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INTRODUCTION

Inherited retinal dystrophies present a genetically heterogeneous group of disorders
affecting visual functions in as many as 1 in 3,000 individuals around the world. Currently,
more than 300 genes encoding a wide variety of proteins with different cellular functions
have been associated with inherited retinal disease phenotypes.

Mutations in the ABCA4 gene cause autosomal recessive Stargardt disease (STGD1,
MIM #248200), the most frequent form of inherited juvenile macular degeneration.?
Stargardt disease is characterized by slowly progressing central vision loss, with variable
age of onset (usually in the 2" decade), variable disease course and mostly poor final
visual outcome.? 3

Phenotypes caused by mutations in the ABCA4 gene range from late onset mild cases
of central atrophy to very early onset, retinitis pigmentosa (RP)-like, panretinal
degeneration.*1° Phenotypic variability is caused by extensive genetic variation in the
ABCA4 gene, with >1000 definitely or possibly disease-causing variants described in the
coding sequences and splice sites!! (JZ and RA, unpublished data).

While the understanding of disease-associated genetic variation in ABCA4 has
substantially improved since the discovery of the gene in 1997, diagnostic sequencing of
the ABCA4 gene in patients diagnosed with STGD1 disease was, until recently, successful
in only 60%—70% of cases where both disease-causing ABCA4 alleles were identified.
The remaining cases included patients with one ABCA4 mutation (20%-25%) or no
mutations (10%—15%) identified.> These fractions depend on many variables, most
importantly the quality of the clinical diagnosis and the ethnic composition of the cohort.
The general population frequency of ABCA4 alleles is high—1:20 people carry a
potentially pathogenic ABCA4 allele.** However, many ABCA4 variants are more common
in patients with specific geographic and ethnic backgrounds, while absent in others.'4 >

Identifying the exact genetic cause of a disease and correlating it with clinical
phenotype facilitates proper diagnosis, which is crucial for prognosing disease
progression, genetic counseling of patients, and selecting patients for clinical trials.

The thesis starts with a brief overview of Stargardt disease and continues with the
analysis of genetic causality in the ABCA4 locus, the main subject of my research. | am
presenting my results as a part of a comprehensive review on the topic, combined and
discussed with the concurrent and most recent data from the literature.



AIMS OF RESEARCH

This research has been dedicated to:

1) Developing comprehensive targeted screening methods for the analysis of the
ABCA4 gene;

2) Determining genetic variation of ABCA4-associated disease in previously not
characterized ethnic cohorts;

3) Finding the ’'missing’” ABCA4 mutations in genetically unsolved monoallelic
STGD1 patients, by a combination of next-generation sequencing, comparative
genomic hybridization arrays (aCGH), and in silico, allele frequency, and
segregation analyses in families.

10



LIST OF PUBLICATIONS

The present thesis is based on the following publications, referred to in the text by their
Roman numerals:

Zernant J, Collison FT, Lee W, Fishman GA, Noupuu K, Yuan B, Cai C, Lupski JR,
Yannuzzi LA, Tsang SH, Allikmets R (2014). Genetic and Clinical Analysis of ABCA4-
Associated Disease in African American Patients. Hum Mutat. 35(10):1187-94.

Zernant J, Xie YA, Ayuso C, Riveiro-Alvarez R, Lopez-Martinez MA, Simonelli F,
Testa F, Gorin MB, Strom SP, Bertelsen M, Rosenberg T, Boone PM, Yuan B,
Ayyagari R, Nagy PL, Tsang SH, Gouras P, Collison FT, Lupski JR, Fishman GA,
Allikmets R (2014). Analysis of the ABCA4 genomic locus in Stargardt disease.
Hum Mol Genet. 23(25):6797-806.

Zernant J*, Lee W*, Collison FT, Fishman GA, Sergeev YV, Schuerch K, Sparrow JR,
Tsang SH, Allikmets R (2017). Frequent hypomorphic alleles account for a significant
fraction of ABCA4 disease and distinguish it from age-related macular degeneration.
J Med Genet. 54(6):404-412.

