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Purpose: ABCA4 retinopathies are a group of ABCA4 gene-associated disorders with phenotypic heterogeneity and
variable disease severity. The genotype-phenotype correlation is a great challenge for exact disease diagnosis because
of symptom variations even within the same family members and the same gene variants giving altered disease pheno-
types. This study describes the molecular epidemiology of 10 Pakistani families segregating pathogenic variants of the
ABCAA4 gene and summarizes A BCA4-associated genetic findings from Pakistani families reported until October 2024.
Methods: We enrolled consanguineous Pakistani families having at least one child affected with retinal dystrophy. DNA
was extracted from blood samples. Probands were analyzed using capture panel sequencing of 344 known genes for
retinal dystrophies. Sanger sequencing was used to perform family segregation testing. To review previously published
ABCA4 disease-causing variants from Pakistan, data were extracted by retrieving articles through online sources—spe-
cifically, PubMed and Google Scholar.

Results: Out of 72 families, 10 revealed a total of five reported (c.6658C>T, ¢.214G>A, ¢.6088C>T, ¢.6729+5 6729+19del,
and ¢.6218G>C) and two novel (¢.2790C>A and ¢.1099+5G>A) variants in the ABCA4 gene were segregating in each
respective family. Furthermore, one of the novel variants, ¢.1099+5G>A, was segregating in a compound heterozygous
manner along with a c.6658C>T stop-gain variant of the ABCA4 gene in one family. All identified ABCA4 variants were
segregated in an autosomal recessive manner.

Conclusions: The variant c.6658C>T was detected in 50% of families analyzed in this study, but previous reports from
Pakistan highlight the ¢.214G>A variant as a frequent ABCA4 mutation in cases of Pakistani decent. Identification of two
novel pathogenic variants in the present study reaffirms the allelic and genetic heterogeneity of ABCA4 retinopathies in
Pakistani patients. The clinical variability or discordance among individuals carrying the same pathogenic variant may
be due to other factors influencing the phenotype, including variables such as sex of the individual or role of modifiers

that have yet to be identified.

The ATP-binding cassette transporter type A4 (ABCA4;
OMIM: 601691) consists of 50 exons that encode a transmem-
brane protein located at the outer segments of the photore-
ceptor and internal membrane of retinal pigment epithelial
(RPE) cells [1,2]. The molecular mass of the ABCA4 protein
is 250 kDa, and it plays an essential role in retinoid recycling
in the visual cycle [3]. The human ABCA4 protein, also called
ABCR, a transporter of 2,273 amino acids, consists of two
dissimilar tandem halves, each half containing a transmem-
brane domain (TMD), a nucleotide-binding domain (NBD),
and a large glycosylated exocytoplasmic domain (ECD),
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which is present after the transmembrane segment of each
half [4,5]. Six membrane-spanning a-helical segments are
present as a bundle in each TMD and serve as a pathway for
translocation of substrates across the membrane [6,7]. Both
TMDs contain an extracellular helix pair, likely to play a
role in its proper folding [8] and short transverse intracel-
lular helical segments that function as coupling helices by
coordinating the conformational changes in the NBDs upon
nucleotide binding [9]. The NBDs in the cytoplasmic region
also have two regulatory domains, RD1 and RD2 downstream
to NBDI and NBD2, respectively, which are present close to
each other in a head-to-tail arrangement and help to keep the
domains close to each other by opposite interactions [10,11].
Among the two ECDs, ECDI is larger than ECD2, with each
domain having four N-linked glycosylation sites [11].
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In the visual transduction cycle, the ABCA4 protein is the
importer of N-retinylidene phosphatidylethanolamine (NrPE)
and phosphatidylethanolamine (intermediate compounds
in recycling 11-cis-retinal) [12]. NrPE and all-trans-retinal
accumulate within the disc membrane of photoreceptors
and condense to form phosphatidyl-pyridinium bisretinoid
(A2PE) due to defective ABCA4 protein [13]. The A2PE
is hydrolyzed by lysosomal enzymes to nonmetabolizing
bisretinoid N-retinyl-N-retinylidene ethanolamine (A2E) [14].
The resulting A2E accumulates within the RPE and forms a
major component of lipofuscin, which is toxic to the RPE,
accounting for deterioration of the RPE and subsequent loss
of the photoreceptor cells [3]. This accumulation of lipofuscin
causes diverse phenotypes, also called ABCA4 retinopathies,
resulting from dysfunctional ABCA4 protein [12].

ABCAA4 retinopathies include a highly variable pheno-
type of autosomal recessive Stargardt disease (STGD),
fundus flavimaculatus, bull’s-eye maculopathy, macular
atrophy, cone-rod dystrophy (CRD), retinitis pigmentosa
(RP), and age-related macular degeneration (AMD) arising
from mutations in the ABCA4 gene [15-18]. The estimated
incidence of ABCA4 retinopathies is 1 in 8,000 to 10,000
people [15]. ABCA4 variants cause more than 95% of STGD,
30% of CRD, and 8% of autosomal recessive RP [1,19], and
heterozygous mutations are associated with an increased
risk of an AMD-like phenotype [20]. In the present study,
we identify disease-causing variants in the ABCA4 gene in
10 families using a customized panel sequencing approach
and discuss phenotypic and genetic heterogeneity of ABCA4
retinopathies in a Pakistani population based on our findings
alongside published literature until October 2024.

