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Phenotypic and genotypic heterogeneity in congenital ocular diseases, especially in anterior segment dysgenesis (ASD), have
created challenges for proper diagnosis and classification of diseases. Over the last decade, genomic research has indeed boosted
our understanding in the molecular basis of ASD and genes associated with both autosomal dominant and recessive patterns of
inheritance have been described with a wide range of expressivity. Here we describe the molecular characterization of a cohort of
162 patients displaying isolated or syndromic congenital ocular dysgenesis. Samples were analyzed with diverse techniques, such
as direct sequencing, multiplex ligation-dependent probe amplification, and whole exome sequencing (WES), over 20 years. Our
data reiterate the notion that PAX6 alterations are primarily associated with ASD, mostly aniridia, since the majority of the cohort
(66.7%) has a pathogenic or likely pathogenic variant in the PAX6 locus. Unexpectedly, a high fraction of positive samples (20.3%)
displayed deletions involving the 11p13 locus, either partially/totally involving PAX6 coding region or abolishing its critical
regulatory region, underlying its significance. Most importantly, the use of WES has allowed us to both assess variants in known ASD
genes (i.e., CYP1B1, ITPR1, MAB21L1, PXDN, and PITX2) and to identify rarer phenotypes (i.e., MIDAS, oculogastrointestinal-
neurodevelopmental syndrome and Jacobsen syndrome). Our data clearly suggest that WES allows expanding the analytical
portfolio of ocular dysgenesis, both isolated and syndromic, and that is pivotal for the differential diagnosis of those conditions in
which there may be phenotypic overlaps and in general in ASD.
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INTRODUCTION
Congenital ocular malformations may affect any part of the eye and
the ocular adnexa. The major early morphological events in the
development of the eye can be broadly summarized into four main
steps: (i) formation of the optic vesicle, (ii) induction of lens, (iii)
organization of early retina, and (iv) fusion of the optic fissure [1].
Developmental defects may occur in isolation or as part of a larger
systemic malformation syndrome [2]. A significant number of
congenital ocular anomalies indeed involve the anterior segment of
the eye.
Congenital anterior segment dysgenesis (ASD) refers to a

spectrum of congenital disorders involving abnormal development
of the anterior segment of the eye, i.e., the cornea, iris, trabecular
meshwork, ciliary body, and lens [3]. Approximately 50% of ASD
patients will develop glaucoma, typically at a young age [4]. ASD
encompasses a variety of conditions, such as Axenfeld–Rieger
syndrome (ARS), aniridia, coloboma, congenital glaucoma, Gillespie
syndrome, microphthalmia, and Peters anomaly (PA), among others.
The main characteristics of these disorders are summarized in
Supplementary Table 1.
The discrete range of clinical manifestations and the common

overlapping characteristics of the aforementioned diseases make
their classification challenging. In addition, several genes con-
tribute to multiple phenotypes, adding to the complexity of the

phenotype–genotype correlations and genetic diagnostic accu-
racy [5].
Over the last decade, genomic research has indeed boosted our

understanding in the molecular basis of ASD. Identification of the
genetic changes underlying ASD has gradually led to recognizing
that some of these conditions may be parts of a disease spectrum
[6]. Whether PAX6 haploinsufficiency (caused by heterozygous loss
of function variants in the PAX6 gene or its associated regulatory
regions spanning the 11p13 locus) is able to explain about 90–98%
of all aniridia cases, this is not true for some of the other conditions
included in ASD. For example, the 13q14 locus (RIEG2) has been
strongly associated to ARS but the altered gene causative of this
disease has not been yet identified [7]. Although mutations of
CYP1B1, LTBP2,MYOC, FOXC1, TEK, and ANGPT1 have been implicated
in primary congenital glaucoma (PCG), the inner molecular bases of
the disease remain largely undisclosed [8], leading to a detection
rate of 10–40% that mostly varies across ethnic groups [9]. Lastly,
despite the number of genes known to play a role in PA, a genetic
diagnosis is found in about 25% of cases [10].
Notwithstanding the implementation of diagnostic techniques,

the pathomechanisms of some of these conditions are far from
being elucidated.
In this scenario, the advent of high-throughput DNA sequencing

technologies has led to the identification of many genes and DNA
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sequence variants implicated in human eye disorders and con-
tributed to the progress in understanding the processes driving the
development of the eye [11]. Nonetheless, there is a lack of
systematic investigation into the diagnostic utility of next-
generation sequencing (NGS) in the entire group of ASD patients.
To date, most studies focus on a particular phenotypic subset or
gene set, and such studies suggest there may be a detection rate of
<10–40% in the broader cohort [5].
Given these premises, here we describe the molecular character-

ization of cohort of 162 patients displaying isolated or syndromic
congenital ocular dysgenesis.

MATERIALS AND METHODS
Patient and sample collection
This study uses clinical information and biological samples from 162
individuals referred to the Institute of Medical Genetics of the Azienda
Sanitaria Universitaria Friuli Centrale (ASUFC) of Udine (Italy), from 2003 to
2023. Written informed consent for research was obtained from all patients
for use of their samples in genetic studies. This study was approved by
Institutional Review Board (IRB-DAME, Prot IRB: 191/2023).
Samples were analyzed for intragenic PAX6 alterations by direct

sequencing and multiplex ligation-dependent probe amplification (MLPA)
until 2019 and whole exome sequencing (WES) from 2019 to 2023.
Samples tested negative prior 2019 were reanalyzed by WES. Copy number
variants were confirmed by microarray comparative genomic hybridization
(aCGH).