* Authors contributed equally

11



AUTHOR’S CONTRIBUTION TO THE PUBLICATIONS

Design and application of ABCA4 array screening and targeted next-generation
sequencing of the ABCA4 gene in patients of African American decent, analysis and
interpretation of the identified DNA variants, comparison to Caucasian population,
drafting of the manuscript.

Design and application of targeted next-generation sequencing of the ABCA4 locus
in patients; analysis and interpretation of the identified DNA variants, ABCA4 RNA
analysis from retina, drafting of the manuscript.

Sequencing, analysis and interpretation of the identified DNA variants, drafting of
the manuscript.

12



ADDITIONAL RELATED PUBLICATIONS

Allikmets R, Zernant J, Lee W. - Penetrance of the ABCA4 p.Asn1868lle Allele in Stargardt
Disease. Invest Ophthalmol Vis Sci. 2018 Nov 1;59(13):5564-5565.

ZernantJ, Lee W, Nagasaki T, Collison FT, Fishman GA, Bertelsen M, Rosenberg T, Gouras
P, Tsang SH, Allikmets R. - Extremely hypomorphic and severe deep intronic variants in
the ABCA4 locus result in varying Stargardt disease phenotypes. Cold Spring Harb Mol
Case Stud. 2018 Aug 1;4(4). pii: a002733. doi: 10.1101/mcs.a002733. Print 2018 Aug.

Albert S, Garanto A, Sangermano R, Khan M, Bax NM, Hoyng CB, Zernant J, Lee W,
Allikmets R, Collin RWJ, Cremers FPM - Identification and Rescue of Splice Defects Caused
by Two Neighboring Deep-Intronic ABCA4 Mutations Underlying Stargardt Disease.
Am J Hum Genet. 2018 Apr 5;102(4):517-527.

Tanaka K, Lee W, Zernant J, Schuerch K, Ciccone L, Tsang SH, Sparrow JR, Allikmets R. -
The Rapid-Onset Chorioretinopathy Phenotype of ABCA4 Disease. Ophthalmology. 2018
Jan;125(1):89-99.

Lee W, Schuerch K, Zernant J, Collison FT, Bearelly S, Fishman GA, Tsang SH, Sparrow JR,
Allikmets R.- Genotypic spectrum and phenotype correlations of ABCA4-associated
disease in patients of south Asian descent. Eur ] Hum Genet. 2017 Jun;25(6):735-743.

Cornelis SS, Bax NM, Zernant J, Allikmets R, Fritsche LG, den Dunnen JT, Ajmal M,
Hoyng CB, Cremers FP.- In Silico Functional Meta-Analysis of 5,962 ABCA4 Variants in
3,928 Retinal Dystrophy Cases. Hum Mutat. 2017 Apr;38(4):400-408.

Lee W, Xie Y, Zernant J, Yuan B, Bearelly S, Tsang SH, Lupski JR, Allikmets R. - Complex
inheritance of ABCA4 disease: four mutations in a family with multiple macular
phenotypes. Hum Genet. 2016 Jan;135(1):9-19.

Fujinami K, Zernant J, Chana RK, Wright GA, Tsunoda K, Ozawa Y, Tsubota K, Robson AG,
Holder GE, Allikmets R, Michaelides M, Moore AT. - Clinical and molecular characteristics
of childhood-onset Stargardt disease. Ophthalmology. 2015 Feb;122(2):326-34.

Bertelsen M, Zernant J, Larsen M, Duno M, Allikmets R, Rosenberg T. - Generalized
choriocapillaris dystrophy, a distinct phenotype in the spectrum of ABCA4-associated
retinopathies. Invest Ophthalmol Vis Sci. 2014 Apr 29;55(4):2766-76.

Fujinami K, Zernant J, Chana RK, Wright GA, Tsunoda K, Ozawa Y, Tsubota K, Webster AR,
Moore AT, Allikmets R, Michaelides M. - ABCA4 Gene Screening by Next-Generation
Sequencing in a British Cohort. Invest Ophthalmol Vis Sci. 2013 Oct 11;54(10):6662-74.

