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Purposes: We aimed to characterize the USH2A genotypic spectrum in a Chinese cohort and provide a detailed genetic profile for Chinese patients with USH2A-IRD.
Methods: We designed a retrospective study wherein a total of 1,334 patients diagnosed with IRD were included as a study cohort, namely 1,278 RP and 56 USH patients, as well as other types of IEDs patients and healthy family members as a control cohort. The genotype-phenotype correlation of all participants with USH2A variant was evaluated.
Results: Etiological mutations in USH2A, the most common cause of RP and USH, were found in 16.34% (n = 218) genetically solved IRD patients, with prevalences of 14.87% (190/1,278) and 50% (28/56). After bioinformatics and QC processing, 768 distinct USH2A variants were detected in all participants, including 136 disease-causing mutations present in 665 alleles, distributed in 5.81% of all participants. Of these 136 mutations, 43 were novel, nine were founder mutations, and two hot spot mutations with allele count ≥10. Furthermore, 38.5% (84/218) of genetically solved USH2A-IRD patients were caused by at least one of both c.2802T>G and c.8559–2 A>G mutations, and 36.9% and 69.6% of the alleles in the RP and USH groups were truncating, respectively.
Conclusion: USH2A-related East Asian-specific founder and hot spot mutations were the major causes for Chinese RP and USH patients. Our study systematically delineated the genotype spectrum of USH2A-IRD, enabled accurate genetic diagnosis, and provided East Asian and other ethnicities with baseline data of a Chinese origin, which would better serve genetic counseling and therapeutic targets selection.
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INTRODUCTION
Usherin (USH2A) variants are associated with retinitis pigmentosa (RP) or usher syndrome (USH) phenotypes. A considerable number of autosomal recessive retinitis pigmentosa (arRP; MIM#268000) or Usher syndrome type II (USH2, MIM#276901) patients are due to USH2A gene defects, and there is an incomplete understanding of the USH2A-related inherited retinal disease (USH2A-IRD) genotype spectrum, which reduces the use of future gene therapy and optimal genetic counseling. According to RetNet (https://sph.uth.edu/retnet/sum-dis.htm), variants in 66 and 16 genes have been associated with arRP and atypical forms of USH, respectively (Date of Visit: December 2021) (Stephen, Daiger, Lori, Sullivan, Sara, Bowne; Reurink et al., 2021). Based on severity and progression, three clinical forms of USH can be distinguished: USH type I (USH1), type II (USH2), and type III (USH3). Of these, USH type II (USH2) is the most common clinical form (Millán et al., 2011).
USH2A deficiencies are estimated to be responsible for 8–19% of arRP patients (Stone et al., 2017; Perea-Romero et al., 2021), 29–55% of all USH patients, and 57–90% of USH type 2 (USH2) patients (McGee et al., 2010; Jouret et al., 2019; Toualbi et al., 2020). The prevalence of arRP and USH is expected to range from 22–67 per 100,000 individuals (Boughman et al., 1980; Puech et al., 1991) and 4–6 per 100,000 individuals (Spandau and Rohrschneider, 2002; Rosenberg et al., 2008), respectively. Especially considering the huge Chinese population, it highlights the importance of screening for USH2A genes in medical diagnostic tests (Hanany et al., 2020). With the extension of the mutation spectrum of USH2A-IRD patients, the theoretical foundation has also been laid, paving the way for the formulation of treatment strategies.
The USH2A gene (OMIM #608400), located on chromosome 1q41, spans 800,503 nucleotides (nt) and contains 73 exons (NM_206,933.2), including cochlear-specific exon 71, which brings challenges to the identification of disease-causing mutations (Van Wijk et al., 2004; Adato et al., 2005). The USH2A gene encodes usherin, a 5,202 amino acid transmembrane protein, which is mainly produced in the photosensitive layer of the retina, the hair cells of the cochlea, and the basement membrane of many tissues (Liu et al., 2007). Different mutations in the USH2A gene are related to a large group of heterogeneous diseases. Apart from the typical USH2, different mutations in USH2A are related to non-syndromic autosomal recessive RP (Lenassi et al., 2015; Ng et al., 2019). Most of the variants in USH2A are rare, and 1,970 distinct public DNA variants have been reported so far, which are distributed throughout the gene (USHbases: http://www.lovd.nl/USH2A) (Roux et al., 2011; Baux et al., 2014). Up to now, more than 600 disease-causing mutations have been reported, some of which are from the same ancestor. These include c.2299delG p. (Glu767fs) and c.2276G>T 77 p. (Cys759Phe) mutations, both of which reside in exon 13 of the USH2A gene, are derived from 78, a common ancestor, and are therefore seen more frequently in Southern European populations (Pennings et al., 2004; Aller et al., 2010).
