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PURPOSE. This study aims to evaluate the genetic and phenotypic characteristics and eluci-
date the genotype-phenotype correlations of a large Chinese cohort with PAX6-related
disorders.

METHODS. Variants detected with exome sequencing were filtered through multistep bioin-
formatic and co-segregation analyses, and validated by Sanger sequencing. The related
clinical data were collected, and cluster analysis and statistical analysis of the PAX6-
related phenotypes across different variant groups were carried out. Parental mosaicism
was investigated using cloning analysis and Droplet digital PCR.

RESULTS. A total of 119 pathogenic or likely pathogenic PAX6 variants, including 74
truncation, 31 missense, and 14 others, were identified in 228 patients from 164 unre-
lated families. The most common phenotypes were foveal hypoplasia (97.8%), nystagmus
(92.6%), aniridia (76.7%), cataract (36.8%), and iris hypoplasia (22.4%). Mosaicism rang-
ing from 13.9% to 18.8% was identified in 3 unrelated patients’ parents with relatively
mild phenotypes. Missense variants in the linker region of the paired domain were asso-
ciated with high myopia, whereas truncation variants in the homeodomain and proline-
serine-threonine-rich domain were associated with hyperopia. Similarly, the degree of
iris defects, visual acuity, and associated ocular comorbidity varied among the different
types and locations of PAX6 variants.

CONCLUSIONS.Our data indicate that foveal hypoplasia but not aniridia is the most common
sign of PAX6-related disorders, contributing to subtle iris changes that might easily be
overlooked in clinical practice. Recognition of mosaicism in atypical cases or parents
with very mild phenotypes is important in genetic counseling as their offspring are at
increased risk of typical aniridia. Recognition of the genotype-phenotype relationship
emphasizes involvement of PAX6 regulation in shaping complex ocular phenotypes.
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PAX6 (OMIM 607108) encodes the human paired
box 6, the essential transcription factor, consisting of 2

conserved DNA-binding domains: the homeodomain (HD)
and the paired domain (PD) comprising N-terminal (NTS)
and C-terminal (CTS) subdomains.1,2 It plays the vital role in
normal eye development but also in embryological develop-
ment of the olfactory, pancreas, and central nervous system.3

Heterozygous variants in PAX6 can lead to broad phenotypic
anomalies of the eye, in which aniridia is the most common
ocular developmental malformation due to single gene vari-
ants. Besides, additional signs are frequently reported to
be PAX6 variant-related phenotypes, including nystagmus,
foveal hypoplasia, coloboma, cataract, glaucoma, microph-
thalmia, high myopia, aniridia-related keratopathy (ARK),
etc. Some of these signs may present together or indepen-
dently. However, recent studies demonstrated that a propor-
tion of patients with PAX6 variants mainly manifested foveal
hypoplasia but without obvious complete or partial defect,
so such patients might be misdiagnosed with other condi-
tions without the aid of genetic diagnosis.4,5 The most strik-

ing problem is that a significant proportion of patients with
PAX6 variants are at risk of developing blindness complica-
tions, that is, 48% to 80% with ARK and 15% to 66.7% with
glaucoma.6 Therefore, recognition of the most common hall-
mark of PAX6-associated ocular disease would be important
in clinical diagnosis, genetic diagnosis, as well as long-term
care.

Additionally, PAX6 has been suggested as the candi-
date gene for refractive error.7 Interestingly, the associ-
ation between PAX6 polymorphism and refractive error
as well as myopia remains controversial. Although PAX6
single nucleotide polymorphisms (SNPs) have shown signif-
icant associations with extreme high myopia in Chinese
adults8 and anisometropia in Chinese children, particu-
larly in the development of anisometropia axial length,
no direct association between PAX6 and myopia in the
White population,9 or high myopia in Chinese children has
been observed.10 So far, no study has systematically inves-
tigated the relationship between refractive error and PAX6
variants.
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To date, nearly 500 variants in PAX6 have been reported,
with the most common being the truncation variants
(nonsense, frameshift, and splicing variants), accounting for
70% of identified variants.3 The PAX6 haploinsufficiency,
exclusively caused by truncation variants, gene deletion,
and cis-regulatory variants, can account for most aniridia
cases.3,11,12 The missense variants tend to lead to atypical-
aniridia phenotypes or non-aniridia phenotypes, such as
microphthalmia, anophthalmia, and coloboma (MAC) or
isolated foveal hypoplasia.5,13 Besides, the location of
missense variants seemed to correlate with some partic-
ular phenotypes, such as isolated foveal hypoplasia.5,14

Compared to the truncation variants, the evaluation of
pathogenicity in missense variants has been a long-standing
puzzle. Recently, researchers presented the AlphaMissense,
a novel missense variant pathogenicity prediction tool that
utilizes the artificial intelligence system AlphalFold2 to eluci-
date the molecular effect of variants on protein function.27 It
may contribute to investigation of pathogenicity evaluation
of missense variants in PAX6.

Based on previous studies,15,16 the PAX6 gene dosage
effect and variant type may have influence on the sever-
ity of PAX6-associated phenotype. Furthermore, the parental
mosaicism in PAX6 has been suggested to explain the
intrafamilial variabilities in some sporadic cases.17,18 Given
this multifaceted context, despite the high penetrance of
PAX6 variants, the phenotypic variability is commonly
observed, posing a challenge to the establishment of
genotype-phenotype correlation, and impeding timely clini-
cal diagnosis and treatment. The study herein aims to inves-
tigate the phenotypic and genotypic characteristics, as well
as the genotype-phenotype relationship, in a large Chinese
cohort of molecularly confirmed patients with PAX6-related
disorders, comprising 164 unrelated families (117 newly
identified and 47 previously reported by our group).

METHODS

Patients’ Recruitment

This study was approved by the institutional review board
of Zhongshan Ophthalmic Center and the study proce-
dure was in accordance with the tenets of the Declara-
tion of Helsinki. A total of 10,530 unrelated individuals
with various eye conditions were recruited from the Pedi-
atric and Genetic Clinic, Zhongshan Ophthalmic Center,
Guangzhou. The unrelatedness of probands was determined
based on their self-reported family histories, including pedi-
grees through their second-degree relatives and questions
regarding any family members with ocular diseases. On
the other hand, the issue of related families should be
considered for samples with significant founder variants,
however, this is unlikely to be a significant issue in our
cohort because most of our patients are sporadic cases and
only a small portion of families share a limited number of
common variants. In addition, some of the shared variants
likely occurred independently, as they are de novo in differ-
ent families. Prior to the clinical data and peripheral venous
blood sample collection, all participants provided signed
informed consent. Genomic DNA was extracted from periph-
eral venous blood samples using previously described meth-
ods.19

All patients recruited in this study received routine
ophthalmic examinations. After that, specific ophthalmic
examinations were performed on patients, including ante-
rior segment examination, fundus photography, optical

coherence tomography (OCT), and scanning laser ophthal-
moscopy. The grade of foveal hypoplasia was assessed using
the Leicester Grading System for foveal hypoplasia.20

