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ABSTRACT
Objective Paediatric (childhood or congenital) cataract is
an opacification of the normally clear lens of the eye and
has a genetic basis in at least 18% of cases in Australia.
This study aimed to replicate clinical gene screening to
identify variants likely to be causative of disease in an
Australian patient cohort.
Methods and analysis Sixty-three reported isolated
cataract genes were screened for rare coding variants in
37 Australian families using genome sequencing.
Results Disease-causing variants were confirmed
in eight families with variant classification as ‘likely
pathogenic’. This included novel variants PITX3
p.(Ter303LeuextTer100), BFSP1 p.(Glu375GlyfsTer2), and
GJA8 p.(Pro189Ser), as well as, previously described
variants identified in genes GJA3, GJA8, CRYAA, BFSP1,
PITX3, COL4A1 and HSF4. Additionally, eight variants of
uncertain significance with evidence towards pathogenicity
were identified in genes: GJA3, GJA8, LEMD2, PRX,
CRYBB1, BFSP2, and MIP.
Conclusion These findings expand the genotype–
phenotype correlations of both pathogenic and benign
variation in cataract-associated genes. They further
emphasise the need to develop additional evidence
such as functional assays and variant classification
criteria specific to paediatric cataract genes to improve
interpretation of variants and molecular diagnosis in
patients.

WHAT IS ALREADY KNOWN ON THIS TOPIC
⇒ Paediatric (congenital) cataract is a genetically and

phenotypically heterogeneous disease. Genomic
testing of children with cataract is increasingly being used to refine the diagnosis, determine prognosis and guide genetic counselling.

WHAT THIS STUDY ADDS
⇒ Three novel disease-
causing variants, in genes

PITX3, BFSP1 and GJA8, expand the genotype–phenotype spectrum of paediatric cataract and several
previously described variants re-enforce their pathogenic classifications. Eight families had ‘variants of
uncertain significance’ that could be reclassified as
likely pathogenic with additional evidence.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY
⇒ Stringent classification of variants is required for

clinical genetic testing and highlights that many variants do not have sufficient evidence for a clinically
actionable classification, even in well-characterised
disease-causing genes.

proteins (VIM, BFSP1 and BFSP2), transcription factor genes (HSF4, PITX3, PAX6, FOXE3
and MAF) and genes for signalling molecules
such as EPHA2. Other genes, such as NHS,
FTL, AGK, MIR184, GCNT2 and GALK1, are
INTRODUCTION
also routinely assessed and are associated with
Paediatric cataract (childhood or congenital either isolated paediatric cataract or paedicataract), a clouding of the crystalline lens atric cataract as a characteristic phenotype
of the eye during childhood, is a heritable as part of a syndrome. The success of genetic
condition in at least 18% of cases in Australia.1 screens for familial paediatric cataract has
The total number of genes associated with varied greatly with reported solve rates
a cataract phenotype is in excess of 200.2 between 25% and 77%.3 4 Cohort, gene panel
However, a core set of approximately 40 well- selection, sequencing methodology and the
established genes are known to cause isolated stringent use of variant classification criteria
paediatric cataract that include: crystallin will have contributed to the varied successes.
genes (CRYAA, CYRAB, CRYBA1, CRYBA2, Despite this, routine gene screening and
CRYBA4, CRYBB1, CRYBB2, CRYBB3, CRYGA, variant reporting in the research setting
CRYGB, CRYGC, CRYGD and CRYGS), genes plays a very important role in expanding the
encoding membrane structural proteins known genetic and phenotypic spectrum of
(GJA3, GJA8, MIP and LIM2) and cytoskeletal this condition, particularly regarding novel
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and less-
established cataract-
associated genes. Variant
reporting of both negative and positive findings improves
the collective understanding of these genes, their products and the mechanisms that cause cataracts, and
ultimately improves clinical diagnosis and outcomes for
patients.
This study aimed to investigate a panel of 63 isolated
cataract-
associated genes in 37 Australian families.
Disease-causing likely pathogenic variants in genes GJA3,
GJA8, CRYAA, BFSP1, PITX3, COL4A1 and HSF4 were
identified in eight families. Variants of uncertain significance (VUS) were identified in a range of well-established
and other cataract genes that may be disease-causing but
require additional evidence of pathogenicity following
current scoring with the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology (ACMG-AMP) guidelines.
MATERIALS AND METHODS
All affected participants were diagnosed with inherited paediatric cataract, based on the observed cataract
phenotype and a reported family history, by the examining ophthalmologist and genetic counsellors,
respectively. Relatives were examined on recruitment to
the study or following diagnosis during routine examination anytime thereafter. DNA was extracted from whole
blood using a QiaAmp DNA blood Maxi Kit (Qiagen),
buccal mucosa swabs using the PureGene DNA Isolation
Kit (Gentra Systems) or saliva using Oragene DNA saliva
collection kits (DNA Genotek, Ontario, Canada). Clinically actionable variants were returned to patients as
research findings through our genetic counsellors, who
facilitate subsequent nationally accredited genetic testing
in Australia and appropriate counselling.
Genome sequencing was performed on the DNA of an
affected individual (proband) from each of 37 families
with European ancestry. Sequencing was either 150 bp
paired-end sequencing on a HiSeq X Ten platform (30×
coverage, Illumina) with an Illumina TrueSeq Nano
Library Prep (V.2.5) at the Kinghorn Centre for Clinical Genomics (Sydney, Australia) or 250 bp paired-end
sequencing on a NovaSeq 6000 platform (30× coverage,
Illumina) with an Illumina Nextra DNA Flex library
preparation at the Ramaciotti Centre for Genomics
(Sydney, Australia). Variant calling was performed using
the bcbio-next-gen pipeline (https://doi.org/10.5281/
zenodo.3564938) with the BWA-MEM algorithm5 for read
alignment to human reference genome hg19 and variant
calling with GATK6 according to best practice guidelines.
Variant annotation was performed using ANNOVAR.7
MultiQC8 reporting was used to assess sample quality
and average target coverage, and read depth at variant
sites exceeded 30 for most samples (online supplemental
table S1). Five samples with lower target coverage and
read depth were retained, although interpreted with
caution.
Sixty-three genes were selected for assessment (online
supplemental table S2) based on previous well-established
2

congenital cataract genes, research-
reported candidate genes or genes that are otherwise associated with
syndromic conditions or other ocular phenotypes that
have reports of isolated congenital cataracts or cataracts
as an early presenting feature. The gene list is comparable to the panels used by accredited genetic testing
syndromic paediatric cataract.
laboratories for non-
Variants within those genomic regions were filtered to
functional ‘exonic’ or ‘splicing’ variants, with an MAF
≤0.00022 in gnomADv2.1.19 pop_max (highest population frequency) to match the reported Australian disease
frequency of 2.2 per 10 000 live births.1 Variants were
prioritised for further analysis if they had a CADD PHRED
score ≥10 or, for synonymous and non-coding RNA variants, a CADD PHRED score ≥15. Variant validation and
cosegregation was performed with primers designed
using NCBI primer blast10 (online supplemental table
S3). PCR was performed using MyTaq HS DNA polymerase (Bioline) prior to Sanger sequencing with either
BrightDye Terminator (MCLAB) or BrilliantDye Terminator (Nimagen) Cycle sequencing kits and sequenced
using an ABI 3500 Genetic Analyzer (Life Technologies),
all according to manufacturer’s instructions.
Predictive analysis of protein folding between wild-
type and variant protein sequences was performed using
the PredictProtein folding prediction tool (https://
predictprotein.org).11 12 HOPE protein structure analysis13 was used to further assess the deleteriousness of
missense variants on protein function. The mFold tool14
(http://www.unafold.org/) was used for comparing
microRNA folding between wild-
type and variant
sequences. Validated variants were interpreted using
the ACMG-AMP guidelines15 via InterVar16 and manually adjusted as appropriate. Cosegregation considered
based on informative meioses17 and PP5 and BP6 criteria
were excluded from use.18 All variants reported in this
study have been submitted to ClinVar (https://www.
ncbi.nlm.nih.gov/clinvar/); ClinVar accession numbers
SCV001573165-
SCV001573189. Evidence for pathogenicity according to the ACMG-AMP guidelines is shown
in online supplemental table S4).
RESULTS
Sixty-three paediatric cataract genes were screened in
probands from 37 Australian families with inherited
paediatric cataract. This cohort contained 13 probands/
families that remained unsolved following a screen of
51 genes (families indicated in online supplemental
table S1).19 The other 24 probands/families were either
unsolved following analysis of the NHS,20 EPHA221 and
crystallin genes22 or have not previously been investigated.
Likely pathogenic variants
Eight probands/families had variants classified as likely
pathogenic (8 of 37, 22%), including of three novel and
five previously described variants (table 1).
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Phenotype