The USH2A gene has a large number of protein-encoding amino acids, and many variants of uncertain significance (VUS) will be detected, which makes it difficult to determine the true causal variation. Although many arRP and USH2 patients have been genetically diagnosed with known disease-causing variants, there are still a large number of patients who have not received an informative genetic diagnosis. In addition, the spectrum of USH2A-IRD mutations between different races vary greatly. c.2299delG and c.2276G>T are significantly enriched in southern European populations, and both reside in exon 13 of the USH2A gene, representing 27.8% and 7.1% of all pathogenic USH2A alleles, respectively (Bernal et al., 2003; Blanco-Kelly et al., 2015; Sun et al., 2018; Dulla et al., 2021). The founder mutation c.8559–2 A>G was only detected in Chinese and Japanese patients, accounting for 19.1% of the identified USH2A alleles (Nakanishi et al., 2011; Chen et al., 2014; Jiang et al., 2015). Genetic diagnosis is essential for determining individual clinical symptoms and guiding prognosis, and it is also a prerequisite for determining compliance with any gene-specific therapy. Currently, gene therapy for USH2A-IRD is moving towards a promising future (Fuster-García et al., 2017; Samanta et al., 2019; Sanjurjo-Soriano et al., 2019). A total of three clinical trials (ClinGov ID: NCT03780257/NCT03146078/NCT04820244) related to USH2A are underway, including a phase 1/2 clinical trial (ClinGov ID: NCT03780257, https://clinicaltrials.gov/ct2/show/NCT03780257, Last Update Posted: 15 September 2021). The purpose of this study is to evaluate the safety and tolerability of QR-421 administered in subjects with RP due to mutations in exon 13 of the USH2A gene (Dulla et al., 2021).
To date, a large number of studies have focused on the clinical and genetic characteristics of patients with USH2A mutations. However, most studies were conducted in non-East Asian cohorts (Blanco-Kelly et al., 2015; Lenassi et al., 2015; Reurink et al., 2021), with limited data on Chinese patients, and a lack of knowledge of mutation spectrum differences between other populations (Nakanishi et al., 2011; Ng et al., 2019). In this study, we obtained USH2A variants data of all 8,710 participants. A total of 1,334 IRD patients were included as study cohort, as well as previous studies by our team, with other types of inherited eye diseases (IEDs) patients and healthy family members (n = 7,376) as control cohort (Gao et al., 2019; Gao et al., 2021; Li et al., 2021). The aim of this study was to provide detailed genetic characteristics and evidence of East Asian-specific genetic features in USH2A-IRD and provide a genotype spectrum and novel variant classification evidence for Chinese patients with USH2A variants.
METHODS
Enrolment, Ethical, and Clinical Examination
This large cohort of IRD patients, which was part of the collection from 2016 to 2019 at the Eye and ENT Hospital of Fudan University, included 1,278 RP patients and 56 USH patients (Gao et al., 2019; Gao et al., 2021). USH is a rare genetic disorder that affects hearing and vision. It can cause deafness or hearing loss and an eye disease called RP. The study cohort included 1,334 IRD patients, and the control cohort include 7,376 non-IRD phenotype participants. In these 1,334 IRD patients, which included 350 RP and 23 USH proband-parent trio, the majority of the remaining patients had only either parents or siblings. The Institutional Review Board (IRB) of the Ethics Committee of the Eye, Ear, Nose, and Throat (ENT) Hospital of Fudan University approved the protocol for this study. All participating members provided written informed consent in accordance with the tenets of the Declaration of Helsinki. The informed consent contains the choice to accept or refuse to continue to use the genetic or clinical data for further studies.
A detailed family history of the participant was collected and a complete clinical ocular examination was performed. Complete ocular examination included: slit-lamp biomicroscopic, best-corrected visual acuity (BCVA), color vision examination (Ishihara color plate test), fundus autofluorescence (Spectralis HRA COCT; Heidelberg, Germany), full-field electroretinography (ERG), intraocular pressure (IOP, Goldmann tonometry), Humphrey perimetry (Carl Zeiss Meditec, Inc, Dublin, CA, United States), and spectral-domain optical coherence tomography (SD-OCT) images recorded.
