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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), BFSPT p.(Glu375GlyfsTer2), and
GJA8 p.(Pro189Ser), as well as, previously described
variants identified in genes GJA3, GJAS, CRYAA, BFSP1,
PITX3, COL4A1 and HSF4. Additionally, eight variants of
uncertain significance with evidence towards pathogenicity
were identified in genes: GJA3, GJAS, LEMDZ, 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.

INTRODUCTION

Paediatric cataract (childhood or congenital
cataract), a clouding of the crystalline lens
of the eye during childhood, is a heritable
condition in at least 18% of cases in Australia.'
The total number of genes associated with
a cataract phenotype is in excess of 200.”
However, a core set of approximately 40 well-
established genes are known to cause isolated
paediatric cataract that include: crystallin
genes (CRYAA, CYRAB, CRYBAI, CRYBA2,
CRYBA4, CRYBBI, CRYBB2, CRYBB3, CRYGA,
CRYGB, CRYGC, CRYGD and CRYGS), genes
encoding membrane structural proteins
(GJA3, GJAS, MIP and LIM2) and cytoskeletal

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 be-
ing used to refine the diagnosis, determine progno-
sis and guide genetic counselling.

WHAT THIS STUDY ADDS

= Three novel disease-causing variants, in genes
PITX3, BFSP1 and GJAS, expand the genotype—phe-
notype spectrum of paediatric cataract and several
previously described variants re-enforce their patho-
genic 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 vari-
ants do not have sufficient evidence for a clinically
actionable classification, even in well-characterised
disease-causing genes.

proteins (VIM, BFSPI and BFSP2), transcrip-
tion factor genes (HSF4, PITX3, PAX6, FOXE3
and MAF) and genes for signalling molecules
such as EPHAZ2. Other genes, such as NHS,
FTL, AGK, MIR184, GCNT2 and GALKI, are
also routinely assessed and are associated with
either isolated paediatric cataract or paedi-
atric cataract as a characteristic phenotype
as part of a syndrome. The success of genetic
screens for familial paediatric cataract has
varied greatly with reported solve rates
between 25% and 77%.”* Cohort, gene panel
selection, sequencing methodology and the
stringent use of variant classification criteria
will have contributed to the varied successes.
Despite this, routine gene screening and
variant reporting in the research setting
plays a very important role in expanding the
known genetic and phenotypic spectrum of
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 prod-
ucts 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,
GJAS, CRYAA, BFSP1, PITX3, COL4A1 and HSF4 were
identified in eight families. Variants of uncertain signifi-
cance (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 Molec-
ular Pathology (ACMG-AMP) guidelines.

MATERIALS AND METHODS

All affected participants were diagnosed with inher-
ited paediatric cataract, based on the observed cataract
phenotype and a reported family history, by the exam-
ining ophthalmologist and genetic counsellors,
respectively. Relatives were examined on recruitment to
the study or following diagnosis during routine examina-
tion 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). Clin-
ically 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 150bp
paired-end sequencing on a HiSeq X Ten platform (30x
coverage, Illumina) with an Illumina TrueSeq Nano
Library Prep (V.2.5) at the Kinghorn Centre for Clin-
ical Genomics (Sydney, Australia) or 250bp paired-end
sequencing on a NovaSeq 6000 platform (30x 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-nextgen pipeline (https://doi.org/10.5281/
zenodo.3564938) with the BWA-MEM algorithm” for read
alignment to human reference genome hgl9 and variant
calling with GATK® according to best practice guidelines.
Variant annotation was performed using ANNOVAR.”
MultiQC® 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 SI). 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

congenital cataract genes, research-reported candi-
date 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 compa-
rable to the panels used by accredited genetic testing
laboratories for non-syndromic paediatric cataract.
Variants within those genomic regions were filtered to
functional ‘exonic’ or ‘splicing’ variants, with an MAF
<0.00022 in gnomADv2.1.1° pop_max (highest popula-
tion frequency) to match the reported Australian disease
frequency of 2.2 per 10000 live births." Variants were
prioritised for further analysis if they had a CADD PHRED
score 210 or, for synonymous and non-coding RNA vari-
ants, a CADD PHRED score >15. Variant validation and
cosegregation was performed with primers designed
using NCBI primer blast'’ (online supplemental table
S3). PCR was performed using MyTaq HS DNA poly-
merase (Bioline) prior to Sanger sequencing with either
BrightDye Terminator (MCLAB) or BrilliantDye Termi-
nator (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).'’ ' HOPE protein structure anal-
ysis'” was used to further assess the deleteriousness of
missense variants on protein function. The mFold tool"*
(http://www.unafold.org/) was used for comparing
microRNA folding between wild-type and variant
sequences. Validated variants were interpreted using
the ACMG-AMP guidelines'” via InterVar'® and manu-
ally adjusted as appropriate. Cosegregation considered
based on informative meioses'’ and PP5 and BP6 criteria
were excluded from use.'® 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 pathoge-
nicity 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)." The other 24 probands/families were either
unsolved following analysis of the NHS,” EPHA2*' and
crystallin genes™ or have not previously been investi-
gated.

