shRNA-Con 1346 
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group (two-way ANOVA followed by Holm-Sidak post hoc multiple comparison tests). See 1347 

Figure 4-1 for the effect of shRNA-circTLK1 lentivirus microinjection on mortality after 1348 

focal cerebral ischemia. See Figure 4-2 for the effect of post-stroke knockdown of circTLK1 1349 

on neurological deficits after focal ischemia in mice. Images of whole blots presented in the 1350 

Fig. 4M were shown in Figure 4-3. 1351 

Figure 5. CircTLK1 knockdown ameliorates neuronal injury in vitro. (A) CircTLK1 1352 

expression in primary cortical neurons. The outline of the neuronal soma was identified using 1353 

an antibody against MAP-2. Green: circTLK1. Red: MAP-2. Blue: DAPI. Scale bar: 10 μm. 1354 

(B) Relative expression of circTLK1 in primary neurons after OGD/R. The cells were treated 1355 

with OGD for 2 h and subjected to reperfusion for 3 or 6 h. n = 5. F (2, 12) = 8.299, P = 1356 

0.0055; *p < 0.05 and **p < 0.01 versus the control group (one-way ANOVA followed by the 1357 

Holm-Sidak test). (C) Relative expression of the TLK1 mRNA in primary neurons after 1358 

OGD/R. Cells were treated with OGD for 2 h and subjected to reperfusion for 3 or 6 h. n = 4. 1359 

F (2, 9) = 7.848, P = 0.0106; **p < 0.01 versus the control group (one-way ANOVA followed 1360 

by the Holm-Sidak test). (D) Relative expression of circTLK1 in primary cortical neurons 1361 

after circTLK1 shRNA lentivirus transduction, as determined by real-time PCR. Cells were 1362 

transduced with the circTLK1 shRNA lentivirus for 7 d, and then the expression of circTLK1 1363 

was measured. n = 6. t(10) = 3.034, *p = 0.0126, two-tailed t-test. (E) Relative expression of 1364 

the TLK1 mRNA in primary mouse cortical neurons after circTLK1 shRNA lentivirus 1365 

transduction, as measured using real-time PCR. Cells were transduced with the circTLK1 1366 

shRNA lentivirus for 7 d, and the expression of the TLK1 mRNA was then measured. 1367 

Transduction of the circTLK1 shRNA lentivirus did not alter levels of the TLK1 mRNA. n = 1368 
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3. (F and G) Total RNA was extracted from circControl and circTLK1 shRNA 1369 

lentivirus-transduced neurons and incubated with or without RNase R, followed by real-time 1370 

PCR. The relative expression levels of the TLK1 mRNA (F) and circTLK1 (G) are shown. n 1371 

= 4. TLK1 mRNA (shRNA-circTLK1: F (1, 12) = 0.02594, P = 0.8747; RNase R: F (1, 12) = 1372 

137.8, P < 0.0001; Interaction: F (1, 12) = 8.15e-005; P = 0.9929). circTLK1 1373 

(shRNA-circTLK1: F (1, 12) = 41.38, P < 0.0001; RNase R: F (1, 12) = 2.387, P = 0.1483; 1374 

Interaction: F (1, 12) = 2.495, P = 0.1402). *p < 0.05 and ***p < 0.001 versus the no RNase 1375 

R-treated (control) shRNA-Con group; ###p < 0.001 versus the RNase R-treated shRNA-Con 1376 

group (two-way ANOVA followed by the Holm-Sidak test). (H) The circTLK1 shRNA 1377 

lentivirus attenuated the OGD/R-induced increase in cell injury, as measured by the CCK8 1378 

assay. Cells were transduced with circTLK1 shRNA lentiviruses for 7 d, treated with OGD 1379 

for 2 h and subjected to reperfusion for 6 h. n = 3. shRNA-circTLK1: F (1, 8) = 25.88, P = 1380 

0.0009; OGD/R: F (1, 8) = 79.74, P < 0.0001; interaction: F (1, 8) = 5.086, P = 0.0541. ***p 1381 

< 0.001 versus the control shRNA-Con group; ##p < 0.01 versus the OGD/R-treated 1382 

shRNA-Con group (two-way ANOVA followed by Holm-Sidak post hoc multiple comparison 1383 

tests). (I and J) The circTLK1 shRNA lentivirus attenuated the OGD/R-induced increase in 1384 

the Bax/Bcl-xl ratio and caspase-3/pro caspase-3 ratio. Cells were transduced with circTLK1 1385 

shRNA lentiviruses for 7 d, treated with OGD for 2 h and subjected to reperfusion for 6 h. n = 1386 

3. Bax/Bcl-xl (shRNA-circTLK1: F (1, 8) = 31.85, P = 0.0005; OGD/R: F (1, 8) = 35.80, P = 1387 

0.0003; interaction: F (1, 8) = 30.48, P = 0.0006). Caspase-3/pro caspase-3 1388 

(shRNA-circTLK1: F (1, 8) = 5.588, P = 0.0457; OGD/R: F (1, 8) = 10.04, P = 0.0132; 1389 

interaction: F (1, 8) = 5.836, P = 0.0421). *p < 0.05 and ***p < 0.001 versus the control 1390 
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shRNA-Con group; #p < 0.05 and ###p < 0.001 versus the OGD/R-treated shRNA-Con 1391 

group (two-way ANOVA followed by Holm-Sidak post hoc multiple comparison tests). See 1392 

Figure 5-1 for the expression of circTK1 in the ischemic cortex and primary cell cultures in 1393 

mice. See Figure 5-2 for the effect of OGD/R on neuronal injury in primary cortical neurons. 1394 

Images of whole blots presented in the Fig. 5I were shown in Figure 5-3. 1395 

Figure 6. Effect of circTLK1 on neuronal plasticity in primary cortical neurons after 1396 

OGD/R. (A and B) The circTLK1 shRNA lentivirus attenuated the OGD/R-induced decrease 1397 

in synapsin-1 and PSD95 levels. Cells were transduced with the circTLK1 shRNA lentivirus 1398 

for 7 d and subjected to OGD for 2 h and reperfusion for 6 h. n = 3. Synapsin-1 1399 

(shRNA-circTLK1: F (1, 8) = 20.70, P = 0.0019; OGD/R: F (1, 8) = 19.67, P = 0.0022; 1400 

interaction: F (1, 8) = 18.67, P = 0.0025). PSD95 (shRNA-circTLK1: F (1, 8) = 30.54, P = 1401 

0.0006; OGD/R: F (1, 8) = 22.48, P = 0.0015; interaction: F (1, 8) = 1.582, P = 0.2439). *p < 1402 

0.05 and **p < 0.01 versus the control shRNA-Con group; ##p < 0.01 versus the 1403 

OGD/R-treated shRNA-Con group (two-way ANOVA followed by Holm-Sidak post hoc 1404 

multiple comparison tests). (C) Representative images of cultured cortical neurons. (D) Total 1405 

dendritic length per neuron. (E) Morphological characteristics of dendrites from neurons 1406 

subjected to OGD for 2 h and reperfusion for 6 h were measured by Sholl analysis. The 1407 

circTLK1 shRNA lentivirus attenuated OGD/R-induced decreases in dendritic complexity. 1408 

Significant differences were observed at 10 μm to 100 μm from the soma. Fifteen neurons 1409 

from three independent experiments were quantified. Total dendritic length 1410 

(shRNA-circTLK1: F (1, 56) = 18.86, P < 0.0001; OGD/R: F (1, 56) = 60.25, P < 0.0001; 1411 

interaction: F (1, 56) = 2.297, P = 0.1352). ***p < 0.001 versus the control shRNA-Con 1412 
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group; ###p < 0.001 versus the OGD/R-treated shRNA-Con group (two-way ANOVA 1413 

followed by Holm-Sidak post hoc multiple comparison tests). Scale bar: 20 μm. (F and G) 1414 

Images (F) and bar graph (G) showing axonal outgrowth in primary cortical neurons after 1415 

OGD/R. Axon length was measured 6 h after OGD. Fifteen images from three independent 1416 

experiments were quantified. shRNA-circTLK1: F (1, 56) = 5.168, P = 0.0269; OGD/R: F (1, 1417 

56) = 15.12, P = 0.0003; interaction: F (1, 56) = 3.308, P = 0.0743. ***p < 0.001 versus the 1418 

control shRNA-Con group; #p < 0.05 versus the OGD/R-treated shRNA-Con group 1419 

(two-way ANOVA followed by Holm-Sidak post hoc multiple comparison tests). Scale bar: 1420 