METHODS

Ethical approval and enrollment of families: The Bio-
Ethical Review Committee of the Faculty of Biologic
Sciences, Quaid-i-Azam University Islamabad, Pakistan
(protocol # BEC-FBS-QAU2023-491), and Ethical Review
Committee, Al-Shifa Trust, Rawalpindi, Pakistan (Reference
No: ERC-09/AST-23), approved this study. Families were
clinically assessed by ophthalmologists at Al-Shifa Trust Eye
Hospital, Rawalpindi, Pakistan, and recruited following the
principles of the Declaration of Helsinki for molecular genetic
analysis. Blood samples were collected after informed written
consent from each participating adult and from parents of
participating children of each enrolled family. Genomic DNA
extraction and quantification were performed at the Depart-
ment of Zoology, Quaid-i-Azam University, [slamabad, Paki-
stan, as per our previously reported method [21].
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Capture panel sequencing and bioinformatic analysis:
Capture panel sequencing was performed using genomic
DNA of two affected individuals of each enrolled family at
Baylor College of Medicine, Houston, Texas. Exome enriched
genomic libraries were prepared using the KAPA HyperPrep
Kit (Roche, Basel, Switzerland) following the manufacturer’s
protocol, then pooled together for targeted enrichment of a
panel of 344 known and candidate inherited retinal disease—
related genes (as described in our previous article [21]) with
the SureSelect Target Enrichment System for the Illumina
Platform (Agilent, Santa Clara, CA [22];). Captured DNA was
quantified and sequenced using a Novaseq 6000 (Illumina,
San Diego, CA). Variant calling, data alignment, and filtration
were performed at the Functional Genomics Core at Baylor
College of Medicine, as described in our previous articles
[21,22]. Variants passing the filtering steps were evaluated
as suggested by the American College of Medical Genetics
and Genomics (ACMG) guidelines for their interpretation.
Previously reported pathogenic variants were detected and
searched through HGMD, ClinVar, and LOVD databases.
Novel variants were evaluated for their potential impact on
protein function using multiple in silico tools. Nonsense and
splice site variants were classified as likely loss-of-function
alleles. Missense variants were evaluated based on sequence
conservation and in silico predictions.

Sanger sequencing and segregation test: We used the Primer3
web resource to design primers for validating each candi-
date pathogenic variant using Sanger sequencing. Sanger
sequencing was performed on the amplified fragments using
genomic DNA of the proband, as well as other affected and
unaffected members of each family based on availability of
DNA samples.

RESULTS

In the pursuit of determining the disease-causing variants of
inherited retinal dystrophies (IRDs), we have solved a large
cohort of 72 IRD segregating highly inbred Pakistani families
using capture panel sequencing. A total of 10 of 72 families
(13.9%) reported in this study were segregating disease-
causing variants in the ABCA4 gene (Appendix 1).

Clinical and demographic profiles: Among ABCA4 segre-
gating families, seven families (RD013, RDO018, RD030,
RDO033, RP053, RP171, and RP179) were Punjabi, two
(RD008 and RP186) were Pashtun, and one was Muhajir
family (RP074). Clinical data of the affected individuals
of these families at the time of enrollment are detailed in
Table 1. Detailed interviews of elders of each family revealed
ethnicity, onset ages, symptoms, and complete family history
for drawing pedigrees (Figure 1, Figure 2, Appendix 2 and
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Appendix 3). Probands of six families (i.e., RD00S, RD013,
RDO018, RD030, RD033, and RP053) were diagnosed with
STGD or juvenile macular dystrophy, whereas probands of
four families (i.e., RP074, RP171, RP179, and RP186) were
segregating the RP phenotype.

All probands with STGD phenotypes were enrolled at
the second decade of their life and had an age of onset by
birth (RD008, RD018, RD033, and RP053) or the first decade
of life (RDO013 and RD030) while those of RP families had
congenital onset of disease (Table 1). Disease-associated
symptoms were highly variable among families. Visual
acuities, a common symptom of ABCA4 retinopathies, were
much reduced in clinically affected members, and complete
blindness was seen in three affected sisters of family RP179
(IVV, IVV], and IV.IX).

Progressive loss of color vision was observed in cases
of RDO018 (IV.IV and IV.V), RD030 (IV.I, IV.II, and IV.III),
RDO033 (IV.IV), and all affected members of RP074 and
complete loss in RP179 (IV.V, IVVI, and IV.IX). Photophobia
was observed in RD033 (IV.I), RP171 (IV.I), and all affected
members of families RD018, RP074, RP179, and RP186.
All RP-diagnosed patients had nyctalopia, while it was
only in two patients with the STGD phenotype (i.e., RD008
[IILV] and RDO033 [IV.I]). Hemeralopia was present only in
affected members of RP179 and RP186. Nystagmus eyes were
observed in RD013 (IV.IIT), RDO18 (IV.IV), RD030 (IV.III),
RDO033 (IV.IV), and RP179 (IV.IX). Representative fundus
photographs of affected individuals IIL.IV, IV.I, and IILIII of
families RP074, RP171, and RP186, respectively, are shown
in Figure 3.

