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Abstract 36 

Pathogenic variants of paired box gene 2 (PAX2) cause autosomal dominant PAX2-37 

related disorder, which includes renal coloboma syndrome (RCS). Patients with PAX2-38 

related disorder present with renal and ophthalmological pathologies, as well as with 39 

other abnormalities, including developmental problems and hearing loss. We sequenced 40 

PAX2 in 457 patients with congenital anomalies of the kidney and urinary tract or with 41 

renal dysfunction of unknown cause and identified 19 different pathogenic variants in 42 

38 patients from 30 families (6.5%). Thirty-four patients had renal hypodysplasia or 43 

chronic kidney disease of unknown cause, and three had focal segmental 44 

glomerulosclerosis. Although no obvious genotype–phenotype correlation was 45 

observed, six of the seven patients who developed end-stage renal disease in childhood 46 

had truncating variants. Twenty-three patients had ocular disabilities, mostly optic disc 47 

coloboma. Non-renal and non-ophthalmological manifestations included developmental 48 

disorder, electrolyte abnormality, and gonadal abnormalities. Two unrelated patients 49 

had congenital cystic adenomatoid malformations in their lungs. Six of ten probands 50 

with PAX2 mutation identified by next-generation sequencing did not show typical RCS 51 

manifestations. We conclude that PAX2-related disorder has a variable clinical 52 

presentation and can be diagnosed by next-generation sequencing even in the absence of 53 

typical RCS manifestations.  54 

 55 

Keywords: PAX2-related disorder, renal coloboma syndrome, next-generation 56 

sequencing, congenital cystic adenomatoid malformation 57 
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Introduction 59 

Autosomal dominant PAX2-related disorder is caused by the pathogenic variants of 60 

paired box gene 2 (PAX2).1 These variants were first identified in 1995 in a family with 61 

an autosomal-dominant syndrome characterized by optic nerve abnormalities, renal 62 

hypoplasia, mild proteinuria, and vesicoureteral reflux.2, 3  PAX2-related disorder is 63 

often referred to as renal coloboma syndrome (RCS) or papillorenal syndrome (OMIM 64 

#120330). PAX genes derive their name from the paired box DNA sequence motif, a 65 

conserved 128 amino acid domain in the amino-terminal portion of the protein.4 Nine 66 

members of the PAX gene family have been described in humans, and they have been 67 

divided into four groups, depending upon the presence or absence of the following four 68 

domains: paired domain, octapeptide domain, homeodomain, and transactivation 69 

domain.  70 

Sequencing and restriction mapping of these clones showed that human PAX2, which 71 

is located on 10q24.31, is composed of 11 exons, spanning approximately 70 kb.5 PAX2 72 

has a crucial role in kidney development6,7  and is also expressed in the optic vesicle 73 

and, later, in the retina.8 More than 90% of patients with PAX2-related disorder show 74 

various renal problems, including renal hypodysplasia (RHD), focal segmental 75 

glomerulosclerosis (FSGS), and vesicoureteral reflux (VUR).9 Ophthalmological 76 

abnormalities, mainly optic disc coloboma, are often present in patients with PAX2-77 

related disorder. PAX2 encodes a transcription factor that mediates the development of 78 

the kidneys, eyes, ears, and genital tract;10 thus, PAX2-related disorder may have non-79 

renal and non-ophthalmological symptoms, such as sensorineural hearing loss, 80 

neurodevelopmental disorders, soft skin, and joint laxity.9 Recently, skeletal deformity, 81 

congenital heart defect, bone anomalies, including metatarsal macrosomia, have also 82 
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been reported.11 However, the details of clinical phenotypes and their relationship to 83 

genotypes in PAX2-related disorder are still unknown. 84 

In this study, we analyzed PAX2 pathogenic variants in patients clinically diagnosed 85 

with congenital anomalies of the kidney and urinary tract (CAKUT), cystic kidneys, or 86 

renal dysfunction of unknown cause with or without any ocular abnormalities. We used 87 

direct sequencing, next-generation sequencing (NGS), and array comparative genomic 88 

hybridization to correlate the symptoms of PAX2-related disorder with clinical 89 

manifestations in the Japanese population. 90 

 91 

Methods 92 

Subjects 93 

We analyzed the PAX2 sequence for patients at Japanese hospitals with clinically 94 

diagnosed renal disorders with few abnormalities on urinalysis; CAKUT, polycystic 95 

kidney disease, or renal dysfunction of unknown cause in the period from September 96 

2010 to May 2019. Patients with nephrotic syndrome or massive hematuria were 97 

excluded. The definition of CAKUT includes RHD, multicystic dysplastic kidney 98 

(MCDK), hydronephrosis, VUR, or renal agenesis. Details regarding the renal disease 99 

and other clinical features were obtained from the referring clinician or from the 100 

hospital records of patients. 101 

 102 

Ethical considerations 103 

All procedures involving human participants performed in this study were in accordance 104 

with the ethical standards of the Institutional Review Board of the Kobe University 105 

Graduate School of Medicine (IRB approvals No. 65 and No. 301) and with the 1964 106 
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Helsinki Declaration and its later amendments or comparable ethical standards. 107 

Informed consent was obtained from the patients or their parents. 108 

 109 

Genetic analysis 110 

DNA was isolated from a peripheral blood sample using a QuickGene Mini 80 system 111 