50 μm. (H and I) Images (H) and bar graph (I) showing the dendritic spine density of 1421 

representative neurons. Twenty-six to thirty-four neurons from five independent experiments 1422 

were quantified. shRNA-circTLK1: F (1, 120) = 23.11, P < 0.0001; OGD/R: F (1, 120) = 1423 

93.68, P < 0.0001; interaction: F (1, 120) = 2.780, P = 0.0980. ***p < 0.001 versus the 1424 

control shRNA-Con group; ###p < 0.001 versus the OGD/R-treated shRNA-Con group 1425 

(two-way ANOVA followed by Holm-Sidak post hoc multiple comparison tests). Scale bar: 1426 

10 μm. Images of whole blots presented in the Fig. 6A were shown in Figure 6-1. 1427 

Figure 7. Neuron-specific knockdown of circTLK1 improves neurological deficits after 1428 

stroke in mice. (A) Structure of the AAV virus (AAV2/8 serotype) used in the experiments 1429 

presented in B-J. (B) Illustration of the experimental procedure shown in C-J. (C) The 1430 

distribution of shRNA-circTLK1-GFP-AAV in the cortex after microinjection. Representative 1431 

images obtained four weeks after the microinjection of the circTLK1 shRNA into the lateral 1432 

ventricle. Green, GFP-circTLK1-shRNA-AAV. Red, the neuronal marker NeuN. Blue, nuclei 1433 

stained with DAPI. Scale bar, 25 μm or 50 μm. (D) The expression of circTLK1 in the 1434 
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ipsilateral cortex at 28 d after the circTLK1-shRNA-AAV microinjection was determined by 1435 

real-time PCR. n = 6 animals per group. t(10) = 4.438, **p = 0.0013, two-tailed t-test. (E-G) 1436 

Regional CBF was monitored using two-dimensional laser speckle imaging techniques 15 1437 

min before tMCAO (Pre), 15 min after the onset of tMCAO (O), and after 15 min of 1438 

reperfusion (R). (E) Representative images of the AAV-SYN-shRNA-Con and 1439 

AAV-SYN-shRNA-circTLK1 groups. (F) Ischemic areas measured from laser speckle images 1440 

of either the ischemic core (0-20% residual CBF) or penumbra (20-30% residual CBF) were 1441 

not affected by AAV-SYN-shRNA-circTLK1. (G) Quantification of CBF. Data are presented 1442 

as percentages of the baseline levels before tMCAO (Pre). n = 6 animals per group. Scale bar: 1443 

1 mm. (H) Neurological deficits were measured by the modified Neurological Severity 1444 

Scores at different time points. Neurological deficit scores measured at 1, 3 and 7 d after 1445 

tMCAO. n = 10, 10, 20 and 21 animals in the sham + AAV-SYN-shRNA-Con, sham + 1446 

AAV-SYN-shRNA-circTLK1, tMCAO + AAV-SYN-shRNA-Con and tMCAO + 1447 

AAV-SYN-shRNA-circTLK1 groups, respectively. AAV-shRNA-circTLK1: F (3, 57) = 286.5, 1448 

P < 0.0001; time: F (3, 171) = 288.2, P < 0.0001; interaction: F (9, 171) = 104.5, P < 0.0001; 1449 

subjects (matching): F (57, 171) = 3.246, P < 0.0001. ***p < 0.001 versus the sham + 1450 

AAV-SYN-shRNA-Con group; ###p < 0.001 versus the tMCAO + AAV-SYN-shRNA-Con 1451 

group (two-way repeated measures ANOVA followed by Holm-Sidak post hoc multiple 1452 

comparison tests). (I) Adhesive removal test of forelimb function at different time points after 1453 

stroke. The adhesive removal test was performed at 3 and 7 d after tMCAO. n = 10, 10, 20 1454 

and 21 animals in the sham + AAV-SYN-shRNA-Con, sham + AAV-SYN-shRNA-circTLK1, 1455 

tMCAO + AAV-SYN-shRNA-Con and tMCAO + AAV-SYN-shRNA-circTLK1 groups, 1456 
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respectively. AAV-shRNA-circTLK1: F (3, 57) = 52.77, P < 0.0001; time: F (2, 114) = 30.23, 1457 

P < 0.0001; interaction: F (6, 114) = 14.02, P < 0.0001; subjects (matching): F (57, 114) = 1458 

1.092, P = 0.3417. ***p < 0.001 versus the sham + AAV-SYN-shRNA-Con group; ###p < 1459 

0.001 versus the tMCAO + AAV-SYN-shRNA-Con group (two-way repeated measures 1460 

ANOVA followed by Holm-Sidak post hoc multiple comparison tests). (J) Cylinder test of 1461 

forelimb symmetry at 7 d after stroke. L, left. R, right. B, both forepaws in J. n = 10, 10, 20 1462 

and 21 animals in the sham + AAV-SYN-shRNA-Con, sham + AAV-SYN-shRNA-circTLK1, 1463 

tMCAO + AAV-SYN-shRNA-Con and tMCAO + AAV-SYN-shRNA-circTLK1 groups, 1464 

respectively. AAV-shRNA-circTLK1: F (3, 57) = 24.03, P < 0.0001; time: F (1, 57) = 73.88, 1465 

P < 0.0001; interaction: F (3, 57) = 19.52, P < 0.0001; subjects (matching): F (57, 57) = 1466 

0.9259, P = 0.6139. ***p < 0.001 versus the sham + AAV-SYN-shRNA-Con group; ###p < 1467 

0.001 versus the tMCAO + AAV-SYN-shRNA-Con group (two-way repeated measures 1468 

ANOVA followed by Holm-Sidak post hoc multiple comparison tests). See Figure 7-1 for the 1469 

distribution of shRNA-GFP in the cortex after neuron-specific AAV microinjection. 1470 

Figure 8. Neuron-specific knockdown of circTLK1 improves long-term neurological 1471 

functions after stroke in mice. (A and B) Images (A) and bar graph (B) showing brain 1472 

atrophy quantified in MAP2-stained coronal sections at 28 d after tMCAO. Dashed lines 1473 

outline the relative area of the uninjured contralateral hemisphere to illustrate the area of 1474 

ipsilateral atrophy for comparison. n = 6 animals per group. t(10) = 2.666, **p = 0.0237, 1475 

two-tailed t-test. Scale bar, 1 mm. (C) Long-term neurological deficits were measured using 1476 

the modified Neurological Severity Scores at different time points. Neurological deficit 1477 

scores were measured at 14, 21 and 28 d after tMCAO. n = 10, 10, 20 and 21 animals in the 1478 
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sham + AAV-SYN-shRNA-Con, sham + AAV-SYN-shRNA-circTLK1, tMCAO + 1479 

AAV-SYN-shRNA-Con and tMCAO + AAV-SYN-shRNA-circTLK1 groups, respectively. 1480 

AAV-shRNA-circTLK1: F (3, 57) = 289.6, P < 0.0001; time: F (3, 171) = 232.4, P < 0.0001; 1481 

interaction: F (9, 171) = 113, P < 0.0001; subjects (matching): F (57, 171) = 3.32, P < 0.0001. 1482 

***p < 0.001 versus the sham + AAV-SYN-shRNA-Con group; ###p < 0.001 versus the 1483 

tMCAO + AAV-SYN-shRNA-Con group (two-way repeated measures ANOVA followed by 1484 

Holm-Sidak post hoc multiple comparison tests). (D) Adhesive removal test of forelimb 1485 

function at different time points after stroke. Adhesive removal tests were performed at 14, 21 1486 

and 28 d after tMCAO. n = 10, 10, 20 and 21 animals in the sham + AAV-SYN-shRNA-Con, 1487 

sham + AAV-SYN-shRNA-circTLK1, tMCAO + AAV-SYN-shRNA-Con and tMCAO + 1488 

AAV-SYN-shRNA-circTLK1 groups, respectively. AAV-shRNA-circTLK1: F (3, 57) = 37.70, 1489 

P < 0.0001; time: F (3, 171) = 8.885, P < 0.0001; interaction: F (9, 171) = 6.747, P < 0.0001; 1490 

subjects (matching): F (57, 171) = 1.551, P = 0.0165. ***p < 0.001 versus the sham + 1491 