DNA extraction
Genomic DNA was extracted from peripheral blood samples collected into
10ml EDTA K2 blood collection tubes using the QIAsymphony® SP/AS
instrument (Qiagen, Hilden, Germany) according to the manufacturer’s
instruction. DNA quantity was estimated using the Qubit™ dsDNA HS Assay
Kit on a Qubit 4.0 Fluorometer (Thermo Fisher Scientific, Waltham,
MA, USA).

Sanger sequencing
Sanger sequencing of PAX6 exons 4–13 and of the 15 PAX6 enhancers
was performed as previously described [12–14]. Amplification was
performed using 150 ng of DNA and GoTaq® Colorless Master Mix
(Promega, Madison, WI, USA). PCR primer sequences are available on
demand. The amplified products were analyzed by direct sequencing
using the Big Dye Terminator Cycle Sequencing Kit v3.1 and capillary
electrophoresis on the 3500 Dx Series Genetic Analyzer (Applied
Biosystems, Waltham, MA, USA).

Whole exome sequencing and data analysis
Barcoded libraries were generated from 50 ng of DNA per sample (n= 64).
The exonic regions and flanking splice junctions (±25 bp flanking each
exon) of about 22,000 coding genes were captured using the WholEX pro
sequencing kit (4bases SA, Manno, Switzerland). Sequencing was
performed in paired-end 2 × 150 bp on a NextSeq system (Illumina Inc.,
San Diego, CA, USA).
Reads were aligned to human genome build GRCh38/hg38 and

variant calling were performed with the Varsome Clinical platform
(Saphetor SA, Lausanne, Switzerland). Variant annotation and classifica-
tion were performed with eVai (enGenome, Pavia, Italy). A minimum
depth coverage of 20× and a minimum alternate allele frequency of 20%
(VAF ≥ 20%) were considered suitable for analysis. Variants with
frequency <0.1% in population-based databases (i.e., gnomAD), exonic
missense, splicing, stop-gain, stop-loss, and frameshift insertion and
deletion variants were retained for further evaluation. The following
public databases were used for the interpretation of the variants: HGMD
Professional (https://my.qiagendigitalinsights.com/bbp), LOVD (https://
databases.lovd.nl/shared/genes), ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/), Varsome Premium (https://varsome.com/).
Variants were classified according to the American College of Medical

Genetics and Genomics (ACMG) guidelines [15]. Candidate variants were
classified as potentially disease-causing based on ACMG criteria, reports of
previous cases with a comparable phenotype, animal models, and/or
functional studies.

Multiplex ligation-dependent probe amplification
The SALSA MLPA Probemix P219 PAX6 (MRC-Holland, Amsterdam, The
Netherlands) was used to detect deletions or duplications in the 11p13-14
region, which includes the PAX6 and WT1 genes, and the SOX2 gene on
3q26, which are associated with hereditary ocular malformations. All
procedures and data analysis were performed as indicated by the
manufacturer. Capillary electrophoresis was performed on a 3500 Dx
Series Genetic Analyzer (Applied Biosystems) using the LIZ 500 Size
Standard v2.0. Data were analyzed using Coffalyser.Net™ Software (MRC-
Holland) following manufacturer’s instructions.

Microarray-based comparative genomic hybridization (aCGH)
Array CGH analyses were performed using the Agilent Human Genome
CGH oligonucleotide array 180 K following the manufacturer’s instructions
(Agilent Technologies, Santa Clara, CA, USA). Images were analyzed with
the Agilent Feature Extraction, Genomic Workbench 6.5.018 Lite Edition
Software, and genomic coordinates were evaluated according to GRCh37/
hg19. Genes located in the deleted area were investigated by the UCSC
genome browser database (http://genome.ucsc.edu, hg19).

RESULTS
Cohort characteristics
Our cohort include 162 patients referred to the Institute of Medical
Genetics at the ASUFC between 2003 and 2023 for genetic testing
for ASD. Most of the cohort displayed isolated aniridia (N= 125), the
remaining ones presented coloboma (N= 22), Axenfeld–Rieger
syndrome (N= 4), Peters anomaly (N= 4), WAGR (N= 4), and
morning glory anomaly (N= 3) (Fig. 1). The majority of patients
exhibited sporadic disease (54.3%).

Frequency of 11p13 alterations
In the first analytical setting only PAX6 gene alterations were
evaluated. SNVs and SVs were assessed by direct sequencing and
MLPA, respectively. Moreover, considering that PAX6 is surrounded
by ultra-conserved cis-regulatory sequences (CREs), direct sequen-
cing of its 15 enhancer sequences was performed [16, 17]. Overall,
66.7% of samples bore a pathogenic or likely pathogenic aberration
in the PAX6 locus (N= 108), either affecting PAX6 coding region or
its regulatory domains. Merging familial cases, gross deletions were
found in 20.8% (16 out of 77) of patients diagnosed with isolated or
syndromic aniridia. A total of 31.25% (5 out of 16) of these deletions
exclusively involve PAX6 CREs embedded within DCDC1, DNAJC24,
ELP4, and IMMP1L genes, located downstream PAX6. Figure 2
depicts variant distribution in the PAX6 locus.
A total of 61 pathogenic or likely pathogenic variants were

detected in the PAX6 gene from 19 pedigrees and additional 42
sporadic patients, including 15 novel and 35 previously reported
variants (i.e., included in ClinVar and/or HGMD databases). Consider-
ing unique SNVs (N= 50), 52% of variants falls within the known
PAX6 mutation hotspots, i.e., located in known methylated CpG
islands between exons 7–12 [18]. A total of 20% of SNVs are located
in PAX6 exon 5, which turned out to be the most affected exon both
in our cohort and those formerly reported in the literature. Besides,
one patient displayed a non-coding SNVs located in the ultra-
conserved PAX6 enhancer, whose pathogenicity was already
discussed by Bhatia et al. [19]. Table 1 summarizes pathogenic or
likely pathogenic findings within the PAX6 locus. Figure 3 depicts the
location of novel PAX6 variants assessed in our cohort.