(Wako Pure Chemical Industries, Ltd., Tokyo, Japan) in accordance with the 112 

manufacturer’s instructions. Direct sequencing or targeted sequencing using NGS of 113 

genes responsible for the inherited disease was performed. For NGS, we used a 114 

HaloPlex (Agilent Technologies, Santa Clara, CA) or a TruSight One target enrichment 115 

system kit (Illumina, San Diego, CA) in accordance with the manufacturer’s 116 

instructions and sequencing was performed using MiSeq platform (Illumina). HaloPlex 117 

was used for targeted sequencing of 91 (version 1, Supplementary Table 1), 172 118 

(version 3, Supplementary Table 2), 159 (version 5, Supplementary Table 3), and 181 119 

genes (version 7, Supplementary Table 4) associated with CAKUT or cystic kidneys as 120 

cataloged in OMIM (http://www.omim.org/) or PubMed 121 

(http://www.ncbi.nlm.nih.gov/pubmed) databases. 122 

Data were analyzed by SureCall 4.0 (Agilent Technologies), a software for end-to-123 

end NGS data analysis. cDNA reference number of PAX2 in this study was 124 

NM_003987.4. Pathogenicity predictions were performed in accordance with the 125 

American College of Medical Genetics (ACMG) guidelines.12 Several websites, 126 

including CADD (https://cadd.gs.washington.edu/), PROVEAN 127 

(http://provean.jcvi.org/index.php), SIFT (https://sift.bii.a-star.edu.sg/), PolyPhen-2 128 

(http://genetics.bwh.harvard.edu/pph2/), and Mutation Taster (http://www.pathogenic 129 

varianttaster.org/) were used to predict variant pathogenicity (Supplementary Table 5). 130 
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Pair analysis by SureCall was used to ascertain changes in copy number relative to a 131 

reference. The changes in copy number were confirmed by aCGH.13 132 

  133 

Statistical analysis 134 

JMP version 10 for Windows (SAS Institute, Cary, NC) was used for statistical 135 

analysis. Data are represented as the median and confidence interval. Statistical analyses 136 

were performed using the Kruskal–Wallis test and by calculating Pearson’s correlation 137 

coefficient (r). All statistical analyses were conducted with a significance level of α = 138 

0.05 (P < 0.05). 139 

 140 

Results 141 

Characteristics of patients 142 

We analyzed 457 probands and their relatives (Supplementary Table 6). Twenty-five 143 

probands were analyzed only by direct sequencing, and 432 were analyzed by NGS. We 144 

identified the causative genes for CAKUT (such as HNF1B,14 EYA1,15 and SALL1), 145 

nephronophthisis (such as WDR1916 and OFD117), and polycystic kidney disease, in 146 

161 probands. PAX2 pathogenic variants were identified in 38 patients from 30 families 147 

(18 familial cases from 10 families and 20 sporadic cases) in 457 probands (6.5%). 148 

Nineteen probands were identified only by direct sequencing, and 11 were identified by 149 

NGS. The 19 patients identified by direct sequencing showed the typical RCS 150 

phenotype except for two patients (SC149, SC549).  None of the patients with 151 

pathogenic PAX2 variant had any other renal disease related to the causative gene 152 

mutations. The age at which the patients were diagnosed ranged between 1 month and 153 
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54 years, with the male/female ratio being 10:9 (Table 1). The detailed phenotypes and 154 

genotypes of the patients are shown in Table 2. 155 

 156 

Functional abnormalities and underlying renal disease 157 

Most cases, except for the patient’s family member (mother of SC472) identified by the 158 

segregation analysis, had chronic kidney disease of unknown cause with renal 159 

insufficiency (Tables 1, 2). Eleven patients were considered to have RHD and 23 160 

patients presented with renal insufficiency of unknown cause. Five patients had cystic 161 

kidneys, and one (SC30) had MCDK. VUR was found in two cases (SC15 sister and 162 

SC149). Bilateral hydronephrosis with renal dysfunction was confirmed in one case 163 

(SC274). Three cases (SC56 father, SC111, and SC521) presented with FSGS as a 164 

pathological finding. Seven patients (SC30, SC56 and his brother, SC287, SC315, 165 

SC415, and SC573) developed end-stage renal disease (ESRD) in childhood (13.2%).   166 

 167 

Ophthalmological findings  168 

In this cohort, 23/38 (60.5%) patients had ophthalmological abnormalities. Of the 169 

remaining 15 patients, 12 had a normal ophthalmological exam, whereas 170 

ophthalmological examination was not performed in three patients, most often due to 171 

the lack of clinical complaints about visual problems. Optic nerve abnormalities, for 172 

example, optic disc coloboma, were noted in 21 cases. Additional findings were 173 

amblyopia, exotropia, retinopathy of prematurity, and nystagmus (Tables 1, 2).  174 

 175 

Extrarenal manifestations 176 
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A wide range of non-renal, non-ophthalmological manifestations of PAX2-related 177 

disorder was revealed by our study. Developmental abnormalities including autism or 178 

language delay were found in four patients (SC30, SC274, SC472, and SC573). Growth 179 

abnormality (short stature) was found in three patients (SC274, SC300, and SC468). 180 

There were three patients with facial malformation including micrognathia (SC274 and 181 

SC622) or low-set ears (SC590). Congenital heart or vascular abnormalities were 182 

revealed in two patients (pulmonary stenosis in SC239 and small ventricular septal 183 

defect in SC415). We also found electrolyte imbalance (hypocalcemia in SC239 and 184 

hyponatremia in SC351), scoliosis (SC10), gonadal abnormalities (retractile testis in 185 