AAV-SYN-shRNA-Con group; ###p < 0.001 versus the tMCAO + AAV-SYN-shRNA-Con 1492 

group (two-way repeated measures ANOVA followed by Holm-Sidak post hoc multiple 1493 

comparison tests). (E) Cylinder test of forelimb symmetry at 14, 21 and 28 d after tMCAO. L, 1494 

left. R, right. B, both forepaws in E. n = 10, 10, 20 and 21 animals in the sham + 1495 

AAV-SYN-shRNA-Con, sham + AAV-SYN-shRNA-circTLK1, tMCAO + 1496 

AAV-SYN-shRNA-Con and tMCAO + AAV-SYN-shRNA-circTLK1 groups, respectively. 1497 

AAV-shRNA-circTLK1: F (3, 57) = 66.61, P < 0.0001; time: F (3, 171) = 23.1, P < 0.0001; 1498 

interaction: F (9, 171) = 8.519, P < 0.0001; subjects (matching): F (57, 171) = 1.164, P = 1499 

0.2283. ***p < 0.001 versus the sham + AAV-SYN-shRNA-Con group; ##p < 0.01 and ###p 1500 
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< 0.001 versus the tMCAO + AAV-SYN-shRNA-Con group (two-way repeated measures 1501 

ANOVA followed by Holm-Sidak post hoc multiple comparison tests). See Figure 8-1 for the 1502 

effect of neuron-specific shRNA-circTLK1 AAV microinjection on mortality after focal 1503 

cerebral ischemia. 1504 

Figure 9. CircTLK1 binds to miR-335-3p. (A) Notably, circTLK1 contains one site 1505 

complementary to miR-335-3p, as analyzed by RNAhybrid. (B) Effect of tMCAO on 1506 

miR-335-3p expression in the ischemic cortex. The expression of miR-335-3p was detected 1507 

in the ischemic cortex 6 h after tMCAO. n = 8 animals per group. t(14) = 3.436, **p = 0.0040, 1508 

two-tailed t-test. (C) RNA was pulled down by biotinylated WT miR-335-3p (Bio-335-WT) 1509 

or biotinylated mutant miR-335-3p (Bio-335-mut), and levels of circTLK1, circKLHL2, and 1510 

the GAPDH mRNA were quantified by real-time PCR. n = 6. ***p < 0.001 versus the 1511 

bio-335-Mut circTLK1 group (t(10) = 7.529, ***p < 0.0001, two-tailed t-test). (D) The 1512 

miRNAs were pulled down by the circTLK1 probe or a random probe, and miR-335-3p, 1513 

miR-142-3p, and U6 levels were analyzed by real-time PCR. n = 5. ***p < 0.001 versus the 1514 

random probe miR-335-3p group (t(8) = 9.780, ***p < 0.0001, two-tailed t-test). (E) FISH 1515 

assay showing the location of circTLK1 and miR-335-3p in primary neurons. Green: 1516 

circTLK1. Red: miR-335-3p. Blue: DAPI. Scale bar: 15 μm. See Figure 9-1 for relative 1517 

expression of miRNAs in the ischemic cortex after tMCAO in mice. 1518 

Figure 10. TIPARP is the downstream target of miR-335-3p. (A) Putative miR-335-3p 1519 

binding sites in the TIPARP mRNA. The potential complementary residues are shown in red. 1520 

(B) Relative luciferase activity of wild-type and 3’-UTR mutant constructs of the TIPARP 1521 

mRNA cotransfected with the miR-335-3p mimic and the miRNA negative control. n = 5. 1522 
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***p < 0.001 versus the miRNA negative control (NC) group (t(8) = 5.251, ***p = 0.0008, 1523 

two-tailed t-test). (C and D) Images (C) and bar graph (D) showing western blot analyses of 1524 

TIPARP levels in the ischemic cortex of tMCAO mice. n = 6 animals per group. F (4, 25) = 1525 

42.75, P < 0.0001.
 
*p < 0.05 and ***p < 0.001 versus the sham group (one-way ANOVA 1526 

followed by the Holm-Sidak test). (E) Colocalization of NeuN and TIPARP in the mouse 1527 

cortex. Green: TIPARP. Red: NeuN. Blue: DAPI. Scale bar: 50 μm. (F and G) Images (F) 1528 

and bar graph (G) showing western blot analyses of TIPARP levels in primary cortical 1529 

neurons after OGD/R. n = 3. F (5, 12) = 12.84, P = 0.0002. *p < 0.05 and ***p < 0.001 1530 

versus the control group (one-way ANOVA followed by the Holm-Sidak test). (H and I) 1531 

Images (H) and bar graph (I) showing western blot analyses of TIPARP levels in primary 1532 

cortical neurons transduced with the mimic miR-335-3p lentivirus. Cells were transduced 1533 

with the mimic miR-335-3p lentiviruses for 7 d, treated with OGD for 2 h and subjected to 1534 

reperfusion for 6 h. n = 4. Mimic miR-335-3p: F (1, 12) = 35.37, P < 0.0001; OGD/R: F (1, 1535 

12) = 76.23, P < 0.0001; interaction: F (1, 12) = 4.735, P = 0.0502. *p < 0.05 and ***p < 1536 

0.001 versus the control miR-Con group; ###p < 0.001 versus the OGD/R-treated miR-Con 1537 

group (two-way ANOVA followed by Holm-Sidak post hoc multiple comparison tests). (J 1538 

and K) Images (J) and bar graph (K) showing western blot analyses of TIPARP levels in 1539 

primary cortical neurons transduced with the anti-miR-335-3p lentivirus. Cells were 1540 

transduced with anti-miR-335-3p lentiviruses for 7 d, treated with OGD for 2 h and subjected 1541 

to reperfusion for 6 h. n = 4. Anti-miR-335-3p: F (1, 12) = 47.18, P < 0.0001; OGD/R: F (1, 1542 

12) = 74.94, P < 0.0001; interaction: F (1, 12) = 0.1660, P = 0.6909. **p < 0.01 and
 
***p < 1543 

0.001 versus the control anti-miR-Con group; ###p < 0.001 versus the OGD/R-treated 1544 
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anti-miR-Con group (two-way ANOVA followed by Holm-Sidak post hoc multiple 1545 

comparison tests). Images of whole blots presented in the Fig. 10C, F, H and J were shown in 1546 

Figure 10-1. 1547 

Figure 11. The circTLK1/miR-335-3p axis aggravates neuronal injury via the 1548 

downstream protein TIPARP. (A) Neurons transduced with the mimic miR-335-3p 1549 

lentivirus showed an attenuated OGD/R-induced increase in cell injury, as measured by the 1550 

CCK8 assay. Cells were transduced with mimic miR-335-3p lentiviruses for 7 d, treated with 1551 

OGD for 2 h and subjected to reperfusion for 6 h. n = 3. Mimic miR-335-3p: F (1, 8) = 15.54, 1552 

P = 0.0043; OGD/R: F (1, 8) = 59.18, P < 0.0001; interaction: F (1, 8) = 13.53, P = 0.0062. 1553 

***p < 0.001 versus the control miR-Con group; ##p < 0.01 versus the OGD/R-treated 1554 

miR-Con group (two-way ANOVA followed by Holm-Sidak post hoc multiple comparison 1555 

tests). (B) Neurons transduced with the anti-miR-335-3p lentivirus exhibited an exacerbation 1556 

of the OGD/R-induced increase in cell injury, as measured by the CCK8 assay. Cells were 1557 

transduced with anti-miR-335-3p lentiviruses for 7 d, treated with OGD for 2 h and subjected 1558 

to reperfusion for 6 h. n = 3. Anti-miR-335-3p: F (1, 8) = 17.44, P = 0.0031; OGD/R: F (1, 8) 1559 

= 75.21, P < 0.0001; interaction: F (1, 8) = 0.02178, P = 0.8863. *p < 0.05 and **p < 0.01 1560 

versus the control anti-miR-Con group; #p < 0.05 versus the OGD/R-treated anti-miR-Con 1561 

group (two-way ANOVA followed by Holm-Sidak post hoc multiple comparison tests). (C 1562 

and D) Images (C) and bar graph (D) showing that the circTLK1 shRNA lentivirus 1563 

attenuated the OGD/R-induced increase in TIPARP levels in primary cortical neurons, as 1564 

determined by western blot analyses. Cells were transduced with circTLK1 shRNA 1565 

lentiviruses for 7 d, treated with OGD for 2 h and subjected to reperfusion for 6 h. n = 3. 1566 
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shRNA-circTLK1: F (1, 8) = 97.11, P < 0.0001; OGD/R: F (1, 8) = 127.6, P < 0.0001; 1567 

interaction: F (1, 8) = 46.77, P = 0.0001. ***p < 0.001 versus the control shRNA-Con group; 1568 