Genetic analysis: For the genetic screening of 72 consan-
guineous IRD-affected families, capture panel sequencing
followed by Sanger sequencing validation was performed.
Ten families (13.9%) were identified with seven pathogenic
variants in the ABCA4 gene, including five loss-of-function
alleles (three stop-gain and two splice site) and two missense
variants. One stop-gain variant (i.e., c.6658C>T) in the
ABCA4 gene was detected in 5 of 10 families (50%) with
different disease phenotypes (Table 2). From identified vari-
ants, five have been previously reported, and two are newly
identified in the current study. Eight disease-causing vari-
ants segregated with the disease phenotype in an autosomal
recessive homozygous form, whereas in one family (RP171),
a missense variant ¢.6218G>C causing p.(Gly2073Ala) was
found as a homozygous allele in one affected case (IV.III in
Appendix 3) and as a heterozygous allele in three affected
and two phenotypically normal individuals. Furthermore, two
heterozygous variants (i.e., c.6658C>T and c.1099+5G>A)
were segregating in a compound heterozygous manner with
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disease phenotype in one family (i.e., RP186). Detailed pedi-
grees with identified novel and reported variants showing
protein change are given in Figure 1, Figure 2, Appendix
2 and Appendix 3, respectively. All the identified variants
were classified as per ACMG guidelines, and their details are
provided in Table 2.

Among ABCA4 gene variants identified in this study, a
previously reported stop-gain variant, ¢.6658C>T in exon 48,
causing premature protein termination (i.e., p.(Gln2220%)),
was segregating in a homozygous recessive manner with
disease phenotype in one Muhajir (RP074) and three Punjabi
consanguineous families (i.e., RD013, RDO018, and RP179).
Segregation of this variant was confirmed in two affected and
one unaffected member of STGD family RDO013, two affected
and two unaffected members of STGD family RDO018, and
three affected and three unaffected members of RP segre-
gating families RP074 and RP179, supporting pathogenicity
(Appendix 2and Appendix 4). This variant has a gnomAD
(v2.1.1) frequency of 0.00005171. The same variant was
observed in the RP186 family with Pashtun ethnicity in a
compound heterozygous form with a novel splice site variant
¢.1099+5G>A (Table 2). Both heterozygous variants were
segregating in two affected and two unaffected members with
the RP phenotype (Figure 2A-C). The novel splice site variant
is absent from the gnomAD (v2.1.1) database and is predicted
to alter the correct splicing of the transcript with the Splice
Al score for acceptor loss (delta score of 0.36, 245 bp), donor
loss (delta score of 0.51, 5 bp), acceptor gain (delta score of
0.01, —66 bp), and donor gain (delta score of 0.47, 88 bp).
Among splice site variants identified in the current study, a
previously reported splice site variant, c.6729+5 6729+19del,
was found recessively segregating with the STGD pheno-
type in family RP053. The segregation of the variant was
confirmed by genotyping five affected and three unaffected
family members (Appendix 3 and Appendix 4). The reported
gnomAD (v2.1.1) allele frequency of this large deletion is
0.00006783.

A novel stop-gain variant, c.2790C>A, was observed as
a homozygous allele in a Pashtun family (RD008) with one
STGD disease-affected male member who had congenital
onset of phenotype and one asymptomatic female (IIL.I in
Figure 3A) who was 6 years old at the time of enrollment
for this study (Figure 3A, B, Table 1). Both homozygous
children belonged to unaffected nonconsanguineous parents
of the same ethnicity. This observed variant in exon 19 of the
ABCAA4 gene is absent from the gnomAD (v2.1.1) database
and results in premature termination of protein p.(Cys930%*)
and is predicted to remove 59% of the encoded protein
that may cause nonsense-mediated decay (NMD). Another

557



© 2025 Molecular Vision

//www.molvis.org/molvis/v31/555>

555-567 <http

Molecular Vision 2025; 31

‘pIed PIpre) Suisn paInsedw sem AJInoe [BNSIA AU} SAJBIIPUI [OQUIAS 4 YT, Weyd (SYALH) ApmiS Ayredounay onoqel( juduneadl], Ajeq Suisn paje[noed sem AJInoe [ensia
AU} SAIBIIPUL [OQUIAS , YL "9]qB[IBAY JON :V/N ‘UOISIA 100D A1} AD{ 42 YI[ :SO 249 WS :qO esojudwSd SHIUNDY :J3 ‘Oseasip jpresiels :qOLS :SUoneIAdIqqy

ghil

eidojelowoy + + - %x09/C #x09/1 1 \A.M 9C dd C unjysed [T 981dd 01
snwSeIsAN

¢ UOISTA UOISTA yuq .
JoeIeed + + + oN oN Aq 0L dd % 1qefung ANAI 6L1dd 6

‘erdoerowoy

yuq :
- + + - #%6/9 #xVC/9 £q 8C dd S 1qefung I'AI [L1dd 8
yiq .
- + + + V/N VIN £q 123 dd € Tifeyniy AT yL0dd L
qq .
- + - - VIN V/IN £q cl dniLs L 1qefung XTI'A €50dd 9
snwSeISAN . yuq Lqefun )