Variant Detection and Screening

The variants in PAX6 were detected by exome sequencing,
using whole-exome sequencing (WES) and/or targeted
exome sequencing (TES), on the genomic DNA of 10,530
unrelated patients, as previously described.21 The detected
variants were sequentially screened using the strategy
described in our previous study. The variants with low
sequencing quality with coverage depth lower than 5 and
high minor allele frequency (MAF) of more than 0.01 in
the gnomAD database (https://gnomad.broadinstitute.org/)
were excluded. The splicing effect of synonymous vari-
ants and variants located in the non-coding region
was evaluated through several bioinformatic tools
including the Human Splicing Finder program (HSF,
https://hsf.genomnis.com/mutation/analysis), Splice AI
(https://spliceailookup.broadinstitute.org/), MaxEntScan,
NNSPLICE, and Splicing Sequence Finder from
Alamut software. The missense variants were assessed
through multiple in silico tools, including SIFT
(http://sift.jcvi.org/), Polyphen-2 (http://genetics.bwh.
harvard.edu/pph2/), PROVEAN (http://provean.jcvi.org/
seq_submit.php), CADD (http://cadd.gs.washington.edu),
and REVEL (https://sites.google.com/site/revelgenomics/).
Additionally, missense variants underwent the evaluation
of the Human Gene Mutation Database (HGMD) and
the AlphaMissense Database. The MetaDome analysis
(https://stuart.radboudumc.nl/metadome/) was performed
to predict the genetic tolerance at the PAX6 protein residues.
The potential pathogenic variants were further identified by
the Sanger sequencing and co-segregation analysis.

Droplet Digital PCR

Droplet digital PCR (ddPCR) was used for quantification
of the mutant allele fraction to investigate the parental
mosaicism. The ddPCR was carried out in families meet-
ing two criteria suggesting mosaicism or anticipation: (1)
intrafamilial phenotypic variability, with milder phenotypes
in parents, particularly in cases with two or more affected
siblings; and (2) Sanger sequencing results showing a lower
peak height of the affected allele in the paternal blood
sample compared to those of heterozygous variant carri-
ers. In this cohort, ddPCR was only performed in two fami-
lies with nonsense variants. The primers and probes for
the genotyping PAX6 variant c.676G>T (p. Glu226*) and
c.702T>A (p. Tyr234*) were designed by Primer Express
software (Applied Biosystems) and generated by Thermos
Fisher Scientific. Genomic DNA extracted from peripheral
blood samples was analyzed using ddPCR with the ddPCR
QX200 System (Bio-Rad, Hercules, CA, USA). According to
the manufacturer’s protocol (Bio-Rad), the 20 μL ddPCR
mixture was composed of 2 × ddPCR Supermix for probes
and primers (no UTP; Bio–Rad), target-specific PCR primers
(final concentration 900 nM), FAM-labeled (final concen-
tration 250 nM, wild-type–allele) probe, VIC-labeled (final
concentration 250 nM, mutant-type allele) probe, and 20 ng
of DNA sample. The droplet generation was performed using
a QX200 Droplet Generator and the PCR cycling was run in
a C1000 Touch Thermal Cycler (BioRad) using the follow-
ing conditions: enzyme activation at 95°C for 10 minutes,
the 40 cycles of denaturation at 94°C for 30 seconds, and
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annealing/extension at 55°C for 1 minute, and the enzyme
deactivation at 98°C for 10 minutes. After PCR amplification,
the product was read using QX200 droplet reader (Bio-Rad)
and analyzed using QuantaSoft Analysis Pro software.

Cloning Sequencing

The genomic DNA was extracted from the peripheral blood
samples and was amplified by PCR reaction using primers
(available on request). The PCR amplicons were cloned into
pGEMT easy cloning vector (Promega Corporation, USA)
following the manufacturer’s instructions and transformed
into the competent DH5α Escherichia coli (E. coli) cells
(Takara). The T4 DNA ligase (NEB) was used to ligate the
fragment and vector. The transformed cells were grown on
LB agar plates supplemented with Ampicillin, IPTG, and
X-gal. The positive clones were selected through the blue-
white colony screening and sequenced using primers (avail-
able on request) on an ABI3100 Genetic Analyzer (Applied
Biosystems).

Statistical Analysis and Visualization

The statistical analysis and visualization in the current study
were carried out using IBM SPSS Statistics V26.0 software
(IBM Corp., Armonk, NY, USA), open-source R software
(version 4.2.1), and RStudio. The refractive error was defined
according to the previous studies.22–24 Myopia was defined
as the spherical equivalent refraction (SER) ≤ −0.50 diopters
(D), hyperopia was defined as the SER ≥ 0.50 D (or ≥
2.00 D when the age less than 7 years old), emmetropia
was defined as −0.50 D < SER < 0.50. The myopia clas-
sification included high myopia (SER ≤ −6.00 D), moder-
ate myopia (−6.00 D < SER ≤ −3.00 D), and mild myopia
(−3.00 D < SER ≤ −0.50 D). The different types of refrac-
tive error were color coded in patients with PAX6 variants.
Correspondingly, the variant locations were color-coded,
including NTS, Link region between CTS and NTS, CTS,
Link region between PD and HD domain, HD domain, and
proline-serine-threonine-rich domain (PSTD). The hierarchi-
cal cluster analysis and heatmap generation, using Euclidean
distance, were conducted with R packages and the ggplots
library to better demonstrate and investigate the relation-
ship between refractive error and the location of PAX6 vari-
ants (details were described in Supplementary Table S1).
When the Manhattan distance (sum of the absolute differ-
ences) was used as the distance metric, the result of the
cluster analysis showed no significant difference compared
to using Euclidean distance (root sum-of-squares of differ-
ences) as the distance metric (Supplementary Fig. S2). A
Kruskal-Wallis test or Mann-Whitney U test was applied to
compare best corrected visual acuity (BCVA) across differ-
ent variant groups. A Bonferroni correction was applied for
the pairwise multiple comparisons when a significant differ-
ence was detected. A Chi-Square test or Fisher’s exact test
depending on the number of samples and expected number
of elements in each cell were used to analysis the categor-
ical data, including the distribution of different ocular find-
ings related to the PAX6 variant, refraction types, and iris
absence types across various variant types or locations. The
generalized estimating equation (GEE) models was applied
to account for inter-eye correlation. Adjusted standardized
residuals analysis (Z-score) with a Bonferroni correction was
performed as a post hoc test following the Chi-Square test.
The value of adjusted residuals above 1.96 indicated a statis-
tically significant positive correlation, while those below

−1.96 represent a reverse relationship.6,25,26 The statistical
significance was assessed at a 0.05 significance level.