Gene

Dense nuclear

–

Central posterior
cortical with dots

Lamellar/zonular

Posterior
subcapsular

Posterior sutural

Nuclear or dense
total

CRCH90

CRCH29

CRCH38

CSA168

CRCH28

CSA182

CRVEEH77

Chr13:20 717 252G>A
Chr13:20 717 372G>A
Chr21:44589243C>T
Chr13:110833673C>T
Chr15:79502181T>C
Chr16:67 199 491A>G
Chr10:103990272C>A
Chr8:72 127 864G>A
Chr20:17 475 593del
Chr1:147380647C>T

GJA3

GJA3

CRYAA

COL4A1

MIR184

HSF4

PITX3

EYA1

BFSP1

GJA8

–

Nuclear

CQLD130

CRCH4

Chr22:27 008 054A>T
Chr12:56847410C>T
Chr3:133119192C>T
Chr12:56848060C>T

CRYBB1

MIP

BFSP2

MIP

Chr19:40904522C>T

Lamellar or
cortical

Mid-periphery
cortical dots,
anterior polar

Lamellar

CSA158

CRCH5

CSA178

Chr19:5 694 473G>A

Chr1:220 279 332G>C

LONP1

IARS2

NM_018060.4:c.1166G>C

p.(Gly389Ala)

NM_001276480.1:c.1657C>T p.(Pro553Ser)

NM_001145853.1:c.1109C>T p.(Ala370Val)

Chr4:6302631C>T

WFS1

p.(Ala94Thr)

p.(Arg113Gln)

p.(Arg89Trp)

p.(Val164Ile)

p.(Ile94Asn)

p.(Arg129His)

p.(?)

p.(Gln15Lys)

p.(Lys131del)

p.(Gly22Ser)

p.(Pro189Ser)

p.(Glu375Glyfs
Ter2)

p.(Ser487Leu)

p.(Ter303LeuextTer100)

p.(Lys64Glu)

n/a

p.(Gly720Asp)

p.(Arg12Cys)

p.(Thr19Met)

p.(Pro59Leu)

Protein change

NM_000786.4:c.280G>A

NM_012064.4:c.338G>A

NM_003571.4:c.265C>T

NM_012064.4:c.490G>A

NM_001887.4:c.281T>A

NM_020956.2:c.386G>A

NM_001348710.2:c.1A>G

NM_021954.4:c.43C>A

NM_005267.5:c.388_390del

NM_005267.5:c.64G>A

NM_005267.5:c.565C>T

NM_001195.5:c.1124del

NM_000503.6:c.1460C>T

NM_005029.4:c.908G>T

NM_001040667.3:c.190A>G

NR_029705.1:n.52T>C

NM_001845.6:c.2159G>A

NM_000394.4:c.34C>T

NM_021954.4:c.56C>T

NM_021954.4:c.176C>T

Coding change

CYP51A1 Chr7:91761099C>T

Variants of uncertain significance that are unlikely to be causing disease

Anterior polar &
nuclear

CTAS34

Dense post central PRX
with lenticonus

Chr6:33756893T>C

CSA93

Chr13:20 717 385G>T

LEMD2

Blue dot

CRVEEH79

GJA3

–

CSA192

Chr1:147380470_147380472del

GJA8

Central nuclear

CTAS71

Chr1:147 380 146G>A

Lamellar

CRCH137

GJA8

Variants of uncertain significance with evidence towards pathogenicity

Central

CRCH21

Genomic change

Rare coding variants detected in probands with paediatric cataract

Pathogenic/Likely pathogenic variants

Family ID

Table 1

Yes

RP?
RP?

25.6/PrD/D/D
15.54/B/T/N
23.2/PrD/T/D
29.1/PrD/D/D

0
1.0×10–4
1.0×10–4

0

0

0

0

0

Yes
No
No
†1/1
No

28.8/PrD/D/N
25.9/PrD/T/N
26.1/PrD/D/D

26.8/PrD/D/D

RP?

Yes

n/a

n/a

18.86/PsD/T/N

24.2/P D/D/N

s

14.76 /-/-/N

Yes

Yes

25.7/PrD/D/D

26.9/PrD/D/D

Yes

No

Yes

32/-/-/-

22.8/B/T/N

18.39/-/-/-

Yes
0

–

Sibon et al33

–

–

–

–

–

–

–

–

–

–

–

–

*Wang et al27
Fernández-Alcalde
et al25
Ye et al28

*Hansen et al24
Fernández-Alcalde
et al25

–

–

–

De
Berry et al23
novo?

Yes

23.9/PrD/D/D

Hansen et al24

Yes

Yes

28/PrD/D/D

Santhiya et al38

29.4/PrD/D/D

Yes

27.3/P D/D/D

Bennett et al37

First publication

16.87/-/-/-

Yes

r

Seg

27.7/PrD/D/D

CADD/Polyphen2/SIFT/
PROVEAN

23.2/B/D/N

0

0

0

0

0

0

0.001

0

0

0

0

0

0

0

gnomAD
popmax

Continued

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

VUS

LP

LP

B

LP

LP

VUS

LP

LP

LP

LP

ACMG-AMP
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Chr21:47 647 553G>C
LSS

Rare coding variants identified in the probands and assessment of cosegregation in the family. Section 1; pathogenic variants, section 2; variants of uncertain significance and section 3; variants unlikely to be disease-causing. Genomic change
reported using human reference genome hg19. ‘–’ indicates data not available, n/a indicates not applicable. gnomAD popmax minor allele frequency represents highest frequency observed in V.2.1.1 data release. Variant predicted functional
effects using CADD version 1.639 40 with PHRED score given; Polyphen-241 ‘PrD’ probably damaging, ‘PsD’ possibly damaging, ‘B’ benign, SIFT42 ‘D’ damaging, ‘T’ tolerated, PROVEAN43 ‘D’ damaging, ‘N’ neutral, ‘–’ scoring unavailable. Seg;
cosegregation in the family either Yes, No, de novo?, RP? if possible reduced penetrance, or ‘n/a’ singleton and not applicable. Variant interpretation based on the ACMG-AMP guidelines.15
*Reported alternate amino acid change at same location.
†1/1 homozygous observation of variant in proband.
ACMG, American College of Medical Genetics and Genomics; B, benign; LP, likely pathogenic; n/a, not available; P, pathogenic; VUS, variant of uncertain significance.

VUS

VUS
–

–
RP?