Variants of unknown significance in the 11p13 locus
Two variants of unknown significance (VUS) were found. A deletion
involving most of the coding region of the ELP4 gene, from intron
2–3 to intron 9–10 (arr[GRCh37]11p13(31541660_31802443)x1),
was assessed in a patient with bilateral aniridia, nystagmus,
posterior polar cataract, and bilateral corneal dystrophy (A114).
Genetic counseling highlighted that her father shared the same
phenotype but was unavailable for testing. The deletion removes
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diverse PAX6 CREs including the ultra-conserved SIMO but does not
entirely erase the critical region required for PAX6 transcriptional
activation described in Ansari et al. [20]. Recently, a smaller minimal
critical region has been proposed, which includes four enhancers
but spare SIMO [21]. For all these reasons, it cannot be considered
definitely deleterious.
A heterozygous stop-loss variant in PAX6 (NM_000280;c. 1267T

> A;p.*423Lysext*14) was assessed in two unrelated patients both
displaying aniridia (A205 and A273). The mutation abolished the
canonical stop codon, generating a late stop codon after 42 base
pairs, resulting in a 14 amino acid additional tail to the C-terminus
of the PAX6 protein. This variant is located in a low-quality site
within the gnomAD v2.1.1 database, therefore population
frequency could not be considered. Indeed, both ClinVar and
LOVD databases reported this variant as likely benign, contrary the
current knowledge that PAX6 C-terminal extension variants
recapitulate nonsense variants-related haploinsufficiency [18],
but without experimental evidences. Given these assumptions, it
was considered a VUS.

Distribution of alterations in genes other than PAX6
Subsequently, WES was performed in PAX6-negative samples to
identify rarer phenotypes or those phenotypes overlapping with

aniridia, especially in the neonatal period (n= 64). After filtering
benign and likely benign variants, 30.8% patients bore a pathogenic
or likely pathogenic aberration in genes known to cause ocular
dysgenesis. Both dominant and recessive patterns were assessed.
Alteration in genes already related to ASD were found, such as a
SNV in PITX2, four different PXDNmissense variants in two unrelated
patients, a nonsense FZD5 variant in two related patients
(A167, mother–A170, son), two variants in the recently discovered
MAB21L1 [22], and three ITPR1 alterations, one in homozygous and
two in heterozygous state.
Besides, aberrations in genes associated with complex syndromic

phenotypes have been highlighted.
A heterozygous 5.2 Mb deletion involving chromosome X was

found in a proband evaluated for suspected unilateral aniridia in
the context of congenital corneal opacity (A84). Xp22.2 deletions
are associated with the MIDAS syndrome, a rare syndromic eye
disorder characterized by ocular defects and linear skin dysplasia
[23]. Indeed, the patient’s phenotype evolved with unilateral
sclerocornea and ptosis.
Two missense variants in the CAPN15 gene were assessed in a

patient displaying irido-choroidal coloboma associated with a mild
developmental delay (A106). Biallelic CAPN15 variants are associated
to the oculogastrointestinal-neurodevelopmental syndrome (OMIM

Fig. 2 Distribution of PAX6 alterations in our cohort. A Percentage of alterations affecting the 11p13 locus considering both SNVs and SVs.
B Percentage of SNVs affecting the 11p13 locus found in our cohort

Fig. 1 Summary of patients’ phenotypes. The figure represents the percentage of patients with a diagnosis of aniridia, coloboma, Axenfeld–Rieger
syndrome, Peters anomaly, WAGR, and morning glory anomaly, together with the percentage distribution between familial and sporadic cases
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Table 1. PAX6 pathogenic or likely pathogenic alterations found in our cohort

ID Disease Inheritance Gene Variant Genomic position (hg19)

A1 Aniridia Sporadic PAX6 c.357C>G
p.Ser119Arg

chr11-31823109-G-C

A3 Aniridia Sporadic PAX6 c.607C>T
p.Arg203*

chr11-31816253-G-A

A6 Aniridia Sporadic PAX6 c.607C>T
p.Arg203*

chr11-31816253-G-A

A13 Aniridia Sporadic PAX6 c.916+1G>A
p.Arg203*

chr11-31815199-C-T

A18
A19
A29

Aniridia Familial DCDC1, DNAJC24, ELP4, IMMP1L -d arr[GRCh37]11p13(30953737_31685847)x1

A20 Aniridia Sporadic PAX6 c.357C>G
p.Ser119Arg

chr11-31823109-G-C

A23 Aniridia Sporadic PAX6 c.771G>Ac

p.Trp257*
chr11-31815345-C-T

A28 Aniridia Sporadic ARL14EP, DCDC1, DNAJC24, ELP4, FSHB,
IMMP1L, MPPED2, PAX6, RCN1

- arr[GRCh37]
11p13p14.1(30255684_31907122)x1

A30 Aniridia Sporadic PAX6 c.357+1G>A
p.?

chr11-31823108-C-T

A35 Aniridia Sporadic PAX6 c.110_117del
p.Ala37Valfs*16

chr11-31824276-CGGCCGGG-

A40
A85

Aniridia Sporadic PAX6 c.357+1G>A
p.?

