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Abstract
PAX2-related disorders encompass renal coloboma syndrome (RCS) and hereditary focal segmental
glomerulosclerosis (FSGS)type 7. In this multicenter study on patients with PAX2 mutations, we explored
genotype-phenotype correlations regarding kidney and ocular involvement and long-term clinical outcomes.
Among 27 patients with PAX2 mutations detected from 2004–2022, 19 had RCS, 4 had FSGS, and 4 had
isolated congenital anomalies of the kidneys and urinary tract (CAKUT). Based on genotypes, patients were
classified into truncating (n=22) and missense (n=5) mutation groups. Truncating mutations were
associated with RCS in 81.8% of cases, while missense mutations were linked to FSGS (n=2) and isolated
CAKUT (n=2) in 80.0% of cases (P=0.034). Fourteen patients developed kidney failure at a median age of
14.5 years, with no difference in kidney survival between the truncating and missense mutation groups.
However, mutations in the paired domain of PAX2  resulted in kidney failure more rapidly than mutations in
other sites (P=0.025). Regarding ocular manifestations, the truncating mutation group exhibited more
common, earlier onset and severe involvement compared to the missense mutation group. Our findings
support genotype-phenotype correlations in ophthalmology field and emphasize the impact of the paired
domain on kidney outcomes in patients with PAX2mutations.

Introduction
Renal-coloboma syndrome (RCS, OMIM 120330) is a rare form of chronic kidney disease (CKD)
accompanied by retinal coloboma, which was first described by Weaver et al. in 1988.1 It is characterized
by renal hypodysplasia (RHD) and optic disc anomalies.2, 3 In 1995, PAX2 was found to be the causative
gene of RCS, as well as vesicoureteral reflux and renal dysplasia.4 The PAX2 gene was the first specific
gene identified to be associated with congenital anomalies of the kidneys and urinary tract (CAKUT).4

Currently, PAX2 mutation is known as the second-most common genetic cause of CAKUT with or without
optic disc anomalies.5–8 In 2014, PAX2 was found to be associated with adult-onset focal segmental
glomerulosclerosis (FSGS) and listed as a causative mutation of FSGS (FSGS7, OMIM616002).9–11

PAX2, paired box gene 2, is a transcription factor that plays key roles in development of the kidneys, eyes,
ears, and urogenital tract. During kidney development, PAX2 suppresses apoptosis in the developing
ureteric bud; therefore, PAX2 mutations increase apoptosis during the development of the kidneys and
urinary tract, which may underlie the decreased nephron number, hypertrophy of the remaining nephrons,
and RHD.12–14 On the other hand, PAX2 also suppresses WT1, an important transcription factor of
podocytes, and its mutation causes congenital nephrotic syndrome and FSGS. A reduction in PAX2
expression in the visceral epithelium of the future glomeruli of the S-shaped body is accompanied by a
marked increase in WT1 expression,15 and an animal model demonstrated that PAX2 re-expression in
mature podocytes could be related to glomerular diseases.16

With the advent of genetics, recent studies have reported variable and overlapping phenotypes of PAX2-
related disorders.17, 18 In addition, some reports have demonstrated that PAX2 mutations were detected in
patients with CKD of unknown etiology.19–21 However, little data are available regarding the association
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between genotype and clinical manifestations in patients with PAX2 mutations, and previous studies have
not provided longitudinal data on the clinical manifestations of PAX2-related disorders. In this study, we
investigated the genotype-phenotype correlations of renal and ocular involvement, including long-term
clinical outcomes, in patients with PAX2 mutations.