No
16.77/B/T/N

28/P D/D/D
6.4×10

6.5×10–5
p.(Leu78Val)

p.(Pro1141Leu)
Chr15:48 779 550G>A
FBN1

CSA100

CQLD88

Nuclear

NM_000138.5:c.3422C>T

ACMG-AMP
First publication
Seg

–

NM_001001438.3:c.232C>G

r
–5

CADD/Polyphen2/SIFT/
PROVEAN
gnomAD
popmax
Protein change
Coding change
Genomic change
Gene
Phenotype
Family ID

Continued
Table 1
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Two previously described variants were identified in
the GJA3 gene (p.Pro59Leu and p.Thr19Met) in families CRCH21 and CRCH90 (figure 1A–B). A commonly
reported pathogenic CRYAA (p.Arg12Cys) change
was identified in family CRCH29 (figure 1C). A known
COL4A1 p.(Gly720Asp) change was determined to be
disease-causing in family CRCH38 (figure 1D). Additionally, in family CRCH38, a MIR184 n.52T>C change was also
observed but deemed benign with no harmful predicted
change to secondary structure of the microRNA molecule
(online supplemental figure S1). A p.(Lys64Glu) HSF4
change was identified in family CSA168 (figure 1E) and
is located in the highly conserved DNA binding domain
of the protein. This HSF4 variant has previously been
reported as pathogenic23 in a family with lamellar paediatric cataract, with a comparable phenotype observed
here in CSA168-01 (figure 2A).
A novel stop loss PITX3 variant, in family CRCH28
(figure 1F), was predicted to extend the normal 302-
residue long protein by an additional 100 amino acids,
when assessed using the NCBI ORF finder (https://
www.ncbi.nlm.nih.gov/orffinder/). Comparative protein
folding prediction indicated small structural changes
within the DNA binding domain and the formation of
beta-
strands with potential DNA-
binding and protein-
binding affinity in the additional 100 amino acid protein
extension (online supplemental figure S2). A benign
EYA1 variant was also observed but failed to cosegregate
with the disease in the family. Affected individuals were
diagnosed between 9 and 21 years of age with posterior
subcapsular cataracts (table 1) and had no other reportable ocular features. This cataract phenotype is consistent
with the posterior polar or posterior subcapsular opacifications reported in PITX3 variants to date, with or without
additional anterior segment mesenchymal dysgenesis
features.2
A novel BFSP1 c.1124delA p.(Glu375GlyfsTer2) frameshift variant segregated in an autosomal dominant manner
in family CSA182 (figure 1G). A posterior sutural cataract
phenotype with a pulverulent appearance (figure 2B) was
consistently observed across all affected individuals in the
family. Sutural, often pulverulent-like, cataracts are the
most frequently reported phenotype with BFSP2 variants
while the range of phenotypes observed for BFSP1 variants is wider and includes nuclear, lamellar and cortical
cataracts.2
In family CRVEEH77, a novel p.(Pro189Ser) GJA8
variant was identified. Previous reports of variants
c.565C>G p.(Pro189Ala) and c.566C>T p.(Pro189Leu)
have been made at this location in patients with isolated
paediatric cataracts, all with nuclear or nuclear inclusive
phenotypes.24 25 Additionally, the same residue change to
the equivalent conserved amino acid in the GJA3 protein,
p.(Pro187Ser), has been reported as disease-causing.26
VUS with evidence towards pathogenicity
Eight probands/families had VUS with evidence towards
pathogenicity (22%, table 1). Six of these reside in
Jones JL, et al. BMJ Open Ophth 2022;7:e001064. doi:10.1136/bmjophth-2022-001064
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Figure 1 Families with likely pathogenic variants in isolated paediatric cataract causing genes. (A) Family CRCH21 with
a segregating previously described GJA3 p.(Pro59Leu) variant. (B) Family CRCH90 with a previously described GJA3
p.(Thr19Met) variant. (C) Family CRCH29 with a previously described CRYAA p.(Arg12Cys) variant. (D) Family CRCH38 with
previously described COL4A1 p.(Gly720Asp) variant and MIR184 n.52T>C variant of uncertain significance. (E) Family CSA168
with previously described HSF4 p.(Lys64Glu) variant in the proband. (F) Family CRCH28 with a novel segregating PITX3
p.(Ter303LeuextTer100) variant and non-segregating EYA1 p.(Ser487Leu) variant. (G) Family CSA182 with a novel BFSP1
c.1124delA frameshift variant. (H) Family CRVEEH77 with a novel segregating GJA8 p.(Pro189Ser) variant altering an amino
acid that has been previously associated with paediatric cataract.

well-
established isolated cataract genes GJA3, GJA8,
CRYBB1, BFSP2 and MIP. With additional evidence of
pathogenicity, such as additional meiosis demonstrating

Figure 2 Cataract phenotypes. (A) Lamellar cataract
observed in CSA168-01 via slit-lamp photography using
direct illumination. (B) Transillumination of CSA182-06,
displaying the posterior sutural cataract phenotype with a
pulverulent appearance was consistently observed in all
affected individuals in the family.
Jones JL, et al. BMJ Open Ophth 2022;7:e001064. doi:10.1136/bmjophth-2022-001064

segregation or robust functional evaluation, these variants
would likely be upgraded in classification to pathogenic
variants.
Three variants were identified in connexin genes
GJA8 and GJA3. A GJA8 p.(Gly22Ser) change, observed
in family CRCH137, has been previously reported25 27 28
and is one meiosis short of reclassification as likely pathogenic (table 1, figure 3A). In family CTAS71, the novel
p.(Lys131del) change (table 1, figure 3B) is located
centrally in the GJA8 protein’s cytoplasmic loop which
is a less conserved protein region in general. A GJA3
c.43C>A p.(Gln15Lys) variant was observed in singleton
CSA192 (table 1, figure 3C). This glutamine residue is
in a very highly conserved region of the GJA3 protein,
with only asparagine and arginine alternatively observed
at this position in the softshell turtle and tetraodon fish,
respectively. The CTAS71 and CSA192 variants are likely
de novo but require parental analysis.
5
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A

CRCH137 GJA8
c.64G>A p.(Gly22Ser)

GJA8
B CTAS71
c.388_390del p.(Lys131del)

CSA192 GJA3

71-01
+/-

137-02
+/137-02
+/-

WGS

Female
79-03
-/-

71-02
+/Ala14

* * *

71-01
+/-

*

Affected female

192
+/-

Ser128 Val129 Lys130 Lys131 Ser133

Arg23

Male

WGS

WGS

WGS

Gly22

CRVEEH79 LEMD2
c.1A>G p.(?)

79-02
+/-

137-01
+/-

Ile21

D

C c.43C>A p.(Gln15Lys)

192
+/-

R

79-01
+/5’UTR

Gln15 Glu16

*

Met1

Affected male
Ala2

*

79-02
+/-

?

Unconfirmed
affected male

*

Variant

WGS

E

F

CSA93 PRX
c.386G>A p.(Arg129His)

CTAS34

CRYBB1 c.281T>A p.(Ile94Asn)
MIP c.490G>A p.(Val164Ile)

G

CQLD130 BFSP2
c.265C>T p.(Arg89Trp)
?

?

93-06
+/-

93-07
+/-

*

93-01
+/-

93-04
+/-

Val128 Arg129 Val130

93-05
+/-

34-05
-/-/34-07
-/-/-

WGS
93-05
+/-

93-02
-/-

34-04
CRYBB1
+/MIP
+/-

93-03
-/-

Ser93

Ile94

Ile95

*
Ala163 Val164 Gly165

*

34-08
-/+/-

WGS

130-07
-/-

34-04
+/+/-

34-02
+/+/-

34-01
+/+/-

130-03
-/34-06
-/-/-

130-06
+/-

H
130-05
+/-

130-02
+/WGS

130-04
+/130-01
+/-

Whole-Genome
sequencing

130-01
+/Leu88

Arg89 Ser90

*

4-04
-/-

CRCH4 MIP
c.338G>A p.(Arg113Gln)

4-05
+/-

4-03
+/-

WGS
4-01
+/-

4-02
-/-

4-06
+/-

4-07
-/-

4-08
+/-

Val112 Arg113 Gly114

4-01
+/-

*

Figure 3 Families with variants of uncertain significance that have evidence towards pathogenicity. Families with gap
junction variants include: (A) GJA8 p.(Gly22Ser) in family CRCH137, (B) GJA8 p.(Lys131del) in family CTAS71 shown in ‘R’ for
sequencing with reverse primer, and (C) GJA3 p.(Gln15Lys) in family CSA192. Five families were observed to have variants of
uncertain significance in other cataract associated genes. (D) family CRVEEH79 with a start loss variant in the LEMD2 gene.
(E) Family CSA93 with a segregating PRX p.(Arg129His) change. (F) Family CTAS34 with a segregating CRYBB1 p.(Ile94Asn)
variant and MIP variant was also observed but also present in an unaffected individual. (G) family CQLD130 with a BFSP2
p.(Arg89Trp) variant that is also observed in unaffected CQLD130-04 and is acting with possible reduced penetrance. (H) In
family CRCH4 a MIP p.(Arg113Gln) variant was observed in the two affected individuals and obligate heterozygote CRCH4-03,
as well as, unaffected siblings CRCH4-06 and CRCH4-08.