chr11-31823108-C-T

A43
A55
A56
A57
A59

Aniridia Familial DCDC1, DNAJC24, ELP4, IMMP1L -d arr[GRCh37]11p13(31030697_31755156)x1

A48
A49

Aniridia Familial PAX6 c.375_376dup
p.Val126Glufs*22

chr11-31822386--CT

A51 Aniridia Sporadic PAX6 c.406C>T
p.Gln136*

chr11-31822356-G-A

A54 Aniridia Sporadic PAX6 c.244_245dela

p.Glu82Serfs*9
chr11-31823221TC--

A61 Aniridia Sporadic PAX6 c.607C>T
p.Arg203*

chr11-31816253-G-A

A63
A64

Aniridia Sporadic DCDC1, DNAJC24, ELP4, IMMP1L -d arr[GRCh37]11p13(31212097_31751004)x1

A67 Aniridia Sporadic PAX6 c.3G>A
p.Met1Ile

chr11-31827957-C-T

A69 Aniridia Familial DCDC1, DNAJC24, ELP4, IMMP1L, PAX6,
RCN1

-d arr[GRCh37]11p13(31327164_31876477)x1

A70 Aniridia Familial PAX6 c.781C>T
p.Arg261*

chr11-31815335-G-A

A71A
A71B

Aniridia Familial PAX6 c.358-1G>C
p.?

chr11-31822405-C-G

A72 Aniridia Sporadic PAX6 c.180T>A
p.Tyr60*

chr11-31823286-A-T

A73 WAGR Sporadic CCDC73, CSTF3, DCDC1, DEPDC7,
DNAJC24, EIF3M, ELP4, IMMP1L, PAX6,
PRRG4, QSER1, RCN1, TCP11L1, WT1

-d arr[GRCh37]
11p14.1p13(30638320_33182162)x1

A74
A75

Aniridia Familial PAX6 c.607C>T
p.Arg203*

chr11-31816253-G-A

A81A
A81B
A81C
A81D

Aniridia Familial DCDC1, DNAJC24, ELP4, IMMP1L, PAX6 - arr[GRCh37]11p13(31329311_31828397)x1

A82 Aniridia Sporadic DCDC1, DNAJC24, ELP4, IMMP1L -d arr[GRCh37]
11p14.1p13(30902664_31802443)x1

A83 Aniridia Sporadic PAX6 c.520C>T
p.Gln174*

chr11-31822242-G-A

A86A
A86B
A86C
A86D
A86E
A86F

Aniridia Familial PAX6 - arr[GRCh37]11p13(31827945_31828010)x1
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Table 1. continued

ID Disease Inheritance Gene Variant Genomic position (hg19)

A87 Aniridia Sporadic PAX6 c.718C>T
p.Arg240*

chr11-31815627-G-A

A88 Aniridia Sporadic PAX6 - arr[GRCh37]11p13(31816347_31827834)x1

A89 Aniridia Familial PAX6 c.718C>T
p.Arg240*

chr11-31815627-G-A

A91 Aniridia Sporadic PAX6 c.818dup
p.Asn273Lysfs*11

chr11-31815298--T

A92 Aniridia Familial PAX6 c.1041_1053dela

p.Ser349Hisfs*12
chr11-31812388-GGTCTGGCTGGGG-

A95 Aniridia Sporadic PAX6 c.357+1G>A
p.?

chr11-31823108-C-T

A96 Aniridia Familial PAX6 c.141+4A>G
p.?

chr11-31824248-T-C

A110 Aniridia Sporadic PAX6 c.764A>Ga

p.Gln255Arg
chr11-31815581-T-C

A115 Aniridia Sporadic PAX6 c.158T>Ca

p.Val53Ala
chr11-31823308-A-G

A116 Aniridia Sporadic PAX6 c.551del
p.Gly184Glufs*23

chr11-31816309-C-

A117
A241

Aniridia Sporadic PAX6 c.781C>T
p.Arg261*

chr11-31815335-G-A

A118 Aniridia Sporadic PAX6 c.183C>A
p.Tyr61*

chr11-31823283-G-T

A119 Aniridia Sporadic PAX6 c.949C>T
p.Arg317*

chr11-31815069-G-A

A122 Aniridia Familial PAX6, ELP4 -d arr[GRCh37]11p13(31642266_31825698)x1

A123 WAGR Sporadic EIF3M, ELP4, PAX6, RCN1, WT1 - arr[GRCh37]11p13(31808455_32617592)x1

A125 Aniridia Sporadic PAX6 c.607C>T
p.Arg203*

chr11-31816253-G-A

A130 Aniridia Sporadic PAX6 c.114_117dela

p.Pro39Alafs*14
chr11-31824276-CGGC-

A131 Aniridia Sporadic ELP4 c.1143+14176C>Ab chr11-31685945-C-A

A136
A146

Aniridia Familial PAX6 c.357+1G>A
p.?

chr11-31823108-C-T

A137 WAGR Sporadic ABTB2, ANO3, APIP, ARL14EP, BBOX1,
BDNF, CAPRIN1, CAT, CCDC34, CCDC73,
CD44, CD59, CSTF3, DCDC1, DEPDC7,
DNAJC24, EHF, EIF3M, ELF5, ELP4,
FBXO3, FIBIN, FJX1, FSHB,HIPK3, IMMP1L,
KCNA4, KIAA1549L, KIF18A, LGR4, LIN7C,
LMO2, METTL15, MPPED2, MUC15,
NAT10, PAMR1, PAX6, PDHX, PRRG4,
QSER1, RCN1, SLC1A2, SLC5A12,
TCP11L1, TRIM44, WT1