‘wsnewsysy + +  x09/9 «0C1/9 Aq 81 andiLs € Iqetung I'Al  €e0ad S
snwseIsAN - - +  x0CI/9 «0C1/9 8 61 andits S 1qefung IITAI ~ 0€0dY 14
snweIsAN ) yaIq Lqefun )

“erdorod Al + + *9L/9 x0C1/9 £q I anlLs 4 Iqelungd ATAT 810 €
- - - - *9L/L %96/9 S 81 danlLs 4 1qefung ATAT  €10ad 4
wsHewsnsy 3 yaq unuse .
“erdo1odAp + + «09/9 x09/9 Aq 4! anlits C ysed ANTII  8004Y [
udu
s1po  edopepiN  wiqoydojoud  ADA (SO)  (@O)  wsuwo Aryurey ai ar oN
SIIOIUH  aseasyq  ursased  Lypruyyyg
pueqoag  AQwueq IS
swo)dwAg £)1Nde [ensIA Je S.aedk ur gy JooN

‘AdNLS STHL NI 341D Sdd SAITINVA SHITHLVAONILAA DGV ()] 40 SANVEOUd 40 STANLVIL TVIINITO ANV DIHdVIIONWH( | 414V ],

558



Molecular Vision 2025; 31:555-567 <http://www.molvis.org/molvis/v31/555>

© 2025 Molecular Vision

A). RP186 B). Heterozygous mutant alleles
Z——Q Z——Q’ m1= c.6658C5T; p.(GIn2220%)
Ll LIl LI LIV pregifil e — Rl
A Y
l(1-1X) (x-Xir) I.X1 IL.XI\vV I.XV ILXVI = -
+Im2 m2=c.1099+5G>A; p.?
© .0 o 0
Hi(1-11) [[R] n.1v Hi(v.vi) HL.VII
m1/m2 m1/m2 +/m2

Figure 1. Pedigree of family RP186. A. Pedigree of family RP186 shows the segregation of the two heterozygous 4BCA4 single nucleotide
substitutions, ¢.6658C>T causing p.(GIn2220%*) and a novel splice site change ¢.1099+5G>A in a compound heterozygous manner, in
two affected and two unaffected individuals. B. The sequence chromatograms highlight the heterozygous mutant allele, ¢.6658C>T and
¢.1099+5G>A of ABCA4, on the left side. Empty squares and circles in the pedigree show the unaffected males and females, respectively.
The filled shapes show the affected individuals. The symbol labeled with a red arrow in the pedigree highlights the proband.

stop-gain variant, ¢.6088C>T in exon 44 of the ABCA4 gene,
was found segregating with the STGD phenotype in a Punjabi
family (RD033). Validation of segregation of this variant in
an autosomal recessive manner with the STGD phenotype
was confirmed by genotyping three affected and five unaf-
fected members (Appendix 3 and Appendix 4). This prema-
ture termination of the p.(Arg2030%) variant has a reported
gnomAD (v2.1.1) frequency of 0.00002784 and is predicted
to remove more than 10% of the encoded protein that may
lead to NMD.

Two Punjabi families, RD030 and RP171, were segre-
gating previously reported missense variants. The variant
p-(Gly72Arg), caused by a single base transition (i.e.,
¢.214G>A in exon 3), was segregating in an autosomal reces-
sive manner in family RD030 (Appendix 3 and Appendix
4). This family had five affected members diagnosed with
the STGD phenotype in two consecutive generations. Three
siblings were homozygous for the variants from a heterozy-
gous carrier mother. This variant is classified as pathogenic
or likely pathogenic in ClinVar for ABCA4 retinopathies
with an allele frequency of 0.00002784 in gnomAD (v2.1.1).
Interestingly, all affected individuals of the RP171 family
except one (IV.IIT) were heterozygous for disease-causing
variant ¢.6218G>C, which substitutes glycine to alanine,
p-(Gly2073Ala; Appendix 3 and Appendix 4). Family RP171
is a consanguineous Punjabi family with an affected father
and four affected children in two generations, among whom
one affected (IV.III) was homozygous for a mutant allele

(Appendix 3). This variant is reported as a variant of uncer-
tain significance in ClinVar for ABCA4 retinopathy and had
an allele frequency of 0.00009546 in gnomAD (v2.1.1).

