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Abstract
Aims: Chemokine receptor 7 (CXCR7) exerts protective effects on the brain. 
MicroRNAs (miRNAs) are involved in cerebral ischemia/reperfusion (I/R) injury, but 
their involvement in CXCR7- mediated brain protection is unknown. In this study, we 
investigated the role of miRNAs in CXCR7- mediated brain protection.
Methods: CXCR7 levels in peripheral blood samples from patients with acute is-
chemic stroke (AIS) and ischemic penumbra area brain tissues from middle cerebral 
artery occlusion (MCAO) rats after recanalization were measured. An miRNA mi-
croarray analysis was performed to examine the expression of miRNAs caused by 
CXCR7 knockdown in ischemic penumbra area brain tissue in middle cerebral artery 
occlusion– reperfusion rats and to predict corresponding downstream target genes. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis re-
vealed the most enriched pathways. A dual- luciferase reporter assay confirmed the 
direct regulation of miR- 182 on the target gene TCF7L2. The correlation between 
TCF7L2 and CXCR7/miR- 182 was verified using rescue assays.
Results: CXCR7 expression was upregulated in MCAO rats and mechanical 
thrombectomy patients with AIS compared to that in controls. The motor and 
sensory functions of MCAO rats with CXCR7 knockdown further decreased, and 
the infarct volume and cerebral edema increased. miRNA microarray data showed 
that seven miRNAs were differentially expressed after shRNA- CXCR7 treatment. 
The dual- luciferase reporter assay confirmed that miR- 182 directly targeted the 
TCF7L2 gene. Rescue assays confirmed that TCF7L2 is downstream of CXCR7/
miR- 182. KEGG pathway analysis showed that the Hippo pathway may be a key 
pathway in CXCR7 upregulation and plays a role in protecting the brain after in-
terventional surgery. Animal experiments have shown that CXCR7- mediated cer-
ebral I/R injury promotes the phosphorylation of key molecules YAP and TAZ in the 
Hippo pathway.
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1  |  INTRODUC TION

Acute ischemic stroke (AIS) is the main type of stroke, account-
ing for approximately 80% of all cases.1,2 Currently, perfusion 
recovery therapy is the most effective strategy for reducing in-
farct volume and improving clinical efficacy.3 However, brain in-
jury typically continues to progress after reperfusion, leading to 
ischemia/reperfusion (I/R) injury,4 and is induced by inflammatory 
response, excitotoxicity, and reactive oxygen species, resulting in 
irreversible damage to important organelles and DNA.5,6 Although 
various studies have attempted to explain the pathogenesis of I/R 
injury, clinical treatment remains a challenge. Therefore, exploring 
the mechanisms of I/R injury is critical, as the results may pro-
vide a theoretical basis for finding new therapeutic targets for 
I/R injury.

Increasing evidence has shown that chemokines are involved 
in I/R injury,7 and that sustained overproduction of chemokine 
signaling in a cerebral I/R injury region drives chemokine signal-
ing, leading to the accumulation and homing of endothelial cells to 
the injury site.8– 10 Stromal- derived factor- 1 (SDF- 1), a member of 
the chemotactic cytokine superfamily, is widely expressed in the 
central nervous system. The specific receptor cysteine- X- cysteine 
chemokine receptor 4 (CXCR4) has been shown to play a role in 
cardiovascular and cerebrovascular diseases.11 Balabanian identi-
fied CXCR7 as the second receptor for CXCL1212 and CXCR7 has 
been shown to have a higher affinity for ligands than the classical 
receptor CXCR4.13 Furthermore, CXCR7 regulates atherosclerotic 
lesion formation14 and loss of CXCR7 impairs vascular hemosta-
sis.15 CXCR7 is considered to be the main receptor of SDF- 1 after 
stroke16,17 and is a useful tool in biological research,18 especially as 
a therapeutic target in stroke.19 Our previous studies showed that 
SDF- 1a acts not only by binding to CXCR4 but also by binding to 
receptor CXCR7 to exert a biological effect.20 In addition, recent 
evidence suggests that CXCR7 is a key regulator of organ injury 
after I/R.21 In conclusion, the CXCR7 signaling axis may be involved 
in cerebral I/R repair.

Recently, several studies have shown that microRNAs (miRNAs) 
play positive roles in regulating cell survival, inflammation, and apop-
tosis in response to I/R injury.22,23 They are also used in therapeutic 
interventions and are promising biomarkers.24 Moreover, evidence 
suggests that chemokines mediate miRNA expression and that miR-
NAs target chemokine signal transduction.25– 30 Despite these find-
ings, the effect of CXCR7 on miRNA expression in I/R brain tissue 
has not been investigated.

We hypothesized that in the context of cerebral I/R injury, CXCR7 
might disrupt and regulate target genes by affecting the expression 
of miRNAs in ischemic penumbral brain tissue, thus promoting the 
I/R injury response and playing a protective role in the brain. In this 
study, we knocked down CXCR7 expression in the brain tissue of 
MCAO rats using short hairpin RNA against CXCR7. Differentially 
expressed miRNAs were identified using miRNA microarray to iden-
tify direct target genes, and downstream signaling pathways were 
analyzed. Our results provide new insights into the progression of 
brain I/R injuries.

