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Abstract. Moyamoya disease (MMD) is a chronic and progres‑
sive cerebrovascular occlusion disease, the precise etiology of 
which is poorly understood. Ring finger protein 213 (RNF213) 
has been previously identified as a susceptibility gene that 
serves an important role in angiogenesis, where it has been 
shown to be closely associated with the onset of MMD. 
Patients with MMD exhibit increased expression levels of 
various pro‑inflammatory molecules and angiogenic factors. 
Under certain conditions, bone marrow mesenchymal stem 
cells (BMSCs) have the ability to differentiate to form 
neuron‑like and microglia‑like cells. In the present study, a 
total of 40 MMD patients and 40 healthy individuals were 
enrolled. ELISA assays revealed that the expression of serum 
vascular endothelial growth factor (VEGF) and transforming 
growth factor β1 (TGF‑β1) were higher than that in healthy 
controls. Furthermore, rat BMSCs (rBMSCs) were isolated 
and cultured using the whole bone marrow adherence method, 
which were then phenotyped using flow cytometry. Osteogenic 
and adipogenic differentiation were determined by using 
Alizarin red and oil red O staining, respectively. RNF213 was 
knocked‑down using a lentivirus‑mediated short hairpin RNA 
system in passage three rBMSCs, and successful transfection 
of the RNF213 was confirmed by RT‑qPCR and fluorescence 
imaging. The expression levels of VEGF and TGF‑β1 in these 
rBMSCs were measured on days 7 and 14, respectively. The 
results demonstrated that RNF213 knockdown upregulated 
TGF‑β1 at both protein and mRNA levels, but did not exert 

any effect on VEGF gene expression. In conclusion, these find‑
ings suggested that that RNF213 knockdown may contribute 
to aberrant TGF‑β1 expression via a pathway that remains 
to be unidentified, indicating that quantitative changes in 
RNF213 gene expression may serve an important role in the 
pathogenesis of MMD.

Introduction

Moyamoya disease (MMD) was first defined by Suzuki 
and Takaku in 1999 (1) and presents as the presence of an 
abnormal vascular network at the base of the brain. MMD is 
characterized by progressive stenosis and even occlusion of 
the terminal portion of the bilateral internal carotid and intra‑
cerebral arteries (2). The most common symptoms of MMD 
include headache, ischemia and hemorrhage (3). The inci‑
dence of MMD in Japan has increased from 0.35 per 100,000 
individuals in 1995 to 0.94 per 100,000 individuals 
in 2006 (4). MMD has mostly been reported to exhibit a 
high incidence in various East Asian populations, including 
Chinese, Japanese and Korean (5). Although basic studies, 
including those using genomic and proteomic approaches, 
have been performed, the precise etiology of MMD remains 
unclear.

An increasing number of studies have demonstrated 
that, although the occurrence and development of MMD are 
multifactorial, genetic factors are closely associated with the 
pathophysiology of MMD (6,7). More recently, a variety of 
loci were found to be involved in MMD, including 17q25, 
8q23, 6q25 and 3p24‑p26 (8‑11). In particular, genome‑wide 
and locus‑specific association studies have identified ring 
finger protein 213 (RNF213) in the 17q25‑ter region as 
a novel susceptibility gene for MMD (12). RNF213 has 
been shown to serve an important role in angiogenesis 
and is closely associated with the onset of MMD (13‑15). 
A previous study has revealed that the large trunk arteries 
have irregular diameters and abnormal sprouting occurs in 
zebrafish following RNF213 knockdown (16). In addition, 
MMD is also frequently accompanied with hypertension (17). 
A possible reason for this is that changes in RNF213 expres‑
sion can result in increased blood pressure, which aggravates 
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intracranial hemodynamic disorders further and induce the 
formation of ‘smoky’ blood vessels (18,19). A homozygous 
variant of RNF213 is considered to be the most pathogenic 
and was found to be significantly associated with severe mani‑
festations of MMD (20). The mutation rate of the rs112735431 
locus of RNF213 was high among Japanese patients with 
familial and sporadic Moyamoya (21), with similar findings 
observed in the Han Chinese population (22,23). RNF213 has 
also been recognized as an effective biomarker for predicting 
MMD prognosis (24). Alternatively, a variety of biomarkers 
and angiogenic factors, including vascular endothelial growth 
factors (VEGF), cytokines, such as matrix metallopeptidase 9, 
have been previously reportedly implicated in MMD (25). 
Based on this evidence, it was hypothesized that the RNF213 
gene silencing may promote the abnormal expression of 
MMD‑associated factors through a specific gene pathway, 
leading to the development of MMD.