Riveiro-Alvarez R, Lopez-Martinez MA, Zernant J, Aguirre-Lamban J, Cantalapiedra D,
Avila-Fernandez A, Gimenez A, Lopez-Molina MI, Garcia-Sandoval B, Blanco-Kelly F,
Corton M, Tatu S, Fernandez-San Jose P, Trujillo-Tiebas MJ, Ramos C, Allikmets R,
Ayuso C. - Outcome of ABCA4 Disease-Associated Alleles in Autosomal Recessive Retinal
Dystrophies: Retrospective Analysis in 420 Spanish Families. Ophthalmology. 2013
Nov;120(11):2332-7.

Cella W, Greenstein VC, Zernant-Rajang J, Smith TR, Barile G, Allikmets R, Tsang SH. -
G1961E mutant allele in the Stargardt disease gene ABCA4 causes bull's eye
maculopathy. Exp Eye Res. 2009 Jun 15;89(1):16-24.

13



Kong J, Kim SR, Binley K, Pata I, Doi K, Mannik J, Zernant-Rajang J, Kan O, Igball S,
Naylor S, Sparrow JR, Gouras P, Allikmets R. - Correction of the disease phenotype
in the mouse model of Stargardt disease by lentiviral gene therapy. Gene Ther.
2008 Oct;15(19):1311-20.

Hargitai J, Zernant J, Somfai GM, Vamos R, Farkas A, Salacz G, Allikmets R.- Correlation
of clinical and genetic findings in hungarian patients with stargardt disease.
Invest Ophthalmol Vis Sci. 2005 Dec;46(12):4402-8.

Simonelli F, Testa F, Zernant J, Nesti A, Rossi S, Allikmets R, Rinaldi E. - Genotype-
phenotype correlation in Italian families with Stargardt disease. Ophthalmic Res.
2005 May-Jun;37(3):159-67.

Rando Allikmets and Jana Zernant — From Gene Chips to Disease Chips — New Approach
in Molecular Diagnosis of Eye Diseases. DNA Microarrays by Taylor and Francis Group.
2005:83-97.

Simonelli F, Testa F, Zernant J, Nesti A, Rossi S, Rinaldi E, Allikmets R. - Association of a
homozygous nonsense mutation in the ABCA4 (ABCR) gene with cone-rod dystrophy
phenotype in an Italian family. Ophthalmic Res. 2004 Mar-Apr;36(2):82-8.

Jaakson K, Zernant J, Kulm M, Hutchinson A, Tonisson N, Glavac D, Ravnik-Glavac M,
Hawlina M, Meltzer MR, Caruso RC, Testa F, Maugeri A, Hoyng CB, Gouras P, Simonelli F,
Lewis RA, Lupski JR, Cremers FP, Allikmets R - Genotyping microarray (gene chip) for the
ABCR (ABCA4) gene. Hum Mutat. 2003 Nov;22(5):395-403.

14



ABBREVIATIONS
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1 STARGARDT1/ABCA4 DISEASE

Inherited retinal dystrophies (IRD) comprise a genetically and clinically diverse group of
disorders characterized by progressive and irreversible vision loss over time. Visual
deterioration is caused by degeneration of cells in the outer retina, specifically
photoreceptors and retinal pigment epithelia (RPE) that are responsible for the detection
of light entering the eye. Disease phenotypes vary widely in their clinical manifestations
such as age of onset, pathogenesis, symptom progression and inheritance pattern.

To date, DNA variants in more than 300 genes have been associated with various
forms of IRDs (The Retinal Information Network, RetNet, https://sph.uth.edu/retnet/,
accessed February, 2019). The majority code for proteins that are functionally relevant
to the retina (i.e., visual cycle) although genes involved in more ubiquitous processes
such as neural development and ciliary function have also been identified. The cellular
origin of genetic dysfunction within the retina largely determines the clinical pattern of
each disease. For instance, mutations in genes such as rhodopsin (RHO) cause
widespread degeneration of rods, night blindness and progression from the periphery
(rod-cone dystrophies), whereas disorders that predominantly affect cones begin in the
macula causing central vision loss (cone/cone-rod dystrophies). Each disease is
etiologically distinct; however the disease manifestation between two distantly related
disorders can overlap in clinical appearance. Likewise, different mutations in the same
gene can give rise to multiple different disease phenotypes illustrating the level of
complexity in these disorders and challenges that arise in diagnosing and managing
patients in the clinic.1®

