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Abstract
Background: In this study, we aimed to investigate the association between polymorphisms in the RNF213 and
MMP3 genes and Moyamoya disease (MMD) and to screen susceptibility genes for families with MMD.

Methods: The mutation of RNF213 gene (rs112735431,rs148731719) and MMP3 gene rs3025058 were detected
by �rst generation sequencing and CRISPR-Cas12a. The genetic susceptibility genes of MMD families samples
were studied by whole exome sequencing (WES).

Results: The application of CRISPR-Cas12a and Sanger sequencing identi�ed rs112735431 and rs148731719
mutations in the RNF213 gene, and an insertion mutation in the MMP3 gene (rs3025058) with signi�cant regional
differences (P<0.05). Additionally, we identi�ed 100% agreement between CRISPR-Cas12a and Sanger
sequencing with regards to the detection of these mutations in samples, thus indicating that CRISPR-Cas12a can
be used for the detection of MMD mutations. Next, we carried out whole exon screening for family members with
MMD and identi�ed multiple recessive genes associated with genetic disease. Notably, the Titin (TTN) gene
(rs771533925, rs559712998 and rs72677250) was signi�cantly associated with point mutations. Screening of
the Exome Aggregation Consortium (EXAC) database identi�ed signi�cant differences between these populations
with respect to frequency. PROVEAN nvariant Feature Transform (SIFT) and PolyPhen algorithms further
demonstrated that rs771533925 and rs72677250 were potentially damaging in three databases, rs559712998
was considered to be tolerated in above mentioned databases. Scale Invariant Feature Transform (SIFT) and
PolyPhen algorithms further demonstrated that rs771533925 and rs72677250 were potentially damaging by all
three databases and that rs559712998 was considered to be tolerated in above mentioned databases. Gene
Ontology (GO) analysis demonstrated that the target of TTN is involved in many important biological processes.
The screening of 50 sporadic MMD samples failed to identify any mutations, thus indicating that single
nucleotide polymorphism (SNP) mutation sites (rs771533925, rs559712998, and rs72677250) within the TTN
gene may play an important role in the inheritance of MMD.

Conclusions: In summary, our study investigated susceptibility genes for MMD from multiple perspectives and
found that CRISPR-Cas12a technology can e�ciently detect MMD mutation sites. Our �ndings provide a
theoretical basis for future investigations of the molecular mechanisms that underlie MMD. 

Introduction
Moyamoya disease (MMD) is a chronic progressive, cerebrovascular, and occlusive disease of unknown etiology.
MMD was �rst reported and named by Suzuki in 1969 [1]. MMD is associated with a high disability rate and is
characterized by stenosis and occlusion of the end of the internal carotid artery and the beginning of the Circle of
Willis and the normal vascular network in the brain base. MMD is more common in people living in East Asian
countries compared to the Western Hemisphere. The prevalence of MMD was previously reported to be 3.92/100
000 in Nanjing, China [2]. Studies have shown that the age of MMD onset shows a bimodal pattern,
predominantly affecting those aged 0–10 years and 30–40 years [3]. Ring �nger protein 213 (RNF213), an
phenotype-related gene that is located at 17q25 and expressed in endothelial cells, was the �rst pathogenic gene
to be associated with MMD [4]. Two mutations within the RNF213 gene (rs112735431 and rs148731719) are
known to be associated with the pathogenesis of MMD in Chinese patients [5–7]. In 2010, researchers discovered
that the − 1171 locus of the MMP3 gene in Chinese Han patients was closely related to the onset of MMD [8]; this
work also represented the �rst research on susceptibility genes in China [8]. At present, the genes and
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polymorphic loci that are closely related to the pathogenesis of MMD are still not fully de�ned. Therefore, it is
vital that we identify and determine the genetic factors related to MMD to study the pathogenesis of MMD and
develop new methods to prevent and treat this disease.

Researchers have shown that 10% − 15% of patients with MMD have a family history and that the risk of MMD in
family members is 30 to 40-fold higher than in the general population [9]. Over recent years, a large number of
studies have con�rmed the existence of genetic susceptibility and that genetic factors play a major role in the
pathogenesis of MMD [9–12]. The incidence of MMD varies signi�cantly between different races and shows a
greater association with Asian races, particularly Japan, South Korea, and China [13]. In families with strong
heritability, MMD often presents with an autosomal dominant inheritance pattern [14]. For example, genetic
analysis of MMD families in Algeria revealed a recessive inheritance pattern indicating the existence of an x-
linked inheritance [15]. In Japan, the prevalence of familial MMD disease is 10%-15% [16]. In South Korea, familial
cases account for 11.9% of the total number of MMD cases [17]. MMD has been detected in most parts of China,
although the incidence is relatively higher in Shandong, Henan, and Hebei and other places; studies have shown
that 6–10% of MMD cases are associated with a family history of the disease [18].