Mesenchymal stem cells (MSCs) possess high self‑renewal 
abilities and multidirectional differentiation potentials (26). In 
certain conditions, they can differentiate to form neuron‑like 
and microglia‑like cells (27,28) MSCs has been reported not 
only to increase endothelial cell growth, but also to promote 
skin wound healing through vascular endothelial growth 
factor C‑mediated angiogenesis (29,30). In addition, MSCs 
have the advantage of being easily obtained and report‑
edly exert neuroprotective effects against ischemic brain 
damage (31), making their use increasingly popular for basic 
research and clinical studies. Cerebral hemorrhage and isch‑
emia are common pathophysiological states in neurosurgical 
diseases, including MMD and subarachnoid hemorrhage (32). 
After cerebrovascular events, neurocognitive function is 
impaired (33). MSCs has been shown to confer beneficial 
effects against cerebrovascular diseases (34). It has also been 
reported that there were no significant complications within 
5 years of MSC treatment for ischemic stroke (35). However, 
to the best of our knowledge, no studies have focused on 
the effects of the susceptible gene RNF213 on MMD by 
using MSCs. The rat bone marrow mesenchymal stem cells 
(rBMSCs) were therefore selected for the present in vitro 
study, where the aim was to determine the effects of RNF213 
silencing on the expression of VEGF and transforming 
growth factor β1 (TGF‑β1) in rBMSCs and to investigate the 
association between the RNF213 gene expression and MMD 
occurrence.

Materials and methods

Subjects. A total of 40 patients with MMD were enrolled 
into the Departments of Neurosurgery and Neurology 
of the Affiliated Hospital of Jining Medical University 
(Jining, China) between September 2014 and April 2015. 
The selection criteria were as follows: i) Digital subtrac‑
tion angiography (DSA) confirming MMD and patients 
meeting the Guidelines for Diagnosis and Treatment of 
Moyamoya Disease (Spontaneous Occlusion of the Circle 
of Willis) (36); ii) CT or MRI examination confirming 
cerebral infarction and cerebral hemorrhage or ischemia; 
iii) patients with complete clinicopathological data. The 
exclusion criteria were as follows: i) Patients with a history 
of autoimmune disease or neuropsychiatric diseases; 

ii) patients with intracranial tumors, severe brain injury 
and cardiovascular disease; iii) use of any medications that 
could affect cognitive function. An additional 40 healthy 
individuals were recruited as the control group from the 
physical examination center of the Affiliated Hospital of 
Jining Medical University during the same period as afore‑
mentioned, and the individuals were confirmed to exhibit 
no abnormality by laboratory and imaging examinations. 
The study protocol and sample collection procedures were 
approved by the Ethics Committee of the Affiliated Hospital 
of Jining Medical University and written informed consent 
was obtained from each participant.

Determination of serum VEGF, TGF‑β1 and RNF213 levels. 
Morning fasting blood samples (5 ml each) were collected from 
each subject by elbow venipuncture. Following collection, the 
samples were left to stand at room temperature for 1 h and then 
centrifuged at 3,000 x g at 4˚C for 20 min. The supernatant 
was removed and centrifuged for a second time at 3,000 x g 
at 4˚C for 10 min to obtain serum, which was stored at ‑80˚C 
until analysis. The concentrations of VEGF (cat. no. DVE00; 
R&D Systems, Inc.), TGF‑β1 (cat. no. DB100B; R&D Systems, 
Inc.) and RNF213 (cat. no. JL19472; Shanghai Jianglai 
Biological Technology Co., Ltd.; http://www.jonln.com) were 
determined by ELISA, according to the manufacturer's proto‑
cols.