In family CRVEEH79, affected individuals were heterozygous for a start-loss variant in the LEMD2 gene (table 1,
figure 3D). Both individuals have mild blue dot cataracts
that have not yet required surgery. The LEMD2 c.1A>G
variant was predicted to use an alternative methionine
at position 233 in the native protein sequence, resulting
in the loss of the conserved LEM domain, lamin A/C
complex interacting region and one of two transmembrane domains. Alternatively, a methionine in a different
reading frame closer to the 5’-untranslated region could
be recruited and produce an 86 amino acid long protein
or transcript likely to be subject to nonsense-mediated
decay, which would result in a null allele.
The PRX c.386G>A variant observed to cosegregate in
family CSA93 (table 1, figure 3E) causes a p.(Arg129His)
change in the S-
periaxin encoding NM_020956.2
transcript only, and is located in the intron of the transcript encoding the L-
periaxin isoform c.381+5G>A
(NM_181882.3). The variant causes the non-conserved
arginine to be replaced with a smaller but still positively
charged histidine residue at the C-terminal end of the
translated protein.
6

A CRYBB1 p.(Ile94Asn) change was identified in
CTAS34 that likely accounts for their disease (table 1,
figure 3F). Three residue types are observed across
species at this site (Ile, Leu, Val), all of which are nonpolar
compared with the polar asparagine reported in this
family. Located in the first of four Greek Key motifs, the
incorporation of a polar residue at this site was predicted
to disrupt the hydrophobic interactions in the core of the
protein.13 Cataract-causing variants have been reported
at adjacent residues p.Ser9329 and p.Val9630 indicating a
region of functional importance. Additional segregation
evidence from other known affected family members
would be highly valuable and would assist in upgrading
the classification of this variant. The MIP p.(Val164Ile)
variant in the same family was also classified as a VUS,
however, based on its higher population allele frequency,
non-damaging in silico predictions and presence in an
unaffected individual it is unlikely to be disease-causing.
In family CQLD130, the BFSP2 p.(Arg89Trp) variant
was observed in four affected individuals and a child who
was unaffected as the 10 years old at last examination,
but not yet old enough to be confirmed as unaffected
Jones JL, et al. BMJ Open Ophth 2022;7:e001064. doi:10.1136/bmjophth-2022-001064
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for a childhood onset disease (table 1, figure 3G). This
residue change occurs within an evolutionary constrained
block of the phakinin protein’s N-terminus head region
(amino acid 1–114) prior to the main α-helical rod that
forms the majority of the 312 amino-acid-long structure.
At this site arginine is observed in most species; however,
tryptophan has been observed in some species. Changes
to this BFSP2 VUS classification will depend on future
surveillance of CQLD130-04 for cataract development or
additional reports in unrelated cataract patients.
In family CRCH4, the identified MIP p.(Arg113Gln)
variant was assessed as being potentially disease-causing
(table 1, figure 3H). The p.Arg113 residue is highly
conserved across species, with positively charged residues
in this extracellular domain known to be functionally
important for AQP0 in cell–cell adhesion.31 Reduced
penetrance is observed in this family with obligate
heterozygote CRCH4-03 showing no clinically significant
opacities. Affected individual CRCH4-01 was diagnosed
at birth and received surgery within a month, whereas
CRCH4-05 was diagnosed at 2 years of age and did not
require surgery until 38 years of age. The two other
variant carriers, CRCH4-06 and CRCH4-08, were 7 and
4.5 years of age at last examination, respectively, at which
time both still had clear lenses. This family is being
screened regularly to assess for cataract development in
unaffected individuals.
VUS that are unlikely to be disease-causing
Five families had identified variants classed as VUS
unlikely to be causing disease (14%, table 1, online
supplemental figure S3). In family CSA158, a CYP51A1
p.(Ala94Thr) variant was the only variant observed to
fully cosegregate with disease (online supplemental
figure S3A) but is inconsistent with the recessive inheritance patterns that have been previously reported with
variants in this gene and other cataract-associated genes
involved in the cholesterol biosynthesis pathway. The
primary evidence against pathogenicity in the remaining
four families was poor cosegregation of the variant with
disease in the context of reported inheritance patterns
for the gene, population allele frequency and in silico
predictions (online supplemental figure S3B-E).
DISCUSSION
A comprehensive selection of 63 isolated cataract-
associated genes in 37 Australian families were
investigated. Disease-causing likely pathogenic variants
were identified in eight families in genes GJA3, GJA8,
CRYAA, BFSP1, PITX3, COL4A1 and HSF4. An additional
eight families were identified to have VUS with evidence
towards pathogenicity. The solved rate for this cohort
resides between 22% and 43%, with many of the identified VUS likely to be disease-causing with the acquisition
of additional evidence. With a subset of patients previously cleared of variants in cataract genes there was a
reduced likelihood of achieving a solved rate comparable
to screening a previously unstudied population. Despite
Jones JL, et al. BMJ Open Ophth 2022;7:e001064. doi:10.1136/bmjophth-2022-001064