SC274, polycystic ovarian disease in SC287), unilateral kidney teratoma (SC287), and 186 

median cervical cyst (SC573). Congenital pulmonary abnormality (congenital cystic 187 

adenomatoid malformation, CCAM) was observed in two unrelated patients (SC30, 188 

SC315). To the best of our knowledge, this is the first observation of CCAM as a 189 

complication in PAX2-related disorder. In seven cases (18.4%), no extrarenal 190 

symptoms, including ophthalmological findings, were observed (Tables 1, 2). 191 

 192 

PAX2 pathogenic variant incidence 193 

We identified 19 distinct PAX2 pathogenic variants in 38 individuals from 30 families. 194 

Among them, the 10q24 deletion, including whole PAX2 gene,13 was found in two 195 

patients from one family, whereas other PAX2 variants were revealed in 37 patients. 196 

The majority of pathogenic variants in this gene are expected to result in a significant 197 

truncation of PAX2 protein through a shift in the reading frame (17 families), missense 198 

variants (6), nonsense variants (5), or disruption of a conserved splice site (1). Among 199 

the 19 different heterozygous pathogenic variants, seven (36.8%) have not been 200 
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previously registered in HGMD (http://www.hgmd.cf.ac.uk), dbSNP 201 

(https://www.ncbi.nlm.nih.gov/snp/), or ClinVar 202 

(https://www.ncbi.nlm.nih.gov/clinvar/) (Fig. 1, Table 2). 203 

 204 

Genotype-phenotype correlations 205 

Individuals with normal kidney structure tended to have a pathogenic variant in the 206 

paired domain region (P < 0.05). Although no clear genotype-phenotype correlation in 207 

terms of type and site of pathogenic variant emerged from this study, six of the seven 208 

patients who developed ESRD in their early period of life had truncating variants 209 

(nonsense or frameshift variants), and another one had a splice site mutation. 210 

 211 

Discussion 212 

We studied 38 patients from 30 families with PAX2-related disorder who were 213 

identified by direct sequencing or NGS. The latter comprehensive method is useful for 214 

determining the gene responsible when patients do not exhibit the typical phenotype of 215 

the target disorder. The use of NGS in our study enabled the characterization of a wide 216 

variety of clinical phenotypes in individuals with bona fide PAX2-related disorder. 217 

Okumura et al. reported that approximately half of the patients clinically diagnosed with 218 

RCS had PAX2 mutations.18 To the best of our knowledge, we are the first to report on 219 

the various phenotypes in Japanese patients with PAX2 mutation; some of the patients 220 

had no ophthalmologic abnormalities. 221 

PAX2 expression is crucial for the formation of kidneys.6,7 PAX2 dysregulation 222 

correlates with a multitude of various congenital abnormalities and pathological 223 

conditions. RHD is characterized by the reduced number and hypertrophy of nephrons. 224 
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In similarity with the most common findings of another study of patients with PAX2-225 

related disorder,9 renal insufficiency with RHD, including renal dysfunction of 226 

unknown cause (34 patients, 89.4%), was the most frequent renal disease in the present 227 

study. Other renal disorders, including MCDK, VUR, and FSGS, were observed in our 228 

cohort as in previous reports.9   229 

PAX2 expression is first observed in the optic sulcus during normal eye 230 

development, followed by the expression throughout the optic vesicle.19 The incidence 231 

of optic disc coloboma varied between each eye of the individuals in a family, although 232 

patients had the same PAX2 pathogenic variant, such as in the family of patient SC47 in 233 

the present study. Dysplasia of the optic nerve was the main ophthalmological finding 234 

of PAX2-related disorder. In a previous study,9 72% of the patients showed optic nerve 235 

abnormalities, and we have identified 23 patients with some ocular abnormalities 236 

(60.5%) in the present study. Eighteen patients had bilateral optic disc coloboma and 237 

three had unilateral coloboma. No cases with iris coloboma were observed in our study, 238 

which was in accordance with the findings of a previous report.1 Ophthalmological 239 

abnormalities did not consistently correlate with the genotype. 240 

In individuals with PAX2-related disorder, a broad variety of non-renal and non-241 

ophthalmological manifestations has been recorded.1 The PAX2 gene is expressed in 242 

many tissues besides the kidney and eye, including the otic vesicle, genitourinary tract, 243 

pancreas, cerebellum, hypothalamus, and midbrain/hindbrain boundaries.9 Some non-244 

renal and non-ophthalmological findings in our cohort are concordant with the pattern 245 

of PAX2 expression, e.g., in patient SC274 with retractile testis. Four patients had mild 246 

developmental disorders. This is a known manifestation of PAX2-related disorder.1 We 247 

believe that the causal association between developmental disorders and PAX2 variants 248 
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is unlikely. In the present study, two unrelated patients, both of whom had developed 249 

ESRD at an early age, had CCAM, a rare congenital lung malformation characterized 250 

by cysts of various sizes as a result of abnormal fetal bronchial development.20 CCAM 251 

has never been reported to be associated with PAX2-related disorder. Although the 252 

activity of several genes, including FGF10 or DICER1, may affect CCAM 253 

pathogenesis,21 the precise mechanism of CCAM development is still unknown. Further 254 

investigations will be needed to clarify the association between PAX2 and CCAM. 255 