Animals and rBMSC culture. A total of 25 male Sprague‑Dawley 
rats (weight, 90‑100 g; age, 4 weeks) were purchased from 
Jinan Pengyue Experimental Animal Breeding, Co., Ltd. The 
rats were housed under standard conditions of temperature 
(22±2˚C), light (12:12 h light/dark cycle) and humidity (50±5%) 
with free access to food and water. The rats were acclimatized 
for 7 days before the experiment. All animal procedures were 
conducted in accordance with Guide for the Care and Use of 
Laboratory Animals with the approval of Affiliated Hospital 
of Jining Medical University. rBMSCs were isolated according 
to the following method. Briefly, the rats were anesthetized 
by 80% CO2 (45 sec), sacrificed by cervical dislocation and 
then immersed in 75% alcohol for 10 min for disinfection. 
Following removal of the double lower limb skin, the femur 
and tibia were aseptically isolated and then soaked in PBS 
with 1% penicillin‑streptomycin for 1 min. The samples were 
transferred to 15‑ml centrifuge tubes. The ends of the bones 
were removed and the bone marrow cavities exposed. The 
marrow cavity was washed 5‑10 times with complete medium, 
namely 89% Dulbecco's modified Eagle's medium/Nutrient 
Mixture F‑12 medium (Gibco; Thermo Fisher Scientific, 
Inc.) supplemented with 10% fetal bovine serum and 
1% penicillin‑streptomycin (Gibco; Thermo Fisher Scientific, 
Inc.) until the medium was clear. All the flushing fluid was 
then inoculated into a culture flask and incubated at 37˚C 
and 5% CO2. The medium was replaced after 48 h. Based on 
assessment of proliferation, the medium was changed every 
2 days. At ~80% confluence, the cells were harvested with 
0.25% trypsin‑EDTA and sub‑cultured at a ratio of 1:2.

Alizarin red and oil red O staining. Cells were seeded 
into 6‑well plates at a density of 2x104 cells/well and incu‑
bated overnight at 37˚C with 5% CO2 in StemXVivo® 
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Osteogenic/Adipogenic Base Media (cat. no. CCM007; 
R&D Systems, Inc.). After reaching 100% confluence, 
the medium was replaced with StemXVivo® Adipogenic 
Differentiation Media (cat. no. CCM011; R&D Systems, Inc.) 
to induce adipogenesis. After reaching 70% confluence, 
the medium was replaced with StemXVivo® Osteogenic 
Differentiation Media (cat. no. CCM009; R&D Systems, 
Inc.) to induce osteogenesis. The differentiation medium was 
replaced every 3 days. After 14 days of adipogenic induction 
or 21 days of osteogenic induction, MSCs were harvested and 
fixed with 4% paraformaldehyde for 30 min at 4˚C. After 
washed twice in PBS, cells were stained with Alizarin red 
(Sigma‑Aldrich; Merck KGaA) or oil red O (Sigma‑Aldrich; 
Merck KGaA) at room temperature for 30 min and cells were 
observed under a light inverted microscope (Olympus IX73; 
Olympus Corporation).

Flow cytometry analysis. Passage 3 rBMSCs were collected 
after 0.25% trypsin (Gibco; Thermo Fisher Scientific, Inc.) 
treatment and washed with PBS for three times. The cell 
concentration was adjusted to 1.0x106 cells/ml, and incubated 
for 25‑30 min with antibodies against the following cell surface 
antigens: CD29 (dilution, 1:50; cat. no. AF2405; R&D Systems), 
CD106 (dilution, 1:40; cat. no. ab134047; Abcam), CD34 (dilu‑
tion, 1:50; cat. no. ab81289; Abcam) and CD45 (dilution, 1:50; 
cat. no. ab10558; Abcam). Cells were washed three times and 
incubated with FITC‑conjugated anti‑goat (dilution, 1:200; 
cat. no. ab6881; Abcam) or FITC‑conjugated anti‑rabbit (dilu‑
tion, 1:200; cat. no. ab6717; Abcam) secondary antibodies. 
Flow cytometry was performed using a CytoFLEX flow 
cytometer (Beckman Coulter, Inc.), and the data were analyzed 
with FlowJo software (version 10.4.2; FlowJo LLC).

Immunofluorescence. Cells were fixed with 4% paraformal‑
dehyde for 15 min at room temperature and permeabilized 
with 0.2% Triton X‑100 for 20 min at room temperature. 
After rinsing with PBS, cells were then incubated with 
CD106 (dilution, 1:200; cat. no. ab134047; Abcam) and 
CD34 (dilution, 1:200; cat. no. ab81289; Abcam) antibodies 
for 2 h at room temperature. After three washes with PBS, 
cells were incubated with FITC‑conjugated anti‑rabbit (dilu‑
tion, 1:200; cat. no. ab6717; Abcam) secondary antibody. 
DAPI was used for nuclear staining for 3 min at room 
temperature. The fluorescence staining was captured with an 
inverted fluorescence microscope (Olympus IX73; Olympus 
Corporation).