NGS-Panel and Variant Detection
5 ml peripheral blood were collected from all participating members, and genomic DNA was extracted using the Genomic DNA Extraction Kit (Qiagen, Venlo, The Netherlands). A customized targeted enrichment capture panel designed by Beijing Genomics Institute (BGI-Shenzhen, China) was used to process DNA samples. Genetic testing was performed by targeted exome sequencing as previously reported (Gao et al., 2019; Gao et al., 2021; Li et al., 2021).
Genetic data for the USH2A gene were obtained for all 8,710 participants, and all USH2A variants were sorted and counted. In the study cohort, the focus was on the detection rate of etiological mutations and mutational spectrum of the USH2A gene in 1,334 IRD patients. Patients with IRD caused by two or more pathogenic or likely pathogenic mutations in USH2A were defined as genetically resolved USH2A-IRD. In the remaining control cohort, USH2A variants in the carriers were sorted out, and genotype profiles and allele frequencies were statistically analyzed.
Filtering and Variant Classification
Sequence variants were called and annotation was performed, and the validity of all USH2A variant nomenclature was verified by studies (gene name, functional change, database frequency, amino acid change, etc.) (Wang et al., 2010). All initial variants were further filtered to obtain high-quality variants. Sequence variants quality control (QC) was performed using the following parameters: 1) population allele frequency filtering, including 1,000 Genomes Project, dbSNP, ESP6500, ExAC, and gnomAD, variants were included with minor allele frequency (MAF) ≤ 0.01; 2) exclude variants if the sequence depth is less than 30X; and 3) exclude variants located in UTR region (Consugar et al., 2015; Li et al., 2021). After obtaining all the high-quality variants, the number of variants types were calculated and counts were made of each alternate allele for each locus across all participants (AC, allele count), and the number of heterozygous and homozygous individuals (Hanany et al., 2020). In this study, nucleotide sites with significantly high mutation frequencies were defined as “hot spot mutations”. Hotspot mutations often reflect specific mechanisms that generate mutations at specific loci, as well as unusual properties of phenotypic selection schemes. Founder mutations are defined as genetic alterations observed at high frequency in geographically or culturally isolated populations in which one or more ancestors are carriers of the altered gene (Zlotogora, 1994; Horton et al., 2021).
The previously reported USH2A variants are determined according to ClinVar, HGMD, and literature reported, otherwise the variants are classified as novel variants. Deleterious effect prediction of the variants used multiple algorithms, including Sorting Intolerant From Tolerant (SIFT), Likelihood Ratio Test (LRT), Mutation Taster, and FATHMM. All variants with a MAF ≤0.01 were evaluated and classified as pathogenic (P), likely pathogenic (LP), variants of uncertain significance (VUS), likely benign (LB), and benign (B) according to the criteria and guidelines of the American College of Medical Genetics and genomics (ACMG) (Richards et al., 2015). Identification of etiological mutations were combined with variants quality, database allele frequency, potential deleterious effects, and mutations reported in ClinVar, HGMD, or literature. The genotype-phenotype correlation analysis was performed according to the Online Mendelian Inheritance in Man (OMIM) database (Stenson et al., 2012; Johnston and Biesecker, 2013). Finally, Sanger sequencing and family co-segregation analysis were performed within family members to verify the pathogenicity of candidate variants.
RESULTS
Characteristics of the Participants
The study cohort included 1,334 IRD patients, while the control cohort include 7,376 non-IRD phenotype participants (other IEDs patients and healthy family members), all of whom were screened for USH2A gene variants. After variant pathogenicity interpretation and genotype-phenotype correlation analysis, 218 IRD patients were detected with two or more pathogenic or likely pathogenic mutations in the USH2A gene, accounting for 16.34% (218/1,334) of all IRD patients. These IRD patients were defined as genetically solved USH2A-IRD. The prevalence of RP and USH patients with USH2A homozygous or compound heterozygous mutations was 14.87% (190/1,278) and 50% (28/56), making USH2A the most frequently mutated gene in study cohort (Figure 1A,B).
[image: Figure 1]FIGURE 1 | The prevalence of USH2A-IRD and variant category of 768 distinct USH2A variants. (A) Homozygous or compound heterozygous pathogenic mutations were detected in 218 (16.34%, 218/1,334) patients with USH2A-IRD; (B) 218 genetically solved USH2A-IRD patients, including 190 RP and 28 USH patients; (C) ACMG classification of 768 distinct USH2A variants; (D) Proportion of six types of 768 distinct USH2A sequence variants. P or LP, pathogenic or likely pathogenic; VUS, variants of uncertain significance; B or LB, benign or likely benign.