Next, we performed an extensive literature search for
previously reported ABCA4 variants from Pakistani families
until October 2024 and listed them in Table 3 along with
findings of the current study (Table 3). In conclusion, in
addition to two novel disease-causing variants p.(Cys930%)
and c.1099+5G>A, the two previously reported mutations
p-(Arg2030*) and p.(Gly2073Ala) were identified for the first
time in patients of Pakistani descent in this study.

DISCUSSION

In this study, we report 10 families ascertained from different
regions of Pakistan, segregating different retinopathies due
to disease-causing variants in ABCA4 genes. Our literature
search to catalog all the disease-causing variants described
until October 2024 in the ABCA4 gene from Pakistan and
identification of the two novel disease-causing variants
described in the present study summarizes a total of 16
disease-causing variants in ABCA4 from sporadic and
familial cases of the study population (Table 3). These include
10 missense, 4 nonsense, and 2 splice site mutations (Table
3). These mutations are scattered across the gene (Table 3),
suggesting that its entire coding region needs to be sequenced
in an affected individual of Pakistani decent for molecular
genetic testing.
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The results of our genetic analysis affirmed the allele
¢.6658C>T causing p.(GIn2220%), with a disease allele
frequency of 45% (9/20 mutant alleles) as the most common
ABCA4 variant in our analyzed families (Table 2), but our
literature review revealed p.(Gly72Arg) as the most common
ABCA4 mutant allele in cases of Pakistani descent, followed
by p.(GIn2220%*; Table 3) [23-29], with an allele frequency
of 37.5% (21/56) and 19.6% (11/56), respectively (Table 3).
It has been reported that severity of disease due to ABCA4
gene variants varies according to genotype, which can be
specific to ethnic and racial groups [27]. Therefore, the
report of the ¢.214G>A variant as a founder mutation from
northwestern Pakistan with the presence in 50% of analyzed
families [23] and increased frequency of the p.(GIn2220%)
variant in our studied families, including three Punjabi, one
Mubhajir, and one of Pashtun ethnicity, explains ethnicity-
specific variability of ABCA4 retinopathies in Pakistan.
Consistent with these findings, a splice site variant (i.c.,
€.6729+5 6729+19del) has been previously reported to cause
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IRD in four families from Sindh, Pakistan [24], but we identi-
fied this variant in only one family of Punjabi origin (RP053;
Table 1, Table 2, Table 3). The association of region-specific
homozygous founder mutations with a disease explains an
increased risk of autosomal recessive diseases in our popula-
tion due to high rates of consanguineous unions.

The first evidence of involvement of ABCA4 variants in
retinopathies was provided by Allikrnets et al. in 1997 [30].
Since then, homozygous and compound heterozygous muta-
tions of ABCA4 have been identified as a cause of various
autosomal recessive retinopathies, whereas heterozygous
mutations were found responsible for dominantly inherited
age-related macular degeneration in both humans and mice
[30-32]. Our results are consistent with these data as we iden-
tified homozygous disease-causing variants in nine consan-
guineous families and compound heterozygous pathogenic
variants in one nonconsanguineous family (RP186; Table
2, Figure 1A-C). One interesting observation is the segre-
gation of the ¢.6218G>C variant causing p.(Gly2073Ala) in

A). RD00S

ml=¢c.2790C>A; p.(Cys930%)

LI LIV

L1
m1/+

O o
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m1/m1 m1/+ m1/m1
Carrier Mutant
B)--------------- - B B = - aoas am B
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T
- . N ca790C>A
MAAsa\ T

Figure 2. Pedigree of family RD008. A. Pedigree of family RD008 shows the segregation of the novel ABCA4 variant, c.2790C>A leading
to p.(Cys930%*), in an autosomal recessive manner. B. The sequence chromatograms highlight carrier status and a homozygous mutant allele
on the right and left sides, respectively. Empty squares and circles in the pedigree show the unaffected males and females, respectively. The
filled shapes show the affected individuals. The symbol labeled with a red arrow in the pedigree highlights the proband. The circle with a
vertical line in the center shows the presymptomatic female with a homozygous mutant allele who may manifest disease later.
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the RP171 family as this variant is found in a homozygous
condition in one affected individual, but, like the unaffected
individual, three other affected cases are heterozygous
(Appendix 3). This variant has been previously reported as a
likely pathogenic allele in a patient with unsolved Stargardt
disease by Corradi et al. [33]. They labeled this patient as
unsolved as they performed single-molecule molecular inver-
sion probes (sSmMIP)s-based sequencing of the ABCA4 gene
only, and a monoallelic variant was identified in this sample
that is not expected to lead to 4BCA4-associated retinopathy
on its own, which is consistent with our findings in RP171.
Here, we performed capture panel sequencing; thus, the
missing second mutant allele could be identified through
whole-genome sequencing of the RP171 family in the future
to identify the other variant in a novel IRD gene yet to be
identified or a potential regulatory variant in an upstream
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and downstream region of ABCA4. However, based on an esti-
mated 14% to 15% carriership of ABCA4 pathogenic variants
in the general population [34] and most ABCA4 variant alleles
being missense (Table 3), the identification of a heterozygous
missense variant could be a chance finding. There is a possi-
bility that the father and the other two affected siblings of
IV.III of RP171 (Appendix 3 and Appendix 4) may have a
homozygous disease-causing variant in an IRD-associated
gene yet to be identified since in highly consanguineous
populations, segregation of two disease-causing genes within
the same family is also reported [26,35].