Lentiviral transfection. pSIH1‑H1‑copGFP was used to 
construct the lentiviral vectors. The lentiviral vectors 
encoding the RNF213 short hairpin RNA (RNF213‑shRNA) 
were designed by Hanbio Biotechnology Co., Ltd. A scramble 
sequence, named negative‑shRNA, was used as the nega‑
tive control. The rBMSCs were divided into the following 
three groups: i) RNF213‑shRNA; ii) negative‑shRNA; and 
iii) control. The control group was not transfected with plas‑
mids. For lentiviral infection, rBMSCs in the logarithmic 
growth phase were seeded into 12‑well plates at a density of 
5x104 cells/well. After 24 h, lentivirus was added at a multi‑
plicity of infection of 100. The cells were maintained at 37˚C 
(5% CO2) for an additional 24 h, after which the medium 
was replaced with 1 ml fresh complete medium (containing 
10% fetal bovine serum and 1% penicillin‑streptomycin). The 
cells were incubated for another 24 h and then used for further 
analysis. After 3 days, green fluorescent protein (GFP) expres‑
sion was assessed using an inverted fluorescence microscope 
(magnification, x100).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from rBMSCs using an 
EZ‑10 spin column total RNA isolation kit (cat. no. B610583; 
Sangon Biotech Co., Ltd.), according to the manufacturer's 
protocol. cDNA was generated using the Quant one step 
qRT‑PCR Kit (cat. no. KR118; Tiangen Biotech Co., Ltd.). 
The reverse transcription reaction was carried out at 42˚C 
for 15 min, followed by 95˚C for 3 min. qPCR was subse‑
quently performed in a Bio‑Rad CFX96 instrument (Bio‑Rad 
Laboratories, Inc.) using a SYBR SuperReal PreMix Plus 
(cat. no. FP205; Tiangen Biotech Co., Ltd.) and gene‑specific 
primers (Table I). The thermocycling conditions were as 
follows: Initial denaturation at 95˚C for 2 min, followed by 
40 cycles of amplification at 95˚C for 10 sec and 60˚C for 
32 sec. β‑actin was used as the internal standard and each 
cDNA was tested in triplicate. The 2‑ΔΔCq method was used for 
quantitative analysis (37).

Western blotting (WB). For WB, total protein was isolated 
from the rBMSCs cells with the use of RIPA and PMSF buffer 
(Beijing Solarbio Science & Technology Co., Ltd.) according 
to the manufacturer's instructions. Protein concentration 
was determined using the bicinchoninic acid protein assay 
kit (Beijing Solarbio Science & Technology Co., Ltd.). The 
samples were separated by 12% SDS‑PAGE with ~50 µg 
protein in each lane and transferred onto PVDF membranes. 

Table I. Primer sequences used for reverse transcription‑quantitative PCR analysis.

Gene  Forward primer sequence (5'‑3') Reverse primer sequence (5'‑3)'

RNF213 CAGCGTGTTAGGCAGATCAA TTGTACTGGCCCTGGTTAGC
VEGF CTGCTGTGGACTTGAGTTGG CAAACAGACTTCGGCCTCTC
TGF‑1β CAATTCCTGGCGTTACCTTG AGCCCTGTATTCCGTCTCCT
β‑actin TCAGGTCATCACTATCGGCAAT AAAGAAAGGGTGTAAAACGCA

RNF213, ring finger protein 213; VEGF, vascular endothelial growth factor; TGF‑β1, transforming growth factor β1.
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Non‑specific binding was blocked by 5% skimmed milk in 
TBS‑0.1% Tween‑20 (TBST) buffer and incubated overnight 
at 4˚C with the following primary antibodies: TGF‑β1 (dilu‑
tion, 1:1,000; cat. no. ab215715; Abcam), VEGF (dilution, 
1:1,000; cat. no. ab231260; Abcam) and β‑actin (dilution, 
1:1,000; cat. no. ab8227; Abcam). Following washing with 
0.1% TBST, the membranes were subsequently probed with 
horseradish peroxidase‑conjugated secondary antibody for 
1 h at room temperature (dilution, 1:2,000; cat. no. ab205718; 
Abcam). Western blot data were detected using enhanced 
chemiluminescence solution (Beijing Solarbio Science & 
Technology Co., Ltd.) and quantified using ImageJ software 
(version 1.8.0; National Institutes of Health). β‑actin was used 
as the loading control.

Statistical analysis. The results are presented as the 
mean ± SD and were analyzed using the SPSS statistics soft‑
ware (version 23.0; IBM Corp.). Sex distribution was compared 
using the χ2 test. Other groups were compared using an inde‑
pendent t‑test for normally distributed variables. Differences 
between groups were assessed by one‑way analysis of vari‑
ance followed by Duncan's test. Pearson correlation analysis 
was used to analyze the correlation between various factors. 