###p < 0.001 versus the OGD/R-treated shRNA-Con group (two-way ANOVA followed by 1569 

Holm-Sidak post hoc multiple comparison tests). (E and F) Images (E) and bar graph (F) 1570 

showing that the transduction of cortical neurons with the anti-miR-335-3p lentivirus 1571 

significantly attenuated the circTLK1 shRNA-induced decrease in TIPARP levels, as 1572 

determined by western blot analyses. n = 4. shRNA-circTLK1: F (1, 12) = 35.09, P < 0.0001; 1573 

anti-miR-335-3p: F (1, 12) = 55.75, P < 0.0001; interaction: F (1, 12) = 8.062, P = 0.0149. 1574 

***p < 0.001 versus the group cotransduced with the circControl shRNA and anti-miR-Con; 1575 

#p < 0.05 versus the group cotransduced with the circTLK1 shRNA and anti-miR-Con 1576 

(two-way ANOVA followed by Holm-Sidak post hoc multiple comparison tests). (G) 1577 

Transduction of cortical neurons with the anti-miR-335-3p lentivirus significantly reduced 1578 

the circTLK1 shRNA-induced increase in cell viability, as determined by the CCK8 assay. n 1579 

= 3. shRNA-circTLK1: F (1, 8) = 10.20, P = 0.0127; anti-miR-335-3p: F (1, 8) = 32.64, P = 1580 

0.0004; interaction: F (1, 8) = 1.213, P = 0.3028. **p < 0.01 versus the group cotransduced 1581 

with the circControl shRNA and anti-miR-Con; #p < 0.05 versus the group cotransduced with 1582 

the circTLK1 shRNA and anti-miR-Con (two-way ANOVA followed by Holm-Sidak post 1583 

hoc multiple comparison tests). (H and I) Images (H) and bar graph (I) showing TIPARP 1584 

levels in primary mouse cortical neurons after TIPARP shRNA lentivirus transduction, as 1585 

measured by western blotting. n = 3. t(4) = 5.745, **p = 0.0045, two-tailed t-test. (J) The 1586 

TIPARP shRNA lentivirus attenuated the OGD/R-induced decrease in cell viability, as 1587 

determined by the CCK8 assay. Cells were transduced with TIPARP shRNA lentiviruses for 7 1588 
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d, treated with OGD for 2 h and subjected to reperfusion for 6 h. n = 3. shRNA-TIPARP: F (1, 1589 

8) = 13.70, P = 0.0060; OGD/R: F (1, 8) = 56.40, P < 0.0001; interaction: F (1, 8) = 5.632, P 1590 

= 0.0450. ***p < 0.001 versus the control shRNA-Con group; #p < 0.05 versus the 1591 

OGD/R-treated shRNA-Con group (two-way ANOVA followed by Holm-Sidak post hoc 1592 

multiple comparison tests). (K and L) Images (K) and bar graph (L) showing western blot 1593 

analyses of TIPARP levels in the ischemic cortex after the circTLK1 shRNA lentivirus 1594 

injection at 24 h after tMCAO. n = 4 animals per group. shRNA-circTLK1: F (1, 12) = 21.18, 1595 

P = 0.0006; tMCAO: F (1, 12) = 25.81, P = 0.0003; interaction: F (1, 12) = 16.92, P = 0.0014. 1596 

***p < 0.001 versus the circControl shRNA-microinjected sham group; ###p < 0.001 versus 1597 

the shRNA-Con-microinjected tMCAO group (two-way ANOVA followed by Holm-Sidak 1598 

post hoc multiple comparison tests). See Figure 11-1 for the effect of miR-335-3p on 1599 

neuronal injury after OGD/R in primary cortical neurons. See Figure 11-2 for the effect of 1600 

miR-335-3p on neuronal plasticity after OGD/R in primary cortical neurons. Images of whole 1601 

blots presented in the Fig. 11C, E, H and K were shown in Figure 11-3. 1602 

Figure 12. The circTLK1/miR-335-3p axis impairs neuronal plasticity via the 1603 

downstream protein TIPARP. (A and B) Images (A) and bar graph (B) showing that the 1604 

transduction of cortex neurons with the anti-miR-335-3p lentivirus significantly reduced the 1605 

circTLK1 shRNA-induced increase in PSD95 levels, as determined by western blot analyses. 1606 

n = 4. shRNA-circTLK1: F (1, 12) = 18.33, P = 0.0011; anti-miR-335-3p: F (1, 12) = 19.82, 1607 

P = 0.0008; interaction: F (1, 12) = 0.02298, P = 0.8820. *p < 0.05 versus the group 1608 

cotransduced with the circControl shRNA and anti-miR-Con; #p < 0.05 versus the group 1609 

cotransduced with the circTLK1 shRNA and anti-miR-Con (two-way ANOVA followed by 1610 
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Holm-Sidak post hoc multiple comparison tests). (C and D) Images (C) and bar graph (D) 1611 

showing that the transduction of cortical neurons with the anti-miR-335-3p lentivirus 1612 

significantly reduced the circTLK1 shRNA-induced increase in spine density. n = 8. 1613 

shRNA-circTLK1: F (1, 28) = 29.84, P < 0.0001; anti-miR-335-3p: F (1, 28) = 29.20, P < 1614 

0.0001; interaction: F (1, 28) = 1.825, P = 0.1875. ***p < 0.001 versus the group 1615 

cotransduced with circControl and anti-miR-Con; #p < 0.05 versus the group cotransduced 1616 

with the circTLK1 shRNA and anti-miR-Con (two-way ANOVA followed by Holm-Sidak 1617 

post hoc multiple comparison tests). Scale bar: 10 μm. (E and F) Images (E) and bar graph 1618 

(F) showing that the TIPARP shRNA lentivirus attenuated the OGD/R-induced decrease in 1619 

PSD95 levels. Cells were transduced with TIPARP shRNA lentiviruses for 7 d, treated with 1620 

OGD for 2 h and subjected to reperfusion for 6 h. n = 3. shRNA-TIPARP: F (1, 8) = 62.21, P 1621 

< 0.0001; OGD/R: F (1, 8) = 65.63, P < 0.0001; interaction: F (1, 8) = 2.909, P = 0.1265. **p 1622 

< 0.01 and ***p < 0.001 versus the control shRNA-Con group; ##p < 0.01 versus the 1623 

OGD/R-treated shRNA-Con group (two-way ANOVA followed by Holm-Sidak post hoc 1624 

multiple comparison tests). Images of whole blots presented in the Fig. 12A and E were 1625 

shown in Figure 12-1. 1626 

Figure 13. Neuron-specific knockdown of TIPARP improves neurological deficits after 1627 

stroke in mice. (A) Schematic representation of AAV constructs (AAV2/8 serotype). (B) 1628 

Schematic illustrating the experimental procedure used in C-L. (C) The distribution of the 1629 

neuron-specific TIPARP shRNA-GFP AAV in the cortex after microinjection. Representative 1630 

images obtained four weeks after microinjection of AAV-SYN-shRNA-TIPARP into the 1631 

lateral ventricle. Green: neuron-specific TIPARP shRNA AAV-infected GFP-positive cells. 1632 
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Red: the neuronal marker NeuN. Blue: nuclei stained with DAPI. Scale bar: 25 μm or 50 μm. 1633 

(D and E) Western blot analysis (D) and bar graph (E) showing a significant decrease in the 1634 

level of the TIPARP protein in the cortex at 28 d after microinjection. n = 6. t(10) = 5.715, 1635 

***p = 0.0002, two-tailed t-test. (F-H) Regional CBF was monitored using two-dimensional 1636 

laser speckle imaging techniques 15 min before tMCAO (Pre), 15 min after the onset of 1637 

tMCAO (O), and after 15 min of reperfusion (R). (F) Representative images of the 1638 

AAV-SYN-shRNA-Con and AAV-SYN-shRNA-TIPARP groups. (G) Ischemic areas 1639 

measured from laser speckle images of either the ischemic core (0-20% residual CBF) or the 1640 

penumbra (20-30% residual CBF) were not affected by AAV-SYN-shRNA-TIPARP. (H) 1641 