The CRISPR-Cas [19, 20] system is an important immune defense system of Archaea and bacteria against virus
and plasmid infection [21]. Cas12a (cpf1) is a new type of programmable DNA enzyme found in the CRISPR
system and contains an RuvC domain and a speci�c nuclease domain [22]. In the presence of speci�c directing
crRNA, Cas12a recognizes the target DNA speci�ed by the crRNA sequence to form a complex and activates
speci�c cleavage. Some studies have found that Cas12a also has the ability to cut non-target DNA following
cleavage of the target DNA [23, 24]. CRISPR-Cas biology has revolutionized the �eld of molecular diagnostics for
various diseases; this is because this system has an extremely high sensitivity for the detection of nucleic acids
[25].

In this study, we analyzed susceptibility genes in families with MMD using whole exome sequencing (WES) to
provide a basis for the prevention and treatment of MMD. We also investigated the genetic distribution and
clinical characteristics of MMD to provide guidance for early diagnosis and treatment that is both effective and
precise.

Previous research on complex diseases has mostly focused on genome-wide association studies (GWAS).
However, the GWAS method has many drawbacks. For example, GWAS mostly identi�es disease-related gene loci
in intronic or intergenic regions and rarely in functional or coding regions; furthermore, many of these have a
minor allele frequency (MAF) > 5%. An increasing body of evidence now supports the fact that complex diseases
are caused by rare variants with a MAF < 5% [26, 27]. In addition, the size of the entire genome, and the time-
consuming nature of this technique, create signi�cant limitations. With the development of high-throughput
sequencing technology, WES has been increasingly used in the study of Mendelian diseases and complex
diseases. WES refers to a genome analysis method that uses sequence capture technology to capture and enrich
DNA in exonic regions of the whole genome for high-throughput sequencing. The human exome region accounts
for only 1% of the entire genomic sequence, but about 85% of known pathogenic mutations are located in this
region [28]. WES has several advantages over whole genome sequencing. First, the cost of WES is relatively low.
Second, the sequencing time is shorter due to fewer sequences, thus improving e�ciency. Third, WES can be used
for sequencing integration analysis regardless of sample size, whether the data is derived from the same family
or not. Finally, WES can determine candidate genes more accurately and is therefore more convenient for
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subsequent screening and the identi�cation of gene function. In this study, we used WES to sequence samples
from families with MMD and analyzed the WES data to identify susceptibility genes. Our aim was to provide a
basis for the screening and diagnosis of MMD.

In this study, we aimed to to explore the e�cacy of CRISPR-Cas12a technology to detect mutations. while to
screen patients with MMD for the RNF213 and MMP3 genes, to explore the genetic distribution and clinical
phenotype of MMD. Finally, we used WES technology to analyze samples provided by families with MMD. In
future, disease-related mutation loci could be screened to identify related genes and reveal the molecular
mechanisms responsible for MMD.

Methods

Collection of clinical samples 
We recruited patients with no previous or current medical history (≥18 years-of-age) with a clinical diagnosis of
MMD that had been con�rmed by transcranial computed tomography (CT), Magnetic resonance imaging (MRI),
or DigitalSubtractionAngiography (DSA) imaging; medical history and various clinical judgments. Fasting
samples of venous blood were collected from all patients. We also collected fasting blood samples from healthy
control subjects during the same period. All subjects, or their guardians, provided a signed consent form prior to
entering the trial.

Primer design and preparation of crRNA
Wild-type and mutant templates were designed with reference to the known mutation detection loci for the
RNF213 gene. Amplimers and crRNAs were then designed for the known mutation regions and oligonucleotides
(crDNA) were synthesized. crDNA and cr-T7-F were mixed and boiled for 10 minutes, then the double-stranded
transcription template was prepared by natural cooling. The transcription template was then incubated for 16
hours at 37°C under enzymatic-free conditions using the HiScribe T7 Quick High Yield RNA Synthesis Kit (NEB,
Ipswich, USA). After the completion of the reaction, 2μl of DNase 1(TianGen, Beijing, China) was added to
eliminate unreacted template in the system; the desired crRNA was then puri�ed. Wild-type and mutant template
sequences, amplimers, and crDNAs, were synthesized by Tianyi Huiyuan Biotechnology Co., Ltd. (Table S1).