A total of 5,636 USH2A alleles were identified in all IRD and non-IRD phenotype participants. These variants are classified as P or LP, VUS, B or LB, and allele frequencies in the 1,000 Genomes Project, dbSNP, ESP6500, ExAC, and gnomAD databases with minor allele frequency (MAF) ≤ 0.01. Variant pathogenicity was analyzed by genotype-phenotype information, including clinical diagnosis, familial inheritance pattern, and ACMG guidelines.
USH2A-Related Variants Spectrum
USH2A sequencing was performed by targeted exome sequence in all 8,710 participants, identifying 768 distinct sequence variants, present in 5,636 alleles in all participants. Among these 768 variants, we found 318 variants with ClinVar annotations, and 209 variants with Leiden Open Variation Database (LOVD) annotations. In total, 768 USH2A variants were classified according to the ACMG guidelines, including 136 P or LP variants, 508 VUS variants, and 124 B or LB variants (Figure 1C). These 768 distinct variants included 478 missense (AC = 3,627), 44 frameshift (AC = 114), 29 nonsense (AC = 60), 32 intron and splice (AC = 644), five inframe (AC = 7), and 180 synonymous (AC = 1,184) variants (Figure 1D). The complete details of these variants are given in Supplementary Table S1.
In the study cohort, 218 genetically solved patients with USH2A-IRD were identified, with a total of 444 W disease-associated alleles detected. Of these 218 genetically solved patients, 23 (10.55%) were homozygous and 195 (89.45%) were compound heterozygous mutations. The most frequent mutations were c.2802T>G and c.8559–2 A>G, detected in 50 and 47 USH2A-IRD patients, respectively. Overall, 38.5% (84/218) of USH2A-IRD patients had at least one of these two most frequent mutations. Details of the 444 disease-associated alleles identified in 218 USH2A-IRD patients are given in Supplementary Table S2. According to the ACMG criteria, 136 variants were considered as P or LP mutations, of which 43 were novel, as along with nine founder mutations and two hotspots mutations (AC> = 10). All identified mutations spread in the entire gene and impacted all functional domains (Figure 2). Taken together, the sequence variant spectrum includes 35 missense variants, two of which may also affect splicing, 29 nonsense, 27 intron-exon splicing, 44 frameshift, and one inframe_deletion variant (Supplementary Table S3). Of these P or LP mutations, 73.5% (100/136) were truncating mutations, and the remainder were missense mutations with one inframe_deletion mutation.
[image: Figure 2]FIGURE 2 | Naturally occurring mutations of USH2A detected in patients with IRD. Blue indicates novel mutations first reported in this study; Red indicates mutations were founder mutations identified in East Asian Populations.
In particular, we detected three variants previously reported in the LOVD or ClinVar databases. The first variant, c.15520-1G >A, was detected in patient P131, annotated as “Conflicting interpretations of pathogenicity” in ClinVar, but absent in LOVD. A second variant, c.10859T>C/p.Ile3620Thr, was detected in patients P13, P108, and P196, defined as “Conflicting interpretations of pathogenicity” in ClinVar and “P, LP, VUS” in LOVD. This mutation has a population frequency of 1.16E-04 in the gnomAD-EAS database and was predicted to be deleterious in the SIFT, LRT, and MutTaster algorithms. The c.10859T>C/p.Ile3620Thr mutation was reported as the disease-causing mutation in multiple RP families and verified by co-segregation. In two Japanese RP patients, compound heterozygous mutations c.10859T>C/p.Ile3620Thr; c.14766G>A/p.Trp4922* and c.10859T>C/p.Ile3620Thr; c.11328T>G/p .Tyr3776* were detected, respectively (Inaba et al., 2020). In a Chinese family RP-F6, mutations c.10859T >C/p.Ile3620Thr and c.12880delA/p.I4294Lfs*21 were detected in patients II -3, which were inherited from parents, respectively (Qu et al., 2020). In a Chinese study of RP and USH caused by USH2A mutation, compound heterozygous mutation c.10859T>C/p.Ile3620Thr; c.8559–2 A G/- was detected in one USH patient. Otherwise, compound heterozygous mutations c.10859T>C/p.Ile3620Thr; c.8559–2 A>G/-, and c.7569G>A/p.Trp2523* were detected in another two RP patients. In this study, c.10859T>C/p.Ile3620Thr was defined as the LP mutation (Meng et al., 2021). A third variant, c.4251 + 1G>A, annotated as “VUS” in the LOVD and ClinVar database, was detected in one patient P32. However, our expert panel evaluated and reclassified all three variants as P or LP mutations, according to the aforementioned criteria and guidelines of the ACMG (Table 1). The complete details of these three variants are provided in Supplementary Tables S1, S2.