RESULTS

Molecular Characteristics of Patients With
Heterozygous PAX6 Variants

A total of 119 different PAX6 variants were identified in 228
patients of 164 unrelated pedigrees in our cohort, includ-
ing 169 individuals of 117 pedigrees newly identified in this
study and 59 individuals of 47 pedigrees previously reported
by our group (Supplementary Table S2). The 119 variants
were classified as missense variant (31/119, 26.1%), trun-
cation variant (74/119, 62.2%, consisting of 20 nonsense,
18 splicing, and 36 frameshift), C-terminal extension vari-
ant (CTE, 2/119, 1.7%), in-frame insertion-deletion (indel)
variants (2/119, 1.7%), synonymous variant (1/119, 0.8%),
start-loss variant (1/119, 0.8%), and gene or exon dele-
tion (8/119, 6.7%). The majority of these variants (114/119)
was absent in the gnomAD database, whereas four of the
remaining five had been previously reported and the other
one was a newly identified variant. The allele frequency of
the five variants presented in gnomAD was less than 1 ×
10−5. Furthermore, the missense variants in newly identi-
fied families were predicted as deleterious by five online
bioinformatic tools, including SIFT, Polyphen-2, PROVEAN,
CADD, and REVEL. The 18 splicing variants, two in-frame
variants, and one synonymous variant were predicted to
destroy wild-type acceptor or donor site (15/21) or intro-
duce a new acceptor site or donor site (6/21) by at least
two splicing prediction tools, including HSF, Alamut, and
SpliceAI (see Supplementary Table S2). Except for the previ-
ously reported variants by our group, the variants in 117
newly identified families were further validated by Sanger
sequencing and underwent co-segregation analysis (see
Supplementary Fig. S1). Among these families, de novo vari-
ants had been identified in 19.7% (23/117) of the cases,
and co-segregation had been observed in the remaining
families.

In addition, all 31 missense variants in the current study
were evaluated as pathogenic by the AlphaMissense.27 In
comparison, the 127 disease-causing missense (DM) vari-
ants in HGMD were evaluated as pathogenic (116, 91.3%),
ambiguous (4, 3.1%), and benign (7, 5.6%) by the AlphaMis-
sense, respectively. Meanwhile, the 13 likely disease-causing
missense (DM?) variants in HGMD were classified as
pathogenic variants (6, 46.2%) or benign (7, 53.8%) by the
AlphaMissense (Supplementary Table S3, Fig. 1).

All patients were assigned to missense, truncation, in-
frame indel, gene deletions, and CTE variant groups. The
truncation variant group was subdivided into the splic-
ing, frameshift, and nonsense variant subgroups. The newly
identified synonymous variant c.249T>G (p.Val83Val) was
predicted to introduce a new donor site by the in silico
tools HSF and demonstrated to result in partial skipping
of 108 nucleotides of exon 6 and in-frame protein deletion
p.Lys86_Ser121del by a previous study.28 Hence, it was clas-
sified into the in-frame variant group.

The General Clinical Characteristics of Patients in
This Cohort

The 456 eyes of the 228 patients with PAX6 variants (127
male patients and 101 female patients) in unrelated 164 fami-
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FIGURE 1. The AlphaMissense evaluation for the PAX6 missense variants in this cohort and in HGMD database. (A) The schematic above
shows that the results of Alpha Missense prediction are highly consistence with the molecular confirmed findings in this cohort. The
schematic below is the variation pathogenicity prediction at each PAX6 protein residues using AlphaMissense analysis (NP_000271.1). The
y-axis represents the prediction score of AlphaMissense. The color bar below is corresponding to the score of pathogenicity, whereas
the purple indicates the pathogenicity, the beige indicates the benign, and the white indicates the ambiguous. The color bar above is
also corresponding to the prediction score of AlphaMissense prediction results. The circle pattern represents the molecular confirmed
missense variants in this cohort and the filled color represents the prediction results of AlphaMissense. (B) The diagram shows the results of
AlphaMissense prediction in HGMD database. The circle pattern with the white border represents the likely disease-causing variants (DM?)
in HGMD database. The circle pattern without the white border represents the disease-causing variants (DM). The filled color in the circle
pattern indicates the prediction results of AlphaMissense.

lies were clinically evaluated in this study (see the Table,
Supplementary Table S2). The mean age of all patients at
the first examination was 12.19 ± 13.20 years (median =
6.00 years, range = 0.10–62.00 years). Among these patients,
the mean BCVA was 1.14 ± 0.92 logMAR (median = 1.00,
range = 0.00–4.00) in the right eye (OD) and 1.13 ± 0.84
logMAR (median = 1.00, range = 0.10–4.00) in the left
eye (OS). In addition, based on the available clinical data,
complete or partial aniridia was observed in 76.7% of eyes
(342/446), whereas iris hypoplasia was observed in 22.4%
of eyes (100/446). The iris data was lacked in remaining 4
eyes (4/446). Meanwhile, foveal hypoplasia and nystagmus
had been found in 97.8% (348/356) and 92.6% (403/435) of
eyes. OCT scanning results were available in 92 eyes of 46
patients. According to the Leicester Grading System, foveal
hypoplasia was classified as grade 4 (40/92, 43.5%), grade 3
(32/92, 34.8%), and grade 1 (18/92, 19.6%), respectively. In
the one remaining patient, bilateral eyes exhibited a normal
foveal structure. Among 42 eyes of 21 individuals with iris

hypoplasia phenotype (complete iris with subtle structure
changes), 32 eyes of 16 individuals (76.2%) were found to
have grade 4 or grade 3 foveal hypoplasia.

The Correlation Between Variant Groups and Iris
Defect Degree

Iris abnormalities were identified in 442 eyes of 221 patients
with PAX6 variants. Of them, a detailed description or
photographs of the iris were available in 362 eyes of 182
patients for following analysis. The complete aniridia was
observed in 58.0% (210/362) of eyes, whereas the partial
aniridia, including nasal iris absence, temporal iris absence,
superior iris absence, and inferior iris absence, was seen in
8.0% (29/362), 2.8% (10/362), 2.5% (9/362), and 1.1% (4/362)
of eyes, respectively. Additionally, the iris hypoplasia was
present in 27.6% (100/362) of eyes (Fig. 2, Supplementary
Fig. S3). The anterior segment morphology of the inferior iris
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TABLE. Demographic Characteristics and Baseline Data of 228 Patients With PAX6 Variants

Characteristic n (%) Mean ± SD [Median (Range)]

Sex
Male 126 (55.2)
Female 102 (44.8)

Age at examination, y 220 12.19 ± 13.20 [6.00 (0.10 to 62.00)]
VA (LogMAR)

OD 109 1.14 ± 0.92 [1.00 (0.00 to 4.00)]
OS 113 1.13 ± 0.84 [1.00 (0.10 to 4.00)]

Refractive error (diopters)
OD 71 −2.73 ± 8.27 [−1.25 (−29.00 to 11.50)]
OS 73 −3.56 ± 8.78 [−1.50 (−30.00 to 12.50)]

Axial length, mm
OD 30 22.22 ± 2.92 [22.70 (16.00 to 26.80)]
OS 31 22.06 ± 3.13 [21.97 (15.51 to 28.68)]

Clinical findings
Aniridia 342/446 (76.7)
Iris hypoplasia 100/446 (22.4)
Foveal hypoplasia 348/356 (97.8)
Nystagmus 403/435 (92.6)
Cataract 168/456 (36.8)
Microcornea 82/456 (18.0)
Glaucoma 17/456 (3.7)
MAC 22/456 (4.8)
Aniridia related keratopathy 52/456 (11.4)
Optic disc hypoplasia 18/456 (3.9)
Retinal detachment 5/456 (1.1)

Foveal hypoplasia grade*

Normal 2
Grade 1 18
Grade 2 0
Grade 3 32
Grade 4 40

All clinical examination results were based on available clinical data.
* The grade of foveal hypoplasia evaluation was according to the Leicester Grading System for foveal hypoplasia (Thomas MG, Kumar A,

Mohammad S, et al. Ophthalmology 2011;118:1653–1660).
MAC, microphthalmia, anophthalmia, and coloboma.

absence showed a unique sectorial defect, differing from the
keyhole shape observed in iris coloboma due to variants in
genes other than PAX6.