Interestingly, we identified 4BCA4 as the commonly
mutated gene with disease-causing alleles in 10 of 72 (13.9%)
analyzed families in contrast to the recent report by Munir
et al., who reported PDEGA as the topmost mutated gene in
patients with IRDs from Pakistan [36]. Furthermore, 8 of

A). RP074

B). RP171

C). RP186

Right Eye

Figure 3. Fundus photographs. Fundus photographs of the left and right eyes of probands of family RP074 (A), RP171 (B), and RP186 (C).

561



© 2025 Molecular Vision

//www.molvis.org/molvis/v31/555>

555-567 <http

Molecular Vision 2025; 31

# (ISAd “TINd) d1uad

"A[qQuuasse JWoud3 90UIdfdI §SY/LcUDYD 03 SuIp10ode SI sjueliea Jo uonisod ay | 10zA[eInjy uisn Aq
(SADH) £10100S UOIIRLIBA QWOUSL) UBWINH 9y} JO SOUI[OpInS oy} 03 SUIpI0odL Paurelqo Sem dINJE[OUdWOU JueLieA 9duonboag [(-030 9oedwr Surords ‘AreuonnjoAd ‘uoneAIdSuod)
1onpoid auoF 10 ouaF oY) uo 1090 snoLR[Ap & 1oddns aouaprad Jeuoneindwos Jo saur o(dnnA] ¢ Suntoddns sruaSoyied :¢dd [9SBISIP asned 0} UMOUY A[QARIUYAP dudF © ul
s1oquiowr AJrure) pajodye ordninuwr ur aseasip ym uonegorSeso) 1:1dd [1oplosip 10J pejoadxe ueyy 10jeaid st Aouonbaiy o[o[y] | Suong uSiuog :1Sg [(eseasIp Jo wsiueyosw
umouy| e st ,JO'T 010y ouoS & ur (UOIS[OP UOXon[N 0 J[SUIS ‘UOPOI UONBIIUL ‘SO)IS 991[dS 7 1O [F [BoIUOUERD “YIYsowel) ‘osuosuou) jueriea [[nu] Suons K1oA orueSoyied :1SAd
[wnnaosuo) uone3ai33y owoxy 1o 900fo1d sswouan) o0 ‘102fo1g Surouonbag awoxXH ur (9AISSAII J1 Aouanbaiy mo] A[oWanXa Je J0) S[01IU0D WOIJ JUISqV | 7 9)eIopotu o1uo3
-oyied :ZINd “seuropis HNDV 1od se Apmys Juosaid Jo ejep uo paseq USAIS SI 90UBOYIUSIS UILIIOdUN JO SJUBLIBA PalIodal A[sno1adid pue [0AOU JO UOIIBOYISSE[O JUBLIBA POJBIND),

d ) : 01219 : B
o] ASAK] /YN VN i V<DS+6601 L<D67097SY6: 1THO 1999H  (€£°0S€000 AN)
981dd 01
otuegoyred . . . . —
10LY66 9t0€5L1981  (x0zTTurD) d 1<085992 V<D88YEOrY6 TIHD  OX™H  (£0S£000 AN)
otuegoyred . . . . —
OLF66 9t0€SL1981  (x0TTTurD) *d 1<D8599 V<D88Y €96 TIHD owoH (£05€000 AN)  6L1dY 6
« (Idd ‘€dd
‘Buntoddng” ZIA) (BIVELOTAID . ) OIORH . -
sousoyTuSs urELus) 9970S8TSLS1 d D<DSITY? D<D8LYLIYY6: TIHD Jowol (€05€000 WNN)  IL1dY 8
ILYS6TY
otuegoyred . . . . —
OLF66 9v0€SL1981  (x0TTTurD) d 1<D85990 V<D88YE9tH6: TIHD owoH (£05€000 AN)  $,0dd L
oruagoyied _ —
Celcegy  SBLOTS6PLSE &d PPETH6TLI S+6TLID  D<DIVVIIODDOVIIIIODLOLESEITH6: TIHD owoH (£0S£000 AN) €504 9
oruagoyred . . : . —
LO6L €8ETISLIOST  (+0£07381V) d I1<D8809 V<D9S0TLYY6: TIHD owoH (£0S£000 NN)  €£0ad S
oruagoyred . . . : —
07166 TIpISLI9sT (SryzLA1D) d V<DPIT o I<DT80LLSY6: TIHD OwoH (£0S£000 WN)  0£0Qd 14
otuegoyred . . . . —
10Lb66 9t0€SL1981  (x0TTTurD) d 1<D85990 V<D88+€9t6: T IHD owoH (£0S£000 AN)  8104Y ¢
otuegoyred . . . . —
10LY66 9t0€5L1981  (x0zTTurD) d 1<085992 V<D88YE9tH6: T IHD owoH (£05£000 AN)  €104Yd 4
% (ISAd “TINJ) d1udd VN (+x0£68£D) d V<D06LT D I<DE09TISH6 T IHD owoH (£05£000 AN)  8004d I
-oyed A[I'T /YN
(ow
SIP0J) UOIIBIIJISSB[D ddueyd Jaquinu a1l  °oN
pajean)/uonedijis a1 dNs ap u}oIJ IBUBY IPBOIPNN Jueies  Aysosiy uoIssaNy  A[luey IS
-Se[D/(1 1BAUID