this, these rates are not dissimilar to the 42% likely
disease-causing in the previous study of our repository19
and the recent 44.4% molecular diagnostic rate reported
for clinical congenital cataract screening in the UK.32
Variants in connexin and crystallin genes again
accounted for approximately half of disease-causing variants in Australian cohorts.4 19 These gene products play
critical and well-characterised roles in maintaining lens
homeostasis and creating a high protein content that aids
in achieving lens transparency.
Classification of the COL4A1 p.(Gly720Asp) change as
likely pathogenic, in family CRCH38, was greatly assisted
by its previous observation in a family with a congenital
cataract phenotype.33 34 All individuals with the variant in
that family presented with congenital cataract that were
accompanied by a range of ophthalmological features
but also leukoencephalopathy and stroke in some individuals,33 which may have important health implications
for our family.
The start-loss variant in the LEMD2 gene presents an
interesting finding in family CRVEEH79. LEMD2 was
only recently confirmed as a cataract gene, following
the identification of a p.(Leu13Arg) change in the LEM
domain in families with autosomal recessive juvenile cataracts in the Hutterite community of North America.35
This previous report of the LEMD2 gene in relation to
paediatric cataract by Boone et al35 found an additional
relationship between variant carriers and sudden onset
cardiac death, which may be pertinent to other individuals with LEMD2 variants. However, autosomal dominant
disease has not previously been reported with this gene
and functional investigation of the potential for cataract development with this start-loss variant is needed.
Increased screening of this gene in cataract patients will
also assist in informing inheritance trends and genotype-
phenotype correlations.
The findings in family CSA93, with the c.386G>A p.
(Arg129His) change in PRX must be interpreted with
caution. Impacting the coding region of only the S-periaxin isoform, this variant would greatly value independent
confirmation of pathogenic changes to lens function and
cataract formation. While the PRX protein has been
shown as important for lens fibre cell structure in mice36
the lack of cataract development and accompanying
neurological features indicate this gene is still lacking
the key evidence needed to confirm it causes congenital
cataracts alone. This is further supported by PRX variants more often causing Charcot-
Marie-
Tooth disease
(MIM:614895) and Dejerine-
Sottas (MIM:145900),
which are recessively inherited neurological conditions
impacting the peripheral nervous system.
Variant interpretation continues to evolve with
improved uptake in the reporting of cataract variants.
Subsequently, our understanding of the disease-causing
capacity of variants in cataract genes and their functional
regions also continues to improve. This information
critically underpins variant interpretation of newly identified variants using criteria such as the ACMG-
AMP
7
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guidelines.15 Due to the rarity of the disease and the
unique nature of the variants identified it would be
expected that many families display variants classified
as being of uncertain significance. This is compounded
further by the breadth of genes associated with paediatric cataract that contribute to additional ocular and
syndromic phenotypes. We have worked to stringently
apply variant classification criteria and subclassify VUS
based on their collective supporting evidence of pathogenicity. This has clearly identified those with the potential
to reach likely pathogenic (or pathogenic) classification
and are likely to account for the cataracts observed. Small
family sizes frequently limited the use of cosegregation
as a pathogenic evidence, but with variant reporting in
databases such as ClinVar this may enable future reclassification with additional observations. The identification
of these VUS in less-established cataract genes such as
LEMD2 and PRX highlights the work that remains, in the
research setting, to better understand the role they play
in cataractogenesis. For VUS identified in well-established
cataract genes, such as the connexins, a move towards
specific variant classification criteria for isolated
gene-
paediatric cataracts would be advantageous, as would
establishing functional assays for routinely assessing the
functional effects of novel variants.
Of the subset of families being reassessed following the
previous screen of 51 cataract genes, all variants identified in those probands were in genes not previously
assessed, with the exception of the likely pathogenic
HSF4 p.(Lys64Glu) variant in CSA168-01. All those variants received a VUS classification based on restrictions
including inappropriate segregation or current limitations to our understanding of the gene, such as the
capacity for autosomal dominant cataracts with variants in
the LEMD2 gene. These do, however, provide informative
observations that may inform our future understanding
of these genes. The genome sequencing data will allow
for periodic reassessment of newly identified genes and
further evaluation of copy number and non-
coding
variants. Currently, there are conflicting reports of
increased molecular diagnostic rates when using genome
sequencing in congenital cataract cases.4 32 Our data
currently indicate marginal difference with variants that
would be equally identified with exome sequencing or
a targeted gene panel. However, the full extent of the
genomes sequencing benefits will be best measured in
the coming years following the application of routine
rescreening of genomic data in unsolved cases and an
improved ability to identify and correctly interpret non-
coding variants as pathogenic.
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Table S1 Genome Sequencing QC data
Average
Total
Average
target
read
sequencing Average read
read
% reads
count
Sample
coverage depth ‡
mapped
length
CRCH4-01
976.6 M
49.3%
22
18.3 X
148 bp
CRCH5-01 †
933.8 M
98.4%
43
38.0 X
148 bp
CRCH12-01
964.5 M
79.1%
36
29.6 X
148 bp
CRCH14-04
996.1 M
79.4%
37
32.2 X
148 bp
CRCH21-05
518.2 M
81.6%
33
18.3 X
236 bp
CRCH27-01 †
981.5 M
81.5%
37
32.9 X
148 bp
CRCH28-01
965.9 M
95.4%
43
38.8 X
148 bp
CRCH29-03
2072.8 M 50.4%
49
42.7 X
147 bp
CTAS34-04
937.5 M
99.1%
43
38.4 X
148 bp
CRCH38-01
900.9 M
88.4%
37
31.7 X
146 bp
CRCH41-03 †
937.1 M
81.7%
37
32.3 X
147 bp
CRCH65-01
1024.7 M 85.2%
41
38.0 X
147 bp
CTAS71-01
816.4 M
98.1%
37
33.0 X
147 bp
CTAS72-04
992.4 M
99.3%
46
42.4 X
148 bp
CRVEEH77-02
880.7 M
98.6%
40
35.8 X
147 bp
CRVEEH78-01
986.9 M
98.3%
45
41.2 X
148 bp
CRVEEH79-02 †
1003.5 M 98.7%
46
41.3 X
147 bp
CQLD88-04
1016.0 M 90.5%
43
38.2 X
148 bp
CRCH90-02
967.5 M
51.8%
23
19.3 X
147 bp
CSA93-05
973.5 M
98.4%
45
40.7 X
147 bp
CSA100-01 †
964.5 M
98.6%
44
39.5 X
147 bp
CRVEEH113-01
961.8 M
97.4%
44
39.1 X
146 bp
CSA119-05 †
1019.0 M 98.3%
47
40.9 X
147 bp
CSA126-01
568.6 M
99.9%
45
33.7 X
241 bp
†
CSA128-02
942.1 M
97.7%
43
34.3 X
147 bp
CQLD130-01
1964.9 M 69.7%
65
47.5 X
147 bp
CRCH137-02
847.2 M
84.8%
33
29.8 X
148 bp
CSA152-01 †
985.2 M
99.4%
46
40.9 X
148 bp
CSA158-02 †
869.5 M
99.3%
40
37.2 X
148 bp
CSA167
1011.2 M 98.8%
47
42.3 X
148 bp
CSA168-01 †
874.0M
98.7%
40
35.9 X
147 bp
CSA169-02 †
933.9 M
99.7%
43
37.9 X
148 bp
CSA178-02 †
995.0 M
99.3%
46
42.0 X
148 bp
CSA179
569.1 M
99.8%
45
32.9 X
240 bp
†
CSA181-01
930.7 M
98.8%
43
38.6 X
148 bp
CSA182-02
946.6 M
98.7%
44
37.7 X
147 bp
CSA192
906.5 M
99.2%
42
39.2 X
148 bp
MultiQC (v1.9) metrics. M; million. ‡ Average sequencing depth at sites in VCF file. Boxed
data points if <30. †family with a proband screened in (Javadiyan et al. 2017).
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Table S2 Paediatric cataract genes selected for screening
Gene
AGK

Locus
7q34

Inheritance
AR

MIM
610345

References
(Aldahmesh et al. 2012a) †

Additional ocular phenotypes

BFSP1

20p12.1

AD/AR

603307

(Ramachandran et al. 2007)

BFSP2

3q22.1

AD/AR

603212

CHMP4B

20q11.22

AD

610897

(Conley et al. 2000) and
(Jakobs et al. 2000)
(Shiels et al. 2007)

COL4A1

13q34

AD

120130

(Xia et al. 2014) †

COL4A2

13q34

AD

120090

(Ha et al. 2016)

CRYAA

21q22.3

AD/AR

123580

(Litt et al. 1998)

CRYAB

11q23.1

AD/AR

123590

(Berry et al. 2001) †

CRYBA1

17q11.2

AD/AR

123610

(Kannabiran et al. 1998)

CRYBA2

2q35

AD

600836

(Reis et al. 2013)

CRYBA4

22q12.1

AD/AR

123631

(Billingsley et al. 2006)

Microphthalmia, microcornea

CRYBB1

22q12.1

AD/AR

600929

(Willoughby et al. 2005)

CRYBB2

22q11.23

AD

123620

(Litt et al. 1997)

CRYBB3

22q11.23

AD/AR

123630

(Riazuddin et al. 2005)

Microphthalmia, microcornea,
nystagmus
Microphthalmia, microcornea,
strabismus
Microcornea

CRYGA

2q33.3

AD

123660

(Li et al. 2016)

CRYGB

2q33.3

AD

123670

(AlFadhli et al. 2012)

Other
Sengers syndrome (MIM:
212350)