-d arr[GRCh37]
11p14.2p13(26583085_35710586)x1

A142 Aniridia Sporadic PAX6 c.765+1G>T
p.?

chr11-31815579-C-A

A143 WAGR Sporadic ABTB2, ANO3, APIP, ARL14EP, BBOX1,
BDNF, CAPRIN1, CAT, CCDC34, CCDC73,
CD44, CD59, COMMD9, CSTF3, DCDC1,
DEPDC7, DNAJC24, EHF, EIF3M, ELF5,
ELP4, FBXO3, FIBIN, FJX1, FSHB, HIPK3,
IFTAP, IMMP1L, KCNA4, KIAA1549L,
KIF18A, LDLRAD3, LGR4, LIN7C, LMO2,
METTL15, MPPED2, MUC15, NAT10,
PAMR1, PAX6, PDHX, PRR5L, PRRG4,
QSER1, RAG1, RAG2, RCN1, SLC1A2,
SLC5A12, TCP11L1, TRAF6, TRIM44, WT1

-d arr[GRCh37]
11p14.3p12(25615512_39730342)x1

A151 Aniridia Sporadic PAX6 c.765+1G>Ca

p.?
chr11-31815579-C-G

A152
A156B
A156C

Aniridia Familial PAX6 c.358-2A>G
p.?

chr11-31822406-T-C

A154
A257

Aniridia Sporadic PAX6 c.25_37dela

p.Asn9Valfs*18
chr11-31824356-CACCGAGCTGATT-

A165 Aniridia Sporadic PAX6 c.-128-2del
p.?

chr11-31828475-T-

A168 Aniridia Sporadic PAX6 c.550G>Ta

p.Gly184*
chr11-31816310-C-A
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#619318), firstly reported in 2020 by Zha et al. [24]. Missense
variants are known to be exclusively related to microphthalmia and/
or coloboma [25].
The p.Arg179His hotspot variant in ACTA2 was identified in a

patient with bilateral aniridia (A141). This variant is associated to
the so-called multisystemic smooth muscle dysfunction syndrome
(OMIM #613834), a rare vascular disease characterized by
congenital mydriasis, patent ductus arteriosus, pulmonary artery
hypertension, cerebrovascular disease, aortic anomalies, intestinal
hypoperistalsis, and hypotonic bladder [26].
A TFAP2A missense variant was identified in a patient affected

by chorioretinal and optic nerve coloboma (A153). TFAP2A
monoallelic variants are associated to the branchio-oculo-facial
syndrome (BOFS; OMIM #113620), characterized by branchial cleft
sinus defects, ocular anomalies, and cleft or pseudocleft lip/palate

[27]. BOFS is a distinctive and rare condition; the presence of
phenotypic heterogeneity associated with specific genetic variants
is still to be investigated.
Autosomal dominant tubulinopathy-associated dysgyria was

diagnosed in a patient displaying a complex and severe phenotype
which includes symptomatic focal epilepsy, tetraparesis, and
cognitive impairment with absence of speech, micro-brachyce-
phaly, dysmorphic features, convergent strabismus, eyelid ptosis,
morning glory anomaly, in complex brain malformation (partial
agenesis of the corpus callosum, hypoplasia of the cerebellar
vermis, hypoplasia of the pons and midbrain) (A183). TUBA1A
mutations are associated with severe congenital lissencephaly, due
to abnormal neuronal migration involving neocortical and hippo-
campal lamination, corpus callosum, cerebellum, and brainstem
[28]. The p.Arg390His variant identified in our patients has been

Table 1. continued

ID Disease Inheritance Gene Variant Genomic position (hg19)

A172 Aniridia Familial DCDC1, DNAJC24, ELP4, IMMP1L -d arr[GRCh37]11p13(31176602_31714243)x1

A178
A179

Aniridia Familial PAX6 c.1068C>Aa

p.Cys356*
chr11-31812373-G-T

A191 Aniridia Familial PAX6 c.1043_1056dela

p.Pro348Leufs*18
chr11-31812387-AGGTCTGGCTGGGG-

A192 Aniridia Familial PAX6 c.916+1G>A
p.?

chr11-31815199-C-T

A204
A225

Aniridia Familial PAX6, ELP4 -d arr[GRCh37]11p13(31540972_31813728)x1

A214 Aniridia Sporadic PAX6 c.1184-2A>G
p.?

chr11-31811569-T-C

A215
A216

Rieger Familial PAX6 c.682+2T>C
p.?

chr11-31816176-A-G

A223 Aniridia Sporadic PAX6 c.357+5G>A
p.?