Quantification of CBF. Data are presented as percentages of the baseline levels before 1642 

tMCAO (Pre). n = 6 animals per group. Scale bar: 1 mm. (I and J) Representative 1643 

T2-weighted MRI (I) and infarct volumes (J) of AAV-SYN-shRNA-Con-microinjected and 1644 

AAV-SYN-shRNA-TIPARP-microinjected tMCAO mice at 48 h after reperfusion. n = 5 1645 

animals per group. t(8) = 4.302, **p = 0.0026, two-tailed t-test. (K) Neurological deficits 1646 

were measured by the modified Neurological Severity Scores 1, 3 and 7 d after tMCAO. n = 1647 

8, 8, 12 and 12 animals in the sham + AAV-SYN-shRNA-Con, sham + 1648 

AAV-SYN-shRNA-TIPARP, tMCAO + AAV-SYN-shRNA-Con and tMCAO + 1649 

AAV-SYN-shRNA-TIPARP groups, respectively. AAV-shRNA-TIPARP: F (3, 36) = 293.4, P 1650 

< 0.0001; time: F (3, 108) = 189.2, P < 0.0001; interaction: F (9, 108) = 70.17, P < 0.0001; 1651 

subjects (matching): F (36, 108) = 2.104, P = 0.0018. ***p < 0.001 versus the sham + 1652 

AAV-SYN-shRNA-Con group; ###p < 0.001 versus the tMCAO + AAV-SYN-shRNA-Con 1653 

group (two-way repeated measures ANOVA followed by Holm-Sidak post hoc multiple 1654 
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comparison tests). (L) Adhesive removal test of forelimb function performed 3 and 7 d after 1655 

tMCAO. n = 8, 8, 12 and 12 animals in the sham + AAV-SYN-shRNA-Con, sham + 1656 

AAV-SYN-shRNA-TIPARP, tMCAO + AAV-SYN-shRNA-Con and tMCAO + 1657 

AAV-SYN-shRNA-TIPARP groups, respectively. AAV-shRNA-TIPARP: F (3, 36) = 18.85, P 1658 

< 0.0001; time: F (2, 72) = 16.42, P < 0.0001; interaction: F (6, 72) = 7.916, P < 0.0001; 1659 

subjects (matching): F (36, 72) = 1.453, P = 0.0893. **p < 0.01 and ***p < 0.001 versus the 1660 

sham + AAV-SYN-shRNA-Con group; ##p < 0.01 and ###p < 0.001 versus the tMCAO + 1661 

AAV-SYN-shRNA-Con group (two-way repeated measures ANOVA followed by 1662 

Holm-Sidak post hoc multiple comparison tests). See Figure 13-1 for potential mechanisms 1663 

underlying neuroprotective effect of neuron-specific knockdown of TIPARP in ischemic 1664 

cortex after stroke. Images of whole blots presented in the Fig. 13D were shown in Figure 1665 

13-2. 1666 

Figure 14. Neuron-specific knockdown of TIPARP improved long-term outcomes after 1667 

stroke in mice. (A and B) Representative T2-weighted MRI (A) and brain atrophy volume 1668 

(B) of AAV-SYN-shRNA-Con-microinjected and AAV-SYN-shRNA-TIPARP-microinjected 1669 

tMCAO mice at 28 d after reperfusion. The dashed lines outline the relative area of the 1670 

uninjured contralateral hemisphere to illustrate the area of ipsilateral atrophy for comparison. 1671 

n = 5 animals per group. t(8) = 4.265, **p = 0.0027, two-tailed t-test. (C) Long-term 1672 

neurological deficits were measured by the modified Neurological Severity Scores at 14, 21, 1673 

and 28 d after tMCAO. n = 8, 8, 12 and 12 animals in the sham + AAV-SYN-shRNA-Con, 1674 

sham + AAV-SYN-shRNA-TIPARP, tMCAO + AAV-SYN-shRNA-Con and tMCAO + 1675 

AAV-SYN-shRNA-TIPARP groups, respectively. AAV-shRNA-TIPARP: F (3, 36) = 257.9, P 1676 
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< 0.0001; time: F (3, 108) = 117.6, P < 0.0001; interaction: F (9, 108) = 54.5, P < 0.0001; 1677 

subjects (matching): F (36, 108) = 1.839, P = 0.0087. ***p < 0.001 versus the sham + 1678 

AAV-SYN-shRNA-Con group; ###p < 0.001 versus the tMCAO + AAV-SYN-shRNA-Con 1679 

group (two-way repeated measures ANOVA followed by Holm-Sidak post hoc multiple 1680 

comparison tests). (D) Adhesive removal test of forelimb function performed 14, 21, and 28 d 1681 

after tMCAO. n = 8, 8, 12 and 12 animals in the sham + AAV-SYN-shRNA-Con, sham + 1682 

AAV-SYN-shRNA-TIPARP, tMCAO + AAV-SYN-shRNA-Con and tMCAO + 1683 

AAV-SYN-shRNA-TIPARP groups, respectively. AAV-shRNA-TIPARP: F (3, 36) = 25.72, P 1684 

< 0.0001; time: F (3, 108) = 6.846, P = 0.0003; interaction: F (9, 108) = 5.243, P < 0.0001; 1685 

subjects (matching): F (36, 108) = 1.563, P = 0.0412. ***p < 0.001 versus the sham + 1686 

AAV-SYN-shRNA-Con group; ###p < 0.001 versus the tMCAO + AAV-SYN-shRNA-Con 1687 

group (two-way repeated measures ANOVA followed by Holm-Sidak post hoc multiple 1688 

comparison tests). (E and F) Western blot analysis of synapsin-1 levels in the ischemic 1689 

cortex 28 d after tMCAO. Representative images are shown in E. (F) Neuron-specific 1690 

knockdown of TIPARP attenuated the tMCAO-induced decrease in synapsin-1 levels. n = 6 1691 

animals per group. AAV-shRNA-TIPARP: F (1, 20) = 17.13, P = 0.0005; tMCAO: F (1, 20) = 1692 

9.36, P = 0.0062; interaction: F (1, 20) = 0.8395, P = 0.3705. *p < 0.05 versus the sham + 1693 

AAV-shRNA-Con group; ##p < 0.01 versus the tMCAO + AAV-SYN-shRNA-Con group 1694 

(two-way ANOVA followed by Holm-Sidak post hoc multiple comparison tests). (G and H) 1695 

Western blot analysis of PSD95 levels in the ischemic cortex 28 d after tMCAO. 1696 

Representative images are shown in G. (H) Neuron-specific knockdown of TIPARP 1697 

attenuated the tMCAO-induced decrease in PSD95 levels. n = 6 animals per group. 1698 
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AAV-shRNA-TIPARP: F (1, 20) = 24.6, P < 0.0001; tMCAO: F (1, 20) = 48.79, P < 0.0001; 1699 

interaction: F (1, 20) = 3.812, P = 0.0650. ***p < 0.001 versus the sham + 1700 

AAV-SYN-shRNA-Con group; ###p < 0.001 versus the tMCAO + AAV-SYN-shRNA-Con 1701 

group (two-way ANOVA followed by Holm-Sidak post hoc multiple comparison tests). See 1702 

Figure 14-1 for the effect of neuron-specific shRNA-TIPARP AAV microinjection on 1703 

mortality after focal cerebral ischemia. See Figure 14-2 for potential mechanisms underlying 1704 

long-term effect of neuron-specific knockdown of TIPARP in ischemic cortex after stroke. 1705 

Images of whole blots presented in the Fig. 14E and G were shown in Figure 14-3. 1706 

Figure 15. CircTLK1 is upregulated in the plasma of patients with AIS. (A) Relative 1707 

plasma circTLK1 levels in patients with AIS (n = 71) and healthy controls (n = 71), as 1708 

measured by real-time PCR. t(140) = 5.067, ***p < 0.0001, two-tailed t-test. (B) Relative 1709 

plasma circTLK1 levels in patients with stroke classified according to the TOAST subtypes 1710 

and healthy controls. F (3, 138) = 11.45, P < 0.0001; *p < 0.05 and ***p < 0.001 versus the 1711 

normal control group (one-way ANOVA followed by the Holm-Sidak test). (C) Relative 1712 

plasma circTLK1 levels in patients with stroke categorized by lesion locations, group A, 1713 

cortical infarcts; group B, subcortical infarcts and group C, infratentorial infarcts, and healthy 1714 

controls. F (3, 138) = 9.936, P < 0.0001; ***p < 0.001 versus the normal control group 1715 