P<0.05 was considered to indicate a statistically significant 
difference.

Results

Demographic and clinical characteristics of MMD. The 
typical morphology of MMD, as determined by DSA, is 
shown in Fig. 1. The demographic and clinical patient char‑
acteristics are presented in Table II. The age of MMD onset 
was 15‑61 years, where the hemorrhage types involved 
included intraventricular, cerebral lobe and subarachnoid; and 
the ischemic types involved included cerebral infarction and 
insufficiency of cerebral blood supply. No significant associa‑
tions in age, sex and body mass index were observed between 
the healthy control (aged 20‑64 years) and MMD groups.

Serum VEGF and TGF‑β1 levels. For patients with MMD, 
the VEGF level was 450.06±299.78 pg/ml, whilst that in the 
control group was 271.43±124.42 pg/ml. Similarly, increased 
levels of TGF‑β1 were observed in the MMD group, compared 
with those in the healthy controls (Fig. 2A). The TGF‑β1 
level was 62.93±12.95 pg/ml in patients with MMD and 
40.08±8.948.8 in the control group (Fig. 2B). Accordingly, 
the levels of VEGF and TGF‑β1 were significantly higher 
in the patient group, as compared with those in the control 
group (P<0.01; Fig. 2). The expression levels of RNF213 in 
the MMD and healthy control groups were also measured. 
However, there was no difference between the two groups 
(Fig. S1A). In addition, correlation between RNF213 and 
TGF‑β1 in serum was analyzed, where there was no signifi‑
cant correlation (Fig. S1B).

rBMSC morphological alterations and identification. After 
12 h of culture, the rBMSC began to adhere to the culture flask, 
displayed acceptable proliferation and exhibited a round or 
fusiform appearance with a clear outline (Fig. S2A). Following 
culture for 48 h, the rBMSCs exhibited a polyhedral shape 
with evidence of cell clustering, forming colonies after 3 days 
(Fig. S2B and C). The number of cell colonies at 4‑7 days were 
gradually increased, where the colony arrangement was vortex‑ 
or chrysanthemum‑shaped, with mutual integration with the 
neighboring cell colonies observed. At ~8 days of primary 
culture, the cell fusion rate had reached 80% (Fig. 3A and B), 
where sub‑cultured cells proliferated at a higher rate compared 
with those in the primary culture. After 3‑4 days, the cell fusion 
rate had reached 80‑90%. Passage three rBMSCs underwent 

Figure 1. Typical morphology of Moyamoya disease as illustrated by digital subtraction angiography. Representative angiograms of the (A and B) left and 
(C and D) right internal carotid arteries. The arrow and boxes indicate the smoky appearance of moyamoya vessels.

Table Ⅱ. Demographic and clinicopathological data of study 
subjects.

Variable MMD, n=40 Controls, n=40 P‑value

Age, years 46.6±9.92 42.6±12.97 >0.05
Sex, male/female (n) 17/23 17/23 >0.05
BMI, kg/m2 23.85±2.158 24.24±3.230 >0.05
Suzuki stage
  Ⅰ   3
  Ⅱ   7
  Ⅲ 13
  Ⅳ 11
  Ⅴ   6
Clinical classification
  Ischemia 29
  Hemorrhage 11

MMD, Moyamoya disease; BMI, body mass index.
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adipogenic induction for 14 days, which appeared as red lipid 
droplets with oil red O staining (Fig. 3C). Osteogenesis was 
also induced in third‑passage rBMSCs for 21 days, presenting 
as red, clear, densely‑calcified nodules following Alizarin red 
staining (Fig. 3D). Subsequently, flow cytometry confirmed 
that CD29 (Fig. 4A) and CD106 (Fig. 4B) were positively 
expressed, with no expression of CD34 (Fig. 4C) and CD45 
(Fig. 4D). The immunofluorescence analysis indicated that 
CD106 were highly expressed, but not CD34 (Fig. 4E). All the 
results indicated that rBMSCs were successfully isolated in 
high purity.

RNF213 silencing in rBMSCs. At 2 days post‑transfection, the 
rBMSCs exhibited normal morphology under an optical micro‑
scope (Fig. 5A), where the expression of GFP was detected by 
fluorescence microscopy (Fig. 5B). RNF213 mRNA expres‑
sion analysis was subsequently conducted. Compared with 
control group, rBMSCs transfected with RNF213‑shRNA 
displayed a significantly lower RNF213 expression on 
days 7 and 14, and there was no significant difference between 
the negative‑shRNA and control groups (Fig. 5C). These data 
suggested that the successful silencing of the RNF213 gene 
was achieved in rBMSCs.