Hearing loss is a frequent complication in PAX2-related disorder.1 Although not all the 256 

patients received a hearing test, none among them reported that hearing loss interfered 257 

with their daily lives. 258 

Seven novel variants out of 19 different pathogenic variants were identified in this 259 

study. Four novel variants (c.51del, c.89G>T, c.212G>T, and c.432del) were identified 260 

in cases with typical phenotypes of PAX2 pathogenic variants. Two variants (c.143del 261 

and c.89del) were identified in individuals with non-renal and non-ophthalmological 262 

findings, such as short stature and low set ear, respectively. The c.497-2A>G variant 263 

was identified in one individual with MCDK, autism, and CCAM without any abnormal 264 

ophthalmological findings.  265 

There were three recurring pathogenic variants in this cohort: c.76dup, c.76del, and 266 

c.310C>T. Furthermore, the frequently described recurring pathogenic variant, c.76dup, 267 

was identified in 14 cases from 10 families (33.3%). Clinical symptoms of the patients 268 

with c.76dup were variable (Tables 2, 3). Other recurring pathogenic variants were 269 

c.310C>T, which was identified in one family and one individual case, and c.76del, 270 

which was identified in two individual cases. To date, analyses of all reports do not 271 

show a consistent genotype–phenotype correlation in PAX2 related disorder. There is 272 
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currently no definite evidence that the location of a pathogenic variant (paired domain, 273 

octapeptide domain, partial homeodomain, or transactivation domain) or its type 274 

(missense variant, nonsense variant, or gene deletion) consistently predicts the clinical 275 

phenotype.9 276 

In the present study, we identified PAX2 pathogenic variants using NGS in 10 277 

patients (SC30, SC62, SC239, SC287, SC351, SC390, SC468, SC553, SC590, and 278 

SC607). Six of these patients had no ophthalmological anomalies, and one patient 279 

(SC62) was diagnosed with optic disc coloboma after genetic diagnosis. As we 280 

previously reported, patient SC390 displayed a typical RCS phenotype; however, direct 281 

sequencing did not identify PAX2 mutations. Using NGS, we identified whole gene 282 

deletions of PAX2.13 Patient SC607 was diagnosed with nephronophthisis-complicated 283 

retinopathy by the primary physician. We were able to identify PAX2 mutations in this 284 

patient using NGS. Previously, we reported about a patient with chronic renal 285 

insufficiency and bilateral optic disc edema diagnosed with RCS. PAX2 mutations were 286 

not identified in this patient. Using NGS, the patient was diagnosed with 287 

nephronophthisis related ciliopathy owing to compound heterozygous WDR35 288 

mutations.22 Nephronophthisis is an autosomal recessive disorder, whereas PAX2-289 

related disorder is autosomal dominant. Precise diagnoses affect the prognoses of 290 

patients and the ability to prescribe appropriate genetic counseling.  291 

PAX2 mutations are a major contributor to CAKUT; however, other contributing 292 

pathogenic gene variants include HNF1B, EYA1, and SALL1. Patients with these gene 293 

mutations occasionally have pathognomonic extra-renal symptoms.14,15,23 Therefore, 294 

CAKUT patients may be distinguished by the presence of an extra-renal phenotype. 295 

However, if they do not possess the extra-renal phenotype, NGS could be useful for 296 
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identifying the responsible genes. In our study, the patients with PAX2 mutations, 297 

analyzed using NGS, did not have other pathogenic gene variants contributing to their 298 

renal disorders.  299 

Our study had some limitations: 14 individual cases did not undergo segregation 300 

analysis. We could not completely follow up with all patients regarding their clinical 301 

courses after genetic analysis.    302 

In conclusion, we found that our patients showed considerable variation in clinical 303 

manifestations of the PAX2-related disorder. Our findings may help in identifying more 304 

individuals with pathogenic variants of PAX2. An accurate genetic diagnosis at an early 305 

stage of the disorder is crucial for the preservation of kidney function, optimization of 306 

genetic counseling, and improvement of the quality of life of patients.  307 
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Figure legend 436 

Figure 1. The gene structure of PAX2 (NM_003987.4) and locations of the various 437 

mutations identified in this study. 438 

 439 



Table 1 Characteristics of patients 
 Patients (n = 38) 
Age at diagnosis 
   Median (months) 
   Range  
Gender  
  Male 
  Female 

 
66 

1 month–54 years 
 

20 
18 

Kidney disease Patients 
Renal hypodysplasia or renal insufficiency of unknown cause  
Cystic kidney disease (including multicystic dysplastic kidney) 
Focal segmental glomerulosclerosis 
Vesicoureteral reflux 
Hydronephrosis 
Urinary lithiasis 

34 
5 
3 
2 
1 
1 

Ocular disease Patients 
Optic disc coloboma 
  bilateral 
  unilateral 
Others (amblyopia, exotropia, retinopathy of prematurity, nystagmus) 
No ocular abnormality 

21 
18 
3 

1 case of each 
12 

Non-renal and non-ophthalmological diseases Patients 

Developmental disorder 
Autism  
Mild intellectual disability 
Speech delay 

2 
1 
1 

Pulmonary Congenital cystic adenomatoid malformation 2 

Electrolyte 
Hypocalcemia 
Hyponatremia 

1 
1 

Gonadal abnormalities 
Retractile testis 
Polycystic ovarian disease 

1 
1 

Growth Short stature 3 

Facial malformation 
Micrognathia 
Low set ears 

2 
1 

Congenital heart or 
vascular anomalies 

Small ventricular septal defect 
Pulmonary stenosis 

1 
1 

Others 
Scoliosis 
Teratoma 
Median cervical cyst 

1 
1 
1 

 
 