(one-way ANOVA followed by the Holm-Sidak test). (D) ROC curve of plasma circTLK1 1716 

levels for the diagnosis of acute ischemic stroke. (E) The correlation between plasma 1717 

circTLK1 levels and infarct volume. Patients with LA were recruited for infarct volume 1718 

measurements. Correlations were estimated by calculating Pearson’s correlation coefficients 1719 

(r = 0.7197, p = 0.0017). The solid line was generated with a nonlinear regression analysis 1720 
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using Graph Pad Prism 6.0. (F) Representative data from 3 patients with different lesion 1721 

patterns showing their NIHSS scores, lesion volumes, and relative plasma circTLK1 levels 1722 

(fold change). TOAST: Trial of Org 10172 in Acute Stroke Treatment; NIHSS: National 1723 

Institutes of Health Stroke Scale; R: right hemisphere; L: left hemisphere. 1724 
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 1 

Figure 2-1. Genetic information and primer sequence of circTLK1. (A) The exon 2 

composition of circTLK1. (B) The divergent primer of circTLK1 contains the 3 

back-splicing site. (C) Divergent primers amplified circTLK1 from cDNA, but not 4 

genomic DNA (gDNA). GAPDH, linear control. cDNA used for convergent primer 5 

was derived from RNA pretreated with RNase R before reverse transcription. (D) 6 

Relative expression of circTLK1 in different mouse organs. n = 4 animals per group. 7 

 8 

 9 

Figure 2-2. Expression of TLK1 in the ischemic cortex after tMCAO in mice. (A) 10 

Relative expression of Tlk1 mRNA in the ipsilateral cortex 6 h after reperfusion in 11 

mice as determined by real-time PCR. n = 8 animals per group. t(14) = 2.574, *p = 12 

0.0221, two-tailed t-test. (B and C) Western blot analysis of TLK1 expression in the 13 

ipsilateral cortex after tMCAO. (C) Bar graph showing a significant decrease in TLK1 14 

in the ipsilateral cortex 6 h after reperfusion. n = 6 animals per group. t(10) = 3.371, 15 

**p = 0.0071, two-tailed t-test. Images of whole blots presented in the Fig. 2-2B were 16 

shown in Fig. 2-5. 17 

 18 

 19 

Figure 2-3. Structures and sequence of circTLK1 shRNA. The siRNA sequences 20 

of circTLK1 contains the back-splicing site. 21 

 22 

 23 

Figure 2-4. Distribution of shRNA circTLK1-GFP lentiviruses in the cortex after 24 

lentivirus microinjection. Representative images obtained three weeks after the 25 
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microinjection of circTLK1 shRNA lentiviruses into the lateral ventricle. Green: GFP 26 

positive cells infected by circTLK1 shRNA lentiviruses. Red: the astrocyte marker 27 

GFAP (A), microglia marker Iba-1 (B), oligodendrocyte marker galactocerebroside 28 

(GalC) (C) and vascular cell marker caveolin-1 (D). Blue: nuclei stained with DAPI. 29 

Scale bar: 25 μm. (E) Quantification of the proportion of GFP positive cells 30 

co-localizing with NeuN
+
, GFAP

+
, Iba-1

+
, GalC

+
 or Caveolin-1

+
 profiles. At least 31 

1500 cells were counted for the quantification from 3 different animals. 32 

 33 

 34 

Figure 4-1. Effect of shRNA-circTLK1 lentivirus microinjection on mortality 35 

after focal cerebral ischemia. (A) Animal survival rate from the same experiments 36 

was recorded daily for 28 d after tMCAO. n=9 animals for both sham groups, and 37 

n=17 animals for both tMCAO-treated groups. p = 0.1238 by log-rank test. (B) The 38 

mortality rate was calculated as the number of dead mice at 28 d after tMCAO in the 39 

shRNA-Con lentivirus and shRNA-circTLK1 lentivirus treated mice. Mice that died 40 

during the experiments were excluded from further data analyses and statistics. 41 

 42 

Figure 4-2. Post-stroke knockdown of circTLK1 ameliorates neurological deficits 43 

after focal ischemia in mice. (A) Relative expression level of circTLK1 in ipsilateral 44 

cortex before (Pre) and 3, 7, 14 d after the shRNA-circTLK1 lentivirus injected into 45 

lateral ventricle. Microinjection of shRNA circTLK1 lentivirus significantly 46 

decreased the expression of circTLK1 at 14 d after microinjection. n = 6 animals per 47 

group. F (3, 20) = 2.556, P = 0.0841. *p < 0.05 versus the pre- microinjection group. 48 
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(B) Illustration of the experimental procedure designed for C-G. Mice were 49 

microinjected with the shRNA circTLK1 lentivirus at 7 d before tMCAO, which will 50 

decrease the expression of circTLK1 at 7 d after tMCAO. (C) Animal survival rate 51 

from the same experiments was recorded daily for 28 d after tMCAO. n=11, 10, 30 52 

and 30 animals for the sham + shRNA-Con, sham + shRNA-circTLK1, tMCAO + 53 

shRNA-Con and tMCAO + shRNA-circTLK1 groups, respectively. p = 0.0657 by 54 

log-rank test. (D) The mortality rate was calculated as the number of dead mice at 28 55 

d after tMCAO in the tMCAO + shRNA-Con and tMCAO + shRNA-circTLK1 group. 56 

(E) Long-term neurological deficit was measured by mNSS at different time points. 57 

Neurological deficit scores were measured at 1, 3, 7, 14, 21 and 28 d after tMCAO. n 58 

= 11, 10, 21 and 24 animals for the sham + shRNA-Con, sham + shRNA-circTLK1, 59 

tMCAO + shRNA-Con and tMCAO + shRNA-circTLK1 groups, respectively. 60 

shRNA-circTLK1: F (3, 62) = 888.6, P < 0.0001; time: F (6, 372) = 286.3, P < 0.0001; 61 

interaction: F (18, 372) = 107.9, P < 0.0001; subjects (matching): F (62, 372) = 3.009, 62 

P < 0.0001. ***p < 0.001 versus the sham + shRNA-Con group; ###p < 0.001 versus 63 

the tMCAO + shRNA-Con group (two-way repeated measures ANOVA followed by 64 

Holm-Sidak post hoc multiple comparison tests). (F) Cylinder test of forelimb 65 

symmetry at 3, 7, 14, 21 and 28 d after tMCAO. L: left; R: right; B: both forepaws in 66 

F. n = 11, 10, 21 and 24 animals for the sham + shRNA-Con, sham + 67 

shRNA-circTLK1, tMCAO + shRNA-Con and tMCAO + shRNA-circTLK1 groups, 68 

respectively. shRNA-circTLK1: F (3, 62) = 66.44, P < 0.0001; time: F (5, 310) = 69 

19.26, P < 0.0001; interaction: F (15, 310) = 8.377, P < 0.0001; subjects (matching): 70 
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F (62, 310) = 1.226, P = 0.1357. ***p < 0.001 versus the sham + shRNA-Con group; 71 

##p < 0.01 and ###p < 0.001 versus the tMCAO + shRNA-Con group (two-way 72 

repeated measures ANOVA followed by Holm-Sidak post hoc multiple comparison 73 

tests). (G) Adhesive removal test of forelimb function at different time points after 74 

stroke. Adhesive removal tests were performed at 3, 7, 14, 21 and 28 d after tMCAO. 75 

n = 11, 10, 21 and 24 animals for the sham + shRNA-Con, sham + shRNA-circTLK1, 76 

tMCAO + shRNA-Con and tMCAO + shRNA-circTLK1 groups, respectively. 77 

shRNA-circTLK1: F (3, 62) = 23.32, P < 0.0001; time: F (5, 310) = 9.857, P < 0.0001; 78 

interaction: F (15, 310) = 4.844, P < 0.0001; subjects (matching): F (62, 310) = 1.721, 79 