Figure 2. Serum levels of VEGF and TGF‑β1. Serum was obtained from patients with MMD (n=40) and healthy subjects (n=40). (A) VEGF and (B) TGF‑β1 
levels were determined by ELISA. Data are expressed as the mean ± SD and were analyzed by one‑way ANOVA followed by Duncan's test. **P<0.001 vs. 
Control. VEGF, vascular endothelial growth factor; TGF‑β1, transforming growth factor β1; MMD, Moyamoya disease.

Figure 3. Morphological alterations in rBMSCs. (A) Morphology of rBMSCs on day 8 under magnifications (magnification, x200). (B) Enlarged view of the 
black box in A (magnification, x400). (C) Passage three rBMSCs were collected and adipogenic differentiation was determined using oil red O staining (mag‑
nification, x400). (D) Osteogenic differentiation of third‑passage rBMSCs was determined by Alizarin red staining. rBMSCs, rat bone marrow mesenchymal 
stem cells (magnification, x200).
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Figure 4. Expression of rat bone marrow mesenchymal stem cell markers, as detected by flow cytometry and immunofluorescence. CD29 and CD106 were 
positively expressed, whilst no CD34 or CD45 expression was observed. (A) CD29, (B) CD106, (C) CD34 and (D) CD45. (E) Immunofluorescence analysis of 
CD106 and CD34 expression in rBMSCs (scale bar, 200 µm).

Figure 5. Successful transfection and silencing of RNF213 expression in rBMSCs. (A) Visualization of rBMSCs under normal culture conditions 2 days after 
the transfection, as determined by optical microscopy (magnification, x100). (B) Expression of green fluorescent protein in rBMSCs 2 days after the transfection 
under an inverted fluorescence microscope (magnification, x100). (C) Relative RNF213 mRNA levels were determined by reverse transcription quantitative 
polymerase chain reaction, where β‑actin was used as the internal control. Data are presented as the mean ± SD and were analyzed by one‑way ANOVA followed 
by Duncan's test. **P<0.001 vs. Control. RNF213, ring finger protein 213; rBMSCs, rat bone marrow mesenchymal stem cells; shRNA, short harpin RNA.
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Effects of RNF213 silencing on TGF‑β1 and VEGF mRNA 
expression. As shown in Fig. 6, the TGF‑β1 expression 
levels in the RNF213‑shRNA group were significantly 
higher compared with those in the control groups, and there 
was no significant difference between the negative‑shRNA 
and control groups. The expression level of TGF‑β1 was 
> three times greater compared with that in the control group 
on day 7, and > two times greater compared with that in the 
control group on day 14 (Fig. 6A). However, no significant 
differences in the VEGF expression were observed between 
the RNF213‑shRNA and the control groups on both days 
(Fig. 6B).

Effects of RNF213 knockdown on TGF‑β1 and VEGF protein 
expression. RNF213 silencing increased TGF‑β1 expression, 
as compared with that in the control group on days 7 and 14 
after transfection, respectively, and there was no signifi‑
cant difference between the negative‑shRNA and control 
groups (Fig. 7A, B and D). The VEGF protein expression 
level in the negative‑shRNA group and RNF213‑shRNA 
group did not significantly differ from the control group. 
(Fig. 7C, E and F).

Discussion

MMD is a chronic and progressive cerebrovascular occlu‑
sion disorder, where the etiology and pathogenic mechanism 
of which remain poorly understood. The basic pathological 
feature of MMD is an abnormal vascular network formed at the 
base of the skull (38). The age of onset distribution for MMD 
has been suggested to have two peaks, one at 5 and another at 
~40 years of age (39). Regarding gender, two previous studies 
mentioned the female‑to‑male ratio. One survey conducted in 
hospitals throughout Japan reported that the ratio was 1.8 (40), 
whilst another survey conducted in Hokkaido showed that the 
ratio was 2.18 (41). Epidemiological analyses have reported 
distinctive features of familial Moyamoya disease, with the 
male to female ratio at 5.0 in familial cases (42). Surgical 
treatment constitutes the main available treatment for MMD 
with no pharmacological options currently available (43). In 
a previous study that included 10 years of follow‑ups, anti‑
platelet medications were not found to affect the incidence of 

cerebral infarction in patients with Moyamoya disease (44). 
Surgical revascularization is the most successful therapy used 
to improve cerebral hemodynamics and reduce the risk of 
subsequent strokes (45). Typical revascularization surgeries for 
MMD include direct, indirect and combined procedures (46). 
However, due to the heterogeneity of MMD, the optimal 
surgical procedures for both ischemic and hemorrhagic MMD 
remain unclear.