 



Table 2 Clinical manifestations and genotypes of the patients in the study 

Family Patient 
Age at  

diagnosis 
Gender FH Kidney disease eGFR 

RRT 

(years) 
Ocular symptoms Other symptoms cDNA Amino acids Mutation HGMD 

dbSNP or 

ClinVar 

ACMG interpretation 

Method HPx Inheritance Ref 
Category 

Evidence of 

pathogenicity 
Classification 

1 

SC10 13 F 

+ 

CKD 59.1 - 
b. optic disc 

coloboma 
scoliosis 

c.76dup p.Val26GlyfsTer28 frameshift CI951965 rs75462234 

PVS1 

PP1, PP4, 

PP5 

Very strong 

3 Supporting 
Pathogenic 

DS 

Father1 25 

Sister 15 F CKD, VUR NA - 
b. optic disc 

coloboma 
- DS  

2 SC30 2 M - r. MCDK, l. RHD NA 7, RT - autism, CCAM c.497-2A>G - splice site - - 

PVS1 

PM2 

PP4 

Very strong 

1 Moderate 

1 Supporting 

Likely 

pathogenic 
TS1  unknown   

3 SC32 5m F - b. RHD 22.4 - 
b. optic disc 

coloboma 
- c.432del p.Gln144HisfsTer15 frameshift - - 

PVS1 

PM2, PM4 

Very strong 

2 Moderate 
Pathogenic DS  unknown   

4 

SC47 2m M 

+ 

b. RHD 19.4 - 
b. optic disc 

coloboma 
- 

c.310C>T p.Arg104Ter nonsense CM076374 - 

PVS1 

PM2 

PP1, PP4, 

PP5 

Very strong 

1 Moderate 

3 Supporting 

Pathogenic 

DS  Mother 

  
Mother NA F b. RHD NA - - - DS  unknown 

Brother 2m M b. RHD NA - NA - DS  Mother 

5 

SC56 25 M 

+ 

CKD 7.1 7, HD - - 

c.76dup p.Val26GlyfsTer28 frameshift CI951965 rs75462234 

PVS1 

PP1, PP4, 

PP5 

Very strong 

3 Supporting 
Pathogenic 

TS1  Father 

26 Father 51 M FSGS NA - - - DS  unknown 

Brother 26 M CKD NA 8, RT - - DS  Father 

6 SC62 1 M - CKD NA - 
b. optic disc 

coloboma 
- c.89G>T p.Gly30Val missense - - 

PM1, PM2 

PP3, PP4 

2 Moderate 

2 Supporting 

Likely 

pathogenic 
TS1  unknown   

7 SC111 6 M - FSGS 29.4 - 
b. optic disc 

coloboma 
- c.70-72delinsA p.Gly24ArgfsTer29 frameshift CX194156 - 

PVS1 

PM2 

PP4, PP5 

Very strong 

1 Moderate 

2 Supporting 

Pathogenic DS  unknown 24, 27 

8 SC114 3 M - CKD NA - 
b. optic disc 

coloboma 
- c.76dup p.Val26GlyfsTer28 frameshift CI951965 rs75462234 

PVS1 

PS2 

PP4, PP5 

Very strong 

1 Strong 

2 Supporting 

Pathogenic DS  de novo   

9 SC149 9 M - CKD, b. VUR 32.8 - - - c.76dup p.Val26GlyfsTer28 frameshift CI951965 rs75462234 

PVS1 

PS2 

PP4, PP5 

Very strong 

1 Strong 

2 Supporting 

Pathogenic DS  de novo   

10 SC183 14 M - CKD 65.4 - 
b. optic disc 

coloboma 
- c.239C>T p.Pro80Leu missense CM148848 RCV000549890.2 

PM1, PM2 

PP1, PP3, 

PP4, PP5 

2 Moderate 

4 Supporting 

Likely 

pathogenic 
DS  uniparental2   

11 SC184 2 F - CKD 38 - 
r. optic disc 

coloboma 
- c.51del p.His17QGlnfsTer4 frameshift - - 

PVS1 

PS2 

PM2 

PP4 

Very strong 

1 Strong 

1 Moderate 

1 Supporting 

Pathogenic DS  de novo   



12 SC239 2m F - CKD NA - - 

hypocalcemia, 

pulmonary artery 

stenosis 

c.76dup p.Val26GlyfsTer28 frameshift CI951965 rs75462234 
PVS1 

PP4, PP5 

Very strong 

2 Supporting 
Pathogenic HPx 1 unknown 28 

13 SC252 9 F - CKD 46.7 - 
b. optic disc 

coloboma 
- c.76del p.Val26CysfsTer3 frameshift CD992538 rs75462234 

PVS1 

PP4, PP5 

Vary strong 

2 Supporting 
Pathogenic DS  unknown   

14 SC274 4 M - 
CKD, b 

hydronephrosis 
52.8 - 

b. optic disc 

coloboma 

retractile testis, mild ID, 

micrognathia, short 

stature 

c.220G>T p.Glu74Ter nonsense - RSV000681874.1 

PVS1 

PM2 

PP3, PP4, 

PP5 

Very strong 

1 Moderate 

3 Supportive 

Pathogenic DS  unknown 29 

15 SC287 1 F - 
r. RHD, l. 

teratoma 
21 3, PD 

retinopathy of 

prematurity 

polycystic ovarian 

disease 
c.76del p.Val26CysfsTer3 frameshift CD992538 rs75462234 

PVS1 

PS2 

PP4, PP5 