Validation of the CRISPR-Cas12a �uorescence detection system
Fncas12a uses 5´-KYTV-3´ as protospacer adjacent moti (PAM), compared with Ascas12a and Lbcas12a, it
provides more target sequence options [29], therefore, Fncas12a was chose as the detection protein. In brief, 50ng
of template DNA was added into the detection reagent mixture containing 0.75μM crRNA, 1.5μM Fncas12a, a
50pm �uorescent probe, and 3μl of NEBuffer 3.1 (NEB, Ipswich, USA). A total volume of 50μl was then reacted at
37°C for 1h prior to �uorescence quanti�cation. All reactions were carried out at 37-42°C.

Clinical sample testing
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Following the separation of plasma, the venous blood samples were used to extract DNA. Then, polymerase chain
reaction (PCR) was performed using speci�c primers, 50 ng of DNA as the template, and the following cycle
conditions: 95°C for 5 min; 30 cycles of 95°C for 3 min; 56°C for 10s, and 72°C for 20s; followed by 72°C for 5
min. PCR products were then visualized by electrophoresis and sequenced using the Sanger method. Next, 1-5μl
of ampli�ed product was used for CRISPR-Cas12a �uorescence detection.

Collection and selection of samples for WES
We collected 12 samples from two families with clinical manifestations of the MMD phenotype; the samples were
collected from Liaocheng People’s Hospital Center (Table 1). Twelve family members with a history of MMD were
subjected to WES. The sequencing process is depicted as a �ow chart in Figure S1. This study was approved by
the ethics committee of Liaocheng City, Shandong Province. Informed consent for DNA analysis was obtained
from patients in line with local institutional review board requirements at the time of collection.

Table 1

Sample information

Specimen No. Sex (male/female) Patient or Normal (P: Patient; N: Normal)

A1 F P

A2 F P

A3 M N

A4 M N

A5 F N

A6 F N

A7 M N

B1 F P

B2 M N

B3 M N

B4 M N

B5 F P

Library construction of WES
For each sample, the DNA extracted from peripheral blood was fragmented to an average size of 180 - 280bp and
subjected to DNA library creation using established Illumina paired-end protocols. The Agilent SureSelect Human
All ExonV6 Kit (Agilent Technologies, Santa Clara, CA, USA) was used for exome capture according to the
manufacturer’s instructions. The Illumina NovaSeq 6000 platform (Illumina Inc., San Diego, CA, USA) was utilized
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for genomic DNA sequencing in Novogene Bioinformatics Technology Co., Ltd (Beijing, China) to generate 150-bp
paired-end reads with a minimum coverage of 10× for ~99% of the genome (mean coverage of 100×).

Data analysis of WES
After sequencing, base-call �le conversions and demultiplexing were performed with bcl2fastq software
(Illumina). The resulting fastq data were submitted to in-house quality control software to remove low quality
reads; these were then aligned to the reference human genome (hs37d5) using the Burrows-Wheeler Aligner (bwa)
[30]. Duplicate reads were marked using sambamba tools [31]. Single nucleotide variants (SNVs) and indels were
identi�ed by samtools to generate Genome VCF (gVCF) [32]. Raw calls for the SNVs and INDELs were further
�ltered with the following inclusion thresholds: 1) a read depth > 4; 2) a root-mean-square mapping quality of
covering reads that was > 30; and 3) a variant quality score > 20. Copy number variants (CNVs) were detected
with CoNIFER software (Version 0.2.2) [33]. Annotation was performed using ANNOVAR (2017) [34]. Annotations
included minor allele frequencies from public control data sets as well as deleteriousness and conservation
scores, thus enabling further �ltering and assessment of the likely pathogenicity of variants.