2  |  METHODS

2.1  |  Ethics, participants, and animals

The protocol for animal experiments in this study was approved by 
the Animal Welfare and Ethics Committee of the Wannan Medical 
College (Approval No. 2021– 12). Patients with AIS were recruited 
from the Department of Neurology, Yijishan Hospital, Wannan 
Medical College, Anhui Province. Healthy control participants were 
recruited among individuals undergoing a wellness examination. 
Additional details are provided in the Appendix S1.

Male Sprague– Dawley (SD) rats (220– 240 g) were purchased 
from Beijing Sibafu Biotechnology Co., Ltd. All rats were fed for 
1 week on a normal day and night schedule and were given free 
access to food and water. The mean body weight of the rats was 
240– 260 g, the room temperature was 25°C, and the humidity was 
at 60– 70%. The experiments were performed in a blinded manner, 
and all the rats were subjected to surgery performed by the same 
surgeon.

2.2  |  Cerebral ischemia/reperfusion model (MCAO)

Cerebral I/R injury was induced by MCAO as previously de-
scribed.31 Briefly, the animals were anesthetized with 2% isoflu-
rane, and analgesia with 4% lidocaine gel was applied to the wound 
margins. Focal ischemia was induced using thread embolization. 
First, the right common carotid artery and external carotid artery 
were exposed and the internal carotid artery was occluded with 
a microvascular clamp. An embolus coated with silicone rubber 
(Beijing Sunbio Biotech Co. Ltd., 2634- 20A5, Beijing, China) was 
inserted through the right external carotid artery, and the middle 

Conclusion: CXCR7 protects against cerebral I/R injury, possibly via the miR- 182/
TCF7L2/Hippo pathway. These results indicate that CXCR7 affects cerebral ischemia– 
reperfusion injury through miRNA regulation and downstream pathways.
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cerebral artery was bifurcated to induce MCAO. The Zea- Longa 
scoring method was used to determine whether occlusion was 
successfully established (Table S1). Two hours after the occlusion 
was established, the thread was withdrawn to initiate the reperfu-
sion. Similar operations were performed on sham rats, except for 
embolus insertion and withdrawal. Body temperature was main-
tained at 37°C using a servo- controlled heating blanket through-
out surgery. Additional details are provided in the Appendix S1.

2.3  |  Cell sources and culture

HT22 cells were obtained from Millipore (Massachusetts, USA), 
while C6 cells were obtained from the Chinese Academy of Sciences 
(Shanghai, China). The cells were cultured in Dulbecco's modified 
Eagle's medium (DMEM; Hyclone, South Logan, UT, USA) contain-
ing 10% fetal bovine serum (FBS; Newseum, Australia), 1% 100 μg/
ml streptomycin, and 100 units/ml penicillin (Beyotime, Shanghai, 
China).32,33 Cells were placed in a temperature chamber at 37°C with 
5% CO2. Normally growing cells were passaged when they reached 
80– 90% density. Logarithmically grown cells were selected for sub-
sequent experiments.

2.4  |  Oxygen and glucose deprivation (OGD) 
reperfusion model

As previously described,34 C6 cells were placed in a tri- gas incuba-
tor (Thermo Fisher Scientific, Waltham, MA, USA) in which oxygen 
was replaced with nitrogen. Glucose- free DMEM was used for 6 h of 
cell culturing. The original medium was replaced, and the cells were 
incubated under normal cell culture conditions for 24 h.

2.5  |  Lentivirus microinjection

CXCR7 shRNA lentivirus (5 μl, 109 viral genomes/μl) (Gene Pharma 
Co. Ltd., Shanghai, China) was microinjected into the right lateral 
ventricle of SD rats. Microinjection coordinates were as follows: 
0.8 mm behind the bregma and 1.8 mm lateral from the sagittal mid-
line at a depth of 4 mm below the skull surface. The needle was then 
removed slowly. The wound was closed with bone wax and MCAO 
models were successfully established 14 days later.

2.6  |  Modified Neurological Deficit Score (mNSS)

The mNSS was used to evaluate the neurobehavioral outcome at 
6 h, 12 h, 1, 3, and 7 days after MCAO, as described in a previous 
study.35 Each animal was evaluated blindly by two examiners. A 
more comprehensive description of the mNSS test is provided in 
Table S2.

2.7  |  2,3,5- triphenyltetrazolium chloride 
(TTC) staining

We killed five rats from each group to assess infarct volume at 
24 h post- reperfusion. Then, both sides of 2- mm thick brain slices 
were soaked for 15 to 20 min in a 2% 2,3,5- triphenyltetrazolium 
chloride solution (T8877, Sigma Aldrich, Germany) at 37°C. Areas 
without red staining were considered infarcted. Image- Pro Plus 6.0 
was used to capture the infarcted region in each brain slice in its 
entirety.

2.8  |  Brain water content

The rats were beheaded 24 h after MCAO establishment under 
deep anesthesia. The brain was divided into the left brain (contralat-
eral), right brain (ipsilateral), and cerebellum. The tissue samples 
were weighed and then dried at 100°C for 24 h. Brain water con-
tent = (wet weight -  dry weight)/wet weight × 100%.