Very strong 

1 Strong 

2 Supportive 

Pathogenic HPx 3 de novo   

16 SC300 5 M + CKD 72 - 
b. optic disc 

coloboma 
short stature c.143del p.Gly48ValfsTer35 frameshift - - 

PVS1 

PM2 

PP1, PP4 

Very strong 

1 Moderate 

2 Supportive 

Pathogenic DS  Father   

17 SC315 6m M - CKD NA 2, RT 
b. optic disc 

coloboma 
l. CCAM c.310C>T p.Arg104Ter nonsense CM076374 - 

PVS1 

PM2 

PP4 

Very strong 

1 Moderate 

1 Supporting 

Pathogenic DS  unknown   

18 SC351 1 M - CKD 47.6 - - hyponatremia  c.418C>T p.Arg140Trp missense CM1815853 rs1217241110 

PS2 

PM1, PM2 

PP3, PP4, 

PP5 

1 strong 

2 Moderate 

1 Supporting 

Pathogenic HPx 3 de novo   

19 

SC390 30 F 

+ 

CKD, cystic 

kidney 
34.4 - r. amblyopia - 

arr[GRCh37] 10q24.2q24.32(100315515_103049862)x1 deletion CG122659   
PVS1 

PP1, PP5 

Very strong 

2 Supporting 
Pathogenic HPx, aCGH 

3 Mother 

14 

Mother 54 F 
CKD, cystic 

kidney 
62.8 - NA NA  unknown 

20 SC415 26 F - CKD  40.2 7, RT 

b. optic disc 

coloboma, 

exotropia 

small ventricular septal 

defect 
c.76dup p.Val26GlyfsTer28 frameshift CI951965 rs75462234 

PVS1 

PP4, PP5 

Very strong 

2 Supporting 
Pathogenic DS  unknown   

21 SC456 14 F - b. RHD 17.1 - 
l. optic disc 

coloboma 
- c.832C>T p.Gln278Ter nonsense CM194157 - 

PVS1 

PM2 

PP3, PP4, 

PP5 

Very strong 

1 Moderate 

3 Supporting 

Pathogenic DS  unknown 24 

22 
SC468 3 F 

+ 

CKD, small 

cystic kidney 
65.2 - - short stature 

c.70G>C p.Gly24Arg missense CM194583 - 

PM1, PM2 

PP1, PP3, 

PP4, PP5 

2 Moderate 

4 Supporting 

Likely 

pathogenic 

HPx 5 Mother 
30 

Mother 32 F CKD NA - NA - DS  unknown 

23 

SC472 2 M 

+ 

CKD 56.3 - 
b. optic disc 

coloboma 

mild delay in language 

development 
c.76dup p.Val26GlyfsTer28 frameshift CI951965 rs75462234 

PVS1 Very strong 

Pathogenic 

DS  Mother   

Mother NA F NA NA - 
b. optic disc 

coloboma 
urinary lithiasis 

PP1, PP4, 

PP5 
3 Supporting DS  Mother1   

24 SC521 14 F - FSGS 40 - - - c.76dup p.Val26GlyfsTer28 frameshift CI951965 rs75462234 
PVS1 

PP4, PP5 

Very strong 

2 Supporting 
Pathogenic DS  unknown   



25 SC553 12 M - b. RHD 18 - 
b. optic disc 

coloboma 
- c.419G>A  p.Arg140Gln missense CM068671 rs865906227 

PM1, PM2 

PP3, PP4, 

PP5 

2 Moderate 

3 Supporting 

Likely 

pathogenic 
DS  Mother   

26 SC573 10 M - b. RHD, RTA 24.9 11, RT - 
autism, median cervical 

cyst 
c.76dup p.Val26GlyfsTer28 frameshift CI951965 rs75462234 

PVS1 

PP4, PP5 

Very strong 

2 Supporting 
Pathogenic HPx 7 unknown   

27 SC590 1 F - b. RHD 43 - - low set ears c.89del p.Gly30AlafsTer8 frameshift - - 

PVS1 

PS2 

PP4 

Very strong 

1 Strong 

1 Supporting 

Pathogenic HPx 7 de novo   

28 SC605 2m F - b. RHD 21.2 - 
b. optic disc 

coloboma 

pulmonary 

hypertension, cerebellar 

hemorrhage 

c.212G>T p.Arg71Met missense - - 

PM1, PM2, 

PM3 

PP3, PP4 

3 Strong 

2 Moderate 

Likely 

pathogenic 
DS  unknown   

29 SC607 13 M - 
CKD, cystic 

kidney 
66.9 - 

l. optic disc 

coloboma, 

nystagmus 

hyperuricemia c.76dup p.Val26GlyfsTer28 frameshift CI951965 rs75462234 
PVS1 

PP4, PP5 

Very strong 

2 Supporting 
Pathogenic HPx 7 Mother1   

30 SC622 1m M - CKD 23.7 - 

b. optic disc 

coloboma, r. 

orbital cyst 

micrognathia c.343C>T p.Arg115Ter nonsense CM034444 - 

PVS1 

PM2 

PP3, PP4, 

PP5 

Very strong 

1 moderate 

3 Supporting 

Pathogenic DS  unknown   

 

1 the patient’s parent was affected with the same disorder; however, genetic analyses were not performed. 2“uniparental” indicates that the variant was inherited from father or mother. 