Materials and Methods

Study participants
A total of 27 Korean patients with PAX2 mutations were enrolled from four pediatric nephrology centers in
South Korea between August 2006 and May 2022 (Table 1). Eight patients had PAX2 mutations identified
by Sanger sequencing for RCS with optic nerve coloboma and kidney abnormalities. Twelve patients were
confirmed to have PAX2 mutations by targeted exome sequencing (TES) for CAKUT, steroid-resistant
nephrotic syndrome (SRNS), or cystic kidney disease.22–24 Furthermore, seven patients were found to have
PAX2 mutations by whole exome sequencing (WES) for chronic kidney disease of an unknown cause. All
the patients were unrelated, except for one sibling (cases 1 and 2). Thirteen cases have been published in
previous studies (Supplementary Table S2).22, 23, 25, 26 Clinical and laboratory data were obtained through a
retrospective review of electronic medical records. This study was approved by the Institutional Review
Boards of Seoul National University Hospital (No 2011-048-1171), Seoul National University Bundang
Hospital (No B-2104-681-408), Pusan National University Children’s Hospital (No. 05-2021-230 (2021 − 
0206)), and Jeju National University Hospital (No 2021-01-007). The requirement for informed consent was
waived because only retrospective data were used in this study by the the Institutional Review Boards of
Seoul National University Hospital (No 2011-048-1171), Seoul National University Bundang Hospital (No B-
2104-681-408), Pusan National University Children’s Hospital (No. 05-2021-230 (2021 − 0206)), and Jeju
National University Hospital (No 2021-01-007). All procedures were performed in accordance with the
Declaration of Helsinki.



Page 5/22

Table 1
Genotypes and initial presentation of patients with PAX2 mutations

Case Sex cDNA Protein Onset age
(years)

Initial
presentation

Age at last
visit (years)

Renal coloboma syndrome

1 M c.76dupG p.Val26Glyfs*28 7.2 Esotropia 35.5

2 M c.76dupG p.Val26Glyfs*28 3.8 Nystagmus 32.4

3 M c.76dupG p.Val26Glyfs*28 0.2 Microphthalmia 28.6

4 F c.76dupG p.Val26Glyfs*28 6.6 Proteinuria 29.7

5 M c.76dupG p.Val26Glyfs*28 0.5 Nystagmus Death at 9.1

6 M c.310C > T p.Arg104* 0.3 Nystagmus 17.5

7 M c.754C > T p.Arg252* 3.0 Nystagmus 18.8

8 M c.76dupG p.Val26Glyfs*28 0.1 CKD 20.5

9 M c.344G > C p.Arg115Pro 0.1 CKD 24.4

10 M c.535_546delinsT p.Asn179Trpfs*17 0.1 Abnormal
prenatal USG

5.9

11 M c.76dupG p.Val26Glyfs*28 0.1 CKD 13.1

12 F c.76dupG p.Val26Glyfs*28 0.1 Abnormal
prenatal USG

6.4

13 M c.343C > T p.Arg115* 0.1 Abnormal
prenatal USG

11.4

14 F c.860delA p.Gln287Argfs*10 10.1 Proteinuria 10.9

15 M c.754C > T p.Arg252* 0.3 Nystagmus 13.0

16 M c.76dupG p.Val26Glyfs*28 0.1 Abnormal
prenatal USG

5.4

17 F c.76delG p.Val26Cysfs*3 0.1 Abnormal
prenatal USG

16.4

18 F c.76dupG p.Val26Glyfs*28 10.2 CKD 43.1

19 M c.361_373dup p.Asp125Glyfs*5 4.5 Proteinuria 33.0

Focal segmental glomerulosclerosis

20 M c.76dupG p.Val26Glyfs*28 5.2 Proteinuria 29.4

M, male; F, female; PU, proteinuria; CKD, chronic kidney disease; USG, ultrasonography

The reference sequence of PAX2 gene is NM_003990.5.
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Case Sex cDNA Protein Onset age
(years)

Initial
presentation

Age at last
visit (years)

Renal coloboma syndrome

21 M c.223_226dup p.Gly76Aspfs*27 13.4 Proteinuria 27.5

22 F c.74G > A p.Gly25Glu 7.3 Proteinuria 23.8

23 M c.419G > A p.Arg140Gln 7.8 Proteinuria 11.6

Isolated congenital anomalies of the kidney and urinary tract

24 M c.686-1G > T - 9.1 Proteinuria 12.9

25 F c.832C > T p.Gln278* 6.1 Proteinuria 11.6

26 F c.1052G > T p.Gly351Val 0.1 Proteinuria 1.6

27 M c.206T > C p.Leu69Pro 9.1 Proteinuria 31.2

M, male; F, female; PU, proteinuria; CKD, chronic kidney disease; USG, ultrasonography

The reference sequence of PAX2 gene is NM_003990.5.