Previous studies have successively determined that 
VEGF and TGF‑β1 are abnormally expressed in the plasma 
of patients with MMD (47‑49). To the best of our knowledge, 
VEGF is the most prominent promoting factor of angiogenesis, 
with the ability to induce endothelial cell proliferation and 
increase vascular permeability (50). It has also been reported 
to stimulate the proliferation of neuronal precursors both 
in vitro and in vivo (51). Vascular endothelial growth factor is 
a key positive regulator of both physiological and pathological 
angiogenesis (52,53). Therefore, VEGF serves an important 
role in promoting the formation of new ‘smoke‑like’ blood 
vessels and the establishment of collateral circulation in the 
brain. Perl et al (54) found that the expression of VEGF and its 
receptor were significantly increased in the brains of patients 
with ischemic cerebrovascular disease following long‑term 
ischemia and hypoxia stimulation. In the present study, VEGF 
was found to be more highly expressed in the serum of patients 
with MMD compared with that in the control group. This 
suggests that serum VEGF elevation may be involved in the 
development of abnormal vascular networks at the base of the 
brain.

TGF‑β1 serves an important role in promoting angio‑
genesis and neuroprotection, in addition to promoting 
anti‑inf lammatory and chemotactic processes (55,56). 
A previous study reported that the delivery of a TGF‑β1 
expression plasmid into the arteries resulted in intimal and 
medial hyperplasia (57). This phenomenon is similar to the 
pathological changes observed on the arteries of patients with 
MMD. The expression of TGF‑β1 was found to be signifi‑
cantly higher in the superficial temporal artery smooth muscle 
cells of patients with MMD compared with those in patients 
with cerebral arteriosclerosis and healthy controls, but, there 
was no difference in TGF‑β1 expression in the superficial 
temporal artery smooth muscle cells between patients with 

Figure 6. RNF213 silencing increases TGF‑β1 but not VEGF expression. (A and B) mRNA expression as measured using reverse transcription‑quantitative 
PCR. β‑actin was used as the internal control. (A) TGF‑β1 mRNA expression in rBMSCs was significantly increased on days 7 and 14 post‑RNF213 silencing. 
(B) VEGF mRNA expression in rBMSCs had not changed on days 7 and 14 post RNF213‑silencing. **P<0.001 vs. Control. RNF213, ring finger protein 213; 
TGF‑β1, transforming growth factor β1; VEGF, vascular endothelial growth factor; rBMSCs, rat bone marrow mesenchymal stem cells; shRNA, short hairpin 
RNA.
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cerebral arteriosclerosis and healthy individuals (58). These 
aforementioned studies suggested that TGF‑β1 promotes 
angiogenesis and intimal hyperplasia in MMD. The results of 
the present study revealed that TGF‑β1 expression was signifi‑
cantly higher in patients with MMD compared with that in 
healthy individuals, suggesting an influence on the formation 
of smoke‑like blood vessels. The RNF213 gene is a suscepti‑
bility gene for MMD, with rs112735431 particularly relevant 
to the occurrence and development of MMD (59). In addition 
to rs112735431, numerous variant sites have been identified, 
including rs148731719, rs371441113 and rs138130613 (60,61). 
One possible explanation for the lack of a significant correlation 
between RNF213 and TGF‑β1 is that RNF213 polymorphism 
in patients with MMD is a gain‑of‑function mutation (62).

In scientific research, the use of stably transfected cell lines 
remains to be the most reliable routine method for delivering 

genes of interest. Although several types of stem cells, such 
as embryonic stem cells have also been used, their use comes 
with several limitations, including the length of time required 
to obtain a sufficient number of stem cells, as well as legal 
and ethical restrictions surrounding transplantation and gene 
therapy (63). Therefore, stem cells do not fully meet current 
experimental requirements. In this regard, BMSCs were a 
suitable alternative for the present study, with advantages 
including a lower rejection rate, convenience and no moral or 
ethical restrictions (64). It has also been reported that BMSCs 
can promote central nervous system repair (65). However, 
there is no standard protocol for the isolation, culture and 
identification of BMSCs. Currently, four primary methods 
are used to isolate and purify BMSCs, namely the whole bone 
marrow adherent method, density gradient centrifugation, flow 
cytometric separation and immunomagnetic beads (66). Due 