Selection of candidate mutation loci
Filtering for rare variants was performed as follows. First, variants with a MAF < 0.01 in 1000 genomic data
(1000g_all) [35], esp6500siv2_all, and gnomAD data (gnomAD_ALL and gnomAD_EAS); (2) only SNVs occurring
in exons or splice sites (splicing junction 10 bp) were analyzed further since we were interested in amino acid
changes; (3) synonymous single nucleotide variants (SNVs) which were not relevant to the amino acid changes
predicted by dbscSNV were discarded; the small fragment non-frameshift (<10bp) indel in the repeat region
de�ned by RepeatMasker was discarded; and (4) variations were screened according to SIFT scores [36],
PolyPhen [37], MutationTaster [38] and CADD [39] software packages. Potentially deleterious variations were
reserved if the scores from more than half of these four software packages supported the fact that the variations
were harmful [40]. Sites (>2bp) that did not affect alternative splicing were also removed. To better predict the
harmfulness of each variation, we applied the classi�cation system put forward by the American College of
Medical Genetics and Genomics (ACMG). The variations were classi�ed as pathogenic, likely to be pathogenic, of
uncertain signi�cance, likely to be benign, or benign [41]. Depending upon various considerations (pedigree,
homozygous, and compound heterozygous), variants were considered to be candidate causal variations. The
relationship between the proband and the parents was estimated using the pairwise identity-by-descent (IBD)
calculation in PLINK [42]. The share of IBD between the proband and parents for all trios ranged from 45% and
55%.

Statistical analysis
Apply SPSS 17.0 statistical analysis software. The qualitative data and the number of cases are described in
percentage, and the quantitative data are compared by independent sample t-test or analysis of variance. P<0.05
indicates that the difference is signi�cant.

Results
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The ability of CRISPR-Cas12a to detect mutations
Literature searches identi�ed RNF213 as a susceptibility gene for MMD. In addition, two SNP loci, rs112735431
(R4810K) and rs148731719 (A4399T), were closely related to MMD [5-7]. crRNA was designed for two SNP point
mutation loci in RNF213. The cleavage e�ciency of crRNA was then veri�ed by wild-type and mutant-target DNA;
results are presented in Figure 1. The level of �uorescence derived from the mutant was twice that of the wild
type, thus indicating that the CRISPR-Cas12a system constructed by crRNA was successful and could be used to
detect whether there was a mutation at this locus in a clinical sample.

Detection of RNF213 gene locus by CRISPR-Cas12a and Sanger
We collected 34 samples of patients who had been clinically diagnosed with MMD and 37 healthy control
samples from Liaocheng People's Hospital. In addition, 20 samples, acquired during physical examinations, were
collected from Wuhan Medical Examination Center. DNA was extracted from these samples and The RNF213
gene of samples was test by CRISPR and sanger(Table 2). The coincidence rate of the test results for the
rs112735431 locus and the rs148731719 locus was 94% and 97%, respectively. The 100% coincidence between
the CRISPR-Cas12a system and Sanger Sequencing with regards to detecting mutant samples indicated that the
CRISPR-Cas12a detection method is accurate and has a higher sensitivity .

Table 2

Analysis of RNF213 Gene Mutation Results by CRISPR test and Sanger sequencing

  Genotype CRISPR test results Sanger sequencing results

Liaocheng
Case
group

(n=34)

LiaochengControl
group

(n=37)

Wuhan
control
group

(n=20)

LiaochengCase
group

(n=34)

Liaocheng
control
group

(n=37)

Wuhan
control
group

(n=20)

R4810K Mutation 10(29.4%) 0 (0%) 0 (0%) 8 (23.5%) 0 (0%) 0 (0%)

wild 24(70.6%) 37(100%) 20
(100%)

26(76.4%) 37 (100%) 20
(100%)

A4399T Mutation 5 (14.7%) 3(8.1%) 1 (5%) 4 (11.8%) 3 (8.1%) 1 (5%)

wild 29(85.3%) 34(91.9%) 19
(95%)

30(88.2%) 34
(91.9%)

19
(95%)

Analysis of the correlation between gene RNF213 MMP3)
mutations and MMD
Analysis sanger test results of RNF213,as shown in Figure 2a, there was a C>T mutation at locus rs112735431
and a G>A mutation at locus rs148731719 of the RNF213 gene. T-tests showed that the P value for the
rs112735431 locus mutation was < 0.05 when comparing between the case group and the healthy control group
from the Liaocheng area. In contrast, there was no signi�cant difference between the groups with respect to
rs148731719. This indicated that the rs112735431 mutation within the RNF213 gene was signi�cant and that the
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R4810K is a signi�cant mutation locus for MMD in the RNF213 gene. T-tests of healthy control samples in the
Liaocheng area and Wuhan area were not signi�cant (P> 0.05) (Table 3a).