2.9  |  Bioinformatics analysis

To observe the effects of CXCR7 expression on miRNA expression 
in the ischemic penumbra brain tissues of MCAO rats, the brain 
tissues were divided into two groups: MCAO (n = 3) and shRNA- 
CXCR7 + MCAO (n = 3). Brain tissue (50– 100 mg) was removed 
from ice and washed with PBS. The samples were frozen at −80°C 
as soon as possible after collection for microfluidic miRNA chip 
analysis, followed by bioinformatics analysis. The miRNA micro-
array was performed by a service provider (Aksomics Co. Ltd., 
Shanghai, China). After quality inspection and quantification, a li-
brary was established using a NanoDrop ND- 1000 spectrophotom-
eter (Thermo Fisher Scientific, Waltham, MA, USA), and 50 cycles 

F I G U R E  1  CXCR7 expression is upregulated in middle cerebral artery occlusion (MCAO) rat ischemic penumbra brain tissue, in C6 cells 
under oxygen and glucose deprivation (OGD), and in the peripheral blood of a patient with acute ischemic stroke with thrombectomy. (A) 
Experimental procedure and timeline. (B) The modified neurological severity score (mNSS) following MCAO establishment. (C) Relative gene 
expression of CXCR7 in the ischemic penumbra brain tissues of the rats at 6 h, 12 h, 1, 3, and 7 days after MCAO establishment and in the 
sham group (n = 3). (D) Densitometric quantification of CXCR7/GAPDH. (E) Relative gene expression of CXCR7 in the C6 cells at 0, 2, 4, 6, 
and 8 h under hypoxia condition and in the sham group (n = 3). (F) Densitometric quantification of CXCR7/GAPDH. (G) Correlation between 
CXCR7 expression and mNSS scores using Pearson's correlation coefficient. (H) Levels of CXCR7 are increased in the serum of patients with 
acute ischemic stroke undergoing mechanical thrombectomy (n = 17) compared with that in healthy control participants (n = 10). *p < 0.05 
versus the sham group
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of sequencing were performed on an Illumina Next Seq 500 se-
quencer. Cross- talk quantification of known miRNA and newly 
discovered miRNA projections based on all trimmed reads was 
performed using miRDeep2 software. Based on CPM- standardized 
miRNAs, the R software, Edge R was used for differential expres-
sion calculation, and differential miRNAs were selected. A miRNA 
cluster map was constructed. The 10 most enriched miRNA target 
genes were analyzed using miRNA target gene database data, and 
gene ontology (GO) and pathway analyses of the target genes were 
performed.

2.10  |  Western blot

Rat brain proteins were isolated by 10% sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis and transferred to a BioTrace™ 
NT nitrocellulose transfer membrane (#66485, Pall, CO, New 
York, USA). The membrane was blocked at room temperature 
for 2 h with 5% skim milk or bovine serum albumin and then in-
cubated overnight at 4°C with the following primary antibod-
ies: anti- CXCR7 (1:100, rabbit, NBP2- 24779, Novus Biologicals, 
Littleton, CO, USA), anti- TCF7L2 (1:500, rabbit, A19548, 
ABclonal, Wuhan, China), anti- phospho- TAZ resistant (Ser89) 
(1:1000, rabbit, 59971 S, Cell Signaling Technology, Danvers, 
MA, USA), anti- phospho- YAP (Ser127) (1:1000, rabbit, 13,008 T, 
phospho- Yap (Ser127), Cell Signaling Technology, Danvers, MA, 
USA), anti- β- actin (1:500, rabbit, AF5006, Beyotime, Shanghai, 
China), and anti- GAPDH (1:2000, AF1186, Beyotime, Shanghai, 
China). After washing with TBST three times, the membrane was 
incubated with secondary antibodies for 12 h and detected with 
a chemiluminescence HRP substrate solution (#WBKLS0050, 
Merck- Millipore, Burlington, MA, USA). Blotting was analyzed 
using a ChemiDoc XRS system (Bio- Rad, Hercules, California, 
USA). The ImageJ software was used to quantify the gray values 
of the protein fragments. For the loading control, all values were 
normalized to those of β- actin or GAPDH, which was used as an 
internal control.

2.11  |  Quantitative real- time- polymerase chain 
reaction (qRT- PCR)

Total RNA was extracted from C6 cells using the TRIzol reagent 
and quantified by spectrophotometry. For miRNA detection, 1 μg 
of total RNA was reverse- transcribed in the presence of a stem 
ring and amplified using a Bulge- Loop TM miRNA qRT- PCR Starter 
Kit (C10211- 2, RIBOBIO Biotechnology, Guangzhou, China). The 
most stably expressed U6 was used as the endogenous control. 
Primers for the miRNAs and U6 were purchased from RiboBio 
Biotechnology. PCR was performed according to the manufac-
turer's instructions.

For mRNA analysis, 400 ng of total RNA was reverse- transcribed 
to cDNA and amplified using a QuantiNova SYBR Green PCR kit 

(#208054, Qiagen, Hilden, Germany). Primers used for the genes 
were as follows:

Human CXCR7, forward: 5′- TCTGCATCTCTTCGACTACTCA- 3′ 
and reverse: 5′- GTAGAGCAGGACGCTTTTGTT- 3′;
Human GAPDH, forward: 5′- GAGAAGTATGACAACAGCCTC 
AA- 3′ and reverse: 5′-  GCCATCACGCCACAGTTT- 3′.