chr11-31823104-C-T

A226 Aniridia Sporadic PAX6 c.829C>T
p.Gln277*

chr11-31815287-G-A

A232 Aniridia Sporadic PAX6 c.1268A>T
p.*423Leuext*14

chr11-31811483-T-A

A240 Aniridia Sporadic PAX6 c.766-2A>Ta

p.?
chr11-31815352-T-A

A242 Aniridia Sporadic PAX6 c.1A>G
p.Met1Val

chr11-31827959-T-C

A245 Aniridia Sporadic PAX6 c.120C>A
p.Cys40*

chr11-31824273-G-T

A247 Aniridia Familial PAX6 c.183delC
p.Tyr61*

chr11-31823283-G-

A259
A270
A271

Aniridia Familial PAX6 c.859_862dupa

p.Ser288Asnfs*4
chr11-31815254--TGAT

A260
A262
A269

Aniridia Familial PAX6 c.1265del
p.Gln422Argfs*103

chr11-31811486-T-

A263 Aniridia Sporadic PAX6 c.111_121delinsTa

p.Arg38Thrfs*13
chr11-31824272-CGCACGGCCGG-A

A264 Aniridia Sporadic PAX6 c.109del
p.Ala37Profs*17

chr11-31824284-C-

A265 Aniridia Sporadic PAX6 c.433_443dela

p.Lys145Valfs*51
chr11-31822319-ATCCTTAGTTT-

A266 Aniridia Sporadic PAX6 c.1183G>A
p.Gly395Arg

chr11-31812258-C-T

A274 Aniridia Sporadic PAX6 c.763C>T
p.Gln255*

chr11-31815582-G-A

A276 Aniridia Sporadic PAX6 c.749_763dela

p.Pro250_Ile254del
chr11-31815582-GTATTCTTGCTTCAG-

aVariants not included in either ClinVar or HGMD databases. All variants refer to the RefSeq transcript ID NM_000280.5
bPreviously reported in Bhatia et al. [19]
cPreviously reported in Graziano et al. [12]
dPreviously reported in Franzoni et al. [13]
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associated to a milder TUBA1A phenotype, with dysplasia of the
superior cerebellum, brainstem asymmetry, dysplasia of the basal
ganglia, and cortical irregularities, but without pachygyria or
polymicrogyria [29].
Lastly, a double molecular diagnosis was made in a patient

affected by iris coloboma, psychomotor delay, and short stature
(<3°p) (A237). A pathogenic heterozygous PTPN11 variant and a
1.3 Mb deletion in 11q25 were assessed. PTPN11 variants are
associated to the Noonan syndrome, a well-known RASopathy
characterized by short stature, facial dysmorphism, and a wide
spectrum of congenital heart defects. Terminal 11q deletions are,
instead, associated to the Jacobsen syndrome (JBS, OMIM #47791),
whose phenotype may vary depending on the size of the deletion.
Indeed, both conditions may be responsible for the occurrence of
coloboma.
These findings are summarized in Table 2.

Variants of unknown significance identified by WES
Three VUSs were identified. A SNV in exon 1 of the FOXC1 gene in
two related patients (A44, mother–A45, daughter) displaying
aniridia. This variant (NM_001453.3: c.1159G > C; p.Ala387Pro) was
already reported in ClinVar associated with Axenfeld–Rieger
syndrome. A SNV in SOX2 (NM_003106.4:c.611C > T; p.Ala204Val)
in a patient with Peters anomaly (A200). Recently, SOX2 alterations
have been associated with this condition [30]. Notwithstanding,
this is the first time that this variant has been reported. Lastly,
a 1.54 Mb deletion involving the MAF gene (arr[GRCh37]
16q23.1q23.2(79030057_80574915)x1) was highlighted in a
patient with bilateral aniridia (A256). Indeed, missense mutations
in MAF are associated to both autosomal dominant cataract and
the Ayme–Gripp syndrome. Our patients had no phenotypic
overlap with both these conditions.

Molecular diagnosis rates
Taken together, 77.2% of samples (N= 125) bore a positive
genetic test, with the highest percentage considering aniridia
patients only, both isolated and syndromic (89.9%). A VUS was
found in 4.3% samples (N= 7) while a negative genetic test was
assessed in 18.5% patients (N= 30). All these data are summarized
in Supplementary Tables 2 and 3.

DISCUSSION
Phenotypic and genotypic heterogeneity, especially in ASD, have
created challenges for proper diagnosis and classification of
disease [3]. Genes involving both autosomal recessive and
autosomal dominant patterns of inheritance have been described
with a wide phenotypic variability and expressivity.

Indeed, the introduction of NGS has revolutionized the field of
human genetics, increasing the opportunity to establish molecular
diagnoses and identify new associated genes. The usefulness of
genetic testing by NGS is manifold: (i) it provides a more precise
diagnosis, especially in the neonatal period when the phenotype
may not yet have fully manifested; (ii) it can be used for carrier
screening, which widens the choice of reproductive options for
those who are diagnosed as carriers, (iii) it could foster the
development of novel treatments that are genotype specific [1].
Notwithstanding, genetic testing comes with great challenges
mostly related to variant interpretation.
In the last 20 years, we collected a cohort of 162 patients

affected by ocular dysgenesis, mostly aniridia.
Our data certainly reiterate the notion that PAX6 alterations are

primarily associated with ASD, since the majority of the cohort
(66.7%) has a pathogenic or likely pathogenic variant in the PAX6
locus. This percentage gets an obvious increase by analyzing only
isolated or syndromic aniridia cases (82.2%). Indeed, previous
literature clearly demonstrated that PAX6 alterations explain about
80% of aniridia patients, both sporadic and familial [31]. The
landscape of PAX6 coding variants is similar to that reported in
literature [18, 32] even though we assessed a small augmentation
in splice site variants (25.4% vs 15%). Exon 5 is proven to include
the largest number of variants, a foreseeable event given that
exons 5 and 6 encode for the paired domain, one of the PAX6
DNA-binding domains that has critical roles in development of the
eye, the pancreas, and the central nervous system [33]. What
proves to be worthy of attention is that our cohort included a
striking fraction of deletions involving the 11p13 locus (20.8% of
all PAX6-positive samples), either partially/totally involving PAX6
coding region or abolishing its critical regulatory region (Fig. 4,
Table 1). PAX6 is surrounded by CREs that spatially and temporally
direct its expression at different developmental stages. The large
PAX6 regulatory landscape contains several enhancers that act in a
finely controlled manner to direct PAX6 expression in the
developing central nervous system, retina, lens, olfactory bulb,
and pancreas [16, 17, 34].
The regulatory role of these CREs was suggested by the

existence of aniridia in patients with different chromosome 11p13
rearrangements affecting the downstream elements while preser-
ving the PAX6 coding sequence [21, 35]. Therefore, over the past
15 years a significant part of the ophthalmologic research has
focused on characterizing these CREs. Given the abundance of
regulatory sequences surrounding PAX6, some amount of overlap
among the regulatory sequences in directing PAX6 in specific
tissues has always been assumed [16]. Indeed whether these
enhancers perform additive, redundant, or distinct functions is
largely unknown. Studies in zebrafish have allowed to recognize