There was a statistical significance association between
different variant subgroups and iris defect degrees (Fisher’s
Exact Test, P < 0.001; GEE model, P < 0.001; Supple-
mentary Table S4-1). In the complete aniridia group (210
eyes), the contribution of the truncation variant (172/210,
81.9%) was more than missense (5/210, 2.4%), CTE (14/210,
6.7%), in-frame indel variants (3/210, 1.4%), and gene dele-
tions (16/210, 7.6%) subgroups. The gene deletions (Z-score
= 2.7), frameshift (Z-score = 3.7), and nonsense variants
(Z-score = 6.9) tend to lead to complete iris absence, as
opposed to missense (Z-score = −11.0, P = 3.56E-04, P
= 1.26E-20, and P = 4.13E-28, respectively), CTE (Z-score
= −2.4, P = 1.00E-03, P = 9.80E-05, and P = 2.86E-09),
and in-frame indel variants (Z-score = −1.8, P = 6.00E-03,
P = 1.30E-02, and P = 1.11E-05; see Fig. 2, Supplemen-
tary Table S4-3, Bonferroni corrected P value (Pc) thresh-
old = 2.38E-03). Conversely, in the iris hypoplasia group
(100 eyes), the missense (70/100, 70%) and CTE variant
(18/100, 18%) subgroups accounted for a greater proportion
compared with other variant subgroups. Compared to the
gene deletions, splicing, frameshift, and nonsense variants,
the missense variants tended to result in iris hypoplasia (Z-
score = 13.1, P = 4.69E-12, P = 3.17E-19, P = 4.95E-22, and

P = 3.99E-29, respectively), followed by the CTE variants (Z-
score = 3.2, P = 2.39E-04, P = 2.00E-06, P = 8.08E-08, and
P = 4.30E-13), and in-frame indel variants (Z-score = 0.9, P
= 2.00E-02, P = 1.25E-04, P = 7.00E-03, and P = 5.40E-05;
see Supplementary Table S4-4, Pc threshold = 2.38E-03).

Similarly, a significant correlation was also observed
between different variant location subgroups and the degree
of iris defects (Chi-square test, P = 1.09E-12 and GEE model,
P < 0.001; Supplementary Table S5-1). Variants in the linker
region between the two subdomains of PD tended to cause
iris hypoplasia (Z score = 7.23, P = 4.80E-13) compared to
other variant location subgroups (Pc threshold = 1.67E-03).
The variants in the HD region (Z-score = −2.97, P = 2.98E-
03) showed a comparatively lower contribution. Specifically
for missense variants, those located in the CTS-NTS linker
region (Z score = 2.3) and CTS region (Z-score = 1.5) were
more prevalent than in the PD-HD linker (Z-score = −2.3)
and PSTD region (Z-score = −2.6; see Supplementary Table
S5-3). Conversely, the contribution to all iris absence of vari-
ants in HD or PSTD was greater than other subgroups (Z
score = 3.09, P = 2.00E-03 and Z-score = 3.31, P = 9.33E-04,
respectively), whereas the contribution of variants in Linker
region between CTS and NTS was less than other subgroups
(Z score = −5.24,P= 1.61E-07). In the partial aniridia group,
no clear difference was observed among the contribution of
the variant types, but statistical significance was observed



PAX6-Related Eye Disorder’s Genotype and Phenotype IOVS | August 2024 | Vol. 65 | No. 10 | Article 46 | 6

FIGURE 2. The distribution of the different iris defect degrees and the correlation between the iris defect degrees and different variant
subgroups in our in-house data. (A–F) The representative anterior segment images of different iris defect subgroups and corresponding
schematic diagrams are shown in the second and third columns on the left, respectively. The fourth column shows the distribution of
different iris defect degrees in this cohort, with colors representing iris defect subgroups: all iris absence (red, 58.0%), nasal iris absence
(yellow, 8.0%), temporal iris absence (green, 2.8%), superior iris absence (blue, 2.5%), inferior iris absence (pink, 1.1%), and iris hypoplasia
(purple, 27.6%). The distribution of different variant types among iris defect subgroups is shown in the fifth column. In the all iris absence
subgroup (A), the proportion of truncation variants including splicing (19.0%), frameshift (25.2%), and nonsense (37.6%) is higher than
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the missense (2.4%), CTE (6.6%), in-frame indel variants (1.4%), and gene deletions (7.6%) subgroups. In the iris hypoplasia subgroup (F),
missense (70%) and CTE variants (18%) subgroups are accounted for a greater proportion compared with in-frame indel (4%), the splicing
(4%), and the gene deletions variants (4%). The rightmost column shows the distribution of iris defect among different variant locations. In
the all iris absence subgroup (A), the proportion of HD (n = 33) and PSTD (n = 69) domain was higher than other subgroups. In the iris
hypoplasia subgroup (F), the contribution of paired domain, including NTS (n = 26), linker region between CTS and NTS (n = 20), and
CTS (n = 20), was higher than other subgroups. (G) The representative anterior segment image of iris coloboma in the in-house database
exhibited the keyhole pupil in the inferior nasal quadrant, which is different from the unique sectorial defect or water droplet-like defect
caused by the inferior iris absence in the aniridia (E). (H) The representee anterior segment photography and corresponding schematic
diagrams of the normal control. All, all iris defect; C, iris coloboma; CTS, C-terminal subdomain; HD, homeodomain; I, inferior iris absence;
IH, iris hypoplasia; LNK, linker region between paired domain and homeodomain; N, nasal iris absence; NC, normal control; NTS, N-terminal
subdomain; PD-link, linker region between CTS and NTS of the paired domain; PSTD, proline-serine-threonine-rich domain; S, superior iris
absence; T, temporal iris absence.

among the contribution of variant locations (Fisher’s exact
test, P = 0.13, and P = 0.017 respectively; see Fig. 2, Supple-
mentary Table S4-2, Supplementary Table S5-2).

The Parental Mosaicism in Patients With PAX6
Variants

In two families, probands (F1-II:1 and F2-II:1) exhibited low
visual acuity, typical aniridia, and nystagmus. The grades 3
to 4 foveal hypoplasia has been observed in these probands.
Two nonsense variants in PAX6, c.676G>T (p. Glu266*)
and c.702T>A (p. Tyr234*), were identified in these two
probands (F1-II:1 and F2-II:1) by Sanger sequencing, respec-
tively. The mother of family F1 (F1-I:2) and the father
of family F2 (F2-I:1) both showed milder clinical pheno-
types compared to their children, including rudimentary iris
remnant, better visual acuity (range from 0.32 to 0.5), and
lower grade foveal hypoplasia (grade 1; see Supplementary
Table S2, Fig. 3A).