2.12  |  Immunofluorescence

The staining of tissue sections and quantification of the staining 
were performed as we had previously described.36 Cultured cells 
and tissue sections were fixed in paraformaldehyde (4%), followed 
by permeabilization with Triton X- 100 (0.1%) in PBS for 30 min, 
and blocked with goat serum (3%) for 2 h. Brain slices were incu-
bated at 4°C overnight with the following primary antibodies: anti- 
NeuN (1:200, mouse, 94403 S, Cell Signaling Technology, Danvers, 
MA, USA) and anti- CXCR7 (1:200, rabbit, NBp2- 24,779, Novus 
Biologicals, Littleton, CO, USA). The slides were washed with PBS 
and incubated with DyLight 594- conjugated goat anti- rabbit IgG 
(1:500, E032420- 01, EarthOx, San Francisco, CA, USA) or DyLight 
488- conjugated goat anti- mouse IgG (1:500, E032210- 01, EarthOx, 
San Francisco, CA, USA) in the dark for 2 h at room tempera-
ture. After staining with DAPI (P0131- 25 ml, Beyotime, Shanghai, 
China), all slides were read and imaged using a confocal microscope 
(LSM800, ZEISS, Germany).

2.13  |  Dual luciferase activity assays

C6 cells were transfected with the pMIR REPORT luciferase vec-
tor with the wild- type or mutated TCF7L2- untranslated region 
(UTR; Hanbio, Guangzhou, China) for 24 h. Dual luciferase reporter 
assays were performed following the manufacturer's protocol 
(E2920, Promega, Madison, WI). To examine whether miR- 182 
directly regulated TCF7L2 expression, a predicted target of miR- 
182, pSI- Check2 dual- luciferase miRNA target expression vector 
(Hanbio Biotechnology, Wuhan, China), was used. The partial 3′- 
UTR of TCF7L2 from rat genomic DNA was amplified by PCR and 
cloned into the pSI- Check2 vector to produce a wild- type (Wt) re-
porter. One mutant (Mut) reporter was generated by site- directed 
mutagenesis within the miR- 182 seed- match region. Plasmid con-
struction and dual- luciferase kits were purchased from Hanbio 
Biotechnology. The pSI- Check2- TCF7L2- 3′UTR (Wt or Mut) was 
cotransfected into C6 cells either with vehicle (Control), miRNA 
negative control oligonucleotide (miRNA NC), or miR- 182 mimic 
using Lipofectamine™ 3000 (L3000001, Thermo Fisher Scientific, 
Waltham, MA, USA), according to the transfection procedures. Cell 
lysates were harvested 24 h after transfection, and dual- luciferase 
reporter activity was measured using a kit (Hanbio Biotechnology, 
Wuhan, China) and multimode microplate reader (Promega 
GloMax- Muti®, Promega, Madison, WI, USA).
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2.14  |  Statistical analysis

All data are presented as mean ± SEM. Statistical analyses were per-
formed using the GraphPad Prism version 7. Data were tested for 
Gaussian distribution using the ShapiroWilk test and then analyzed 

by t- test, one- way ANOVA, or two- way ANOVA according to the 
situation as appropriate. Data that did not exhibit a normal/Gaussian 
distribution were analyzed via a non- parametric equivalent and used 
by the post- hoc test for pairwise comparison of the data. Results 
were considered significant at p < 0.05.

F I G U R E  2  CXCR7 is expressed in neurons, microglia, and astrocytes. Co- localization of CXCR7 with NeuN (A), Iba1 (B), and GFAP (C) 
after sham, MCAO, or OGD. Representative images of immunofluorescence staining showing the expression of CXCR7 (red), NeuN (green), 
Iba1 (green), and GFAP (green), including areas in which they overlap, shown in rectangles. Scale bar: 20 μm. Brain tissue samples were 
obtained from the ischemic penumbra area 24 h after MCAO (n = 3)
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F I G U R E  3  Knocking down CXCR7 
expression aggravates ischemia/
reperfusion (I/R) injury in MCAO 
rats. (A) Schematic showing the 
lentivirus vector encoding CXCR7. (B) 
Experimental procedure and timeline. 
(C) Representative images of the rat 
lateral ventricle microinjected with GFP 
lentiviruses. Rats were killed 2 weeks after 
microinjection, and GFP expression was 
measured. Scale bar = 100 μm. (D) Effects 
of CXCR7 lentivirus microinjection on 
neurological behaviors of the MCAO rats 
(n = 12). (E) Representative western blot 
bands showing CXCR7 expression in the 
MCAO, vehicle + MCAO, and shRNA- 
CXCR7 + MCAO groups. (F) Densitometric 
quantification of CXCR7/β- actin. (G) 
TTC- stained brain sections and (H) 
quantitative data illustrating the increased 
infarct volume after CXCR7 knockdown 
(n = 5). (I) Brain edema 24 h after surgery 
in the sham, MCAO, vehicle + MCAO, and 
shRNA- CXCR7 + MCAO groups (n = 5). 
The brain was divided into three parts: 
The right brain, left brain, and cerebellum. 
*p < 0.05 versus the sham group, #p < 0.05 
versus the MCAO group
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3  |  RESULTS

3.1  |  CXCR7 was upregulated in the MCAO rat 
ischemic penumbra brain tissue, OGD- induced 
C6 cells, and patients with acute ischemic stroke 
undergoing mechanical thrombectomy