Genetic analysis
Genomic DNA was extracted from nucleated cells in the peripheral blood or buccal swab samples. All
exons of the PAX2 gene were analyzed by Sanger sequencing in patients with characteristic RCS.25

Disease-causing genes for CAKUT, SRNS, or cystic kidney disease were selected for TES.22–24 Exome
capture kits, sequencing platforms, and reference human genome sequences were used to perform TES
and WES, as previously published (Supplementary Table S3).22–24, 26 When TES and WES revealed PAX2
mutations, we confirmed them by Sanger sequencing of the proband and parents, when available. Variants
classified as pathogenic or likely pathogenic based on the American College of Medical Genetics and
Genomics guidelines were considered disease-causing mutations.27

Genotype-phenotype correlation
The clinical phenotypes were categorized as RCS, FSGS, or isolated CAKUT. The diagnosis of CAKUT was
made based on kidney imaging studies. Additionally, RHD was defined as abnormally small kidneys with
poor corticomedullary differentiation and increased renal parenchymal echogenicity upon kidney imaging,
while RCS was defined as CAKUT with ocular involvement. Furthermore, FSGS was defined as compatible
pathologic findings of the kidney. Ocular involvement with PAX2 variants was defined as optic disc
dysplasia (abnormal development of the optic disc, such as optic disc excavation or optic disc hypoplasia)
with numerous cilioretinal vessels.28 Fundus photographs were obtained from all patients, and an
experienced ophthalmologist reviewed photographs of the fundus of both eyes of each patient. A Snellen
chart was used to measure the best corrected visual acuity, which was converted to the logarithm of the
minimum angle of resolution (logMAR) value for analysis. Favorable visual acuity was defined as a best
visual acuity of 20/40 or more at nadir. Furthermore, visual field testing was performed using Goldmann or
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Humphrey visual perimetry, and cross-sectional images of the optic disc and macular area were evaluated
using spectral domain optical coherence tomography (Cirrus HD-OCT, Carl Zeiss Meditec, Dublin, CA, USA)
when further examination was required.

To evaluate the genotype-phenotype correlation, the patients were grouped as follows: (1) truncating
mutation group and missense mutation group according to mutation type in PAX2 and (2) paired domain
group and other sites group according to mutation site in PAX2. Nonsense, frameshifting, and splice site
mutations were classified as truncating mutations. Additionally, we evaluated kidney and ocular outcomes
according to mutation type and location in the PAX2 gene.

Statistical analysis
SPSS version 23.0 (Armonk, NY, USA) was used for statistical analysis. Values are presented as median
and interquartile range (IQR). Categorical variables were analyzed using Fisher’s exact test and continuous
variables were compared using the Mann-Whitney U test or Kruskal-Wallis test. The effect on long-term
kidney survival rates and the onset of ocular manifestations was analyzed using Kaplan-Meier survival
probability estimates and a log-rank test. P < 0.05 was considered statistically significant.

Results
Among a total of 27 patients, 19 were diagnosed with RCS, 4 with FSGS, and 4 with isolated CAKUT
without ocular manifestations. The median onset age and age at the last follow up were 1.8 (IQR, 0.1–7.0)
and 17.0 (IQR, 10.5–27.8) years, retrospectively (Table 1, Supplementary Fig. S1). The most common initial
presentation was proteinuria (n = 10), followed by ocular symptoms such as nystagmus and
microphthalmia (n = 7), abnormalities on ultrasonography (USG) (n = 5), and CKD (n = 5). The median age
at genetic diagnosis was 12.4 (IQR, 8.8–19.0) years.

Kidney manifestations
In the 27 patients, the median age at the onset of kidney manifestations was 6.1 (IQR, 0.1–9.1) years
(Table 2). At the time of kidney problem diagnosis, 22 (81.5%) of the 27 patients already had CKD, and 11
were infants. Fourteen (53.8%) patients developed kidney failure at a median age of 14.5 (95% confidence
interval, 11.9–17.1) years, which was estimated by Kaplan-Meier analysis.
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Table 2
Kidney manifestations in patients with PAX2 mutations.