In the other family F3, the proband F3-II:2 showed iris
hypoplasia, and his affected brother F3-II:1 had partial
aniridia. The frameshift variant in PAX6, c.112del (p.
Arg38Glyfs*16), was identified in these two patients by
Sanger sequencing. Both patients had nystagmus, high-
grade foveal hypoplasia, and poor visual acuity. Surprisingly,
the parents in this family showed no signs of iris anomalies,
anterior segment dysgenesis, or other abnormalities typically
linked to aniridia, such as cataracts, glaucoma, and keratopa-
thy. Moreover, neither nystagmus nor foveal hypoplasia was
observed in the parents.

The parental mosaicism or the intrafamilial phenotypic
variability may explain the phenotype difference between
parents and children. Notably, the Sanger sequencing results
of paternal blood samples (F1-I:2, F2-I:1, and F3-I:1) and
sperm sample (F3-I:1) showed that lower peak height of
the affected allele compared to the children with the corre-
sponding heterozygous variant (see Figs. 3A1, 3B1, Supple-
mentary Fig. S1), indicating the possibility of parental
mosaicism in these cases.

For further investigation of mosaicism, ddPCR was specif-
ically performed in two families with nonsense PAX6 vari-
ants (F1 and F2). DNA from blood samples of the two
probands (F1-II:1 and F2-II:1) and their family members (F1-
I:2 and F2-I:1) was used to accurately assess the mutant
allele fraction. The mutant allele fraction of the blood
samples in 2 affected individuals (F1-I:2 and F2-I:1) was
14.9% and 13.9%, respectively (see Fig. 3). Unfortunately, no
sperm sample was available from the affected father (F2-I:1).
Due to technological constraints, cloning sequencing was
used instead of ddPCR to quantify the mutant allele fraction
in family F3, using a sperm sample from the proband F3-

II:1’s father. The gonosomal fraction had been confirmed in
the father (F3-I:1) of the family F3 with frameshift variant
c.112del (p. Arg38Glyfs*16), and the affected allele fraction
of the sperm sample was 18.8%.

The Relationship Between Variant Groups and
Refractive Error as Well as BCVA

The refractive error among this cohort was classified into
four categories, including hyperopia, emmetropia, low or
moderate myopia, and high myopia. The distribution of four
categories was as follows: hyperopia (34.9%), emmetropia
(17.5%), low or moderate myopia (24.3%), and high myopia
(23.3%; Fig. 4). The distribution of different refractive error
subgroups among truncation, missense, and CTE variant
groups was significantly different (Fisher’s exact test, P =
1.46E-04; GEE model, P = 0.007; Supplementary Table S6-
1). The truncation variants group showed increased hyper-
opia compared to the missense variants group (Fisher’s
exact test, P = 1.20E-03), whereas the missense variants
group was associated with high myopia (Fisher’s exact test,
P = 2.13E-04). Additionally, the CTE variants group exhib-
ited a tendency toward emmetropia compared to missense
(Fisher’s exact test, P = 4.1E-03) and truncation variants
(Fisher’s exact test, P = 4.5E-03). The cluster analysis has
identified a significant difference in the distribution of refrac-
tive errors among different variant location. The hyperopia
was highly related to variants in the NTS, HD, and PSTD
regions. High myopia showed a strong correlation with the
CTS-NTS linker region. Emmetropia also had strong relation-
ship with CTS region (Fig. 4A). The remaining one subgroup
was distributed more evenly among all regions.

Of the 90 myopic eyes, including 44 high myopic eyes
and 46 low/moderate myopic eyes, the missense variant
c.622C>T (p. Arg208Trp) could account for 10 myopic
eyes (11.1%, 10/90), comprising 5 high myopic eyes and
5 low/moderate myopic eyes (Fig. 4B). Additionally, the
missense variant c.233T>G (p. Val78Gly) was associated
with 6 extremely highly myopic eyes, whereas 2 other
missense variants near the amino acid location c.229A>G
(p.Arg77Gly), c.235G>C (p.Ala79Pro) were observed in
2 highly myopic eyes and 2 low/moderate myopic eyes,
respectively. Similarly, the variant c.295G>C (p.Ala99Pro)
was linked to 4 extremely highly myopic eyes, and another
missense variant c.296C>T (p.Ala99Val) affecting the same
amino acid location was found in 4 low/moderate myopic
eyes.

Based on the available clinical data of 113 patients with
PAX6 variants, the BCVA for the majority of people (84/113,
74.3%) was below 0.52 logMAR (Snellen equivalent of 0.30,
low vision). Among three different variant groups, the age
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FIGURE 3. Pedigrees, DNA sequencing, mosaicism, and clinical analysis of two families with PAX6 variants. The family diagrams and
sequencing chromatograms of family F1 with the mosaic and heterozygous PAX6 variants, c. 676G>T (p.Glu266*) (A1) and family F2 with
the mosaic and heterozygous variant, c.702T>A (p. Tyr234*) (B1) are shown. PAX6 variants numbering is based on the NCBI reference
sequence NM_000280.5. Female patients are represented by circles, and male patients by squares. The black pattern indicates aniridia. M
indicates mutant allele,+ indicates the normal allele, and * indicates the mosaic alleles. The black arrows point to probands. The fluorescence
amplitude plots of the family F1 (A2) and family F2 (B2) are shown. The VIC-labeled droplets in green show the presence of the mutant
allele in the heterozygous carriers (II:2) and (F2-II:1), the mosaic mother (F1-I:2) or mosaic father (F2-I:1), and absence in the wild-type
individual, and the negative control (no template control, NTC). The FAM-labeled droplets in blue represented wildtype allele, and were
detected in all individuals. The negative droplets are represented in grey. The quantification of allele abundance by digital droplet PCR
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(ddPCR) for the family F1 (A3) and the family F2 (B3). The mutant allele percentages of heterozygous carriers (F1-II:1 and F2-II:1), the
mosaic variant carriers (F1-I:2 and F2-I:1), and the normal control are shown in horizontal bar plots. (A4) The anterior segment photography,
the fundus images, and optical coherence tomography scans of the son with heterozygous PAX6 variant and the mother with mosaic PAX6
variant in the family F1.

FIGURE 4. The computational clustering and distribution of refractive error in this cohort with PAX6 variants. (A) The diagram above
illustrates the frequency and location of PAX6 variants associated with refractive error in our cohort. In this diagram, the variants associated
with hyperopia (green) and emmetropia (grey) are shown above and variants associated with moderate or low myopia (yellow) and high
myopia (red) are shown below. Above this diagram, the predicted tolerance landscape of PAX6 by MetaDome analysis is shown (red =
intolerant; yellow = neutral; and blue = tolerant). Below this diagram, the schematic of structure of functional domains of the PAX6 isoform
(NM_000280.5). The graph below shows the quantitative and clustering analysis of refractive error in this cohort. The different refractive
error subgroups are listed in the y-axis and different variant locations are listed in the x-axis. The PAX6 variant associated refractive error
subgroups were clustered according to the variant locations using R packages cluster and gplots, and the function heatmap.2. The functional
domains are shown in color bar: the N-terminal subdomain of the paired domain (NTS, red), the linker region between CTS and NTS (link,
green), the C-terminal subdomain of the paired domain (CTS, yellow), the linker region between paired domain and homeodomain (LNK,
grey), the homeodomain (HD, blue), and the proline-serine-threonine-rich domain (PSTD, pink). The Heatmap colors are corresponding to
the trait-Z score, as the frequency histogram showing purple represents the high values and beige represents the low values for each trait. The
clustering analysis demonstrates significant differences in the distribution of various refractive error subgroups across different functional
domains. (B) The distribution of refractive error severity across different variant groups in this cohort. The y-axis is corresponding to the
degrees of refractive error. The red circle pattern indicates the truncation, CTE, or synonymous variant. The black circle pattern indicates
the missense variant. (C) The proportions of four refractive error subgroups in this cohort and their distribution across the different variant
types. * P < 0.05, *** P < 0.001.