We identi�ed a base insertion mutation (rs3025058) in the MMP3 gene (Figure 2b). This mutation was identi�ed
by Sanger sequencing and detected in 67.6% of the 34 patients with MMD in Shandong province, and 5.4% of the
37 controls; the detection rate was 85% in the control group (20 cases) in Wuhan City; P values were all < 0.05,
indicating statistical signi�cance. The 1171 (6A/6A) mutation in the MMP3 gene is associated with the risk of
MMD; furthermore, the risk of the (6A/6A) genotype is higher than that of the (5A/6A) genotype (Table 3b).
Analysis of MMP3 gene mutation results in the two regions (Shandong and Wuhan) indicated that MMD may be
a regional disease; however, this needs to be veri�ed in future research involving a larger sample size.

Table 3

Analysis of RNF213 and MMP3 gene mutation

Gene Genotype Sanger sequencing results

Liao cheng Wuhan

Case group Control group Control group

(n=34) (n=37) (n=20)

RNF213 R4810K Mutation 8 (23.5%) 0 (0%) 0 0%

wild 26 (76.4%) 37 (100%) 20(100%)

p value <0.05  

  >0.05

A4399T Mutation 4(11.8%) 3(8.1% 1(5%)

wild 30(88.2%) 34(91.9% 19(95%)

p value >0.05  

  >0.05

MMP3 6A6A 23(67.6%) 2(5.4%) 17(85%)

5A6A 11(32.4%) 35(94.6%) 1(5%)

5A5A 0 (0%) 0 (0%) 2 10%

p value <0.05  

  <0.05

6A allele frequency 57(83.8% 39(52.7%) 35(87.5%)

5A allele frequency 11(16.2%) 35(47.3%) 5(12.5%)

p value <0.05  

  <0.05
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WES
In this study, draw the family maps of 12 samples and perform ct test on the patients, the results are shown in the
Figure 3.The average sequencing depth of the 12 samples exceeded 100×, and the coverage of regions exceeding
10× exceeded 99%. All exonic regions and Untranslated Regions (UTR) regions of all samples were covered
effectively (Table S2). The number of SNVs and Indels obtained from each sample after data analysis is shown
in Table S3.

Screening for candidate pathological changes
All SNVs and Indels were annotated to remove at least one mutation with a frequency higher than 1% from
1000g_all, esp6500siv2_all, gnomAD_ALL, and gnomAD_EAS. This practice removed diverse loci among
individuals and identi�ed rare mutations that were most likely to be pathogenic. Exonic or splicing (10bp up- and
downstream) variants were retained. Synonymous SNP mutations that were not predicted by the software as
affecting splicing and were located in regions that were not well conserved, were removed. The non-frameshift
InDel mutation with a small fragment (< 10bp) of the repeat region was removed. Mutation loci were screened in
accordance with the scores predicted by SIFT, PolyPhen, MutationTaster, and CADD. For the locus to be retained,
at least half of the scores derived by these four software packages needed to show that the locus may be
harmful. Splicing mutations needed to be no further than 2 bp (±1 - 2bp) from the exonic region. In addition, the
dbscSNV software needed to predict that a given mutations would exert impact on splicing. Table S4 provides
data related to the screening process.

Screening of mutation-related genes
Candidate loci were screened further according to the process shown in Figure 4. Recessive hereditary
pathogenicity is known to be characterized by a normal parental phenotype and the presence of pathogenic loci.
Offspring inherit the pathogenic homozygous locus of their parents and present as diseased individuals.
Recessive genetic diseases involve the homozygous variation of genes and compound heterozygous variation.
We also took X-linkage into account when we screened for recessive patterns. A recessive pattern screening refers
to the preservation of a homozygous mutation in a family with a normal human heterozygous mutation or a
locus without a mutation as a candidate locus if a monogenic disease is inherited in a family with a recessive
pattern. Compound heterozygous pattern screening refers to the preservation of loci that are not homozygous
mutations in patients and normal individuals if the monogenic disease is inherited in a recessive pattern within
the family, and requires that a gene has at least two heterozygous mutation loci in the patient. The distribution of
mutation loci in this gene in patients cannot be the same as that of any normal control, nor can it be a subset of
mutation loci in any normal person. Using this strategy, we identi�ed multiple recessive pathogenic genes; of
these, the loci mutation-related genes were within the TTN gene (rs771533925, rs559712998 and rs72677250)
(Table 4).