Case Mutation Onset age
at kidney
symptoms
(years)

Kidney
manifestations

USG Biopsy Age at
CKD

(years)

Age at
KFRT

(years)

Renal coloboma syndrome

1 c.76dupG 12.0 PU RHD FSGS 12.0 12.2

2 c.76dupG 8.0 PU RHD,
horseshoe
kidney

ND 8.0 17.5

3 c.76dupG 9.7 PU, CKD RHD FSGS 9.7 14.8

4 c.76dupG 6.6 PU RHD ND 6.6 8.6

5 c.76dupG 1.0 PU, CKD RHD ND 1.0 7.1

6 c.310C > T 1.0 PU, CKD RHD, CC ND 1.0 9.5

7 c.754C > T 15.0 PU, CKD RHD ND 15.0 NY

8 c.76dupG 0.1 CKD RHD, CC ND 0.1 3.2

9 c.344G > C 0.1 CKD RHD, CC ND 0.1 10.4

10 c.535_546delinsT 0.1 Abnormal
prenatal USG

RHD, CC ND 0.1 NY

11 c.76dupG 0.1 CKD RHD, CC ND 0.1 NY

12 c.76dupG 0.1 Abnormal
prenatal USG

RHD, CC ND 0.1 NY

13 c.343C > T 0.1 Abnormal
prenatal USG

RHD, CC ND 0.1 NY

14 c.860delA 10.1 PU RHD ND 10.1 NY

15 c.754C > T 8.5 Abnormal USG RHD, CC ND 10.0 NY

16 c.76dupG 0.1 Abnormal
prenatal USG

RHD, CC ND 0.1 NY

17 c.76delG 0.1 Abnormal
prenatal USG

RHD, CC ND 0.1 0.2

18 c.76dupG 10.2 CKD RHD, CC,
HNP

FSGS 10.2 12.9

USG, ultrasonography; CKD, chronic kidney disease; KFRT, kidney failure with replacement therapy; PU,
proteinuria; RHD, renal hypodysplasia; CC, cortical cysts; HNP, hydronephrosis; VUR, vesicoureteral
reflux; FSGS, focal segmental glomerulosclerosis; ND, not done; NY, not yet
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Case Mutation Onset age
at kidney
symptoms
(years)

Kidney
manifestations

USG Biopsy Age at
CKD

(years)

Age at
KFRT

(years)

Renal coloboma syndrome

19 c.361_373dup 4.5 PU RHD and
left VUR

ND 4.5 8.9

Focal segmental glomerulosclerosis

20 c.76dupG 5.2 PU No
anomaly

FSGS 7.9 15.5

21 c.223_226dup 13.4 PU No
anomaly

FSGS 14.0 NY

22 c.74G > A 7.3 PU No
anomaly

FSGS 7.3 14.5

23 c.419G > A 7.8 PU No
anomaly

FSGS 10.1 NY

Isolated congenital anomalies of the kidney and urinary tract

24 c.686-1G > T 9.1 PU RHD ND 9.1 NY

25 c.832C > T 6.1 PU RHD ND 7.0 NY

26 c.1052G > T 0.1 CKD RHD, CC ND 0.1 NY

27 c.206T > C 9.1 PU RHD, CC ND 9.1 9.7

USG, ultrasonography; CKD, chronic kidney disease; KFRT, kidney failure with replacement therapy; PU,
proteinuria; RHD, renal hypodysplasia; CC, cortical cysts; HNP, hydronephrosis; VUR, vesicoureteral
reflux; FSGS, focal segmental glomerulosclerosis; ND, not done; NY, not yet