1.1 Clinical presentation of Stargardt disease

Stargardt disease type 1 (STGD1, MIM #248200) is the most common form of
juvenile-onset retinal degeneration.! STGD1 accounts for approximately 7% of all IRDs,
with estimated prevalence of 1 in 8,000 to 10,000%"- 8 It is caused by autosomal recessive
mutations in the photoreceptor-specific, ATP-binding cassette, sub-family A, member 4,
ABCA4 gene.! Since the discovery of the gene, >1,000 variants within all 50 coding exons,
canonical splice sites and deep intronic regions underlying varying disease phenotypes
have been reported.

The symptoms of STGD1 typically begin with deterioration of central vision due to
localized degeneration of photoreceptors and RPE, within the macula (Figure 1A).
The onset of disease occurs most often within the first two decades and is indirectly
correlated with disease severity - patients with a symptomatic onset of <10 years
progress rapidly and to the point of near-blindness,®> whereas milder cases remain
asymptomatic well into the 4" and 5™ decades of life.!> 2° In addition to outwardly
expanding macular atrophy, the disease also exhibits several accompanying
pathognomonic features seen on ophthalmic examination on various retinal imaging
modalities. Biomarkers associated with the overproduction of lipofuscin include the
appearance of yellow, pisciform flecks across the fundus, a dark choroid on fundus
angiography and significantly increased levels of 488-nm autofluorescence at the
posterior pole.?% 22
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Optic nerve
head

Healthy Stage 4

Figure 1. Presentation of Stargardt disease. A Fundus photographs of a healthy eye (left)
compared to Stargardt disease eye (right). B Fundus photographs (top row) and autofluorescence
(AF) images (bottom row) documenting the natural history of ABCA4/Stargardt disease according
to the clinical classification system proposed by Fishman et al. The healthy fundus exhibits normal
retinal vasculature, uniform pigmentation with marginal visibility of underlying choroidal vessels
and the darkened central fovea. Stage 1: Early disease changes typically manifest as confined
mottling of the RPE on fundoscopy that correspond to parafoveal hyperautofluorescence resulting
in loss of central vision. This stage is often clinically referred to as bull’s eye maculopathy.
Stage 2: Progression from early stage is marked by the centrifugal appearance of yellow,
autofluorescent flecks as a result of lipofuscin accumulation. The presence of both macular atrophy
and flecks is the most recognizable feature used to diagnose Stargardt disease. Stage 3: Over time,
fleck accumulation becomes visibly confluent, leaving behind reticular patches of atrophic RPE and
photoreceptor debris. The degenerative central lesion progresses to the extent of choroidal visibility
and complete autofluorescence signal attenuation. Peripapillary sparing, another diagnostic
feature of Stargardt disease, is most discernible at this stage. Stage 4: Large coalescing lesions
atrophy eventually appear throughout the posterior pole at the most advanced stages of the
disease. Degeneration at this final stage is most characterized by loss of peripapillary sparing,
involvement of underlying choroidal vessels (termed chorioretinal atrophy), an overall beaten
bronze appearance of the fundus, attenuation of retinal vessels and optic disc pallor. Significant
visual field loss occurs; however, patients often retain functional use of the peripheral retina.
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Several classification systems for the STGD1 disease progression have been described
based on clinical and electrophysiological tests. Fishman et al. categorized STGD1
patients into 4 progressive stages (Figure 1B) based on the observed distribution of
disease changes in the fundus: Stage 1 defines cases in which the disease is confined
within the macula, Stage 2 is indicative of early extramacular transitioning, Stage 3
exhibits the extension of atrophic changes outside the macula and Stage 4 represents
widespread RPE and chorioretinal atrophy across the posterior pole.2® Not all cases,
especially those with later onset, progress to the Stages 3-4.%3

Another classification has been proposed using standard electrophysiological tests.
Full-field electroretinalgrams (ffERG) provide a collective measure of cone and rod
response to light stimuli across the entire retina. A reduction in the ffERG response is
indicative of significant photoreceptor loss across a large portion of the retina; however,
localized changes within the macula are not detectable. Unlike the cross-sectional
Fishman classification, ffERG grouping, posed by Lois et al. is stationary and therefore
more prognostically informative. The study identified three non-transitional groups in a
relatively large cohort of patients: Group | patients exhibit no functional attenuation,
Group Il patients show attenuation and marked delay in cone responses and patients in
Group Il present with losses in both the cone and rod system.?