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).

2

Jones JL, et al. BMJ Open Ophth 2022;7:€001064. doi:10.1136/bmjophth-2022-001064


https://doi.org/10.5281/zenodo.3564938
https://doi.org/10.5281/zenodo.3564938
https://dx.doi.org/10.1136/bmjophth-2022-001064
https://dx.doi.org/10.1136/bmjophth-2022-001064
https://dx.doi.org/10.1136/bmjophth-2022-001064
https://dx.doi.org/10.1136/bmjophth-2022-001064
https://dx.doi.org/10.1136/bmjophth-2022-001064
https://dx.doi.org/10.1136/bmjophth-2022-001064
https://predictprotein.org
https://predictprotein.org
http://www.unafold.org/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
https://dx.doi.org/10.1136/bmjophth-2022-001064
https://dx.doi.org/10.1136/bmjophth-2022-001064
https://dx.doi.org/10.1136/bmjophth-2022-001064

pen access

psnunuo)
SNA - ON a/a/a.d/8'9e 0 (e1ve8ehin)d 0<999} }'0:%'0908+0 N 0<Deeg6.¢0cc: HUD csyvi Je||swe] 8.1VSO
Jejod Jousiue
Lt ‘Sj0p [e011100
SNA - ON a/a/ad/9e 0 (leggggoid)d  1<0/G91"0:1°08¥9.2100 N V<9€.l¥¥695:61UD LdINOT Aiayduad-pipy GHOHO
SNA - ON N/1/Q,d/6°S¢ 0 (lenoZgeIv)d  1<D601L 101 L€58SY L L00 AN 1<01€920€9:71UD LSAM
|e21J00
SNA - SBA N/d/a,d/8'8¢ 0 (ylveely)d V<D0820:%'982000 NN 1<0660}+9216:24UD [VISGdAD 10 Je||swe] 851VSO
aseas|p Buisned aq o} Ajgyljun aJe yey} 8ouedlubls ulepaduN JO SjUBLIBA
SNA - ¢dd asa/ad/iec 0 (uDg| 1biy)d V<98€E0:1'¥902 10 NN 1<00908%89G:¢ 44D din JesjonN YHOHO
SNA - dd a/l/ad/zee  ,0Lx0'k (d116861y)d 1<0G92'9:%' 1 LGE00 NN 1<O26LBLIEELEIND  2dSHd - 0€LdTOO
SNA - ¢dd N/L/a/¥S'SL  ,0Lx0'} (eryaLend V<906%0:1%'#902 10 INN 1<00}¥.¥89G:2 144D din
Jesjonu
SNA - SOA as/a/ad/9'se 0 (usypeell)d V<L182'9:%'288100 WN 1<v$¥S0800/¢:¢cciUD LddAHO 3 Jejod Joueiuy YESVLO
SNUODIUS| UM
SNA - SOA N/1/Qsd/98°8 0 (siH6Z1B1Y)d V<D98€0:2'966020 N 1<0¢2S0601:6 L4UD XHd [enuso isod esueq €6VSO