Small-vessel brain
disease 1 with or without
ocular anomalies (MIM:
175780)
Brain small vessel
disease 2 (BSVD2, [MIM:
614483])
Microcornea, iris coloboma,
nystagmus, microphthalmia
Myofibrillar myopathy
(MFM2, [MIM: 608810])
Nystagmus
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CRYGC

2q33.3

AD

123680

(Heon et al. 1999)

CRYGD

2q33.3

AD

123690

CRYGS

3q27.3

AD

123730

(Stephan et al. 1999) and
(Heon et al. 1999)
(Sun et al. 2005)

CTDP1

18q23

AR

604927

(Tzifi et al. 2011)

CYP27A1

2q35

AR

606530

(Khan et al. 2015)

CYP51A1

7q21.2

AR

601637

(Aldahmesh et al. 2012b)

DNMBP

10q24.2

AR

611282

(Ansar et al. 2018)

EPHA2

1p36.13

AD/AR

176946

(Shiels et al. 2008)

EYA1

8q13.3

AD

601653

(Azuma et al. 2000) †

FBN1

15q21.1

Sporadic

134797

(Li et al. 2016) †

FOXE3

1p33

AD/AR

601094

(Semina et al. 2001)

FTL

19q13.33

AD

134790

(Girelli et al. 1995) and
(Beaumont et al. 1995)

FYCO1

3p21.31

AR

607182

(Chen et al. 2011)

Microcornea, glaucoma,
microphthalmia, nystagmus
Nystagmus, microcornea
Lens subluxation
Congenital cataract, facial
dysmorphism and
neuropathy (CCFDN,
[MIM: 604168])
Cerebrotendinous
xanthomatosis (MIM:
21370)
Nystagmus, amblyopia,
exotropia
Posterior lenticonus
Persistence of pupillary
membrane, corneal opacity

Branchio-oto-renal
syndrome with or without
cataract (BOR1,
[MIM:113650])
Marfan syndrome (MIM:
154700), WeillMarchesani syndrome
(WMS2 [MIM: 608328])

Anterior segment dysgenesis 2
(ASGD2, [MIM: 610256])
Hyperferritinemia with or
without cataract (HHCS,
[MIM: 600886])
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GALK1

17q25.1

AR

604313

(Stambolian et al. 1995)

GCNT2

AR

600429

(Yu et al. 2001)

GJA3

6p24.3p24.2
13q12.11

AD

121015

(Mackay et al. 1999)

GJA8

1q21.2

AD/AR

600897

(Shiels et al. 1998)

HSF4

16q22.1

AD/AR

602438

(Bu et al. 2002)

IARS2

1q41

AR

612801

(Li et al. 2018) †

LEMD2

6p21.31

AR

616312

(Boone et al. 2016)

LIM2

19q13.41

AR

154045

(Pras et al. 2002)

LONP1

19p13.3

AR

605490

(Khan et al. 2015)

LSS

21q22.3

AR

600909

(Zhao et al. 2015)

MAF

16q23.2

AD

177075

(Jamieson et al. 2002) †

MIP

12q13.3

AD

154050

(Berry et al. 2000)

MIR184
NHS

15q25.1
Xp22.2p22.1

AD
XL

613146
300457

(Iliff et al. 2012)
(Coccia et al. 2009) †

PANK4

1p36.32

AD

606162

(Sun et al. 2019)

Nystagmus

Galactokinase deficiency
with cataract (MIM:
230200)
Adult i blood group with
cataract (MIM: 110800)

Microphthalmia, nystagmus,
secondary glaucoma
microcornea, corneal opacity,
sclerocornea, coloboma
Nystagmus
Cataracts, growth
hormone deficiency,
sensory neuropathy,
sensorineural hearing loss
and skeletal dysplasia
(CAGSSS, [MIM:
616007])
Nystagmus, amblyopia
CODAS syndrome (MIM:
600373)
Microcornea, iris coloboma,
amblyopia
Nystagmus, strabismus
EDICT syndrome (MIM: 614303)
Microcornea, nystagmus,
secondary glaucoma,
strabismus
Nystagmus

Ayme-Gripp syndrome
(MIM: 601088)

Nance-Horan syndrome
(MIM: 302350)
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PAX6

11p13

AD

607108

(Glaser et al. 1994)

PEX11B

1q21.1

AR

603867

(Taylor et al. 2017)

PITX3

10q24.32

AD/AR

602669

(Semina et al. 1998)

PRX

19q13.2

AD

605725

(Yuan et al. 2016)

LOC105378949

1p36.33

AD

-

(Eiberg et al. 2019)

RRAGA

9p22.1

AD

612194

(Chen et al. 2016)

SLC16A12

10q23.31

AD

611910

SLC40A1

2q32.2

AD

604653

(Kloeckener-Gruissem et al.
2008)
(Yamakawa et al. 2016)

SLC7A8

14q11.2

AR

604235

(Knopfel et al. 2019)

SIPA1L3

19q13.1q13.2

AR

616655

(Greenlees et al. 2015) and
(Evers et al. 2015)

TDRD7

9q22.33

AR

611258

(Lachke et al. 2011)

TMEM114

16p13.2

AD

611579

(Jamieson et al. 2007)

TRPM3

AD

608961

(Bennett et al. 2014)

UNC45B

9q21.12q21.13
17q12

AD

611220

(Hansen et al. 2014)

VIM

10p13

AD

193060

(Muller et al. 2009)

VSX2

14q24.3

AR

142993

(Percin et al. 2000)

WDR36

5q22.1

Sporadic

609669

(Li et al. 2016)

WDR87

19q13.13

AR

-

(Khan et al. 2015)

Aniridia (MIM: 106210),
nystagmus, corneal
abnormalities, glaucoma
Peroxisome biogenesis
disorder 14B (PBD14B,
[MIM: 614920])
Anterior segment dysgenesis 1
(ASGD1, [MIM: 107250])
Amblyopia

Microcornea

Glucosuria
Hemochromatosis (MIM:
606069)

Corneal clouding,
microphthalmia, iridocorneal and
lenticular adhesions

Open-angle glaucoma

Microphthalmia, iris coloboma,
anophthalmia
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WFS1

4p16.1

AD

606201

(Berry et al. 2013) †

Iris coloboma

Wolfram syndrome 1
(WFS1, [MIM: 222300])

Inheritance; ‘AD’ autosomal dominant, ‘AR’ autosomal recessive, ‘XL’ X-linked, and ‘sporadic’ if only sporadic non-syndromic case has
been reported in Cat-Map prior to publication (Shiels et al. 2010). MIM; gene reference. ‘-‘ data unavailable. Reference; initial gene
reference. † reference for report of non-syndromic occurrence when gene is primarily known to cause syndromic congenital cataracts.
Additional ocular phenotypes; as reported in Cat-Map (Shiels et al. 2010). Other; report of syndrome or condition associated with this gene.
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Table S3 Primers use for reported variant validation and segregation analysis

Family ID
CRCH4

Gene/variant
MIP p.(Arg113Gln)

CRCH5

LONP1 p.(Pro553Ser)

CRCH21

GJA3 p.(Pro59Leu)

CRCH28

EYA1 p.(Ser487Leu)

CRCH29

PITX3
p.(Ter303LeuextTer100)
CRYAA p.(Arg12Cys)

CTAS34

MIP p.(Val164Ile)
CRYBB1 p.(Ile94Asn)

CRCH38

COL4A1 p.(Gly720Asp)
MIR184 n.52T>C

CTAS71

GJA8 p.(Lys131del)

CRVEEH77

GJA8 p.(Pro189Ser)

CRVEEH79

LEMD2 p.(?)