Fig. 3 Spectrum of novel coding PAX6 mutations assessed in this study. The figure represents novel variants, i.e., alterations not included in
publicly available databases, within the PAX6 coding region identified in our cohort. Boxes represent the 13 PAX6 exons and their colors
represent respective protein domains. Moreover, canonical PAX6 protein is represented with its functional domains. PAI-RED paired domain;
HD homeodomain; PST proline–serine–threonine domain
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specific spatio-temporal activity patterns for some regulatory
sequences [36, 37]. Uttley et al. demonstrated using dual
enhancer–reporter zebrafish embryos that the two PAX6 retinal
enhancers HS5 and NRE have both overlapping and spatio-
temporal specific activities [37]. Besides, with an exception in the
SIMO lens enhancer, deleterious point mutation affecting these
CREs appears to be an ultra-rare event. All these assumptions
emphasize how little we actually know about how these
enhancers work in regulating PAX6 expression. Furthermore,
which is the minimal regulatory region that if deleted is able to
elicit aniridia is still debated. To date, a large number of 11p13
deletions have been already identified [21, 38, 39], but correlation
with phenotypes is still scanty. In 2016, Ansari et al. postulated a
244 kb critical region required for PAX6 transcriptional activation
[20]. From this time forward, several papers assessed smaller
deletions, partially involving ELP4, in patients affected by aniridia
[21, 40].
This turns out to be of particular interest by analyzing one of the

VUS identified in this cohort, i.e., a 260.8 kb deletion assessed in a
patient with familial aniridia (A114) involving part of the ELP4 gene
(int2-3 to int9-10). The deletion removes at least 10 PAX6 CREs
including RB, E180B, HS2-8, E100, E120, SIMO, and E60 [19, 21], but
does not entirely erase the 244 kb critical region proposed by

Ansari et al. [20]. Plaisanciè et al. proposed an 18 kb minimal
region including the E180B enhancer that, if deleted, correlates
with the aniridia phenotype without extraocular manifestations.
Our deletion removes an interaction-rich region toward both 3′
and 5′, which includes both SIMO and E180B, so its involvement in
the patient’s phenotype would not be surprising. However, these
are assumptions that will have to be validated by future studies,
perhaps in vivo.
The use of WES has allowed us to expand the analytical

portfolio and identify rarer phenotypes. Indeed, multiple condi-
tions and syndromes are categorized under the umbrella of ASD
[41], and nowadays at least 60 genes have been associated with
this condition [5]. SNVs in genes strongly associated with ocular
dysgenesis have been found in our cohort, including ACTA2,
CYP1B1, FZD5, PXDN, PITX2, and TFAP2A. Besides PAX6, the second
most altered gene in our cohort turned out to be ITPR1, whose
either homozygous or heterozygous, dominant-negative, patho-
genic variants are associated to the Gillespie syndrome—
characterized by a triad of partial aniridia, non-progressive
cerebellar ataxia, and intellectual disability [42]. Gillespie syn-
drome is an exceptionally uncommon diagnosis with <50 patients
ever being diagnosed [43]. None of our patients (A210, A253, and
A258) presented the classical triad of symptoms, with two out of

Fig. 4 Schematic representation of 11p13 deletions assessed in our cohort. 3′ of PAX6. Genes are represented by light gray and gray boxes.
Arrows indicate the direction of transcription. Light green eclipses represent enhancers. Dark green eclipses represent SIMO and E180B. Black
lines represent pathogenic and likely pathogenic deletions found in our cohort, while the orange line represents the VUS. Vertical dashed
lines represent the 244 kb and the 18 kb PAX6 critical regulatory regions identified by [20] and [21], respectively. Some of these deletions are
also described in [13]. Genomic coordinates are based on human genome assembly hg19
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three patients affected by intellectual disability. No signs of ataxia
were detected. This is not surprising given that papers describing
patients with atypical presentations have been only recently
published [43]. Furthermore, two MAB21L1 variants were found in
our cohort, the hotspot mutation p.Arg51Leu and the previously
published p.Phe52Cys (A180 and A97, respectively) [22]. Indeed,
MAB21L1 is gaining momentum as a novel gene associated with
severe aniridia and/or microphthalmia [22, 44].
Furthermore, WES allowed us to diagnose severe syndromic

conditions such as the MIDAS syndrome, the oculogastrointestinal-
neurodevelopmental syndrome and the JBS. MIDAS (microphthal-
mia, dermal aplasia, and sclerocornea) syndrome has been
described 30 years ago. Ocular findings commonly include
microphthalmia and sclerocornea even though corneal opacities
without sclerocornea, microcornea, corneal leukoma, congenital
glaucoma, aniridia, cataract, and Peters’ anomaly have been
described. It is caused by Xp22.2 deletions and it is characterized
by wide inter- and intra-familial phenotypic variability, which has
been associated with skewed X inactivation of the genes involved
[45]. Concerning the proband (A84), skin defects were not reported
at birth. Some unusual MIDAS presentations could be assessed in
literature, with eye abnormalities in the absence of skin defects and
vice versa [23].
To date, oculogastrointestinal-neurodevelopmental syndrome