Twenty-three patients with RCS and isolated CAKUT were diagnosed with hypodysplastic kidneys, cortical
cysts, hydronephrosis, or horseshoe kidney on USG for the following reasons: proteinuria and/or CKD found
incidentally during school screening or routine laboratory findings during hospitalization (n = 17), and
abnormalities on USG through prenatal USG (n = 5) or incidental USG (n = 1). Proteinuria was found at the
time of diagnosis of kidney manifestations in all RCS and isolated CAKUT patients, except in case 15,
whose eGFR was 87 mL/min/m2 at the last follow-up of 13.0 years. Kidney biopsy, conducted in three
patients (cases 1, 3, and 18) at a median age of 10.2 (IQR, 10.0–12.6) years, revealed findings compatible
with FSGS. All RCS and isolated CAKUT patients developed CKD during childhood at a median age of 4.5
(IQR, 0.1–9.4) years, and 11 of them required kidney replacement therapy at a median age of 15.0 (IQR,
14.5–15.5) years.

Four patients with FSGS initially presented as incidentally found asymptomatic proteinuria at school
screening or routine laboratory screening at the median age of 7.6 (IQR, 6.3–10.6) years. At the time of
FSGS diagnosis, there were no abnormalities on kidney USG. Additionally, proteinuria did not respond to
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corticosteroids and/or calcineurin inhibitors. Kidney biopsy revealed 5.9–62.5% sclerotic glomerular lesions
with tubular atrophy and interstitial fibrosis at a median age of 8.7 (IQR, 6.8–10.9).

Ocular manifestations
Visual acuity ranged from 20/20 to no light perception (Supplementary Table S1). Forty-one eyes (70.7%)
had ≥ 20/40 visual acuity. Ophthalmic abnormalities, such as congenital nystagmus, congenital
strabismus, microphthalmia, and amblyopia, were the first manifestations of PAX2 related disease in seven
patients, while ocular involvement in the other patients was identified through a workup after the diagnosis
of kidney problems.

Four (14.8%) patients had normal ocular findings, while nineteen (70.4%) patients with PAX2 mutations had
optic disc excavation and numerous cilioretinal vessels, which are the most typical ocular findings in PAX2
related disorders. Although optic disc excavation was the most common optic disc abnormality observed,
various optic disc dysplasias, such as optic disc segmental hypoplasia, peripapillary atrophy, peripapillary
retinoschisis, and rudimentary optic disc, were also identified (Fig. 1). Most patients with optic disc
dysplasia also demonstrated anomalous retinal vasculature, numerous cilioretinal vessels, and
rudimentary central retinal vessels (Fig. 2). Interestingly, twenty-five eyes had additional ocular
abnormalities combined with optic disc dysplasia as follows: retinal detachment (2 eyes), microphthalmia
(1 eye), diffuse chorioretinal atrophy (7 eyes), retinal agenesis (1 eye), persistent hyperplastic primary
vitreous (1 eye), retinoschisis (5 eyes), visual field defect (6 eyes), and corneal dystrophy (2 eyes) (Fig. 2).

Genotype-phenotype correlation
Fourteen different PAX2 mutations were detected, including 11 known mutations and 3 novel mutations
(Supplementary Fig. S2). Mutation screening of the parents was performed in 13 patients. While three
cases (cases 15, 24, and 26) inherited their PAX2 mutations from one of their parents, who were
symptomatic with kidney and/or ocular manifestations, eight patients were confirmed to have de novo
mutations. In the remaining two patients, the familial cases 1 and 2, mutations were not detected in their
parents, suggesting the presence of germline mosaicism. 25 Additionally, none of the 14 patients without
family screening had a positive family history of PAX2 mutation-related phenotypes.

The c.76dupG mutation was common in 11 (40.7%) patients: 10 with RCS and 1 with FSGS. Twenty
(74.1%) patients had mutations in the paired domain of PAX2, while seven patients had mutations at other
sites (two in the homeodomain, one in the transactivation domain, and four in non-functional sites). There
were no statistical differences in sex, age at onset, initial presentation, age at kidney manifestations, and
developmental delay between the truncating mutation group (n = 22) and the missense mutation group (n = 
5) (Table 3). While 18/22 (81.8%) patients with truncating mutations presented with RCS, 4/5 (80.0%)
patients with missense mutations presented with FSGS (n = 2) or isolated CAKUT (n = 2) (P = 0.03). Kidney
survival did not differ between the truncating and missense mutation groups (Fig. 3A, log-rank test, P = 
0.40). In contrast, patients with paired domain mutations progressed more rapidly than those with other
site mutations (Fig. 3B, log-rank test, P = 0.03).
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Table 3
Comparison of patient phenotypes according to the genotype of PAX2 mutations