SNA - SOA N/d/g/e’ €c 0 (¢)d D<VY0:2'0+287€L00 WN 0<1€689G5.£€:9440 cana openlg  6.ZH33NHO
SNA - e/u N/Q/Qsd/e ve 0 (sA1gLup)d V<OEV 07" ¥S6120 NN 1<968€ /12 02:€1UD evro = 26LVSO
SNA = e/u N/-/-/9L 7} 0 (epLetsAT)d  [opOBE 88E'9:G°292500 NN  [OPELF08ELY L 0L708ELY L LUD 8Yro  Jesponu [enusd L/SVLO
528 199X
mw\m P
ap|ed|y-zapueulo
SNA ,2IB 1 Buem, SOA a/a/a.d/69e 0 (1eszZAD)d V<95%90:G'/92500 N V<99¥108€ Ly L HIUD 8vro Jejjswe] LELHOHO
Ayoluaboyied spiemo} 8o0UspIAe Yim 8ouedliubis urepsoun Jo SJUBLEA
mm\m piE]
op|eo|y-zepueulo |e10}
dl y2[€ 19 USSUBH, SOA asa/ad/L’se 0 (1os68101d) d 1<0695'0:G°292500 N 1<0/¥908€.¥ }: 144D 8Yro esuspJoJesjonN  /L/ZHIIAHO
(eaaL
d1 - SOA -/-/-/2€ 0 syipgenp)d [9PYZ L 1'9:6°G61L 100 NN 19PEBS G L 1:024UD LdS4g  [eJnins Jols}sod ¢8LVYSO
d - ON N/L/9/8'¢c 1000 (neT8p103)d 1<009¥}2:9°'€0S000 NN V<O¥98.¢1 ¢8440 LYAT
Je|nsdeogns
d1 - S8A ~/-/-/6€°8+ 0 (ooltelIxenagogsal)d 1<98060:%'620500 NN V<0¢.2c066€0+:01UD eXULId Jousisod 8¢HOHO
¢,0NOU
dl /2 19 Aueg ad a/a/a,d/v'62 0 (nYgshl)d  B<v0610:€7299070100 NN D<V1L67 66} L9:911UD v4SH  Je|nuoz/ie|jowen] 891VSO
SNA - SOA =/-/-/18'9% 0 Be/u 0<1e¢G'U:1'G0.620 YN O<LI8120S6.L:SHIUD  #8LHIN
S10P UM [ed}1100
dl ¢c/€ 19 UOQIS SOA ds/a/ad/e’ee 0 (dsvoz2AD)d V<9651+20:9'G¥8100 N 1<0€/9€€80LL'ELIYD  LVFTOO  Jousisod [enus) 8E€HOHO
dl 42I€ 19 UssueH SBA asarsa,d/8e 0 (skoz1bay)d 1<0v€0:7'¥6€000 NN 1<0€¥¢68SYY: LU0 YVAHO - 62cHOHO
d1 ocl€ 18 ediyues SOA asa/ad/eLe 0 (rlereLyL)-d 1<096'9:%'¥56120 NN V<9¢/lE.LLL02:€HUD evro Jesjonu esus(d 06HOHO
dl ,¢/€ 49 Hduusg SOA asa/ad/L’Le 0 (neegoid) d 1<09/ 101756120 NN V<9¢ScLIL02:€HUD evro [elus) LZHOHO
sjuelen ojuaboyied Aoy /olusboyied
dINV-DINDV uoneoiqnd 1s.414 Bag NV3A0OHd xewdod abueyo uejoid abueyo Buipon abueyo olwouan auan adfjousyd ai Anwey
/1dIS/guaydAiod/aavd  avwoub
10eJE1RD OljRIpaRed Yum spuegold ul peoslap siuelieA Bulpoo aiey | 9jgeL