has been described in less than ten published individuals, and it is
associated with biallelic pathogenic variants in the CAPN15 gene
[25]. While loss of function variants are associated to a more
severe phenotype including ocular defects, microcephaly, cranio-
facial abnormalities, cardiac and genitourinary malformations,
abnormal neurologic activity, and developmental delay, missense
variants rise a milder phenotype mostly characterized by
microphthalmia and/or coloboma in association with mild
developmental delay [46]. All this is in accordance with our
patient’s phenotype (A106).
Lastly, the JBS is a rare and poorly understood multisystem

genomic disorder where the distal region of chromosome 11q is
deleted. It is a quite rare condition characterized by multiple
anomalies including developmental delay, craniofacial dysmorph-
isms, craniosynostosis, ocular abnormalities, congenital heart
disease, intellectual disability, Paris Trousseau hemorrhagic
disease, and immunodeficiency [47]. Notwithstanding, clinical
manifestations depend on the size of deletion, which usually
varies between 7 and 20 Mb [48]. Our patient (A237) bore a 1.2 Mb
deletion involving only the 11q25 cytoband, which probably does
not result in a full-blown JBS phenotype. Indeed, the 11q24 locus
has been associated with the thrombocytopenia and Paris
Trousseau hemorrhagic disease, typical features of this disorder
[49]. Moreover, the clinical picture of our patient is complicated by
the association of the partial JBS phenotype and an already known
pathogenic variant in the PTPN11 gene. RASopathies are a group
of autosomal dominant disorders caused by pathogenic variants
in genes encoding proteins of the RAS/mitogen-activated protein
kinase pathway, such as PTPN11. The clinical spectrum is
characterized by specific facial features, congenital heart disease
(CHD), and hypertrophic cardiomyopathy (HCM), and variable
postnatal growth retardation, neurological involvement, and
cancer predisposition [50]. Recently ocular coloboma was assessed
in a 7 y.o. patient with a genetically proven Noonan syndrome due
to a PTPN11 mutation [51].
A small number of VUS have been also identified, such as a

1.54 Mb deletion in the 16q23.1q23.2 locus. The deletion partially
removes WWOX coding region (intron 8–9 to 5′UTR), whose
biallelic variants are known to cause a severe early-onset epileptic
encephalopathy. No other variants affecting this gene were
assessed in our patient (A256). More interesting turns out to be
the involvement of the MAF gene, which is found to be completely
included in the deletion. Missense mutation in MAF are associated
to both autosomal dominant cataract and the Ayme–Gripp

syndrome, a clinically homogeneous disorder characterized by
congenital cataracts, sensorineural hearing loss, intellectual
disability, seizures, brachycephaly, a distinctive flat facial appear-
ance, and reduced growth [52]. Indeed, our patient had no
phenotypic overlap with both these conditions and was
diagnosed with bilateral aniridia. The MAF bZIP transcription factor
(MAF) is an important regulator of eye development, specifically
lens development [53]. MAF point mutations have been associated
with ocular malformations, such as iris coloboma, congenital
cataract, glaucoma, and microphthalmia [54]. To date, MAF whole
gene deletions have never been correlated to aniridia. Further
experiments needed to be performed to clearly validate this novel
association.
Comparing our data with other studies in this field published in

the past 5 years, it is evident that the composition of the cohorts
analyzed is quite variable, as are the molecular technologies
applied. Cross et al. applied both direct sequencing and MLPA in a
cohort of 434 subjects undergoing diagnostic testing for PAX6 [55].
Vasilyeva et al., who screened 199 patients for variants at the 11p13
locus, adopted the same analytical approach [56]. In these works,
the diagnostic rate is very different, 58.5% and 69%, respectively,
and this is due to the different composition of the cohort (59% vs
92% of patients with classical aniridia). When less “narrow”
technological approaches were employed, the number of patients
analyzed was reduced with a significant decrease in diagnostic
yield. Targeted sequencing, WES and WGS were performed with an
average of 47% positive molecular diagnoses [11, 30, 57, 58].
In conclusion, our data certainly reiterate the notion that PAX6

alterations are primarily associated with the development of
isolated aniridia. It is worth of attention that 20.3% of unique
causative variants consist in deletions involving chromosome
11p13, one-third of which exclusively involve PAX6 regulatory
regions. The spectrum of deletions identified in this study also
enables us to expand the knowledge of how little we still know
about the minimal critical region capable of altering eye
development. Furthermore, the distinctive enrichment of dele-
tions, most of which involve familial cases, is not due to a marked
representation of WAGR cases (only four in the entire cohort) but
probably to the size of the cohort itself. Notwithstanding, given
the increasing implication of alterations in the regulatory regions
of PAX6 eliciting aniridia, a better understanding of PAX6 CREs
and of the regulatory regions of other ASD-associated genes
would ensure their analysis for diagnostic purposes.
To the best of our knowledge, our cohort is the only Italian

cohort published so far. We suggest that the use of WES is critical
for the differential diagnosis of those conditions in which there
may be phenotypic overlap and in general in ASD, both isolated
and syndromic. Indeed, our study has allowed us to identify rare
conditions with ocular involvement that contribute to a better
understanding of the molecular pathways underlying ocular
development.
Lastly, a small percentage of patients still test negative

suggesting that: (i) complex rearrangements (i.e., inversions) or
deep intronic variants are putatively involved in ocular dysgenesis;
(ii) there is room for research into new ultra-rare disease genes.

DATA AVAILABILITY
The ethics committee approval does not allow sharing of complete, raw data from
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