  Truncating (n = 
22)

Missense (n = 5) P
value

Sex, male:female 16:6 3:2 0.62

Age at onset, years 1.8 (0.1–6.6) 7.0 (0.1–7.8) 0.73

Age at genetic diagnosis, years 12.4 (8.8–16.5) 19.0 (10.9–23.1) 0.50

Age at the last follow up, years 17.0 (11.4–29.4) 23.8 (11.6–24.4) 0.88

Initial manifestations     0.28

Ocular symptoms 7 (31.8) 0  

Kidney symptoms 15 (68.2) 5 (100.0)  

Clinical phenotype     0.03

Renal coloboma syndrome 18 (81.8) 1 (20.0)  

Focal segmental glomerulosclerosis 2 (9.1) 2 (40.0)  

Isolated CAKUT 2 (9.1) 2 (40.0)  

Developmental delay 4 (18.2) 0 0.56

Kidney manifestations      

Age at kidney manifestations, years 5.7 (0.1–9.7) 7.0 (0.1–7.8) 0.68

Proteinuria at initial diagnosis 21 (95.5) 5 (100.0) 0.9

CKD at initial diagnosis 18 (81.8) 4 (80.0) 0.9

Median age at the onset of CKD, years (95%
CI)a

6.6 (0.0–14.5) 5.1 (0.0-15.8) 0.27

Median age at kidney failure, years (95% CI)a 14.8 (10.1–19.5) 10.4 (7.3–13.5) 0.40

Values are expressed as numbers (%) and medians (interquartile range), except for visual acuity.

CAKUT, congenital anomalies of the kidney and urinary tract; CKD, chronic kidney disease; CI,
confidence interval; LP, light perception.

aIt is estimated by Kaplan-Meier analysis.

bOcular manifestations were analyzed separately in both eyes of patients.

cCase 15 could not count cilioretinal vessels due to severe retinal anomalies.

dSnellen visual acuity was observed in 42 and 10 eyes in the truncating and missense groups,
respectively.
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  Truncating (n = 
22)

Missense (n = 5) P
value

Ocular manifestationsb 44 eyes 10 eyes  

Optic disc anomaly     < 
0.001

Anomalous optic disc 42 (95.5) 1 (10.0)  

Normal optic disc 2 (4.5) 9 (90.0)  

Central retinal artery     0.02

Absence 30 (68.2) 2 (20.0)  

Partial 6 (13.6) 3 (30.0)  

Complete 8 (18.2) 5 (50.0)  

Number of cilioretinal vessel 8.0 (10–7.5)c 7.5 (8.0–6.2) 0.05

Presence of retinopathy 16 (38.1) 0 (0.0) 0.01

Visual acuityd, mean (maximum-minimum) 20/22.5 (20/20–
LP)

20/20 (20/20–
20/30)

0.04

Visual outcome ≥ 20/40d 31/42 (72.5) 10/10 (100) 0.10

Median age at the diagnosis of ocular
involvement,

years (95% CI)a

7.2 (2.3–12.1) 21.4 (18.2–24.6) 0.04

Values are expressed as numbers (%) and medians (interquartile range), except for visual acuity.

CAKUT, congenital anomalies of the kidney and urinary tract; CKD, chronic kidney disease; CI,
confidence interval; LP, light perception.

aIt is estimated by Kaplan-Meier analysis.

bOcular manifestations were analyzed separately in both eyes of patients.

cCase 15 could not count cilioretinal vessels due to severe retinal anomalies.

dSnellen visual acuity was observed in 42 and 10 eyes in the truncating and missense groups,
respectively.