TABLE 1 | Three variants were reclassified as P or LP mutations according to ACMG guidelines in our USH2A-IRD study cohort.
[image: Table 1]USH2A-Related Founder and hot Spot Mutations
Of these 136 mutations, 78 were absent in ClinVar (consulted in December 2021) or 70 were absent in LOVD (consulted in December 2021). In addition, we assessed the AC of 136 disease-causing variants to summarize the variants frequently found in this Chinese cohort. Eleven frequent mutations were detected with an AC≥10, and these top eleven mutations accounted for 57.74% (384/665) of total alleles (Table 2, Supplementary Table S3). The most frequent mutationswas c.2802T>G/p.Cys934Trp (AC = 122), which was detected in 22.94% (50/218) USH2A-IRD patients. We note that 130 of 218 (59.63%) USH2A-IRD patients carried at least one of these eleven frequent mutations (Supplementary Table S2).
TABLE 2 | Top eleven frequent mutations with an allele count ≥10.
[image: Table 2]The founder mutation c.8559–2 A>G was detected in 91 participants (AC = 99), made up of eight homozygous mutation USH2A-IRD patients and 83 heterozygous mutation carriers. In short, at least one c.8559–2 A>G mutant allele was detected in 21.56% (47/218) USH2A-IRD patients. According to the G1000, ExAC, and gnomAD database, this mutation was not found in non-East Asian populations, and was specifically enriched in East Asian populations (G1000_EAS = 0.001, gnomAD_EAS = 0.000193, ExAC_EAS = 0.000348) (Table 2). The most frequent mutation, c.2802T>G, was detected in 121 participants, and only one participant was of a homozygous form. c.2802T>G mutation is highly enriched in East Asian populations, with an alternative allele frequency of 0.004 in 1000 Genomes Project East Asian database or 0.00279 in Exome Aggregation Consortium East Asian database. Interestingly, the c.2802T>G mutation was also occasionally found in non-East Asian populations and was found in the Ashkenazi Jewish population in the gnomAD database, and American Admixed/Latino and Non-Finnish European populations in the ExAC database. In sum, based on the above population characteristics and finding, we define it as a hot spot mutation (Table 2) (Gao et al., 2021).
In addition to these two highly frequent mutations, we detected nine other frequent mutations with an allele count ≥10, including one novel hot spot mutation c.11156G>A (p.Arg3719His), and eight novel founder mutations (c.99_100insT; c.8232G>C; c.13465G>A; c.8284C>G; c.9958G>T; c.10331G>A; c.9469C>T; c.6325 + 1G>A) (Table 2).
RP and USH Related USH2A Variants
Of the 1,334 patients diagnosed with IRD, 218 patients received a USH2A-related genetic diagnosis which could explain their symptoms. Overall, 444 alleles were detected in 218 genetically solved USH2A-IRD patients, including 388 alleles in 190 patients with RP and 56 alleles in 28 patients with USH. Overall, 230 missense variants (AC = 244, 62.9%), 67 splice and intron variants (AC = 75, 19.3%), 42 frameshift variants (AC = 44, 11.3%), 24 nonsense variants (AC = 24, 6.2%), and one inframe variant (AC = 1, 0.3%) were detected in USH2A-related RP patients (Figure 3A). Seventeen missense variants (AC = 17, 30.4%), 17 splice and intron variants in 18 alleles (AC = 18, 32.1%), 12 frameshift variants (AC = 12, 21.4%), nine nonsense variants (AC = 9, 16.1%), and no inframe variant were detected in USH2A-related USH patients (Figure 3B).
[image: Figure 3]FIGURE 3 | The type of variation and the distribution of genotype subgroups. (A) Variation types of 388 alleles in USH2A-related RP patients (n = 190); (B) Variation types of 56 alleles in USH2A-related USH patients (n = 28); (C) Allele ratios of distinct variant types between RP and USH, missense group (244 vs. 17), splice and intron group (75 vs. 18), frameshift group (44 vs. 12), nonsense group (24 vs. 9), inframe group (1 vs. 0); (D) Comparison of variant combinations between RP and USH patients, missense/missense group (75 vs. 1), missense/truncating group (89 vs. 15), and truncating/truncating group (26 vs. 12). χ2test: *p < 0.05; **p < 0.01; ***p < 0.001.