ACMG, American College of Medical Genetics; b. bilateral; CCAM, congenital cystic adenomatoid malformation; CKD, chronic kidney disease (means renal dysfunction of unknown cause); DS, direct sequencing; eGFR, estimated 

glomerular filtration rate; F, female; FH, family history; FSGS, focal segmental glomerulosclerosis; HD, hemodialysis; HGMD, Human Genome Mutation Database; HPx, HaloPlex; ID, intellectual disability; l., left; M, male; MCDK, 

multicystic dysplastic kidney; NA, not available; PD, peritoneal dialysis; PM, moderate evidence of pathogenicity; PP, Supportive evidence of pathogenicity; PS, Strong evidence of pathogenicity; Pt, patient; Ref, references; PVS, 

very strong evidence of pathogenicity; RHD, renal hypodysplasia; RRT, renal replacement therapy; RT, renal transplantation; RTA, renal tubular acidosis; TS1, TruSight One Sequencing Panel; VUR, vesicoureteral reflux.  

 

 





Supplementary Table 1: The gene list constructed using HaloPlex (91 genes). 
 

ACE CITED1 GATA3 NPHP4 PAX2 SPRY1 ZEB2 

ACTN4 CTDNEP1 GDNF IQCB1 PAX8 TNXB  

AGT CXCL12 HOXA13 CEP290 PKD1 TP53  

AGTR1 CXCR4 HNF1B GLIS2 PKD2 TRAP1  

AHI1 DSTYK HOXD11 RPGLIP1L PKHD1 TRPC6  

ANLN EP300 IFN2 NEK8 REN UMOD  

APOL1 EYA1 KAL1 SDCCAG8 RET UPK3A  

BMP2 FAT3 LMX1B TMEM67 ROBO2 VANGL2  

BMP4 FAT4 MDM2 TTC21B ROR1 WNT4  

BMP7 FOXD1 MI2B (CHD4) WDR19 ROR2 WNT5A  

CC2D2A FGF2 MUC1 XNF423 SALL1 WNT7A  

CD2AP FGF9 MYO1E CEP164 SIX1 WNT7B  

CDC5L FGF20 NPHP1 ANKS6 SIX2 WNT9B  

CHD1L FZD4 INVS IFT172 SIX5 WNT11  

CHRM3 FZD8 NPHP3 OFD1 SOX17 WT1  

 
 



Supplementary Table 2: The gene list constructed using HaloPlex (172 genes). 
 

ACE B9D1 CD2AP CTDNEP1 FOXD1 IFN2 LMNA NUP107 RET TBX1 TSC1 WNT7B 

ACTN4 B9D2 CDC5L CXCL12 FRAS1 IFT27 LMX1B NUP133 ROBO2 TBX18 TSC2 WNT9B 

ADCK4 BBIP1 CENPF CXCR4 FREM1 IFT43 LZTFL1 NXF5 ROR1 TCTN2 TTC8 WNT11 

AGT BBS1 CEP41 DCDC2 FREM2 IFT81 MDM2 OFD1 ROR2 TCTN3 TTC21B WT1 

AGTR1 BBS2 CEP83 DDX59 FZD4 IFT122 MKKS OSR1 RPGLIP1L TMEM67 UMOD XPNPEP3 

AGTR2 BBS4 CEP104 DSTYK FZD8 IFT140 MKS1 PAX2 SALL1 TMEM138 UPK3A ZEB2 

AHI1 BBS5 CEP120 DYNC2H1 GANAB IFT172 MUC1 PAX8 SDCCAG8 TMEM216 VANGL2 ZNF423 

ALG13 BBS7 CEP164 EP300 GATA3 INPP5E MYO1E PDE6D SIX1 TMEM231 WDPCP  

ALMS1 BBS10 CEP290 EYA1 GDNF INVS NEK1 PKD1 SIX2 TMEM237 WDR19  

ANKS3 BBS12 CHD1L FAT3 GLIS2 IQCB1 NEK8 PKD2 SIX5 TNXB WDR34  

ANKS6 BMP2 CHD4 FAT4 GREM1 ITGA8 NODAL PKHD1 SLIT2 TP53 WDR35  

ANLN BMP4 CHRM3 FGF2 GRIP1 KAL1 NPHP1 PLCE1 SOX17 TRAF3IP1 WDR60  

APOL1 BMP7 CITED1 FGF9 HOXA13 KIAA0586 NPHP3 PODXL SPRY1 TRAP1 WNT4  

ARL6 C5orf42 COQ6 FGF20 HOXD11 KIF14 NPHP4 PTHB1 SRGAP1 TRIM32 WNT5A  

ARL13B CC2D2A CSPP1 FGFR2 HNF1B LAMB2 NPHS2 REN TBC1D1 TRPC6 WNT7A  

 



Supplementary Table 3: The gene list constructed using HaloPlex (159 genes). 
 