Severe optic disc anomaly, the presence of absence of a central retinal vasculature, and the coexisting
retinopathy were significantly more common in the truncating mutation group than in the missense
mutation group (Table 3). Visual acuity was lower in the truncating mutation group than that in the
missense mutation group. Furthermore, tathe truncating mutation group was diagnosed with ocular
manifestations significantly earlier than the missense mutation group (Fig. 4A, log-rank test, P = 0.04).
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However, there were no statistical differences in the age at diagnosis of ocular problems according to the
mutation sites of the PAX2 gene (Fig. 4B, log-rank test, P = 0.58).

Discussion
To our knowledge, this is the first study to evaluate the genotype-phenotype correlation in patients with
PAX2 mutations, using longitudinal outcome data and detailed ocular examination. Their clinical
phenotypes were diverse, with overlapping kidney and ocular manifestations. We found that truncating
mutations in PAX2 were associated with ocular involvement and the severity of this problem. Additionally,
kidney outcomes correlated with the mutation site in the PAX2 gene.

The PAX2 transcription factor plays a critical role in optic nerve differentiation during eye development.
Since Savell and Cook’s report on “isolated colobomas” 29, some terminologies of this disease have been
confused. Investigations by Parsa et al have confirmed that many individuals in the family described by
Savell and Cook may have suffered from optic disc excavation instead of optic disc coloboma.28 They
suggested a change of terminology from renal-coloboma syndrome to papillorenal syndrome.28, 30 Our
study demonstrated that optic disc excavation with numerous cilioretinal vessels was the most common
finding of PAX2-related disorders. In addition, these patients can also have various ocular abnormalities
beyond optic disc anomalies, such as retinal detachment, retinoschisis, chorioretinal atrophy, corneal
dystrophy, and microphthalmia. However, these terms to date fall short of an inclusive definition due to no
evidence of optic disc coloboma and the ocular abnormalities were not limited to the optic.28 Therefore, we
suggest developing more inclusive terminology for renal-ocular abnormalities related to PAX2 variants.

There was an association between the severity of ocular abnormalities, visual acuity, and the genotype of
the PAX2 variant. To date, genetic analysis of PAX2-related disorders has not shown a relationship between
mutation type and ocular involvement.17, 18, 31 In this study, patients with FSGS caused by truncating
mutations in PAX2 had optic nerve abnormalities, as well as those with RCS. This result is in line with
previous studies reporting that ocular abnormalities were observed in patients with FSGS caused by
truncating mutations of PAX2, but not in patients with FSGS caused by missense mutations of PAX2.9–11

Patients with truncating mutations in the PAX2 gene were diagnosed with ocular involvement significantly
earlier than patients with missense mutations. Additionally, the visual outcome was worse in the truncating
mutation group than in the missense mutation group.

In our study, 24/27 (88.9%) patients with PAX2 mutations had optic disc abnormalities before or after
kidney manifestations, which is similar to a previous report.31 Seven patients initially visited hospitals with
eye-related symptoms, while others had subtle changes only noted after a detailed funduscopic
examination. Some cases of retinal complications occurred during the follow-up period. Therefore, it is
necessary to have periodic eye examinations, it can be helpful to prevent further vision impairment. In
addition, typical ocular manifestations could provide useful clues for differential diagnosis in pediatric
patients with SRNS/FSGS or CAKUT. 32, 33 In contrast, in this study, some patients underwent detailed
fundus examination after identifying genetic abnormalities, similar to previous studies.34, 35 Recently,
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genetic screening using TES or WES has become widely used in clinical practice. It is possible to refine
phenotypes based on genetic marker data, which is called reverse phenotyping.36, 37 This approach can
provide the correct diagnosis and motivate surveillance for previously unrecognized clinical manifestations
and potential future complications. In addition, PAX2 mutations were detected in recent studies that
performed genetic diagnoses of patients with CKD of unknown origin.19, 21