Western blotting was performed to detect CXCR7 protein expres-
sion in the ischemic penumbra at different time points after I/R 
(Figure 1A). The results showed that CXCR7 protein expression 
began to decrease at 6 h, then gradually increased, peaking on day 
1, and then gradually decreased and returned to normal levels in 
the ischemic penumbra after I/R injury. Compared with the nor-
mal group, CXCR7 protein expression was significantly decreased 
within 6 h and increased in the 12- h, 1- , 3- , and 7- day groups (all, 
p < 0.05) (Figure 1C,D, Figure S13). Neurological deficit scores indi-
cated that neurological function had deteriorated noticeably after 
I/R. The mNSS test score increased to a maximum at 24 h post- 
MCAO establishment (p < 0.05) (Figure 1B). Thus, we selected 24 h 
as the time point to elucidate the mechanism of CXCR7- mediated 
miRNA expression after I/R injury. A linear regression analysis re-
vealed that 24 h after surgery, patients who had higher CXCR7 ex-
pression and higher NIHSS scores showed more severe symptoms 
of neurological deficit (Figure 1G). To determine whether CXCR7 
was involved in I/R, we examined CXCR7 levels in the peripheral 
blood of healthy control participants and patients with AIS under-
going mechanical thrombectomy. Infarct volume was measured 
using 3.0 T magnetic resonance imaging diffusion- weighted imag-
ing sequences within 24 h after admission (Figure S1). The demo-
graphic and clinical characteristics of the participants are listed 
in Table S3. Further analysis of the clinical samples showed that 
the CXCR7 protein level was significantly increased in the serum 
of patients with AIS 24 h after surgery compared to that in the 
sex-  and age- matched normal control participant serum by qRT- 
PCR (Figure 1H). This was also found in the OGD- induced C6 cells 
upregulation of CXCR7 protein levels. Specifically, CXCR7 was 
markedly induced at early 2 h in response to OGD, peaked at 6 h, 
and was maintained with a slight decrease until 12 h (Figure 1E,F, 
Figure S13).

3.2  |  Colocalization of CXCR7 and NeuN, 
GFAP, and Iba1 after cerebral I/R injury

Double- label fluorescence immunohistochemistry was performed to 
examine the phenotypes of CXCR7- positive cells in the brains of MCAO 
rats. We found that CXCR7 was localized to neurons, microglia, and 
astrocytes in the brains of rats with MCAO and normal brain tissues. 
CXCR7 with NeuN, GFAP, and Iba1 in the MCAO group showed en-
hanced fluorescence intensity on the cell membrane compared to that 
in the sham group. In the sham group, the fluorescence signals of CXCR7 
with NeuN, GFAP, and Iba1 were primarily located on the cell mem-
brane. Notably, this colocalization was detected in the cytosol around 

the nucleus post- MCAO (Figure 2, Figure S2). Meanwhile, we also made 
localization in C6 cells and obtained similar results (Figures S3 and S4).

3.3  |  Knockdown of CXCR7 expression aggravated 
ischemia/reperfusion injury in MCAO rats

Next, we investigated the effect of CXCR7 knockdown on I/R rats by 
microinjecting either shRNA- Scr- GFP or shRNA- CXCR7- GFP lentivi-
rus into the rat lateral ventricle, as illustrated in Figure 3A,B. First, we 
selected and verified the lentivirus (Figure S5). Two weeks after the in-
jection, the expression of green fluorescent protein (GFP) lentivirus was 
largely restricted to the whole brain (Figure 3C), and CXCR7 expres-
sion was significantly downregulated in the brain tissues (Figure 3E,F, 
Figure S13). shRNA- CXCR7 treatment considerably worsened neuro-
logical function compared to that in the untreated MCAO group, as 
evidenced by the results of the mNSS test (p < 0.05) (Figure 3D). After 
TTC staining of four corresponding coronal brain sections from sham, 
MCAO, vehicle + MCAO, and shRNA- CXCR7 + MCAO rats killed 24 h 
after MCAO establishment, the infarcted areas (white) appeared 
larger in the shRNA- CXCR7- treated rats, which was confirmed by the 
infarct volumetry results (n = 5) (p < 0.05) (Figure 3G,H). In addition, 
brain water content in the ipsilateral hemisphere was significantly 
elevated following MCAO establishment (p < 0.05) (Figure 3I). The 
shRNA- CXCR7 + MCAO group displayed higher brain water content in 
the ipsilateral hemisphere than the MCAO group (p < 0.05) (Figure 3I). 
There were no significant differences in neurobehavioral function or 
brain water content between the MCAO and vehicle + MCAO groups 
(p > 0.05). shRNA- CXCR7 treatment further increased cerebral edema 
and infarct volume in the experimental groups compared with that in 
the sham group; the neurological deficits were significantly exacer-
bated by knockdown of CXCR7 expression. However, there were no 
significant differences in these functional experiments between the 
shRNA- CXCR7 + MCAO and shRNA- CXCR7 + AMD3100 + MCAO 
groups (p > 0.05) (Figures S6– S9 and S13).