The most frequent mutations, c.2802T>G (AC = 51) and c.8559–2 A>G (AC = 55), were identified in 50 and 47 genetically solved USH2A-IRD patients, respectively. For these two mutations, 9.63% (21/218) of genetically solved IRD patients were simultaneously detected in the form of compound heterozygotes or homozygotes. In addition, we studied the variation spectrum of genetically solved USH2A-IRD patients and assessed whether the identified pathogenic variants were enriched in RP or USH patients. Table 3 presented the top eleven frequent mutations in 218 genetically solved patients with USH2A-IRD. The results showed that ten variants with alternative allele frequency (ALT Freq) > 0.01 were significantly enriched in genetically solved patients with RP, including hot spot mutation c.2802T>G and reported founder mutation c.8559–2 A>G, both of which have an alternative allele frequency greater than 0.01. In the genetically solved patients with USH, six variants were significantly enriched with allele frequency >0.01, and five variants were not detected. In particular, the enrichment of the four variants (c.8559–2 A>G, c.8232G>C, c.9469C>T, and c.6325 + 1G>A) in USH patients was significantly greater than that of RP.
TABLE 3 | Top eleven frequent mutations in 218 genetically solved patients with USH2A-IRD, including 190 patients with RP and 28 patients with USH.
[image: Table 3]Notably, three types of variant combination forms in 218 USH2A-IRD patients were statistically analyzed, including 77 (35.32%) missense/missense, 112 (51.38%) missense/truncating, and 29 (13.30%) truncating/truncating patients (Figure 3C,D). The mean age was 41.13 ± 16.12 years (range, 2–78 years; median, 41 years) in 218 genetically solved USH2A-IRD patients. Interestingly, compared with detecting only missense mutations, patients with at least one truncating mutation (nonsense, frameshift, splicing) had a younger age at the initial clinical visit. For example, the missense/missense group is 43.73 ± 17.00 years (range, 4–78 years; median, 47 years), the missense/truncating group is 40.75 ± 16.18 years (range, 2–72 years; median, 42 years), and the truncating/truncating group is 36.04 ± 12.30 (range, 10–56 years; median, 35 years). In addition, the types of variant combinations of RP and USH patients are significantly different. It is observed that only 3.6% (1/28) of USH2A-related USH patients had a variant combination of missense/missense pattern, while 40% (76/190) of USH2A-related RP patients are missense/missense.
De novo Variants Analysis
Overall, 373 IRD trios were recruited, including 350 RP and 23 USH proband-parent trios for USH2A gene de novo analysis. It is extremely rare that only one de novo mutation was detected. 45-year-old women was diagnosed with binocular RP at her first visit. Her 78-year-old father and 74-year-old mother had a normal phenotype (P75). Targeted sequencing was performed on the proband and parents, and compound heterozygous mutations (c.2802T>G and c.8559_2 A>G) of the USH2A gene were detected in the proband. Through trio co-segregation analysis, we found that the mutation c.8559_2 A>G was inherited from the mother, and the mutation c.2802T>G was a de novo mutation.
CONCLUSION
In this study, we performed targeted exome sequencing on 8,710 participants, of which 1,334 patients were initially diagnosed as RP or USH. A definite molecular diagnosis was obtained in 16.34% (218/1,334) of USH2A-IRD patients, and the prevalence in RP and USH were 14.87% (190/1,278) and 50% (28/56), respectively. Despite ethnic differences in causal genes, USH2A-IRD is still one of the most prevalent IRDs in Caucasian, Japanese, and other populations (Koyanagi et al., 2019; Pontikos et al., 2020). According to our previous report, this proportion is 15.75% (163/1,381) in the Chinese population, which was ranked as the most frequent mutation in Chinese IRD patients (Gao et al., 2019; Gao et al., 2021). The detection rate of this study is higher than previously reported, mainly attributed to the difference in samples recruitment, and the large sample verification has effectively increased the detection rate. USH2A is the second major causative gene in the Japanese population, accounting for 3.82% (46/1,204) of RP patients (Koyanagi et al., 2019). Studies have also reported that pathogenic mutations of USH2A were identified in 6.9% (36/525) of Japanese IRD patients (Inaba et al., 2020).