Interestingly, PAX2 mutations could result in both glomerulopathy and congenital kidney anomalies.35 All
of our patients with RCS and isolated RHD, except one (case 15), had proteinuria when their sonographic
abnormalities were discovered. Additionally, in three patients with RCS, the kidney pathologic findings
showed glomerulosclerosis. Previous studies showed that some RCS patients who underwent kidney
biopsy exhibited FSGS.10, 17 Moreover, Deng et al. revealed that all patients with PAX2 mutations had both
RHD and proteinuria, and 6/10 patients had nephrotic-range proteinuria.17 These findings suggest that
CAKUT caused by PAX2 mutations might be combined with glomerulosclerosis, which develops proteinuria
and facilitates CKD progression. A genetic analysis in CAKUT patients showed that patients with PAX2
mutations developed kidney failure more rapidly than those with other gene mutations.7 In this study, most
patients with RCS and isolated CAKUT had CKD at initial renal presentation and progressed to kidney
failure more rapidly compared to general CAKUT patients, for which a previous study reported a median of
31 years.38 It could be associated with proteinuria, which is an independent risk factor for CKD progression
in patients with non-glomerulopathy.39 Therefore, patients with CAKUT and proteinuria need to check for
PAX2 mutations and undergo ophthalmologic examinations, especially when accompanied by childhood-
onset CKD.

In this study, the timing of kidney replacement therapy was associated with the mutation location in the
PAX2 gene, but not with mutation types. Previous studies have not found any differences in kidney
outcomes according to genetic variations.17, 18, 31 However, a recently published study, which reviewed 234
reported cases with PAX2 mutations, showed that most PAX2 missense variants in the paired domain are
highly associated with kidney and ocular development.40 The PAX2 protein is an essential transcriptional
factor for kidney development, and the paired domain of PAX2 is a highly conserved DNA-binding domain
which imparts positive or negative transcriptional regulation, depending on the cellular context and the
availability of cofactors.41 PAX2 also potentially plays a role in kidney repair and regeneration after acute
kidney injury.42 A study using induced pluripotent stem cells in patients with mutations in the paired
domain of PAX2 identified three genes (PBX2, POSTN, and ITGA9) that are regulated by PAX2.43 Among
these, POSTN is a mediator of the mechanism controlling kidney repair following AKI.44 Therefore,
mutations affecting the paired domain in the PAX2 gene may be related to CKD progression, with the low
ability of kidney repair caused by the loss of stability of the domain.

Our study had several limitations. First, the study population was relatively small for general conclusions.
Second, trio samples were not available for all patients; therefore, the assessment of penetrance or
segregation was insufficient. Nonetheless, to our knowledge, this is the first report which performed a
genotype-phenotype analysis in patients with PAX2 mutations, as well as long-term clinical outcomes in
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this patient cohort. In addition, detailed ophthalmological problems were found in patients with PAX2
mutations, which explains the development of ophthalmic abnormalities.

Conclusions
The clinical phenotypes of PAX2 mutations, including RCS, FSGS, and isolated CAKUT, are heterogeneous.
While truncating mutations of PAX2 were associated with severe ocular involvement not confined to the
optic disc, mutations in the paired domain were related to poor long-term kidney outcomes.
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Figure 1

Optic disc abnormalities in patients with PAX2 mutations

(A) Hypoplastic optic disc with peripapillary atrophy in case 3; (B) excavated optic disc with numerous
cilioretinal vessels and absence of a central retinal vessel in case 1; (C) segmental hypoplasia of the optic
disc in case 21; (D) optic disc segmental hypoplasia and numerous cilioretinal vessels in case 20; (E)
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peripapillary retinoschisis and vitreous strands on the optic disc in case 6; (F) vitreous strands on optic disc
in case 21.

Figure 2

Retinal abnormalities in patients with PAX2 mutations
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(A) Severe chorioretinal atrophy with optic disc dysplasia in case 6; (B) post encircling surgery state due to
retinal detachment in case 2; (C) retinoschisis on the macular area in case 11; (D) optical coherence
tomography image of retinoschisis and subfoveal retinal detachment in case 11; (E, F) peripapillary retinal
schitic change in case 21.

Figure 3

A) Kidney survival analysis by mutation type in the PAX2 gene. B) Kidney survival analysis by mutation site
in the PAX2 gene.
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Figure 4

A) Ocular involvement-free survival analysis by mutation type in the PAX2gene. B) Ocular involvement-free
survival analysis by mutation site in the PAX2 gene.
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