“AANLS SIHL NI dAZXATVNYV SAI'TINVA INVLSIMVJ SNOANINONVSNOD ()] NI ANID PGP 40 SINVIdVA AAIALLNAAI 40 LSIT] 7 4714V ],

562



© 2025 Molecular Vision

//www.molvis.org/molvis/v31/555>

555-567 <http

Molecular Vision 2025; 31

opeoop

[L2] adi . I orperodg OSUOSSIIA (SIH901¢Z81V) d V<DLIE9™D 9 91
pu
apedd
[LT] a1 P M I orperodg OSUDSSIIA STHEEO0ZnT) *d V<18609 44 SI
pu
[L2] @I 9pedOdp 4§ I orperodg ASUASSIIA (d11z88 1IN “d V<D9$95d (14 v1
Apedd
[L2] ad1 P M I orperodg OSUSSSIIN (D8yL141D) *d V<DEPTs LE €1
pu
[L2] il 9peddp ¢ I orperodg 9SULSSIA (d115L918A) "d V<DET0TD 4! 4!
[L2] Al 9peIdP ] 4 orperodg 9SUDSSIA (Bxyygdip) d J<LI6™ 4 11
Apmys sty I waqAg I [errue, oyg 2011ds ¢d V<DG+66010 8 uonu[ o1
l62] ayd  swakog 4 orperodg
[v2] a1 VN VN oG dardg ¢d [OP6I+6TL9 S+6TLI™ 8y 6
[er[iwe] uonup
Apmys sty dd g Lg z
SIBAA
[87] 4 -0l 4
Aprs sty L0 pugAg . [errwey ure3 dojg (0zzzuio) d 1<D8599'2 8 8
Apms iy, anis prqig S
Apmys sty 4 wiqAg I [errue,] ASUBSSIIA (e1vELOTAID) d D<D8IT9 St L
Apmys sty anis yq4g 4 [eI[Iwe] ureg dojg (x0€0731v) d 1<08809 vt 9
apedd
(2] a1 proop I orperodg ) )
pul OSUDSSIA (MD196141D) “d V<DT886 w S
[92] QI s1edk 7 4 [erjue
[s2] anis VN 4 [erjrue, ASUBSSIIA (sA1ze1nD) d V<DP9£ED €C 14
[¢7] an VN I [erjiwe ures doig (xL2011AL) d D<LIR0E™ |4 ¢
Apmis sty anis  yaqig z [er[iwe, ureg dojg (x0€68£0) d V<D06LT 61 z
[¥2] a1 VN VN
[¢7] an VN 61 [er[rure, ASUDSSIIA| (BryzLAD) d V<DPITD € I
Apmis sty dnls  sieakg z
Jde SII[Ie J1peaods Iguey)d L
AUAIIY aseasi(q JsuQ 10 0N pran— adA) yueraep ddueyd urjoIg Sp1oaNN uoxy oN IS

‘AdAL 9NS HSVASIA HLIA ONOTV INADAA INVLSIMV] 40 SASVD NI Aﬁmm SV AALHOITHOIH A4V AdNLS SIHL NI AIWIL
LSYUId FHL 404 AAIALLNAAI Hmom.ﬁv AQNLS STHL NI AATALLNAAI ANV AALIO0OdTd ATSNOIATAd SINVIIVA pF) g 40 LSITY € 414V ],

563



Molecular Vision 2025; 31:555-567 <http://www.molvis.org/molvis/v31/555>

10 of these families were segregating null variants of the
ABCA4 gene, which is considered an important determinant
of the disease severity and age of onset [4,31]. Here, the age
of onset of disecase was by birth or within 5 to 7 years of
age in phenotypically affected individuals of all our analyzed
families carrying null variants (Table 1 and Table 2), and
patients reported more rapid disease progression as it is
documented that patients with 4BCA4 retinopathy with early
onset typically have a more severe phenotype and more rapid
disease progression [4]. Furthermore, we observed clinical
discordance in siblings of the RD008 family carrying the
same homozygous 4BCA4 mutation (Figure 3A). One of the
siblings (IIL.V in Figure 3A), homozygous for the ¢.2790C>A
disease-causing variant causing p. Cys930%*, was by birth a
phenotypically affected male, whereas the other sibling (IIL.I
in Figure 3A) was an asymptomatic female until 6 years
of age with the same homozygous genotype for the mutant
allele. Previous studies have highlighted incomplete pene-
trance and clinical discordance of disease in siblings carrying
the same 4BCA4 gene mutations [37-39]. Close monitoring
of an asymptomatic female (IIL.I in Figure 3A) of RD00S8 is
crucial to identify difference in age of onset and discordant
phenotype between siblings, but further research is required
to unveil the unknown disease modifier.