CQLD88

FBN1 p.(Pro1141Leu)

CRCH90

GJA3 p.(Thr19Met)

CSA93

PRX p.(Arg129His)

CSA100

LSS p.(Leu78Val)

CQLD130

BFSP2 p.(Arg89Trp)

CRCH137

GJA8 p.(Gly22Ser)

CSA158

WFS1 p.(Ala370Val)
CYP51A1 p.(Ala94Thr)

CSA168

HSF4 p.(Lys64Glu)

CSA178

IARS2 p.(Gly389Ala)

CSA182

BFSP1
p.(Glu375GlyfsTer2)
GJA3 p.(Gln15Lys)

CSA192

Primer pair (5’ to 3’)
CCACCTGTCAATCCTCACCA
TGTTCTGCAGGTGGCTATGG
AATGGGAATGGCTTTGGGGT
TACAAGATTGTCAGCGGCGA
CTCTTCCATGCGCACGATGT
GGAATCTGAAGCAATGGGCG
AATGCTGGGATGAGCTGAGTAG
TAAATCCTCAGGTCTGCTTGG
TGAAAACGAGGGAGGGGAAG
ACCCGTGTAACTCGAGCCT

Anneal
temperature
(oC)
57
59
60
57
61

CTCCATTCTGCTGGTGGCA
CAAGACCAGAGTCCATCGCT
CTACCTTGGGGTCAAGAAGGA
CTTGAGGAGGTAACACTGTGGC
ATTTCTCCAGAGCCCAGAACCA
GGATGGGAGGACAGGATCATT
ATGTCCTGGGACGTTCACAA
AAGTGGGGAACGGCATTGTA
CCGGGAAATCAAACGTCCAT
AACGCCAGGTTTTCCCCATC
CATGGAGGAGAAGCGCAAAAG
GAAGTAGTGGCCCACGATGA
ACCCTGCTGAGGACCTACAT
GACACAGAGGCCACAGACAA
TTGTTGCGGTAGACATCCCG
AAAGGCCAAGTGCAGACCTT
GCTTCCAACTTTGGCAATGA
GAGGCCCCCACCTTTAACAT
TGTCGTAGCAGACGTTCTCG
CCCGGTGTTCATGAGCATTT
AGGGGCAGAGGGTGGAATTA
ATGCGCCGAGCCTTACAAAG
AGTGGGCCACCATAATCACC
TTGGGCTGTATGTGAAGAGGG
CTCCAGGACCAATGCCATGAG
TGTTTCCAGCTCCTGACTGAC
TCGGGGCCTTCTTTGTTCTC
GCGAATGTGGGAGATGGGAA
CCCACGCACCACATCAAC
CATAGGGCTCCAGGTGGTTC
ACCCCAGGACATGGGAAAAG
GGTCATGAAACGAAACTGGG
TGGTAGAGCGGGACCAGTTT
CACCTTCCGAAAACCGTCTG
CCCCACAGGTGTAGATTTGGA
CAGTACCATGGGCAGGTTGT
ATCCTCTGGAGCCCCTTCTT
GCCTATTTTCCAACCAGCGT

59

TGTCGTAGCAGACGTTCTCG
CCCGGTGTTCATGAGCATTT

57

57
57
57
57
57
57
57
57
57
57
57
57
57
63
60
63
57
57

+Q; Optimized with Qiagen Q solution
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Table S4 Evidence for pathogenicity according to ACMG-AMP guidelines.
Family ID
Gene
Variant
Pathogenic/Likely pathogenic
CRCH21
GJA3
(NC_000013.10)Chr13:g.20717252G>A
NM_021954.4:c.176C>T
p.(Pro59Leu)

CRCH90

GJA3

(NC_000013.10)Chr13:g.20717372G>A
NM_021954.4:c.56C>T
p.(Thr19Met)

CRCH29

CRYAA

(NC_000021.8)Chr21:g.44589243C>T
NM_000394.4:c.34C>T
p.(Arg12Cys)

Supporting evidence for pathogenicity
PM2, PP1_strong, PP3
Absent/near absent from population
databases. Same variant previously
established as pathogenic variant (report
with cataract PMID: 15208569, 19182255,
21866213, 25148791, 26694549,
27609163), segregation (strong) with the
disease in three families with 19 meioses
(this study and PMID: 15208569,
27609163). Multiple predictive tools
assessing variant as damaging/pathogenic.
PM2, PP1_strong, PP3
Absent/near absent from population
databases. Same variant has been
reported as pathogenic (report with
cataract PMID: 28839118, 21031021,
29461512), segregation (strong) with the
disease in four families with five meioses
(this study and PMID: 28839118,
21031021, 29461512). Multiple predictive
tools assessing variant as
damaging/pathogenic.
PM2, PP1_strong, PP3
Absent/near absent from population
databases.
Same variant previously established
pathogenic (report with cataract PMID:
23508780, 19503744, 17724170,
18587492, 19390652, 21686328,
30078984, 32010934), segregation
(strong) with the disease in nine families
with 20 meioses (this study and PMID:

Supporting
evidence for benign

ACMGAMP

-

LP

SCV0015
73165

-

LP

SCV0015
73166

-

LP

SCV0015
73167

ClinVar
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CRCH38

COL4A1

(NC_000013.10)Chr13:g.110833673C>T
NM_001845.6:c.2159G>A
p.(Gly720Asp)

MIR184

(NC_000015.9)Chr15:g.79502181T>C
NR_029705.1:n.52T>C

CSA168

HSF4

(NC_000016.9)Chr16:g.67199491A>G
NM_001040667.3:c.190A>G
p.(Lys64Glu)

CRCH28

PITX3

(NC_000010.10)Chr10:g.103990272C>A
NM_005029.4:c.908G>T
p.(Ter303LeuextTer100)

23508780, 19503744, 17724170,
18587492, 19390652, 21686328,
30078984, 32010934). Multiple predictive
tools assessing variant as
damaging/pathogenic.
PM2, PP1_strong, PP3
Absent/near absent from population
databases. Alternate source reports variant
as pathogenic in family with additional
congenital cataract phenotype (PMID:
17696175), segregation (strong) with the
disease in two families with 6 meioses (this
study and PMID: 17696175). Multiple
predictive tools assessing variant as
damaging/pathogenic.
PM2, PP3
Absent/near absent from population
databases. Multiple predictive tools
assessing variant as damaging/pathogenic.
PM1, PM2, PP1_strong, PP3
Variant located in functional protein region,
a highly conserved DNA binding domain
with multiple pathogenic variants.
Absent/near absent from population
databases. Segregation (strong) with the
disease in one family previously reported
with eight meioses (PMID: 29243736).
Multiple predictive tools assessing variant
as damaging/pathogenic.
PM2, PM4, PP1_supporting, PP3
Absent/near absent from population
databases. Protein length altered due to
loss of native stop codon. Supporting
segregation evidence in the family with ≥3
meioses. Multiple predictive tools
assessing variant as damaging/pathogenic.

-

LP

SCV0015
73168

BP4
RNA folding
predictive evidence of
non-damaging/benign
effect on product.
-

VUS

SCV0015
73169

LP

SCV0015
73170

-

LP

SCV0015
73171
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EYA1

(NC_000008.10)Chr8:g.72127864G>A
NM_000503.6:c.1460C>T
p.(Ser487Leu)

-

CSA182

BFSP1

(NC_000020.10)Chr20:g.17475593del
NM_001195.5:c.1124del
p.(Glu375GlyfsTer2)

CRVEEH77

GJA8

(NC_000001.10)Chr1:g.147380647C>T
NM_005267.5:c.565C>T
p.(Pro189Ser)

PM2, PM4, PP1_strong, PP3
Absent/near absent from population
databases. Protein length changes due to
introduction of premature stop codon.
PP1_strong segregation evidence with ≥5
meioses in family. Multiple predictive tools
assessing variant as damaging/pathogenic.
PM2, PM5, PP1_supporting, PP3
Absent/near absent from population
databases. Variant at an amino acid where
a different missense variant was predicted
pathogenic (PMID: 17724170).
Segregation (supporting) with the disease
in the family with ≥3 meioses. Multiple
predictive tools assessing variant as
damaging/pathogenic.