P = 0.0015. *p < 0.05, **p < 0.01 and ***p < 0.001 versus the sham + shRNA-Con 80 

group; ##p < 0.01 versus the tMCAO + shRNA-Con group (two-way repeated 81 

measures ANOVA followed by Holm-Sidak post hoc multiple comparison tests). 82 

 83 

 84 

Figure 5-1. Expression of circTK1 in the ischemic cortex and primary cell 85 

cultures in mice. (A) Structures and probe sequence of circTLK1 used for FISH, the 86 

probe was circRNA specific (back splicing site). B: biotinylated. (B) Colocalization of 87 

NeuN and circTLK1 in the cortex of mice. The areas labeled with the different 88 

numbers in the rectangles are enlarged on the bottom or right side of the image. Green: 89 

circTLK1. Red: NeuN. Blue: DAPI. Scale bar: 25 μm. (C) Relative expression of 90 

circTLK1 in different cell types of primary cultures from the mouse cortex by qPCR. 91 

n = 3 samples per group. 92 
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 94 

Figure 5-2. Effect of OGD/R on neuronal injury in primary cortical neurons. (A) 95 

Western blot analysis of Bcl-xl, Bax, and caspase-3 expression after OGD/R. (B and 96 

C) Bar graph showing a significant increase in the Bax/Bcl-xl ratio (B) and the 97 

caspase-3/pro caspase-3 ratio (C) in neurons after OGD/R. n = 3. Bax/Bcl-xl: F (5, 12) 98 

= 9.409, P = 0.0008. Caspase-3/pro caspase-3: F (5, 12) = 6.014, P = 0.0052. *p < 99 

0.05, **p < 0.01, and ***p < 0.001 versus the control group (one-way ANOVA 100 

followed by the Holm-Sidak test). (D) Western blot analysis of synapsin-1 and PSD95 101 

expression after OGD/R. (E and F) Bar graph showing a significant decrease in 102 

synapsin-1 (E) and PSD95 (F) in neurons after OGD/R. n = 3. Synapsin-1: F (5, 12) = 103 

130.3, P < 0.0001; PSD95: F (5, 12) = 62.03, P < 0.0001. *p < 0.05, **p < 0.01, and 104 

***p < 0.001 versus the control group (one-way ANOVA followed by the Holm-Sidak 105 

test). Images of whole blots presented in the Fig. 5-2A and D were shown in Fig. 5-4. 106 

 107 

 108 

Figure 7-1. Distribution of shRNA-GFP in the cortex after neuron-specific AAV 109 

microinjection. Representative images obtained four weeks after the microinjection 110 

of circTLK1 shRNA neuron-specific AAV into the lateral ventricle. Green: GFP 111 

positive cells infected with circTLK1 shRNA AAV. Red: the astrocyte marker GFAP 112 

(A), microglia marker Iba-1 (B), oligodendrocyte marker galactocerebroside (GalC) 113 

(C) and vascular cell marker caveolin-1 (D). Blue: nuclei stained with DAPI. Scale 114 

bar: 25 μm. 115 

  116 
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 117 

Figure 8-1. Effect of neuron-specific shRNA-circTLK1 AAV microinjection on 118 

mortality after focal cerebral ischemia. (A) Animal survival rate from the same 119 

experiments was recorded daily for 28 d after tMCAO. n=10 animals for both sham 120 

groups, n=25 and 26 animals for tMCAO AAV-SYN-shRNA-Con and tMCAO 121 

AAV-SYN-shRNA-circTLK1 groups, respectively. p = 0.2239 by log-rank test. (B) 122 

The mortality rate was calculated as the number of dead mice at 28 d after tMCAO in 123 

the AAV-SYN-shRNA-Con and AAV-SYN-shRNA-circTLK1 groups. Mice that died 124 

during the experiments were excluded from further data analyses and statistics. 125 

 126 

Figure 9-1. Relative expression of miRNAs in the ischemic cortex after tMCAO 127 

in mice. Relative expression levels of miR-129-5p (A) and miR-320-3p (B) in the 128 

ischemic cortex 6 h after reperfusion. n = 8 animals per group. miR-129-5p: t(14) 129 

=1.091, p = 0.2935; miR-320-3p: t(14) =1.467, p = 0.1644; two-tailed t test. 130 

 131 

 132 

Figure 11-1. Effect of miR-335-3p on neuronal injury after OGD/R in primary 133 

cortical neurons. (A-C) Neurons transduced with the mimic miR-335-3p lentivirus 134 

attenuated the OGD/R-induced increase in the Bax/Bcl-xl ratio and caspase-3/pro 135 

caspase-3 ratio. The cells were transduced with mimic miR-335-3p lentiviruses for 7 136 

d, treated with OGD for 2 h and subjected to reperfusion for 6 h. n = 3. Bax/Bcl-xl 137 

(mimic miR-335-3p: F (1, 8) = 17.27, P = 0.0032; OGD/R: F (1, 8) = 32.9, P = 138 

0.0004; interaction: F (1, 8) = 14.63, P = 0.0051). Caspase-3/pro caspase-3 (mimic 139 

miR-335-3p: F (1, 8) = 6.088, P = 0.0389; OGD/R: F (1, 8) = 19.93, P = 0.0021; 140 
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interaction: F (1, 8) = 7.008, P = 0.0294). **p < 0.01 and ***p < 0.001 versus the 141 

control miR-Con group; #p < 0.05 and ##p < 0.01 versus the OGD/R-treated 142 

miR-Con group (two-way ANOVA followed by Holm-Sidak post hoc multiple 143 

comparison tests). (D-F) Neurons transduced with the anti-miR-335-3p lentivirus 144 

aggravated the OGD/R-induced increase in the Bax/Bcl-xl ratio and caspase-3/pro 145 

caspase-3 ratio. The cells were transduced with anti-miR-335-3p lentiviruses for 7 d, 146 

treated with OGD for 2 h and subjected to reperfusion for 6 h. n = 3. Bax/Bcl-xl 147 

(anti-miR-335-3p: F (1, 8) = 31.33, P = 0.0005; OGD/R: F (1, 8) = 94.28, P < 0.0001; 148 

interaction: F (1, 8) = 15.51, P = 0.0043). Caspase-3/pro caspase-3 (anti-miR-335-3p: 149 

F (1, 8) = 8.411, P = 0.0199; OGD/R: F (1, 8) = 44.8, P = 0.0002; interaction: F (1, 8) 150 

= 4.57, P = 0.0650). *p < 0.05 and ***p < 0.001 versus the control anti-miR-Con 151 

group; #p < 0.05 and ###p < 0.001 versus the OGD/R-treated anti-miR-Con group 152 

(two-way ANOVA followed by Holm-Sidak post hoc multiple comparison tests). 153 

Images of whole blots presented in the Fig. 11-1A and D were shown in Fig. 11-4. 154 

 155 

 156 

Figure 11-2. Effect of miR-335-3p on neuronal plasticity after OGD/R in primary 157 

cortical neurons. (A-C) Neurons transduced with the mimic miR-335-3p lentivirus 158 

attenuated the OGD/R-induced decrease in synapsin-1 and PSD95. The cells were 159 

transduced with mimic miR-335-3p lentiviruses for 7 d, treated with OGD for 2 h and 160 

subjected to reperfusion for 6 h. n = 3. Synapsin-1 (mimic miR-335-3p: F (1, 8) = 161 

25.33, P = 0.0010; OGD/R: F (1, 8) = 38.63, P = 0.0003; interaction: F (1, 8) = 162 
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0.6650, P = 0.4384). PSD95 (mimic miR-335-3p: F (1, 8) = 27.28, P = 0.0008; 163 

OGD/R: F (1, 8) = 52.57, P < 0.0001; interaction: F (1, 8) = 0.1417, P = 0.7164). *p < 164 

0.05 and **p < 0.01 versus the control miR-Con group; #p < 0.05 versus the 165 

OGD/R-treated miR-Con group (two-way ANOVA followed by Holm-Sidak post hoc 166 

multiple comparison tests). (D-F) Neurons transduced with the anti-miR-335-3p 167 

lentivirus aggravated the OGD/R-induced decrease in synapsin-1 and PSD95. The 168 

cells were transduced with anti-miR-335-3p lentiviruses for 7 d, treated with OGD for 169 

2 h and subjected to reperfusion for 6 h. n = 3. Synapsin-1 (anti-miR-335-3p: F (1, 8) 170 

= 61.78, P < 0.0001; OGD/R: F (1, 8) = 216.4, P < 0.0001; interaction: F (1, 8) = 171 