Jones JL, et al. BMJ Open Ophth 2022;7:¢001064. doi:10.1136/bmjophth-2022-001064



Two previously described variants were identified in

% q the GJA3 gene (p.Pro59Leu and p.Thrl9Met) in fami-
(=2} . m . -
g oo §s g lies CRCH21 and CRCH90 (figure 1A-B). A commonly
2l =22 é é g reported pathogenic CRYAA (p.Argl2Cys) change
gﬁ,—g was identified in family CRCH29 (figure 1C). A known
‘gﬁ < COL4A1 p.(Gly720Asp) change was determined to be
s G5E disease-causing in family CRCH38 (figure 1D). Addition-
% 85 g ally, in family CRCH38, a MIR1841n.52T>C change was also
2 g2 observed but deemed benign with no harmful predicted
o 2 3T .
gl . %Es3 change to secondary structure of the microRNA molecule
° EE= (online supplemental figure S1). A p.(Lys64Glu) HSF4
218 o 385 change was identified in family CSA168 (figure 1E) and
=9 is located in the highly conserved DNA binding domain
~ dE
n s of the protein. This HSF4 variant has previously been
@« t5Aae .« 93 . . . .
g °% ;,D’g reported as pathogenic™ in a family with lamellar paedi-
@ SR . .
S | oz ©282% atric cataract, with a comparable phenotype observed
2= 5 E 2 suU 3 . -
€g g a § 3§:> ES here in CSA168-01 (figure 2A).
= < . . .
55 N g%% A novel stop loss PITX3 variant, in family CRCH28
S&| ] @ °§ 2 *@é (figure 1F), was predicted to extend the normal 302-
2ax| 5% ég 5] 8 residue long protein by an additional 100 amino acids,
§ §. 3o %ﬁ ';fs) g when assessed using the NCBI ORF finder (https://
5 5 € < c . . . .
B C | § 250 5 www.ncbi.nlm.nih.gov/orffinder/). Comparative protein
©% . .. . .
8858 & folding prediction indicated small structural changes
- o s S within the DNA binding domain and the formation of
ol 3 221 8 5 beta-strands with potential DNA-binding and protein-
= = O = = . . . . .. . . .
s 7 & 8% Z § 5 binding affinity in the additional 100 amino acid protein
- © 4o 5E 5 . . .
% 53 ‘g 5 gg 5 extension (online supplemental figure S2). A benign
J: % = 7 é aE 2 EYAI variant was also observed but failed to cosegregate
&% 5 ¢ with the disease in the family. Affected individuals were
< = . . .
- g = 5?% g diagnosed between 9 and 21years of age with posterior
é % o 5 §s g subcapsular cataracts (table 1) and had no other report-
I 5L > o . . -
S 8 %52 g B able ocular features. This cataract phenotype is consistent
S8 §53§ 8 with the posterior polar or posterior subcapsular opacifi-
gl @ as s T . . - . .
8§83 ges £ cations reported in PITX3variants to date, with or without
SI8 5 g3g% S additional anterior segment mesenchymal dysgenesis
=2l © | © 3 © - & 9
8|5 5 QCs8g=E 5 features.
o| Zz =z T 085 c
EQSS 5 A novel BFSPI c.1124delA p.(Glu375GlyfsTer2) frame-
E7>d g . . . :
2588 £ shiftvariantsegregated in an autosomal dominantmanner
te = . . ~ ~ .
Scg? % in family CSA182 (figure 1G). A posterior sutural cataract
r (] . ~
<lo §%g T o phenotype with a pulverulent appearance (figure 2B) was
- @Q . . . . .
515 %%;N 3 = consistently observed across all affected individuals in the
> L . .
o 2 3 §§§g = family. Sutural, often pulverulent-like, cataracts are the
£IR3 g D%_L% ; most frequently reported phenotype with BFSP2 variants
g S 2hes 8 while the range of phenotypes observed for BFSPI vari-
0 - €2 O b . . . .
gl ¥ 8% %§ g E ants is wider and includes nuclear, lamellar and cortical
8|50 888y S cataracts.”
- o < ° .
f;é’ 5 aE>§ 5 In family CRVEEH77, a novel p.(Prol89Ser) GJAS
G T8 & 5 . . . . .
HE AR T %;E g‘é variant was identified. Previous reports of variants
©
B -~ EE £%35 I ¢.565C>Gp.(Prol89Ala) and ¢.566C>T p.(Prol89Leu)
S5 ® . . . . . .
% 8 %’g §§ have been made at this location in patients with isolated
£ 93 ©°% . . . . .
- 3 g Qe? g = paediatric cataracts, all with nuclear or nuclear inclusive
= =G} < .. .
3 § . E282o¢ ° phenotypes.”* ** Additionally, the same residue change to
[} = c . . 1 .
=] 8 g Zc-g8f 22 the equivalent conserved amino acid in the GJA3 protein,
c e S EEQE£g090 . : 26
8 2| 1 Z S32T88¢ p-(Prol87Ser), has been reported as disease-causing.
fe0s8 o8
- 2385 HE
o| 2 § 8 %833 g8 g;_ VUS with evidence towards pathogenicity
r— = = o s < . oy . .
S E|ld 3 £33 S 2 Eight probands/families had VUS with evidence towards
F| £/0 O £2%58FFE<g

pathogenicity (22%, table 1). Six of these reside in
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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 EYAT 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, GJAS,
CRYBBI, BFSP2 and MIP. With additional evidence of
pathogenicity, such as additional meiosis demonstrating

segregation or robust functional evaluation, these variants
would likely be upgraded in classification to pathogenic
variants.

Three variants were identified in connexin genes
GJAS and GJA3. A GJA8 p.(Gly22Ser) change, observed
in family CRCH137, has been previously reported® *’ **
and is one meiosis short of reclassification as likely patho-
genic (table 1, figure 3A). In family CTAS71, the novel
p-(Lysl31del) change (table 1, figure 3B) is located
centrally in the GJAS8 protein’s cytoplasmic loop which
is a less conserved protein region in general. A GJA3
¢.43C>Ap.(GInlbLys) 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

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.

at this position in the softshell turtle and tetraodon fish,
respectively. The CTAS71 and CSA192 variants are likely
de novo but require parental analysis.