Variants of uncertain significance with evidence towards pathogenicity
CRCH137
GJA8
(NC_000001.10)Chr1:g.147380146G>A
PM2, PP3
NM_005267.5:c.64G>A
Absent/near absent from population
p.(Gly22Ser)
databases and multiple predictive tools
assessing variant as damaging/pathogenic.
CTAS71
GJA8
(NC_000001.10)Chr1:g.147380470_14738 PM2, PM4_supporting, PP3
0472del
Absent/near absent from population
NM_005267.5:c.388_390del
databases. In-frame deletion changes
p.(Lys131del)
protein length, but in cytoplasmic region

BS4, BP4, BS1
Lack of segregation in
affected family
members, multiple
predictive tools
assessing the variant
as nondamaging/benign.
Present in population
databases more than
expected for the
condition.
-

B

SCV0015
73172

LP

SCV0015
73173

-

LP

SCV0015
73174

-

VUS

SCV0015
73175

-

VUS

SCV0015
73176
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CSA192

GJA3

(NC_000013.10)Chr13:g.20717385G>T
NM_021954.4:c.43C>A
p.(Gln15Lys)

CRVEEH79

LEMD2

(NC_000006.11)Chr6:g.33756893T>C
NM_001348710.2:c.1A>G
p.(?)

CSA93

PRX

(NC_000019.9)Chr19:g.40904522C>T
NM_020956.2:c.386G>A
p.(Arg129His)

CTAS34

CRYBB1

(NC_000022.10)Chr22:g.27008054A>T
NM_001887.4:c.281T>A
p.(Ile94Asn)

MIP

(NC_000012.11)Chr12:g.56847410C>T
NM_012064.4:c.490G>A
p.(Val164Ile)

BFSP2

(NC_000003.11)chr3:g.133119192C>T
NM_003571.4:c.265C>T
p.(Arg89Trp)

CQLD130

with variable amino acid conservation
between species. Multiple predictive tools
assessing variant as damaging/pathogenic.
PM2, PP3
Absent/near absent from population
databases and multiple predictive tools
assessing variant as damaging/pathogenic.
PM2, PP3
Absent/near absent from population
databases. Multiple predictive tools
assessing variant as damaging/pathogenic.
Note: Variant causes loss of start codon
with likely loss of function, but
haploinsufficiency has not been shown to
cause disease before.
PM2, PP1_supporting, PP3
Absent/near absent from population
databases. Segregation (supporting) with
the disease in the family with ≥3 meioses.
Multiple predictive tools assessing variant
as damaging/pathogenic.
PM2, PP3
Absent/near absent from population
databases and multiple predictive tools
assessing variant as damaging/pathogenic.
PM2
Variant observed at a low rate in population
data.

PM2, PP1_supporting, PP3
Supporting for absent/near absent from
population databases. Segregation
(supporting) with the disease in the family
with ≥3 meioses. Multiple predictive tools
assessing variant as damaging/pathogenic.

-

VUS

SCV0015
73177

-

VUS

SCV0015
73178

-

VUS

SCV0015
73179

-

VUS

SCV0015
73180

BP4
Multiple predictive
tools assess amino
acid change as nondamaging.
-

VUS

SCV0015
73181

VUS

SCV0015
73182
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CRCH4

MIP

(NC_000012.11)Chr12:g.56848060C>T
NM_012064.4:c.338G>A
p.(Arg113Gln)

PM2, PP3
Absent/near absent from population
databases. Multiple predictive tools
assessing variant as damaging/pathogenic.

Variants of uncertain significance that are unlikely to be causing disease
CSA158
CYP51A1
(NC_000007.13)Chr7:g.91761099C>T
PM2, PP3
NM_000786.4:c.280G>A
Absent/near absent from population
p.(Ala94Thr)
databases and multiple predictive tools
assessing variant as damaging/pathogenic.
WFS1
(NC_000004.11)Chr4:g.6302631C>T
PM2, PP3
NM_001145853.1:c.1109C>T
Absent/near absent from population
p.(Ala370Val)
databases and multiple predictive tools
assessing variant as damaging/pathogenic.
CRCH5

LONP1

(NC_000019.9)Chr19:g.5694473G>A
NM_001276480.1:c.1657C>T
p.(Pro553Ser)

PM2, PP3
Absent/near absent from population
databases and multiple predictive tools
assessing variant as damaging/pathogenic.

CSA178

IARS2

(NC_000001.10)Chr1:g.220279332G>C
NM_018060.4:c.1166G>C
p.(Gly389Ala)

CQLD88

FBN1

(NC_000015.9)Chr15:g.48779550G>A
NM_000138.5:c.3422C>T
p.(Pro1141Leu)

PM2, PP3
Absent/near absent from population
databases and multiple predictive tools
assessing variant as damaging/pathogenic.
PP3
Multiple predictive tools assessing variant
as damaging/pathogenic.

BS2
Observed in health
adult obligate carrier
(and 2 other
unaffected children)
with full penetrance
expected at an early
age.

VUS

SCV0015
73183

-

VUS

SCV0015
73184

BS4
Lack of segregation in
an affected member
of the family.

VUS

SCV0015
73185

BS4
Variant does not
segregate with the
disease in the family,
absent from affected
individual.
BS4
Lack of segregation in
affected member of
family.
BS1, BS2
Present in the
population database
more than expected
for the disease.
Variant is observed in
unaffected individuals
in the family.

VUS

SCV0015
73186

VUS

SCV0015
73187

VUS

SCV0015
73188
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CSA100

LSS

(NC_000021.8)Chr21:g.47647553G>C
NM_001001438.3:c.232C>G
p.(Leu78Val)

PM2
Absent/near absent from population
databases.

BS4, BP4
Lack of segregation
with affected
members of the
family. Multiple
predictive tools
assess the amino
acid change as nonpathogenic.

VUS

SCV0015
73189

Variant interpretation based on the American College of Medical Genetics and Genomics (ACMG-AMP) guidelines (Richards et al. 2015), ‘P’ Pathogenic, ‘LP’ Likely
Pathogenic, ‘VUS’ Variant of Uncertain Significance, and ‘B’ Benign. ClinVar; variant accession number.
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Figure S1 Predicted impact of the NR_029705.1:n.+52T>C variant on miR-184
structure and stability. The MIR184 variant in family CRCH38 was assessed using
mFold (Zuker 2003). No difference in miRNA folding was observed between wildtype miR-184 (A) and +52T>C variant carrier miR-184 (B). Minimum free energy
prediction dropped from -35.50kcal/mol to -37.90kcal/mol with the T>C nucleotide
change, increasing the stability of the molecule.
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Figure S2 PITX3 protein folding prediction. Comparison of wild-type PITX3 and CRCH28 family stop loss
p.(Ter303LeuextTer100) PITX3 variant sequence using PredictProtein folding prediction tool (https://predictprotein.org). Each panel
displays predicted secondary structure and solvent accessibility, with protein level binding predictions appended below.
PITX3_variant sequence has been stretched to enable vertical comparison of the complementary initial 1-302 amino acid positions.
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Figure S3 Variants of uncertain significance that are unlikely to be disease
causing. Family pedigrees and accompanying sequencing chromatograms from
variant analysis. A; Family CSA158 with a segregating CYP51A1 p.(Ala94Thr) and
non-segregating WFS1 p.(Ala370Val) variants. B; LONP1 variant enters pedigree
twice to enable homozygous status in the proband in family CRCH5. C; In family
CSA178, an IARS2 variant was observed affected mother only. D; In family
CQLD88, a FBN1 variant was observed in an unaffected individual. E; Large
pedigree CSA100 displays a LSS variant in an affected and unaffected sibling pair,
that has entered in the pedigree in the previous generation.
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