Figure 7. Detection of TGF‑β1 and VEGF protein levels in rBMSCs following RNF213 silencing. (A) Representative western blotting images of TGF‑β1 
expression 7 and 14 days after transfection. (B) TGF‑β1 expression 7 days after transfection was quantified. (C) Representative western blotting images of 
VEGF expression 7 and 14 days after transfection. (D) TGF‑β1 expression 14 days after transfection was quantified. VEGF expression (E) 7 and (F) 14 days 
after transfection was quantified. **P<0.001 vs. Control. TGF‑β1, transforming growth factor β1; VEGF, vascular endothelial growth factor; rBMSCs, rat bone 
marrow mesenchymal stem cells; RNF213, ring finger protein 213; shRNA, short hairpin RNA.
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to the indeterminate phenotype and susceptibly of BMSCs 
to damage, the latter of the two methods are rarely used for 
practical application (67). Although higher‑purity BMSCs can 
be obtained by density gradient centrifugation, this method 
is complex in practice and delivers the lowest yield of all 
four methods (68). Whole bone marrow adhesion is easy to 
conduct and most accurately simulates the natural BMSC 
environment (69). Therefore, in the present study, the whole 
bone marrow adherent method was used to isolate rBMSCs. 
Currently, there are three methods used to identify MSC (70). 
In the present study, changes in rBMSC morphology were 
observed under a microscope, whilst surface antigen expres‑
sion (CD29, CD106, CD34 and CD45) was assessed by flow 
cytometry. Furthermore, adipogenic and osteogenic differ‑
entiation of rBMSCs was assessed by oil red O and Alizarin 
red staining, respectively. The results from the present study 
indicated that the whole bone marrow adherent method was 
successfully used to isolate and culture BMSCs in rats.

In the present study, the RNF213 gene was silenced in 
rBMSCs using lentiviral vectors, which was confirmed by 
RT‑qPCR. The RNF213 gene encodes a 5,256‑amino acid 
protein containing a zinc finger and an ATPase domain, which 
exhibit E3 ubiquitin ligase and energy‑dependent chaperone 
activities, respectively (71). Previous studies have shown that 
RNF213 is associated with the onset and severity of MMD 
and may therefore be a potential marker for the evaluation of 
MMD prognosis (72‑74). Animal experiments have highlighted 
that the intima‑media is more fragile following the ligation of 
the common carotid arteries in RNF213‑knockdown mice 
compared with that in normal mice, with altered hemody‑
namics (75). The pathological changes to the lesion vessels 
in MMD primarily exhibit an irregular smooth muscle cell 
shape, vacuoles, in addition to fragile vessels with a reduced 
wall thickness (3). Smooth muscle cell proliferation is the 
major cause of lesion vessel thickening and medial thinning 
in patients with MMD (76). Recent data also suggested that 
various proinflammatory molecules (such as C‑reactive 
protein, interleukin‑6) and angiogenic factors are involved in 
the pathogenesis of MMD (77,78). Combined with suggestions 
from the present study on MMD etiology, it was hypothesized 
that the aberrant expression of VEGF and TGF‑β1 following 
genetic and/or environmental alterations promotes abnormal 
smooth muscle cell proliferation, resulting in arterial stenosis 
and occlusion. This ultimately leads to the clinical symptoms of 
hemorrhage or ischemia. To verify this speculation, the mRNA 
expression levels of VEGF and TGF‑β1 in rBMSCs were deter‑
mined following RNF213 silencing. The expression of TGF‑β1 
was significantly elevated in RNF213‑silenced rBMSCs, 
supporting the aforementioned hypothesis. RNF213 regulates 
TGF‑β1 expression through ≥ one pathways, which are also 
implicated in the occurrence and development of MMD. 
However, the VEGF expression did not experience significant 
changes in rBMSCs, rendering association with RNF213 
unlikely. It can therefore be concluded that RNF213 may not 
be the only susceptibility gene for MMD and that VEGF may 
be involved in the occurrence and development of MMD under 
the influence of other such genes. Previous studies have identi‑
fied that MMD patients with the CC genotype of VEGF‑634 
exhibited an increased collateral vessel formation following 
surgery (79). An alternative explanation is therefore that VEGF 

is not involved in the occurrence of MMD but participates in 
neovascularization following disease onset.

In conclusion, the present study provided evidence that 
RNF213 silencing influenced TGF‑β1 expression. The asso‑
ciation between RNF213 and the mechanisms of MMD 
development should be investigated further and applied to MMD 
screening and gene therapy in the early stages of this disease.
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