distribution was not statistically different (Kruskal-Wallis
Test,P= 0.29). The BCVA of the three variant groups showed
no difference in distribution with the increasing age (Fig.
5A). However, compared to the truncation variants (mean
BCVA ± SD = 1.10 ± 0.84), the BCVA of the missense vari-
ants (mean BCVA ± SD = 0.75 ± 0.37) was better (Mann-
Whitney U test, P = 0.033; Fig. 5B).

Associated Ocular Comorbidities in Patients With
PAX6 Variants

The distribution of associated ocular comorbidities in 456
eyes of 228 patients in this cohort showed cataract as
the most common (168/456, 36.8%), followed by micro-

cornea (82/456, 18.0%) and ARK (52/456, 11.4%). Subse-
quently, other findings, such as MAC, glaucoma, optic disc
hypoplasia, and retinal detachment, were observed (see
the Table, Figs. 6, 7). Detailed information on the distri-
bution was provided in the Table. Regarding the correla-
tion between the different variant subgroups and associ-
ated ocular findings, there was statistical significance in
the distribution of variant subgroups among various ocular-
associated findings (Fisher’s exact test, P= 1.00E-04; Supple-
mentary Table S7-1). In the cataract group (Fisher’s exact
test, P = 5.90E-02 and GEE model, P = 3.48E-01), the
missense (Z-score = −3.08) variants were negatively asso-
ciated with cataracts when compared to splicing variants
(Z-score = 1.37, P = 1.00E-03, Pc threshold = 2.38E-03)
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FIGURE 5. The distribution and comparison of best corrected visual acuity (BCVA), PAX6 associated ocular comorbidity, and iris defect degree
across different variant subgroups. (A) The variation of BCVA with age for three variant subgroups. The red circle pattern indicates truncation,
in-frame indels, or gene deletions variants. The green circle pattern indicates the missense variants. The yellow circle pattern indicates the
C-terminal extension variants. (B) The comparison of BCVA across three variant subgroups. * P < 0.05. (C) The distribution of different
iris defect degrees among seven variants subgroups. (D) The distribution of seven ocular comorbidities across seven variant subgroups.
ARK, aniridia-related keratopathy; FC, finger counting; HM, hand movement; LP, light perception; MAC, microphthalmia, anophthalmia, and
coloboma; NLP, no light perception; ODH, optic disc hypoplasia; RD, retinal detachment.

subgroup (see Supplementary Table S7-3). Additionally, in
the MAC group (Fisher’s exact test, P = 1.63E-03), the
missense variant group (Z-score = 3.14) showed a tendency
toward the MAC, whereas the splicing (Z-score = −2.21)
variant group did not exhibit a preposition toward MAC.
In the optic disc hypoplasia group (Fisher’s exact test, P =
1.00E-03 and GEE model, P = 3.00E-02), the missense vari-
ants (Z-score = 3.97) group tended to be associated to optic
disc hypoplasia compared to the nonsense variants group (Z-
score = −1.77, P = 2.36E-03, Pc threshold = 2.38E-03) (see
Supplementary Table S7-6). The in-frame (Z-score = 3.33)
tended to be associated with microcornea when compared to
other variants groups (see Supplementary Table S7-4). There
was no statistical significance in the other three groups.

In terms of anterior segment changes, aside from the
different degrees of lens opacification, the ARK predomi-
nantly consisted of corneal opacification and fibrovascular
pannus in this cohort (see Figs. 6A–H). For the fundus find-
ings, except for the common foveal hypoplasia, the optic disc
hypoplasia, including tilted optic disc, morphology abnor-
malities, and optic disc coloboma, was also observed in 18
eyes of 10 patients (18/456, 3.9%) in this cohort (see Figs.
6, 7). Based on the available clinical data of newly identified
families with PAX6 variants, the tessellated fundus changes
below the optic disc have been identified in 11 patients
(see Figs. 7I–L).

DISCUSSION

In this large Chinese cohort, we have performed clini-
cal and genetic evaluation of 228 patients from 164 fami-
lies with PAX6 variants, 117 of which are newly identi-
fied and 47 were previously reported. Paternal mosaicism
of PAX6 variants has been identified in 3 of the 164 fami-
lies, in which phenotypic differences have been observed
between carrier parents and affected children. Additionally,
the genotype-phenotype analyses suggest that types and
locations of the variants are associated with different types
of refractive errors, various degrees of iris defects, and other
associated signs and symptoms. It is interesting that foveal
hypoplasia and nystagmus, rather than iris defects, are the
most common initial signs in this cohort of patients with
PAX6 variants. Severe blindness complications, such as glau-
coma and keratopathy, frequently occur in patients with
PAX6 variants, in addition to common symptoms like low
vision, nystagmus, and photophobia. Therefore, recognition
of atypical phenotypic variations beyond typical aniridia is
very important. The insights gained from this study hold
significant value for clinical diagnosis, treatment strategies
in PAX6-related disorders, as well as for genetic counseling
for family members. To our knowledge, this is the first study
to explore the relationship between refraction and PAX6
coding variants systematically.
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FIGURE 6. The anterior segment photography of patients with PAX6 variants in this cohort. (A–D) The anterior segment images of three
patients with cornea pannus. The conjunctival tissue with vessels invading the peripheral and mid-peripheral cornea was observed in patient
QT522-II:1 (A, B) and patient F41-I:1 (C). The complete translucent and vascularized peripheral cornea was observed in the patient F25-I:2
(D). (E–H). The anterior segment images of four patients with varying degrees of corneal opacity and corneal vascularization. (I–L) The
anterior segment images of four patients with different degrees of cataract.

Clarifying the pathogenicity of PAX6 missense variants is
still a challenge in the genetic diagnosis although genotype-
phenotype correlation has been discussed before,3,29 espe-
cially for sporadic cases. In this cohort, missense vari-
ants have been found to account for about one-fourth
of the pathogenic or likely pathogenic variants in PAX6.
Recently, the AlphaMissense database has been identified
in hematological malignancies.30 Here, all missense PAX6
variants identified in our cohort have been predicted to be
pathogenic by the AlphaMissense, showing a relative strin-
gent classification of disease-associated variants compar-
ing to those PAX6 variants listed in HGMD,31 in which
about 91.3% disease-causing variants are predicted to be
pathogenic, whereas only about 46.2% likely disease-causing
variants are predicted to be pathogenic by the AlphaMis-
sense. It suggests that the AlphaMissense can be an alterna-
tive complementary pathogenicity evaluation tool for PAX6
missense variants.