In total, 768 distinct USH2A sequence variants were identified, including 136 disease-causing mutations that were detected in 665 alleles, distributed among 5.81% (506/8,710) participants. This means that 5.81% of participants have at least one disease-causing mutation, indicating that the carrying rate is 581/10,000 in Chinese IEDs population. We also found that East Asian-specific founder mutations in USH2A genes were the major causes of RP or USH in the Chinese population. The toop eleven frequent mutations with an AC≥10 were identified in our 8,710 IEDs cohort (Table 2). Interestingly, most of these mutations are East Asian-specific, with high East Asian alternative allele frequencies, including one reported and eight novel founder mutations, and two hot spot mutations.
To date, more than 600 disease-causing mutations have been reported, and research on the spectrum of USH2A-related mutations in the Chinese ethnicity has grown significantly. In 11 Chinese RP and USH families, 21 P or LP mutations were identified, including 13 novel mutations (5 with RP and 8 with USH) 46. Among 284 patients (131 diagnosed with USH and 153 diagnosed with RP) with USH2A disease-causing variants in 260 Chinese families, a total of 230 distinct P, LP, or VUS variants were identified, of which 90 (39.13%) have not been reported previously (Zhu et al., 2021). In 69 Chinese patients (36 diagnosed with USH and 33 diagnosed with RP) caused by USH2A disease-causing variants, 79 distinct variants were detected, including 23 novel P, LP, or VUS variants (Meng et al., 2021). A total of 8,710 participants were enrolled in our study, made up of the study cohort of 1,334 IRD patients and the control cohort of 7,376 participants with non-IRD phenotypes. Ultimately, 768 distinct USH2A variants were identified, including 136 P or LP variants, of which 43 P or LP variants had not been reported previously. As well as 508 VUS variants, 403 absent in LOVD or 372 absent in ClinVar database, their pathogenicity needs to be further studied (Supplementary Table S1).Of these top eleven frequency alleles, the most frequent mutation is c.2802T >G (AC = 122), and the alternative allele frequencies in our 8,710 IEDs cohort is 0.007. The frequency of alternative alleles is significantly higher than that of the G1000_EAS (0.004) or ExAC_EAS (0.00279) database, mainly because our study recruited samples from the IEDs cohort, and the disease-causing mutation carrier rate is higher. In addition, the c.2802T >G mutation is occasionally detected in non-East Asian populations, including Ashkenazi Jewish, American Admixed/Latino, and Non-Finnish European populations in the ExAC or gnomAD database. Moreover, the c.2802T>G mutation has also been reported in China, British, and Japan ethnic groups, and we speculate that it is likely to be characterized as a hotspot mutation (Lenassi et al., 2015; Inaba et al., 2020; Gao et al., 2021). The c.8559–2 A >G mutation has been widely reported in USH patients in China and Japan, and is highly enriched in the East Asian population database of G1000, ExAC, and gnomAD, but has not been detected in non-East Asian populations (Nakanishi et al., 2011; Chen et al., 2014; Sun et al., 2020; Gao et al., 2021). c.8559–2 A >G mutation was defined as founder mutation, frequently detected in a majority of Chinese and Japanese USH2 patients (Fuster-García et al., 2017; Sanjurjo-Soriano et al., 2019). All in all, nine founder mutations and two hotspot mutations were identified (Table 2).
This study reports eight novel founder and one novel hotspot mutation for the first time, elucidates the genetic structural differences between races, and presents the unique genetic characteristics of Chinese races. The most frequent USH2A-related mutations in 1,204 Japanese RP patients are c.8254G>A (p.Gly2752Arg) and c.2802T>G (p.Cys934Trp), which are not reported or extremely rare in non-East Asian populations (MAF <0.01%), with one exception, p.Cys934Trp, which was 0.05% in Ashkenazi Jewish population of gnomAD. Both of these mutations were significantly enriched in East Asian populations (MAF> 0.1%) and were detected in more than 10 RP patients (Koyanagi et al., 2019). In the mutation spectrum of our Chinese population, c.2802T>G (p.Cys934Trp) is the most frequent hotspot mutation, but c.8254G>A (p.Gly2752Arg) is not frequent enough, and only two USH2A-IRD patients were detected with this mutation. The USH2A c.2299delG mutation is the most common founder mutation in the Dutch population, but this mutation was not detected in our Chinese cohort (Aller et al., 2010). The top two frequency mutations (c.2802T>G and c.8559–2 A>G) are widely reported in East Asian populations, but we have not yet known the proportion of these two mutations in RP and USH patients who have received molecular diagnosis. Our study demonstrated that 38.5% (84/218) of genetically solved USH2A-IRD patients were caused by at least one of the c.2802T >G and c.8559–2 A>G mutations. C.2802T>G and c.8559–2 A>G mutations have extremely high allele frequencies in our 8,710 participants, with allele carrier rates being 0.0070 and 0.0057, respectively. Among these genetically solved RP and USH patients with USH2A mutations, five mutations (c.2802T>G, c.8559–2 A>G, c.8232G>C, c.9469C>T, and c.6325 + 1G>A) were more enriched in USH patients, while four mutations (c.2802T>G, c.8559–2 A>G, c.99_100insT, and c.11156G>A) were more enriched in RP patients. Our findings highlight that East Asian-specific founder mutations as well as hot spot mutations in the USH2A gene largely affect RP and USH patients in the Chinese population.