Global population frequencies for rs72677250 rs559712998
and rs771533925
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Next, we analyzed the risk alleles (rs72677250, rs559712998 and rs771533925) in accordance with the Exome
Convergence Alliance (EXAC) database [43]. We identi�ed signi�cant differences in frequency across the global
population. The highest frequency of rs72677250 in South Asian population was 0.00003269, the highest
frequency of rs559712998 in the East Asian population was 0.002574, the highest frequency of rs771533925 in
the East Asian population was 0.00005568, and the total frequency of rs559712998 mutations was 0.000192;
this was the highest frequency of the three mutation sites (Table 5). According to age analysis of the three loci
within the global population, we found that the rs72677250 mutation site was predominant in subjects aged 50-
55 years, the rs559712998 mutation site was predominant in subjects aged 30-80 years, and the rs771533925
mutation site was predominant in subjects aged 65-70 years (Figure 5a,b and c).

The deleterious effects of rs771533925, rs559712998 and
rs72677250
SIFT (http://provean.jcvi.org/index.php) [44] PROVEAN (http://provean.jcvi.org/index.php) [45] and PolyPhen
(http://genetics.bwh.harvard.edu/pph2/) [46] algorithms were used to predict the effects of amino acid
substitutions on protein function (Table 6). rs771533925 was considered potentially damaging by all three
databases, rs559712998 was considered to be tolerated in the above mentioned databases, while rs72677250
was considered to be tolerated in the SIFT database but potentially harmful in the PROVEAN and PolyPhen
databases.

Table 6

Hazard prediction of RS771533925, RS559712998 and RS72677250 mutations

ID Gene PROVEAN Prediction SIFT Prediction Polyphen

rs771533925 TTN Deleterious Damaging possibly_damaging

rs559712998 TTN Neutral Tolerated benign

rs72677250 TTN Deleterious Tolerated possibly_damaging

Notes:

PROVEAN (Protein Variation Effect Analyzer) is a tool to predict whether biomolecular structure Variation affects
Protein function SIFT(sorts intolerant from tolerant) is a tool for predicting non-synonymous variations based on
sequence homology PolyPhen (Polymorphism Phenotyping ) is a tool which predicts possible impact of an
amino acid substitution on the structure and function of a human protein using straightforward physical and
comparative considerations.

Functional analysis of TTN
GO analysis was conducted using Cytoscape 3.8.2 software with the ClueGO [47] plugin. The database (GO
Plasmodium falciparum) used for the GO analysis was acquired from the GO Consortium. GO analysis was
conducted using a two-sided hypergeometric test with Bonferroni correction. The GO term levels were from �ve to

http://provean.jcvi.org/index.php
http://provean.jcvi.org/index.php
http://genetics.bwh.harvard.edu/pph2/
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ten. The minimum number of genes to form a cluster was set at one. GO analysis showed that the targets for
TTN were involved in a range of important biological processes, including myosin thick �lament assembly in the
skeletal muscle, the positive regulation of protein transport, serine/threonine kinase activity, and cardiac muscle
�ber development (Figure 5d).

Validation of candidate loci by CRISPR-Cas12a
The test results obtained by the CRISPR-Cas12a system for mutation loci in the TTN gene in family samples
(Figure 6) were consistent with those obtained from WES sequencing,the presence of mutations in the family
samples was veri�ed. We then used the CRISPR-Cas12a system to test a total of 50 sporadic samples for gene
mutations. No mutations were found at rs771533925, rs559712998 and rs72677250 of TTN gene in sporadic
samples (Figure 7). Therefore, we can conclude that mutations within the TTN locus may play an important role
in the pedigree inheritance of MMD. Therefore, this technology is suitable for identifying pedigree genetic patients
and assessing the genetic risk of MMD in large-scale screening strategies.

Discussion
MMD is mostly found in Asia [48]. When considering East Asian countries, such as China, Japan, and Korea, it
was found that the highest incidence of MMD was in Japan (0.54/100,000) [49]. The clinical manifestations of
MMD can vary. According to the different loci involved, MMD can manifest as headache, seizures, syncope,
dysarthria, memory loss, personality changes, and other symptoms when the frontal lobe is damaged [50]. In this
study, we detected mutant loci in MMD patients and healthy controls to investigate differences in the mutation
loci across the population and between regions. We also performed WES on 12 family members of two MMD
families to identify MMD genetic-related mutation loci. Finally, we compared CRISPR-cas12a technology with
Sanger sequencing and WES for the detection of mutations and highlighted the diagnostic e�cacy of CRISPR-
cas12a.