Currently, no FDA-approved treatment exists for ABCA4-associated retinal
dystrophies, but several promising therapeutic options based on gene and stem cell
therapy, and pharmacotherapy are in clinical trials.?®

1.2 Disease mechanism

Visual perception starts with light initiating the phototransduction events in the
light-sensitive rod and cone photoreceptor cells in the retina that ultimately trigger nerve
impulses passing through the optic nerve to the brain (Figure 2).

The ABCA4 gene encodes for a photoreceptor-specific ATP-binding transporter,
localized in the outer segment disc membranes of the rod and cone photoreceptors.2% 27
Recently, ABCA4 expression was demonstrated also in retinal pigment epithelium (RPE),
at 1% level of ABCA4 expression in photoreceptors.?®

In  phototransduction cascade, all-trans-retinal (all-t-ral) is released from
rhodopsin molecule in rod and cone outer segment disc membranes after
photoexcitation. Spontaneous and reversible binding of all-trans-retinal molecules
to membrane phospholipid phosphatidylethanolamine (PE) molecules forms
N-retinylidene-phosphatidylethanolamine (N-ret-PE), a compound that is unable to
diffuse across the membrane. The proposed function of the ABCA4 protein is to act as
transporter that actively flips N-ret-PE molecules from the disc lumen side to the
cytoplasmic side of photoreceptor disc membranes, where all-trans-retinal will be
accessible for rhodopsin regeneration cycle through retinol dehydrogenase (RDH) and
subsequent visual cycle reactions (Figure 3).%°

Variants in the ABCA4 gene impairing the transport function of the ABCA4 protein lead
to the accumulation of N-ret-PE and all-trans retinal in the discs. These compounds react
with each other to form bisretinoid molecules of N-retinylidene-N-retinylethanolamine
(A2E) that are progressively accumulating over time in RPE cells as lipofuscin deposits
after photoreceptor outer segment disc shedding and daily phagocytosis of these discs
by the RPE. The accumulation of lipofuscin leads to apoptosis of RPE cells via combination
of several proposed mechanisms: through its action as detergent to disrupt intracellular
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membranes, through light-induced generation of disruptive free radicals, and by
activating the complement system.?? 3°

Light Light

P

Retina
RPE

Fovea
Sclera

"o !
Optic nerve 5

Figure 2. Diagrams of the eye and the organization of cells in retina. Retina is the light sensing
tissue lining the inner surface of the posterior part of the eye. Fovea is the cone-rich area responsible
for central vision. The retinal pigment epithelium (RPE) is between retina and choroid. The apical
microvilli of RPE cells enclose the outer segments of rod (R) and cone (C) photoreceptors. Other cell
types in retina: bipolar cell (B), horizontal cell (H), amacrine cell (A), ganglion cells (G), Miiller cell
(M) (Sung CH, Chuang JZ. J Cell Biol. 2010 Sep 20; 190(6): 953-963).

The described model suggests that lipofuscin accumulates only in light conditions,
in which case restricting light exposure (i.e., living mostly in darkness) would have a
therapeutic effect. Yet, no difference in A2E/lipofuscin accumulation was recorded
between dark-reared and cyclic light-reared Abca4””) or Abcad* mice,?' suggesting
an additional translocation function of ABCA4 for 11-cis-retinal, which is continuously
supplied to the rod photoreceptors for rhodopsin regeneration and outer segment
renewal. The suggested role for ABCA4 is importing 11-cis-retinal from the cytosole to
the rod outer segment disc membrane, to protect the cytosolic enzymatic machinery
from the excess of this reactive retinaldehyde. The accumulation of lipofuscin may arise
also from defects of the import function, in addition to flipping the all-trans-N-ret-PE.
This, the alternating access model is consistent with the high affinity of the lumenal
domain of ABCA4 for all-trans-retinal, and cytoplasmic domain for 11-cis-retinal. ABCA4
may also function to regulate the direction of transport of these molecules.3! 32