3.4  |  Knockdown of CXCR7 expression induced 
differential expression of miRNAs in the ischemic 
penumbra of MCAO rats

Using an miRNA microarray assay, we compared the miRNA ex-
pression profile of ischemic penumbra brain tissues after CXCR7 
knockdown with that in control ischemic penumbra brain tissues 
without CXCR7 treatment (Figure 4A). A total of seven miRNAs 
were found to be significantly differentially expressed between the 
shRNA- NC + MCAO and shRNA- CXCR7 + MCAO groups, and five 
miRNAs were upregulated and two miRNAs were downregulated 
after shRNA- CXCR7 treatment (threshold difference >1.5- fold, 
p ≤ 0.05, and mean counts per million reads value ≥1) (Figure 4B,C 
and Table S4). miR- 653- 5p was the most upregulated miRNA, with 
a fold change of 4.19, and miR- 182 was the most downregulated 
miRNA, with a fold change of 0.41 (Figure S11). Next, we used an 
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OGD in vitro model to simulate an isolated cerebral ischemia model 
for further verification. The expression of miR- 653- 5p and miR- 182 
was also measured by qRT- PCR in C6 and HT22 cell lines, and the 
results showed patterns of down-  and upregulation similar to those 
shown in the results of the miRNA microarray approach (Figure 4D– 
G). Furthermore, there were no significant differences in miR- 182 
and miR- 653- 5p expression between the shRNA- CXCR7 + OGD and 
shRNA- CXCR7 + AMD3100 + OGD groups (p > 0.05) (Figure S10).

3.5  |  miR- 182 directly targets the TCF7L2 gene by 
interacting with the 3′ UTR

Based on the microarray screening and bioinformatics analysis of po-
tential target genes (Figure 5A and Figure S12), miR- 182, a miRNA sig-
nificantly downregulated by shRNA- CXCR7, was selected for further 
study. We sought to identify the direct target of miR- 182 that medi-
ated I/R injury. We used the TargetScan7.2 and miRDB databases to 
predict the potential targets of miR- 182 (Figure S12) and selected can-
didates with a percentage higher than 0.6 or miRDB scores higher than 
70. Using the miRDB and TargetScan databases of predicted miRNA 
targets, we found that TCF7L2 was a potential target gene of miR- 182. 
Thus, we used a dual- luciferase reporter to verify the predictions in 
C6 cells. The miR- 182- binding sequences in the 3′ UTR of WT TCF7L2 
mRNA (TCF7L2- Wt) or its mutant (TCF7L2- Mut) were subcloned 
downstream of the firefly luciferase reporter gene in a pSI- Check2 
vector (Figure 5B). We found that the miR- 182 mimic significantly in-
hibited the luciferase activity of the TCF7L2 3- ′UTR reporter but did 
not affect the luciferase activity of the TCF7L2 3- UTR reporter with 
mutated miR- 182- binding sites. Moreover, there was no change in lu-
ciferase activity when an miRNA- negative control was cotransfected 
with either the WT or the reporter construct (Figure 5C). These results 
suggest that TCF7L2 is a target of miR- 182. To confirm that TCF7L2 
was a downstream target of CXCR7- mediated I/R progression, we 
performed subsequent functional rescue assays. We first transfected 
C6 cells with a miR- 182 mimic or an miR- 182 inhibitor and their re-
spective controls and verified the construct expression efficiency by 
qRT- PCR and western blotting (Figure 5D,E, Figure S13). Moreover, by 
separately transfecting shRNA- CXCR7 and shRNA- CXCR7 + the miR- 
182 mimic into C6 cells, we found that the protein levels of TCF7L2 
increased and decreased, respectively (Figure 5F,G, Figure S13). These 
data suggest that direct posttranscriptional regulation of TCF7L2 is 
mediated through the CXCR7/miR- 182 axis.

3.6  |  CXCR7 expression activated the 
Hippo pathway

The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway anal-
ysis of the predicted target genes revealed that the two most enriched 
KEGG pathways in shRNA- CXCR7 were the autophagy and Hippo 
pathways (Figure 6A). After referring to a previous report,37 we per-
formed bioinformatics analysis to identify the potential substrates of 
TCF7L2 and found YAP and TAZ proteins to be of potential interests. 
Therefore, we selected YAP and TAZ for further experiments. Next, 
we explored potential downstream effectors of TCF7L2 activation in 
CXCR7- mediated I/R injury. We detected the expression of YAP and 
TAZ, the main effector molecules in the Hippo pathway, and found 
that in ischemic penumbra brain tissue treated with shRNA- CXCR7, 
phosphorylation of YAP at Ser127 and TAZ at Ser89 was dramatically 
increased (Figure 6B,D,E, Figure S13), whereas its expression was de-
creased in the MCAO group. Furthermore, in the ischemic penumbra 
brain tissue of the sham and shRNA- CXCR7 + MCAO groups, the lev-
els of phosphorylated Ser127- YAP and Ser89- TAZ were increased, and 
this increase was accompanied by an increase in TCF7L2 expression 
(Figure 6B,C). Importantly, we did not find a relatively high positive cor-
relation between CXCR7 and miR- 182; in contrast, we found a negative 
correlation between CXCR7 and TCF7L2, phospho- Ser127- YAP, and 
phospho- Ser89- TAZ (Figure 6B– E). Hence, the loss of CXCR7 expres-
sion resulted in the abnormal activation of miR- 182, and low expression 
of miR- 182 led to the disruption of the expression of the downstream 
target gene TCF7L2 and subsequent aggravation of I/R injury via the 
induced phosphorylation of YAP at Ser127 and TAZ at Ser89.