0.2554, P = 0.6269). PSD95 (anti-miR-335-3p: F (1, 8) = 48.60, P = 0.0001; OGD/R: 172 

F (1, 8) = 224.5, P < 0.0001; interaction: F (1, 8) = 0.4629, P = 0.5155). **p < 0.01 173 

and ***p < 0.001 versus the control anti-miR-Con group; ##p < 0.01 versus the 174 

OGD/R-treated anti-miR-Con group (two-way ANOVA followed by Holm-Sidak post 175 

hoc multiple comparison tests). Images of whole blots presented in the Fig. 11-2A and 176 

D were shown in Fig. 11-5. 177 

 178 

 179 

Figure 13-1. The potential mechanisms underlying neuroprotective effect of 180 

neuron-specific knockdown of TIPARP in ischemic cortex after stroke. (A and B) 181 

Western blot analysis of Bax and Bcl-xl expression in the ischemic cortex at 24 h after 182 

tMCAO. Representative images are shown in A. B shows that neuron-specific 183 

knockdown of TIPARP attenuated the tMCAO-induced increase in the ratio of 184 
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Bax/Bcl-xl. n = 6 animals per group. AAV-shRNA-TIPARP: F (1, 20) = 31.68, P < 185 

0.0001; tMCAO: F (1, 20) = 40.9, P < 0.0001; interaction: F (1, 20) = 24.31, P < 186 

0.0001. ***p < 0.001 versus the sham + AAV-shRNA-Con group; ###p < 0.001 187 

versus the tMCAO + AAV-SYN-shRNA-Con group (two-way ANOVA followed by 188 

Holm-Sidak post hoc multiple comparison tests). (C and D) Western blot analysis of 189 

caspase-3 expression in the ischemic cortex at 24 h after tMCAO. Representative 190 

images are shown in C. D shows that neuron-specific knockdown of TIPARP 191 

attenuated the tMCAO-induced increase in activated caspase-3. n = 6 animals per 192 

group. AAV-shRNA-TIPARP: F (1, 20) = 16.1, P = 0.0007; tMCAO: F (1, 20) = 193 

23.63, P < 0.0001; interaction: F (1, 20) = 21.57, P = 0.0002. ***p < 0.001 versus the 194 

sham + AAV-SYN-shRNA-Con group; ###p < 0.001 versus the tMCAO + 195 

AAV-SYN-shRNA-Con group (two-way ANOVA followed by Holm-Sidak post hoc 196 

multiple comparison tests). (E-G) RNA-seq analysis of differentially expressed genes 197 

(DEGs) in ipsilateral cortex at 24 h after stroke. Differences in gene expression 198 

among groups are shown in E. Red represents genes upregulated ≥ 2.0-fold and 199 

p < 0.05. Blue represents genes downregulated ≥ 2.0-fold and p < 0.05. F, Heatmap 200 

and unsupervised clustering of transcriptomes depicting DEGs, involved in the 201 

regulation of cell processes and signaling pathways, determined by RNA sequencing 202 

in the ischemic cortex among groups. Each row indicates a DEG. Each line represents 203 

the gene expression per animal. Red represents upregulated gene. Green represents 204 

downregulated gene. G, Kyoto Encyclopedia of Genes and Genomes (KEGG) 205 

annotation of DEGs as a result of neuron-specific knockdown of TIPARP 24 h after 206 
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stroke. Enriched KEGG pathways of DEGs regulated in the tMCAO + 207 

AAV-SYN-shRNA-TIPARP group versus the tMCAO + AAV-SYN-shRNA-Con 208 

group. The KEGG pathways were summarized in three main categories: group A, 209 

cellular processes; group B, signaling pathways; group C, neurology. Rich factor 210 

represents the ratio of the number of enriched DEGs in the KEGG pathway and the 211 

number of annotated background genes in this pathway. The x-axis shows rich factor 212 

of each pathway. The y-axis refers to KEGG pathways. Color of the dots represents 213 

P-value, size of the dots represents the number of genes. n = 3 animals per group. 214 

Sham_C: sham + AAV-SYN-shRNA-Con; Sham_T: sham + 215 

AAV-SYN-shRNA-TIPARP; R24h_C: tMCAO (R24h) + AAV-SYN-shRNA-Con; 216 

R24h_T: tMCAO (R24h) + AAV-SYN-shRNA-TIPARP. Numbers: the sample number. 217 

Images of whole blots presented in the Fig. 13-1A and C were shown in Fig. 13-3. 218 

 219 

Figure 14-1. Effect of neuron-specific shRNA-TIPARP AAV microinjection on 220 

mortality after focal cerebral ischemia. (A) Animal survival rate from the same 221 

experiments was recorded daily for 28 d after tMCAO. n=8 animals for both sham 222 

groups, n=18 and 17 animals for the tMCAO + AAV-SYN-shRNA-Con and tMCAO 223 

+ AAV-SYN-shRNA-TIPARP groups, respectively. p = 0.1030 by log-rank test. (B) 224 

The mortality rate was calculated as the number of dead mice at 28 d after tMCAO in 225 

the AAV-SYN-shRNA-Con and AAV-SYN-shRNA-TIPARP groups. Mice that died 226 

during the experiments were excluded from further data analyses and statistics. 227 

  228 
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 229 

Figure 14-2. The potential mechanisms underlying long-term effect of 230 

neuron-specific knockdown of TIPARP in ischemic cortex after stroke. RNA-seq 231 

analysis of DEGs was performed in ipsilateral cortex at 28 d after stroke. (A) 232 

Differences in gene expression among groups. Red represents genes upregulated ≥ 233 

2.0-fold and p < 0.05. Blue represents genes downregulated ≥ 2.0-fold and p < 0.05. 234 

(B) Heatmap and unsupervised clustering of transcriptomes depicting DEGs, involved 235 

in the regulation of signaling pathways, nervous system, and immunology, determined 236 

by RNA sequencing in the ischemic cortex among groups. Each row indicates a DEG. 237 

Each line represents the gene expression per animal. Red represents upregulated gene. 238 

Green represents downregulated gene. (C) KEGG annotation of DEGs as a result of 239 

neuron-specific knockdown of TIPARP at 28 d after stroke. Enriched KEGG 240 

pathways of DEGs regulated in the tMCAO + AAV-SYN-shRNA-TIPARP versus 241 

tMCAO + AAV-SYN-shRNA-Con groups. The KEGG pathways were summarized in 242 

three main categories: A, neurology; B, signaling pathways; C, immunology. Rich 243 

factor represents the ratio of the number of enriched DEGs in the KEGG pathway and 244 

the number of annotated background genes in this pathway. The x-axis shows rich 245 

factor of each pathway. The y-axis refers to KEGG pathways. Color of the dots 246 

represents P-value, size of the dots represents the number of genes. n = 3 animals per 247 

group. Sham_C: sham + AAV-SYN-shRNA-Con; Sham_T: sham + 248 

AAV-SYN-shRNA-TIPARP; R28d_C: tMCAO (R28d) + AAV-SYN-shRNA-Con; 249 

R28d_T: tMCAO (R28d) + AAV-SYN-shRNA-TIPARP. Numbers: the sample 250 
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number. 251 

 252 

Figure 2-5. Images of whole blots presented in the Figure 2-2B. 253 

 254 

Figure 3-1. Images of whole blots presented in the Figure 3D and F. 255 

 256 

Figure 4-3. Images of whole blots presented in the Figure 4M. 257 

 258 

 259 

Figure 5-3. Images of whole blots presented in the Figure 5I. 260 

 261 

 262 

Figure 5-4. Images of whole blots presented in the Figure 5-2A and D. 263 

 264 

Figure 6-1. Images of whole blots presented in the Figure 6A. 265 

 266 

Figure 10-1. Images of whole blots presented in the Figure 10C, F, H and J. 267 

 268 

Figure 11-3. Images of whole blots presented in the Figure 11C, E, H and K. 269 

 270 

Figure 11-4. Images of whole blots presented in the Figure 11-1A and D. 271 

 272 

Figure 11-5. Images of whole blots presented in the Figure 11-2A and D. 273 

 274 

Figure 12-1. Images of whole blots presented in the Figure 12A and E. 275 

 276 

Figure 13-2. Images of whole blots presented in the Figure 13D. 277 

 278 

Figure 13-3. Images of whole blots presented in the Figure 13-1A and C. 279 
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 280 

Figure 14-3. Images of whole blots presented in the Figure 14E and G. 281 
