Jones JL, et al. BMJ Open Ophth 2022;7:¢001064. doi:10.1136/bmjophth-2022-001064



Open access

CRCH137 GJAS8
c.64G>A p.(Gly22Ser)

._

CTAS71 GJA8
¢.388_390del p.(Lys131del)

137-02 71 01 71 02

e

lle21  Gly22 Arg23
137-02 *
+-

Ser128 Val129 Lys130 Lys131 Ser133

"R *AN\AN\

192

CSA192 GJA3
c.43C>A p.(GIn15Lys)

137-01
+-
WGS,
1 92

Ala14 Gln15 Glu16

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

Female

Male

Affected female

Affected male

Unconfirmed
affected male

- HeO

Variant

Whole-Genome

WGS >
CTAS34 sequencing
E CSA93 PRX F CRYBB1 c.281T>A p.(lle94Asn) G CQLD130 BFSP2
¢.386G>A p.(Arg129His) MIP c.490G>A p.(Val164lle) ¢.265C>T p.(Arg89Trp)

o N b——El

93-06 9307  93-04 93 01
+- +- +-
N 34-04
Val128 Arg129 Val130 WGS 34-07

- +/-
93-05 * " +-
+I 0

34-08 34-02

Ser93 lle94 _lle9s I +-
34-04 — 71— +- +-

CRYBB1 *
Pl " §

Ala163 Val164 Gly165
1Y/ - 2 — 34-01

+- é *i:ii :;'

g mo
WGS 401 402 4 - X
34;06 +- - A

H CRCH4 MIP

¢.338G>A p.(Arg113GIn)

130-06  130-05
+/- +/-

-
w
)
il
<)
<

130-03 130-02

406 4-07 4-08

130-04  130-01

- +- Val112 Arg113 Gly114
4-01 %
LeuB8 Arg89 Serg0 +-
130-01 A / /\

*
+/

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) GJAS8 p.(Lys131del) in family CTAS71 shown in ‘R’ for
sequencing with reverse primer, and (C) GJA3 p.(GIn15Lys) 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.(lle94Asn)
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.(Arg113Gin) 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 hetero-
zygous 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 transmem-
brane 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.(Argl129His)
change in the S-periaxin encoding NM_020956.2
transcript only, and is located in the intron of the tran-
script 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.

A CRYBBI 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 dlsrupt the hydrophobic interactions in the core of the
protein."” Cataract-causing variants have been reported
at adjacent residues p.Ser93* and p.Val96™ 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.(Vall64lle)
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 CQLDI130, 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
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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 o-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.(Argl13Gln)
variant was assessed as being potentially disease-causing
(table 1, figure 3H). The p.Argll3 residue is highly
conserved across species, with positively charged residues
in this extracellular domain known to be functionally
important for AQPO in cell-cell adhesion.” 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 inher-
itance 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, GJAS,
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 identi-
fied VUS likely to be disease-causing with the acquisition
of additional evidence. With a subset of patients previ-
ously cleared of variants in cataract genes there was a
reduced likelihood of achieving a solved rate comparable
to screening a previously unstudied population. Despite

this, these rates are not dissimilar to the 42% likely
disease-causing in the previous study of our repository'’
and the recent 44.4% molecular diagnostic rate reported
for clinical congenital cataract screening in the UK.

Variants in connexin and crystallin genes again
accounted for approximately half of disease-causing vari-
ants in Australian cohorts.” '’ 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.” ** 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 indi-
viduals,” 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.(Leul3Arg) change in the LEM
domain in families with autosomal recessive juvenile cata-
racts in the Hutterite community of North America.”
This previous report of the LEMDZ2 gene in relation to
paediatric cataract by Boone et al” found an additional
relationship between variant carriers and sudden onset
cardiac death, which may be pertinent to other individ-
uals with LEMDZ2 variants. However, autosomal dominant
disease has not previously been reported with this gene
and functional investigation of the potential for cata-
ract 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>Ap.
(Argl29His) change in PRX must be interpreted with
caution. Impacting the coding region of only the S-peri-
axin 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 mice’®
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 vari-
ants 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 iden-
tified variants using criteria such as the ACMG-AMP
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guidelines.'” 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 paedi-
atric 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 pathoge-
nicity. 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 reclassi-
fication with additional observations. The identification
of these VUS in less-established cataract genes such as
LEMD?2 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
gene-specific variant classification criteria for isolated
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 iden-
tified 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 vari-
ants received a VUS classification based on restrictions
including inappropriate segregation or current limita-
tions 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." ”* 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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