4  |  DISCUSSION

In this study, in agreement with previously published data, we have 
demonstrated that patients with stroke express high CXCR7 levels 
(Figure 1). Due to the clinical relevance of CXCR7 expression in pa-
tient prognosis, we extended our understanding of its role in cere-
bral I/R injury development. CXCR7 is considered a critical regulator 
of platelet activation, thrombus formation, and organ injury follow-
ing I/R.21 Low CXCR7 expression has been demonstrated to increase 
infarct volume and deteriorate function in I/R injury models.15 In 
line with our findings, we have seen that low expression of CXCR7 
causes more infarct volumes and worse nerve defects (Figure 3). 
Based on previous research,29,38,39 we further established that 

F I G U R E  4  Knocking down CXCR7 expression induces differential expression of miRNAs in the ischemia penumbra of MCAO rats. (A) 
Experimental procedure and timeline. (B) Distinct miRNA expression in the cerebral tissue of ischemic penumbra in the MCAO rats in which 
CXCR7 expression was knocked down compared with that in control tissues (fold change ≥1.5, p < 0.05). Red represents increased gene 
expression; green represents decreased expression. (C) Significant up-  and downregulation of miRNA expression (fold change ≥1.5). Total 
RNA was extracted from three control and three MCAO rat ischemic penumbra brain tissues, and miRNA sequence analysis was performed 
after purification. (D) Levels of miR- 182 decreased by qRT- PCR in C6 cells and HT22 cells (E) after OGD with shRNA- CXCR7 treatment 
(n = 3) compared with those in the sham group (n = 3). (F) The level of miR- 653- 5P detected by qRT- PCR in C6 cells and HT22 cells (G) after 
OGD with shRNA- CXCR7 treatment (n = 3) compared with those in the sham group (n = 3). *p < 0.05 versus the sham group
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F I G U R E  5  The CXCR7/miR- 182 axis affects ischemic/reperfusion (I/R) progression mediated through TCF7L2. (A) All downregulated 
miRNA gene regulatory networks. (B) Putative miR- 182 binding sequence in the 3′ untranslated region (UTR) of TCF7L2 mRNA. A mutation 
was generated in the TCF7L2 3′UTR sequence at the complementary site of the seed region in miR- 182. A TCF7L2 3′UTR fragment with 
a wild- type (TCF7L2- Wt) or a mutant (TCF7L2- Mut) miR- 182- binding sequence was cloned downstream of the luciferase reporter gene. 
(C) The TCF7L2- Wt or TCF7L2- Mut reporter vector cotransfected into C6 cells with vehicle (control), miR- 182 mimic, or negative control 
(miRNA- Scr). The normalized luciferase activity in the control group was set as the relative luciferase activity. The data are presented as the 
mean ± standard error of the mean (n = 3). (D) Representative western blot bands showing TCF7L2 expression in the miRNA- Scr, miR- 182 
mimic, anti- miRNA- Scr, and anti- miR- 182 groups of C6 cells (n = 3). (E) Densitometric quantification of TCF7L2/β- actin. (F) Representative 
western blot bands showing TCF7L2 expression in the shRNA- Scr, shRNA- CXCR7, shRNA- CXCR7 + miRNA- Scr, and shRNA- CXCR7 + miR- 
182 mimic groups of C6 cells. (G) Densitometric quantification of TCF7L2/β- actin. *p < 0.05 versus the miRNA- Scr group
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chemokines play a role in mediating the expression of miRNAs and 
their downstream pathways (Figures 4– 6). This effect was depend-
ent on CXCR7 cell membrane levels, which showed that CXCR7 was 
the most responsive at high levels on the cell membrane (Figure 2). 
Our results support that blocking the CXCR7/miR- 182/TCF7L2/
Hippo axis profoundly attenuates I/R injury in the MCAO rat model 
(Figure 7).

In recent years, CXCR7 has been considered a target for cere-
bral I/R injury therapy, and therapy involving this pathway is cur-
rently being developed.40 Despite progress in CXCR7 theories, 

research on the role of CXCR7 in cerebral I/R injury in epigenetics 
remains unknown. CXCR7 is expressed on many cell types in the 
nervous system, including microglia, astrocytes, and neurons,17,41,42 
and we once again proved (Figure 2) that the changes in CXCR7 are 
the effect of mixed cell types in brain tissue. Experimental models 
by our group have established that aggravation of cerebral I/R in-
jury can be achieved in MCAO rats by the knockdown of CXCR7 
(Figure 3C,E,F). Silencing CXCR7 increased neurological deficits, 
infarct volume, and brain edema in MCAO rats (Figure 3D,G– I). 
Notably, loss of CXCR7 has also been shown to worsen cardiac 

F I G U R E  6  CXCR7 plays a protective role in the brain- mediated Hippo signaling pathway. (A) The 10 most significantly enriched ischemia/
reperfusion (I/R)- associated pathways with downregulated CXCR7 expression. (B) Representative protein expression levels of TCF7L2, 
p- YAP, and p- TAZ detected at 24 h following surgery in the sham, MCAO, and shRNA- CXCR7 + MCAO groups (n = 3). (C) Densitometric 
quantification of TCF7L2/β- actin. (D) Densitometric quantification of p- YAP/β- actin. (E) Densitometric quantification of p- TAZ/β- actin. 
*p < 0.05 versus the sham group, #p < 0.05 versus the MCAO group
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function, increase infarct size, and increase mortality after myocar-
dial infarction.15 These results indicate that CXCR7 can prevent the 
development of cerebral I/R injury. Although CXCR7 was not suc-
cessful in completely preventing the occurrence and development 
of cerebral I/R injury, it is possible that administration of CXCR7 
as a preventive treatment could prevent the aggravation of brain 
injury. In summary, our data indicate that CXCR7 is a crucial factor 
in the progression of cerebral I/R injury.