RNF213 was the �rst pathogenic gene to be associated with MMD [2]. The R4810K and A4399T mutations in the
RNF213 gene are known to be associated with the pathogenesis of MMD in Chinese subjects [10–13]. RNF213 is
located on human chromosome 17 (the 17q25.3 region) and is expressed in the liver, lungs, connective tissue,
and immune tissue [51]. The main function of MMP3 is to degrade extracellular matrix. MMP3 and its inhibitor
are known to regulate the balance between smooth muscle cells and the extracellular matrix. An imbalance leads
to vascular smooth muscle hyperplasia and thickening, thus leading to vascular stenosis, one of the key
pathogenic factors responsible for MMD [8]. Studies have shown that the 1171 (6A/6A) mutation in the MMP3
gene is associated with a risk of MMD and that the risk of the (6A/6A) genotype is higher than that of the (5A/6A)
genotype [52–54].

In this study, we detected R4810K and A4399T mutations in the RNF213 gene in MMD patients and in the healthy
control group. The R4810K mutation was not detected in the healthy control group but was detected at a
signi�cantly higher rate in the case group (P < 0.05). There was no signi�cant difference in the detection rate for
the A4399T locus when compared between the case group and the healthy control group (P > 0.05), thus
indicating that the R4810K mutation in the RNF213 gene has a potential role in the occurrence and development
of MMD and deserves further research attention.
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We also detected an insertion mutation within the MMP3 gene (rs3025058) by �rst-generation sequencing. The
mutation rate of patients with MMD in Shandong Province was 67.6% compared to 5.4% in the control group.
This compares to a rate of 85% in the control group from Wuhan City (P < 0.05). Analysis of the MMP3 gene
mutation results for the two regions showed that MMD may exhibit regional differences, and that MMP3 could be
used as a regional detection index for MMD. These �ndings should now be con�rmed in a larger sample size.

A large number of studies have con�rmed that MMD is associated with genetic susceptibility and that genetic
factors play a major role in the pathogenesis of this disease [2–4]. In this study, 12 members of two MMD
families were sequenced by WES. We identi�ed a number of recessive pathogenic genes. The TTN was identi�ed
as the gene containing mutation-related loci (rs771533925, rs559712998 and rs72677250) The Exome
Convergence Alliance (EXAC) database was used to analyze the risk alleles (rs72677250, rs559712998 and
rs771533925). We identi�ed signi�cant differences in the frequencies of these alleles across the global
population. Based on PROVEAN, SIFT, and PolyPhen algorithms, rs771533925 and rs72677250 were considered
to be potentially damaging in all three databases while rs559712998 was considered to be tolerated in all three
databases. GO analysis showed that the targets of TTN were involved in many important biological processes.
The TTN gene encodes myonectin, a protein that is responsible for regulating the passive elasticity of muscle and
plays a key role in the development, structural formation, and functional regulation, of the myocardium and
skeletal muscle. Together with actin and myosin, the TTN protein constitutes an important component of human
cardiac muscle and skeletal muscle [55, 56]. TTN, as an antigen for the serum antibody of patients with
melanoma-associated retinopathy, is a potential biomarker for melanoma and may exert a carcinogenic effect.
Future studies should address the role of TTN gene mutation in the pathogenesis of MMD.

The CRISPR-Cas system can recognize foreign DNA or RNA, cause cleavage and silence the expression of the
foreign gene [57–59]. This precise targeting ability led directly to the development of the CRISPR-Cas system as
an e�cient gene editing tool [60–62]. Studies have indicated that a diagnostic platform based on CRISPR-Cas
represents an exciting prospect for the detection of cancer and genetic diseases [63]. Cas12a (cpf1) is a new type
of programmable DNA enzyme found in the CRISPR system [22]. In the presence of speci�c directing crRNA,
Cas12a also has the ability to cut non-target DNA following cleavage of the target DNA [23, 24]. Therefore, the
CRISPR-Cas12a system can be more effective for in vitro detection by adding a �uorescent DNA reporter [64–66]
that can emit detectable �uorescence after cleavage. In the present study, we developed CRISPR–Cas12a as a
novel assay that could sensitively and speci�cally detect MMD mutation gene loci. R4810K and A4399T
mutations of the RNF213 gene were successfully detected by the CRISPR-cas12a system and �rst-generation
Sanger sequencing with 100% agreement between the two methods. This indicated that CRISPR-cas12a
technology can be used for the detection of MMD mutations. Compared with �rst-generation sanger sequencing,
the CRISPR-cas12a method is simpler, cheaper, more sensitive, and therefore, should be promoted.