The ABCA4 gene is reported in association with diverse
IRD phenotypes, including STGD, RP, and CRD [19]. We
identified a previously reported stop-gain variant, ¢.6658C>T:
p-(GIn2220%*), segregating in a homozygous manner in four
families, each of which was initially diagnosed having a
different phenotype: STDG (RDO013 and RDO018) and RP
(RP074 and RP179). Two affected individuals of a Pashtun
family (RP186) were segregating the p.(GIn2220%) variant
along with a novel splice site variant c.1099+5G>A in a
compound heterozygous manner with the RP phenotype.
Previously, this variant, p.(GIn2220%), was first identified
as a heterozygous allele in a single affected case of CRD
in a study conducted on populations from Germany and the
Netherlands [19]. The same variant was reported later in
two male cousins affected with CRD whose parents were
consanguineous and heterozygous carriers for this variant
[40]. Interestingly, this variant is also reported in a Pakistani
consanguineous family having seven affected members with
the RP phenotype [28]. Similarly, the reported single nucleo-
tide substitution c.6088C>T, leading to a stop-gain variant
p-(Arg2030%*) identified in STGD-segregating Punjabi family
RDO033, has also been previously reported to cause the STGD
phenotype [41-43], rapid-onset chorioretinopathy phenotype
[44], and RP [45] in cases from different ethnicities. Further-
more, a large splice site variant, ¢.6729+5 6729+19del,
observed in family RP053 diagnosed with STGD, was

© 2025 Molecular Vision

reported for the first time in a nonconsanguineous patient
with CRD of Pakistani descent [29]. Later on, this variant
was reported in an Indian male patient [46] as well as in four
Pakistani families from Sindh province, Pakistan [24], with a
general diagnosis of IRD. In this study, the main limitations
explaining genetic variants to phenotypic diversity are the
unavailability of advanced clinical tests, including electro-
retinography and optical coherence tomography, due to a lack
of these diagnostic facilities at the collaborating hospital(s).
The observations of differences in the clinical manifestation,
variable penetrance, and clinical variability of the disease in
patients carrying the same mutant allele highlight the chal-
lenge of diagnosing IRDs, more specifically A BCA4-related
retinopathies, and explain the hindrance to define genotype-
phenotype correlations in this and similar studies. This
shows the infrastructure challenges of Pakistan’s health care
system and a need to invest in better clinical diagnostic capa-
bilities to capture more comprehensive clinical data for future
research. Furthermore, the availability of molecular genetic
evaluation should be an unavoidable benchmark for the diag-
nosis and management of patients with these conditions.

APPENDIX 1. FREQUENCY DISTRIBUTION OF
IDENTIFIED VARIANTS IN 72 IRDS ANALYZED
FAMILIES.

To access the data, click or select the words “Appendix 1.” The
Pie chart show frequency distribution of identified variants in
IRDs reported genes in seventy two Pakistani families. Each
color is representing frequency of respective gene while the
category “others” is used for the group of retinal dystrophy
genes identified only in each single family.

APPENDIX 2. PEDIGREES OF FOUR FAMILIES
RDO013, RD018, RP074 AND RP179.

To access the data, click or select the words “Appendix 2.”
Pedigrees of four families (RD013, RD018, RP074 and RP179)
in which same reported variant c.6658C>T;, p. (GIn2220%*)
of ABCA4 was identified. Empty squares and circles show
the unaffected males and females, respectively. The filled
shapes show the affected individuals. The symbol labeled
with a red arrow in each pedigree highlights the proband.
Consanguineous unions are indicated by double lines.

APPENDIX 3. PEDIGREES OF FOUR INBRED
FAMILIES RD030, RD033, RP053 AND RP171.

To access the data, click or select the words “Appendix 3.”
Pedigrees of four inbred families RD030, RD033, RP053 and
RP171 in which reported variants ¢.214G>A; p. (Gly72Arg),
c.6088C>T; p. (Arg2030%), ¢.6729+5 6729+19del; p.? and
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¢.6218G>C; p. (Gly2073Ala) respectively in ABCA4 were
identified respectively. Empty squares and circles show
the unaffected males and females, respectively. The filled
shapes show the affected individuals. The symbol labeled
with a red arrow in each pedigree highlights the proband.
Consanguineous unions are indicated by double lines.

APPENDIX 4. SEQUENCE CHROMATOGRAMS
OF FAMILIES WITH REPORTED VARIANTS IN
ABCAA4.

To access the data, click or select the words “Appendix 4.”
(A-E). The wild-type/carrier sequences are given on the left
side and the variant sequences are given on the right side.
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