In this study, we attempted to screen for differentially expressed 
miRNAs following CXCR7 knockdown using short hairpin RNA in 
cerebral I/R models. We found that the miRNA expression profiles 
of rats subjected to CXCR7 deficiency were significantly differen-
tially expressed compared with those of control rats, and we fur-
ther predicted the corresponding downstream target genes and 
pathways (Figures 4A– C, 5A and 6A). Theoretically, the regulation 
of miR- 182 by CXCR7 would lead us to assume that upregulation of 
CXCR7 would reduce the levels of the miRNAs. Surprisingly, this was 
not the case, and CXCR7 from the ischemic penumbra dramatically 
increased the miR- 182 levels. Furthermore, CXCR7 from different 
cell lines with OGD, relative to the control cell lines, also increased 
miR- 182 expression (Figure 4D– G). The target genes TCF7L2 of 
miR- 182 was selectively reduced in the CXCR7 upregulated cells 
(Figure 5D,E). Controversially, it was also reported that CXCR4 
might be involved. To test the potential involvement of CXCR4 in 
CXCR7 knockdown, we performed functional experiments with 
AMD310043,44 directed against CXCR4. CXCR7 expression was not 
affected by the inhibitor (Figures S6– S9). Furthermore, qRT- PCR 
analysis showed that shRNA- CXCR7- induced miR- 182 expression 

was significantly reduced irrespective of the presence of anti- 
CXCR4 or AMD3100, whereas shRNA- CXCR7- induced miR- 653- 5p 
expression was significantly increased (Figure S10). Thus, CXCR4 is 
not required for CXCR7- dependent miRNAs.

This study identified, for the first time, the regulation of miRNA 
expression profiles by CXCR7 in cerebral I/R injury. Here, we 
demonstrated that MCAO rats treated with shRNA- CXCR7 not only 
downregulated miR- 182 but also that the latter inhibited their target 
genes, TCF7L2 (Figure 5D,E). Considering the important function of 
the Hippo pathway in cerebral I/R injury,45 we propose that reducing 
CXCR7 levels will cause activation of the Hippo pathway cascade 
to exert brain protection (Figure 7). Furthermore, supporting this 
opinion, transfection of shRNA- CXCR7 into MCAO rats increased 
the expression of TCF7L2, p- YAP, and p- TAZ, while MCAO rats abro-
gated this effect, indicating that the Hippo pathway was mediated by 
CXCR7 (Figure 6B– E). Interestingly, we not only found that CXCR7 
regulated the Hippo pathway, but also revealed the posttranscrip-
tional regulation of this pathway by CXCR7.

These findings emphasize that CXCR7 is a crucial protector in 
cerebral I/R injury. Our results demonstrated that activation of 
the miR- 182 pathway by CXCR7 upregulation decreased TCF7L2 
expression. Concomitantly and independently of the elevation of 
miR- 182, Hippo signaling was activated, increasing the phosphor-
ylation of key effector molecules in the Hippo pathway (Figure 6). 
This was observed in our animal model as well as in other I/R mod-
els. Hippo signaling has been shown to be involved in I/R injury, 
crucial for protection against blood– brain barrier disruption.45 
In fact, when cerebral I/R injury is induced by MCAO, although 

F I G U R E  7  Schematic illustration of CXCR7 ameliorating ischemia/reperfusion (I/R) injury in acute ischemic stroke. (A) CXCR7 is 
upregulated in MCAO rats, and miR- 182 promotes pathological process and plays a protective role in the brain by forming an endogenous 
competitive RNA network with TCF7L2/Hippo. (B) Decreased expression of CXCR7 disrupts the miR- 182 expression, reducing the inhibitory 
effect of downstream target genes, thereby affecting the activation of Hippo pathway and subsequently aggravating cerebral ischemia 
reperfusion injury
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miR- 182 levels are elevated, p- YAP and p- TAZ levels decrease, 
emphasizing that these two pathways are regulated by different 
mechanisms (Figures 5 and 6). These results suggest that miR- 182 
pathway activation and Hippo inhibition both have to occur to reg-
ulate signaling pathways controlled by CXCR7. In support of this, 
we found that MCAO rats with CXCR7 expression became desen-
sitized to inhibition by p- YAP and p- TAZ, whereas low expression 
of CXCR7 promoted its phosphorylation (Figure 6). This means that 
the cells that were previously dependent on the Hippo pathway for 
their survival were now dependent on CXCR7, thus establishing a 
brain- protective dependency on this gene. These results provide a 
rational basis for CXCR7- targeted therapy for cerebral I/R injury. 
Moreover, these results suggest that CXCR7 levels should be con-
sidered when treating cerebral I/R injury with miR- 182 target gene 
inhibitors.

5  |  CONCLUSION

Our results indicate that CXCR7 is a protective factor and acts 
against cerebral I/R injury by regulating the activation of the down-
stream target gene TCF7L2, and against the resulting Hippo path-
way activation by disrupting the expression profile of miR- 182. 
Targeting the CXCR7/miR- 182/TCF7L2/Hippo regulatory axis is a 
novel strategy for interfering with cerebral I/R injury and improving 
the prognosis of interventional surgery.
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