Of these USH2A-related RP patients, three patients (P97, P165, and P218) were found to carry three P or LP variants. In P97 patients, the c.8559–2 A>G mutation was inherited from the father, while both c.9958G>T and c.8284C>G were inherited from the mother. In the P165 patient, three mutations were detected, including a frameshift mutation c.11520_11523del, an inframe_deletion mutation c.11526_11528del, and a missense mutation c.9801C>G. However, parental samples were not obtained and co-segregation analysis could not be performed. In P218 patient, two missense mutations, c.8284C>G and c.9958G>T, and one nonsense mutation, c.9676C>T, were detected, and parental samples were not obtained for co-segregation analysis. The c.8284C>G and c.9958G>T mutations were detected in a homozygous form in one family from China, and were also reported in a heterozygous form in other families (Chen et al., 2014; Gao et al., 2019; Gao et al., 2021). The former causes the amino acid to change from proline to alanine, and the latter changes from glycine to cystine. These two mutations tend to occur simultaneously in homozygous or heterozygous forms, and their underlying pathogenic mechanisms remain to be further studied. In Supplementary Table S2, a total of six patients were detected with c.8284C>G and c.9958G>T, and all patients were clinically diagnosed as RP. Besides P97 and P218 mentioned above, the other four patients are P99, P142, P170, and P211. In P142 patient, three missense heterozygous mutations, c.8284C>G, c.9958G>T, and c.4021G> C, were detected. Similarly, c.8284C>G, c.9958G> T was from the mother and c.4021G>C was from the father. In P170 and P211 patients, homozygous mutations c.8284C>G and c.9958G > T were detected, both of which were sporadic patients, and parental samples were not validated. In P99 patient, heterozygous mutations c.8284C>G and c.9958G>T were detected, but parental samples were not obtained for co-segregation verification. Thus, a possibility that these two mutations are on the same allele and that they may not be the cause of the disease remains. Although we included P99 in the statistics of genetically solved IRD patients, its etiology is currently unknown, and further attention to these two mutations is required by other investigators.
Notably, the detection rate of truncating mutations is significantly enriched in USH patients, and at least one truncated mutation was detected in 96.4% USH patients, and the missense/missense mutation combination was detected in only one patient. Overall, truncation mutations accounted for 36.9% (143/388) and 69.6% (39/56) of alleles in RP and USH patients. In a Chinese study of USH2A-related mutation, 17 missense/missense mutation combinations were detected in 117 USH patients, accounting for 14.5% (17/117) (Zhu et al., 2021). In another Japanese truncation mutation study, the missense/missense mutation combination was not detected in 25 USH patients (Inaba et al., 2020). Nevertheless, in this study and the Japan study, truncation mutations were detected in almost all USH patients, emphasizing that truncation mutations can cause more severe phenotypes including hearing.
The benefit of this large cohort is that we were able to assess population-level variability in USH2A-related IRD disease. Information in our cohort, including co-segregation, mutational hotspot regions, expected frequencies of causal USH2A variants, and significant enrichment in disease cohorts, adds significant evidence for variant classification and will also provide additional criteria for variants entries already present in ClinVar database. Overall, this cohort is a robust baseline dataset that allows calculation of USH2A-related disease-specific allele frequencies, and by comparison with publicly available general population frequencies, we were able to calculate statistical enrichment for disease associations for each variant.
To our knowledge, this is the largest genetic spectrum analysis of USH2A-IRD in the Chinese population. Our genetic data present that USH2A-related East Asian-specific founder mutations and hot spot mutations were the major causes for Chinese RP and USH. A total of 768 distinct sequence variants were identified, as well as nine founder mutations and two hot spot mutations with AC ≥ 10. Our findings provide insights into the differences in the genetic background of RP and USH patients and help to better understand the genetic etiology of RP and USH. Our baseline data will serve as a well-founded reference for genetic counseling and better management for USH2A-IRD patients and putative therapeutic approaches.
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