The prevalence of sporadic cases is about 40% in
the PAX6 mutation database,3 but the sporadic occur-
rence of newly identified cases in this cohort is 55.6%
(65/117 families), with verified de novo mutations in 19.7%
(23/117). Parental mosaicism has long been suspected to
be one of the potential explanations for sporadic cases
with PAX6 variants,32,33 and has been recently reported in
several sporadic cases with PAX6-related disorders including
aniridia, microphthalmia,18 and isolated foveal hypoplasia.17

Here, parental postzygotic mosaicism has been confirmed
in three families with estimated affected allele fractions of

13.9% to 18.8% in sperm or blood tissue. As previously
reported, the variable expressivity of phenotype in PAX6-
related disorders may be partially explained by parental
mosaicism.34 The phenotype of the 3 persons with mosaic
variants is milder than that of affected family members with
heterozygous variants, expressing primarily in the follow-
ing 3 aspects: (1) grade 0 to grade 1 foveal hypoplasia, (2)
normal to partial iris defect, and (3) no signs of nystag-
mus. This may be attributed to the PAX6 dosage effect.35,36

Notably, despite an affected allele frequency of 18.9%,
the mosaic individual (F3-I:1) displayed insignificant ocular
abnormalities, whereas those with lower-level mosaicism
(14.9% and 13.9%, respectively, in F1-I:2 and F2-I:1) exhib-
ited partial aniridia and milder foveal hypoplasia compared
to their heterozygous children. Hence, the variable expres-
sivity of phenotype may not only be influenced by the
PAX6 dosage effects in various tissues. Other factors, such
as epigenetic control mechanism,37 environmental modifier,
or perhaps spatiotemporal expression pattern of PAX6,36

which are difficult to be verified in our cohort as most
of our patients are sporadic. The above findings suggest
that clinicians should contemplate the possibility of pater-
nal mosaicism in sporadic PAX6 cases, especially in cases
with 2 or more affected siblings with “healthy” parents.
The ocular manifestations of the parents in these cases
warrant careful evaluation of milder atypical changes in
the iris and/or fovea. Recognizing these cases holds clinical
significance for the genetic counseling of their siblings or
offspring.
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FIGURE 7. The fundus images and optical coherence tomography scans of patients with PAX6 variants in this cohort. (A–D) The poste-
rior fundus photographs of the right eyes of four patients reveals the different grades of foveal hypoplasia. (E–H) The posterior fundus
photographs of four patients shows the optic nerve hypoplasia, including tilted disc, optic disc coloboma, and optic disc pit. (I–L) The
ultra-widefield fundus and RetCam images of four patients show the tessellated fundus changes beneath the optic disc. (M–P) The OCT
results of four patients show the different grade of foveal hypoplasia, including grade 1 (M, N), grade 3 (O), and grade 4 (P).

Aniridia has long been considered to be the major clini-
cal feature in PAX6-related disorders.38 However, some stud-
ies found that foveal hypoplasia without obvious iris abnor-
malities was common in individuals harboring PAX6 vari-
ants.4,5 Correspondingly, the current study shows a greater
incidence of foveal hypoplasia (97.8%) than aniridia (76.7%)
in our large Chinese cohort, suggesting that foveal hypopla-
sia rather than aniridia may be the most common clini-
cal indication of PAX6-related disorders. In addition, partial
aniridia was observed in 14.3% (52/362) of patients in this
study. Partial aniridia, especially absence of the inferior iris,
is easily confused with the iris coloboma.38 Iris coloboma is
known as a developmental abnormality typically located in
the inferior nasal quadrant, resulting in a keyhole pupil (see
Fig. 2G). We found the shape of the inferior iris absence in
aniridia exhibited a unique sectorial defect or water droplet-
like defect (see Fig. 2E), differing from the morphology of
iris coloboma, suggesting that it can be used as the clinical
sign for differential diagnosis.

Furthermore, the findings in this study suggest that the
degree of the iris defect could be related to the type and loca-
tion of the PAX6 variant. Missense variants located in the
NTS-CTS linker and CTS region have a tendency to result
in iris hypoplasia, whereas truncation variants are usually

associated with complete aniridia, consistent with previous
studies.5,13,39,40 The mechanism behind missense variants
resulting in non-aniridia phenotypes remains unclear, but it
may relate to perturbation of the DNA-binding activity and
alteration of transcription activity,5,13,39,41,42 and variants in
the NTS-CTS linker region have been reported to lead to a
non-aniridia phenotype through altering the flexibility in the
linker region and affecting DNA binding ability.39 Addition-
ally, missense variants in the CTS region were predominantly
associated with isolated foveal hypoplasia in our previous
study.5 The CTS region and exon 5a (the extra 14 amino
acids inserting in the NTS region) have been suggested to be
involved in fovea development.43 Moreover, the CTS and NTS
regions have been shown to regulate each other negatively,
and the changes in ratio of DNA binding and transactiva-
tion activity in these two regions may impact ocular develop-
ment.44,45 Conversely, patients with truncation variants tend
to exhibit complete aniridia in this cohort, likely due to PAX6
haploinsufficiency.3,38 The truncation variants located at the
3′ end of the PAX6may evade nonsense-mediated decay and
lead to truncated proteins with dominant negative effects,
resulting in severe ocular phenotypes.3,46 The C-terminus of
PAX6 is highly conserved and appears to play a vital role in
the DNA binding ability of the HD domain.47 Previous stud-
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ies have noted mild iris abnormalities but severe abnormali-
ties in other ocular structures in patients with CTE variants.48

Similarly, in our cohort, patients with CTE variants also tend
to present iris hypoplasia, distinct from truncation variant
phenotypes, suggesting potentially differing mechanism.

Andreas Schedl et al. found that the abnormal expres-
sion of PAX6 can lead to developmental defects, includ-
ing microphthalmia and anophthalmia, in mutant mice
models.15 Furthermore, PAX6 missense variants, predom-
inantly located in the PD region, are highly associated
with microphthalmia.13 Besides, expression of PAX6 was
inhibited in the form-deprivation chicken model49 and was
enhanced in the hyperopic defocused infant rhesus monkey
retinal.50 Hammond et al. proposed that PAX6 may play a
vital role in eye growth related to myopia based on the
strong linkage between the PAX6 gene region and refractive
errors in dizygotic twins, although there was no evidence
that those common variants in PAX6 had direct relationship
with myopia.7 Subsequently, researchers found that several
SNPs in PAX6 were closely associated with high myopia51

or extreme myopia8,52 in the Chinese population. However,
as described previously, in a British population, no asso-
ciation between PAX6 and myopia have been observed.9

Thus, the relationship between specific PAX6 variants and
refractive errors is complex and incompletely understood.
In the current study, our data show that different types of
refractive errors are associated with different types and loca-
tions of PAX6 variants. Interestingly, the association between
PAX6 variants and refractive errors mirrors the associa-
tion between PAX6 variants and the degree of iris defects,
suggesting that similar mechanisms, such as changes in DNA
affinity activity, may underlie the development of myopia or
hyperopia associated with PAX6 variants. The most common
variant related to high myopia in this cohort, c.622C>T (p.
Arg208Trp), has also been identified in other studies. In one
large African pedigree, 11 patients with the same variant
showed myopia, including 6 patients with high myopia.53

Similarly, varied degrees of myopia have been described in
all patients of a large Chinese family54 as well as in a sporadic
case.55 It might be of interest to explore the underlying
mechanism of myopia due to the c.622C>T (p. Arg208Trp)
variant in PAX6.