ACE BBS1 CEP41 DYNC2H1 GANAB IFT80 LMNA PDE6D SIX1 TMEM107 WDPCP 

AGT BBS2 CEP83 DZIP1L GATA3 IFT81 LMX1B PIBF1 SIX2 TMEM138 WDR19 

AGTR1 BBS4 CEP104 EP300 GDNF IFT122 LZTFL1 PKD1 SIX5 TMEM216 WDR34 

AGTR2 BBS5 CEP120 EVC GLIS2 IFT140 MKKS PKD2 SLIT2 TMEM231 WDR35 

AHI1 BBS7 CEP164 EVC2 GLIS3 IFT172 MKS1 PKHD1 SOX17 TMEM237 WDR60 

ALG9 BBS10 CEP290 EXOC4 GRIP1 INPP5E MUC1 PTHB1 SPRY1 TNXB WNT4 

ALMS1 BBS12 CHD1L EXOC8 GRLF1 INVS NEK1 REN SRGAP1 TRAF3IP1 WT1 

ANKS3 C2CD3 CHD4 EYA1 HNF1B IQCB1 NEK8 RET TBC1D1 TRIM32 XPNPEP3 

ANKS6 C5orf42 CHRM3 FAN1 HOXA13 ITGA8 NPHP1 ROBO2 TBC1D32 TSC1 ZNF423 

ARL6 C21orf2 CITED1 FGF9 HPRT1 JAG1 NPHP3 RPGLIP1L TBX1 TSC2   

ARL13B CC2D2A CSPP1 FGF20 HYLS1 KAL1 NPHP4 SALL1 TBX18 TTBK2   

ATXN10 CCDC28B CTDNEP1 FGFR2 ICK KIAA0586 OFD1 SARS2 TCTN1 TTC8   

B9D1 CDC5L DCDC2 FRAS1 IFN2 KIF7 PAX2 SCLT1 TCTN2 TTC21B   

B9D2 CENPF DDX59 FREM1 IFT27 KIF14 PAX8 SDCCAG8 TCTN3 UMOD   

BBIP1 CEP19 DSTYK FREM2 IFT43 LIFR PBX1 SEC61A1 TMEM67 VANGL2   

 



Supplementary Table 4: The gene list constructed using HaloPlex (181 genes). 
 

ACE BBS1 CEP83 EP300 GFRA1 IFT80 LRIG2 PIBF1 SOX11 TNXB ZNF423 

ACTG2 BBS2 CEP104 EVC GLIS2 IFT81 LRP5 PKD1 SOX17 TRAF3IP1  
AGT BBS4 CEP120 EVC2 GLIS3 IFT122 LZTFL1 PKD2 SPRY1 TRIM32  

AGTR1 BBS5 CEP164 EXOC4 GPC3 IFT140 MAPKBP1 PKHD1 SRGAP1 TSC1  
AGTR2 BBS7 CEP290 EXOC8 GREB1L IFT172 MKKS REN SUFU TSC2  
AHI1 BBS9 CHD1L EYA1 GREM1 INPP5E MKS1 RET TBC1D32 TTC8  
ALG8 BBS10 CHD4 FAN1 GRIP1 INTU MUC1 ROBO2 TBX1 TTC21B  
ALG9 BBS12 CHD7 FGF20 HNF1B INVS NEK1 RPGRIP1L TBX18 UMOD  

ALMS1 BICC1 CHRM3 FGFR1 HOXA13 IQCB1 NEK8 SALL1 TCTEX1D2 UPK3A  
ANKS6 C2CD3 CITED1 FGFR2 HPRT1 ITGA8 NOTCH2 SARS2 TCTN1 VANGL2  
ARL3 C5orf42 CRB2 FRAS1 HPSE2 JAG1 NPHP1 SCLT1 TCTN2 WDPCP  
ARL6 C8orf37 CSPP1 FREM1 HYLS1 KAL1 NPHP3 SDCCAG8 TCTN3 WDR19  

ARL13B CC2D2A DCDC2 FREM2 INF2 KIAA0556 NPHP4 SEC61A1 TMEM67 WDR34  
ARMC9 CCDC28B DDX59 GANAB IFT27 KIAA0586 OFD1 SIX1 TMEM107 WDR35  
ATXN10 CDC5L DNAJB11 GATA3 IFT43 KIAA0753 PAX2 SIX2 TMEM138 WDR60  

B9D1 CDKN1C DSTYK GDF11 IFT52 KIF7 PAX8 SIX5 TMEM216 WNT4  
B9D2 CENPF DYNC2H1 GDNF IFT57 KIF14 PBX1 SLIT2 TMEM231 WT1  
BBIP1 CEP41 DZIP1L GEN1 IFT74 LMX1B PDE6D SOX9 TMEM237 XPNPEP3  

 



Supplementary Table 5: The in-silico evaluations for missense variants in the study 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: CADD, Combined Annotation Dependent Depletion; D, damaging or deleterious. PROVEAN, Protein Variation Effect Analyzer.  

 

Family  Patient CADD PROVEAN SIFT Polyphen2 Mutation Taster 

6 SC62 28.5 D D D D 

10 SC183 34 D D P D 

18 SC351 35 D D D D 

22 

SC468 

32 D D D D 

Mother 

25 SC553 35 D D D D 

28 SC605 29 D D D D 



Supplementary Table 6: Profiles (gender, age, and type of renal disorder) of the probands in this study. 
 

Gender Age Disease No. of Patients Total  

Male 

child (-18 years) 
CAKUT 131 

263 
Others 79 

adult (+18 years) 
CAKUT 17 

Others 36 

Female 

child (-18 years) 
CAKUT 62 

189 
Others 88 

adult (+18 years) 
CAKUT 10 

Others 29 

Unknown 

child (-18 years) 
CAKUT 1 

5 
Others 4 

adult (+18 years) 
CAKUT 0 

Others 0 

Total    457 
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