We used CRISPR-cas12a to detect mutations in candidate genes within two families. The results obtained were
consistent with those generated by WES, in that SNP loci (rs771533925, rs559712998, and rs72677250) were
detected within the TTN gene in pedigree samples. The detection of mutations in the TTN gene in 50 clinical
samples revealed that there were no mutations in the TTN gene SNP loci (rs771533925, rs559712998 and
rs72677250) and no recessive genetic risk for loci mutations. Therefore, we can conclude that mutations at the
TTN locus may play an important role in MMD pedigree inheritance, and is therefore suitable for identifying
pedigree genetic patients and assessing the genetic risk of MMD in large-scale screening strategies.
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At present,the genetic screening for MMD disease was limited to the RNF213 gene, or full-gene detection. This
was associated with certain limitations, including a long detection time and high costs; furthermore, this was not
a convenient strategy for the screening of family samples. Therefore, there is an urgent need for a simple and
rapid method to screen for MMD.

Conclusion
In our study,We found that CRISPR-Cas12a was very effective for detecting MMD mutations and was consistent
with WES and sanger sequencing. The turnaround time for the CRISPR-Cas12a system was much shorter than
that of next-generation sequencing and WES, implying that this system could be used for the rapid detection of
MMD mutations. Furthermore, when using this system, there is no need for large amounts of sample or expensive
machines. It is likely that the CRISPR-Cas12a system will be developed as an accurate, portable diagnostic test
for the diagnosis and prognosis of MMD. In addition, the CRISPR-Cas12a system only requires a simple and easy-
to-use microplate reader to provide a �uorescence-based assay for the quantitative measurement of MMD
mutations. Therefore, the CRISPR-Cas12a system can overcome the obstacles created by previous platforms and
provide a highly sensitive and convenient detection system for MMD mutations using DNA acquired from clinical
blood samples. In the future, it will be possible to jointly screen the TTN and RNF213 regions using the CRISPR-
Cas12a system, which not only involves analysis of a patient but could also be extended further to include the
lineage to comprehensively assess the genetic risk of familial MMD.
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Tables
Due to technical limitations, table 4 and table 5 are only available as a download in the Supplemental Files
section.

Figures

Figure 1

Validation of the CRISPR-Cas12a detection system (a)The principles underlying CRISPR-cas12a as a detection
system; (b and c) Validation of the CRISPR-Cas12a detection system.The �uorescence of Mutant type was
signi�cantly higher than that of wild type, and the number of mutant type was more than 2 times of wild type.
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Figure 2

Sequencing Peak Map of RNF213 and MMP3 Gene (a)Sequencing peak map of RNF213 Gene; (b)Sequencing
peak map of MMP3 Gene
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Figure 3

Exome sequencing maps for the two MMD families. (a and b) Pedigree charts. Squares: male; circles: female;
black-�lled symbols: patients; (c) CT and CTA of patient A1; (d) CT and CTA of patient B1.
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Figure 4

Analysis Flow Chart 2 The main process of advanced analysis:1)The main process of advanced analysis 1
Screening based on mutation sites and their harmfulness ;2) Screening based on sample recessive patterns
;3)Screening based on candidate genes and relationship with disease phenotypes ;4)Pathway enrichment of
candidate genes through GO and KEGG Set analysis also uses DisGeNet and Phenolyzer to analyze gene-disease
phenotype associations
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Figure 5

The frequencies of rs72677250, rs559712998, and rs771533925 mutations in subjects of different ages within
the global population, as determined by exome sequencing (a) rs72677250 site mutations in different age groups
within the global population; (b) rs559712998 site mutations in different age groups within the global population;
(c) rs771533925 site mutations in different age groups within the global population. Analysis included
heterozygous variant carriers, homozygous variant carriers. (d)Functional enrichment analysis of TTN,GO
analysis was conducted using Cytoscape 3.8.2 software with the ClueGO plugin. GO analysis was conducted
using a two-sided hypergeometric test with Bonferroni correction
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Figure 6

CRISPR-Cas12a test results for mutation loci in the TTN gene in family Samples (a) CRISPR-Cas12a test results
for rs72677250 in family samples; (b) CRISPR-Cas12a test results for rs559712998 in family samples; (c)
CRISPR-Cas12a test results for rs771533925 in family samples.
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Figure 7

CRISPR-Cas12a test results for mutation loci in the TTN gene in Sporadic Samples (a) CRISPR-Cas12a test
results for rs72677250 in sporadic samples; (b) CRISPR-Cas12a test results for rs559712998 in sporadic
samples; (c) CRISPR-Cas12a test results for rs771533925 in sporadic samples.
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