In this cohort, the cataract is the most common ocular
comorbidity, followed by microcornea, ARK, and glaucoma,
in line with the previous studies.55 The detection rate of
cataract (36.8%), glaucoma (3.1%), and ARK (11.4%) in this
cohort is lower than the reported frequency, which ranges
from 50% to 90% for cataract,6,56,57 15% to 66.7% for glau-
coma,6,56,58,59 and 48% to 80% for ARK,6,60,61 respectively.
This may be attributed to the mean age of probands recruited
in this cohort being 12.14 ± 13.20 years, because the major-
ity of the patients who visited our Pediatric and Genetic Eye
Clinic are children, whereas the reported age of onset of
ARK 19 to 33 years of age,6,57,62 of glaucoma is highly vari-
able, with 70% of patients diagnosed with glaucoma being
between 20 and 59 years old.6 Similarly, congenital cataracts
may be present from birth but cannot be easily observed due
to the mild lens opacity until they impair vision in adults.

In the current study, we also find a significant correla-
tion between the ocular comorbidities associated with PAX6
and different variant types. The frequency of cataract is
comparatively higher in the splicing variants group than the
missense variants group. PAX6 is identified as the core gene
with key role in the lens induction.63,64 It has been shown
that the loss of function of Pax6 during lens induction,

after the placode formation has occurred, arrests lens devel-
opment.65 Additionally, Pax6 and Bmi1 have been shown
to be necessary for lens epithelial stem/progenitor cells
(LECs) renewal and loss of LECs homeostasis may result in
cataract.64 Hence, a haploinsufficiency mechanism has been
suggested as a possible explanation for PAX6 variants result-
ing in the cataract.66 Conversely, optic disc hypoplasia in
this study is more frequently related to the missense variant
group compared to the nonsense variant, suggesting that the
potential mechanism behind the relationship may involve
altering the protein stability and subsequently changing the
DNA binding affinity and specificity of PAX6 rather than
a true haploinsufficiency mechanism.13,67 A similar pattern
also has been observed in other studies.66 In addition, the
occurrence of inferior tessellated fundus is not rare, indicat-
ing that it may be a characteristic clinical manifestation of
fundus changes related to PAX6 variants.

One limitation of this study is the small family size. The
effects of modifying genes and environmental factors on
the phenotype caused by the same genetic change is more
easily observed in larger families than in small pedigrees.
Several previous studies have reported multiple members
of the same large family carrying the same variant, show-
ing a wide range of ocular comorbidities, different visual
outcomes, and varying severity of iris defects.68,69 Regarding
refractive error, some patients with PAX6 variants had high
myopia, whereas others with the same or a similar variant
did not.70 This intra-pedigree phenotypic variability suggests
that the genotype-phenotype relationship of PAX6 variants
is not a simple correspondence. Other modifiers may be
involved, such as transcription factor regulation, epigenetic
regulation,71 and subtle changes in the expression of PAX6
downstream targets and coregulation factors.72–74 Although
the current study lacks large pedigrees, these factors do not
seem to have a major impact on the conclusion of genotype-
phenotype correlation in the patients described in this study,
perhaps because we still have many small pedigrees carrying
the same variants in this cohort. To some degree, the number
of families can compensate for the limitation of small family
sizes and contribute to the generalizability of findings. For
example, we describe 10 eyes of 5 individuals across 4 fami-
lies with same missense variant (c.622C>T), showing differ-
ent degrees of myopia: 5 eyes with high myopia and 5 eyes
with low or moderate myopia. Admittedly, the degree of
refractive error may be influenced by multiple factors, but
there is no doubt that this missense variant is correlated
with myopia. Similarly, the severity of foveal hypoplasia may
be affected by a variety modifiers, resulting in the variable
degree of foveal hypoplasia among the different families.
However, the presence of foveal hypoplasia seems not to
be easily changed by factors other than the genotype. The
location and degree of iris defects may be modified by envi-
ronmental and other factors or epigenetic regulation, but
the morphology of this iris defect is fundamentally different
from the usual iris coloboma. Although these factors may
affect this study’s conclusions on the degree of genotype-
phenotype correlations to some extent, recognizing the rela-
tionship can guide judgments on variant pathogenicity and
provide valuable insights for future studies on genotype and
phenotype characterization.

Another limitation of this study is the absence of the
investigation of the variants in the deep intronic region.
With the advancement of next-generation sequencing tech-
nology, a higher proportion of noncoding and structural
variants have been identified as causative variants.75–77
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Therefore, the possibility of potential variants outside the
exome contributing to the observed phenotypes cannot be
excluded. However, although whole genome sequencing
(WGS) could detect variants throughout the entire genome
and potentially identify causal noncoding variants, distin-
guishing functional causal variants from millions of noncod-
ing variants remains a challenge. Furthermore, compared
to non-coding variants, identifying pathogenic variants in
the coding region is more feasible because there are well-
characterized and validated methods to predict the conse-
quences of each variant and assess their pathogenicity.
Thus, for the monogenic disorders like PAX6-related disor-
ders, causative pathogenic variants are typically screened
from coding region variants first. In fact, based on the
HGMD database, the detection rate of potential pathogenic
deep-intronic variants is about 3.5% (21/658). We have also
performed WGS on 14.8% (9/61) of probands with PAX6-
related phenotypes from unsolved families in this cohort.
Unfortunately, no deep intronic potential pathogenic vari-
ants were identified among these cases. We expect more
targeted studies will explore this puzzle in the future.
Although this does not exclude the possibility of intronic
or other variants modifying the phenotype and penetrance,
it does suggest that the frequency of such variants causing
disease in our cohort is low.

In conclusion, we present a comprehensive clinical and
genetic analysis of 228 patients with potential pathogenic
PAX6 variants, including 169 newly identified and 59 previ-
ously reported cases. The detection of parental mosaicism
and related clinical manifestations in mosaic individuals
enhances understanding of the role of parental postzygotic
mosaicism in PAX6-related disorders and provides valu-
able insights for genetic counseling. Our study extends
beyond the examination of the most common PAX6-related
disease, aniridia, to encompass a broader spectrum of PAX6-
related conditions, recognizing that foveal hypoplasia may
emerge as the predominant clinical hallmark associated with
PAX6 variants, rather than aniridia. Furthermore, this study
not only is the first to analyze the relationship between
pathogenic PAX6 variant type/location and refractive error
in a systematic fashion, but also investigates genotype-
phenotype relationship in terms of the degree of iris defects,
BCVA, and associated ocular comorbidities. These findings
support PAX6 as a susceptibility gene for high myopia,
deepen our insight into molecular mechanisms underlying
refractive error, and offer novel insights into the clinical diag-
nosis and treatment of ocular diseases related to PAX6 vari-
ants. The current study illuminates the complexity of PAX6
regulation in ocular development, paving the way for the
future exploration in this area.
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