In short, the ABCA4 protein plays an essential role in recycling of visual cycle retinoids
to provide a continuous supply of 11-cis-retinal used in photoactivation by rhodopsin,
removing the all-trans-retinal after light exposure and, therefore, preventing the toxic
accumulation of these retinoid isoforms (Figure 3).
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Figure 3. Proposed function of ABCA4 in rod outer segment disk membranes in light and dark
conditions. All-trans-retinal (all-trans-ral) produced from the photobleaching of rhodopsin, and
excessive 11-cis-retinal (11-cis-ral) reversibly react with membrane phosphatidylethanolamine (PE)
to form N-trans-R-PE and N-11-cis-retinylidene-PE (N-cis-R-PE), respectively. ABCA4 is flipping these
compounds to the cytoplasmic leaflet of disc membrane, preventing the accumulation in disc lumen
side and enabling all-trans-retinal to be reduced by RDH8 and enter the visual cycle. N-cis-R-PE is
isomerized to its all-trans isomer N-trans-R-PE (Quazi F, Molday RS. Proc Natl Acad Sci U S A. 2014
Apr 1;111(13):5024-9).

Photoreceptors depend on healthy RPE cells for survival, the degeneration of RPE due
to lipofuscin accumulation will lead to subsequent photoreceptor degeneration and
vision loss, as experienced by some STGD1 patients.? In some cases, however,
degeneration of photoreceptors sequentially precedes RPE dysfunction in the earlier
stages of disease progression, it appears to be highly associated with certain mutations
in ABCA4.33

STGD1 is a loss-of-function disease, one functional copy of the ABCA4 gene resulting
in only 50% of the protein is sufficient for the relatively normal ABCA4 protein function.
Parents of STGD1 patients as obligate heterozygous carriers for ABCA4 pathogenic
variants do not exhibit increased RPE lipofuscin accumulation and do not present with
the disease until advanced age.3* %

1.3 Animal models

1.3.1 Knock-out (KO) mouse model

The Abca4™~ KO mouse was created as an animal model of Stargardt disease for
functional analyses and developing of therapeutic strategies. Mouse retinas resemble
more closely human peripheral retina, since they do not contain macula, the cone-rich
area for central and color vision in humans. Although Abca4™” mice exhibit some
features of human retinopathies including accumulation of A2E and lipofuscin in the RPE,
they do not develop the most important feature of Stargardt disease, retinal
degeneration, at a young age nor in their lifetime.3¢
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The amount of accumulated A2E can be quantified from posterior eye cups in HPLC
analysis and used as a measure in phenotype characterization.3® The accumulation of
lipofuscin can also be determined in vivo by quantitative autofluorescence (gAF)
measurements.?’

A preclinical study in a Abca4~ KO mouse model of Stargardt disease was successful
in utilizing lentiviral based ABCA4 gene therapy vector. Subretinal delivery of the
lentiviral vector carrying a functional copy of human ABCA4 cDNA to the Abca4™/~ mouse
eyes effectively transduced photoreceptors and RPE cells, and substantially reduced
disease-associated A2E accumulation compared to untreated and mock-treated control
eyes. One year after the injection, the treated eyes of Abca4™~ mice showed A2E
accumulation at comparable levels to wt controls, whereas mock-treated or untreated
eyes accumulated 3-5 times more A2E.3

Other treatment strategies focusing on pharmacologic inhibition of the steps in A2E
synthetic pathway have also been successfully tested on Abca4™~ mouse. Compounds to
inhibit vitamin A, as the precursor for 11-cis-retinal, delivery to the eye, fenretinide and
A1120 were shown to inhibit A2E accumulation in the Abca4”~ mouse model.3% 40
Supplementation with C20-Ds-vitamin A, a deuterated form of vitamin A, reduced the
A2E accumulation in treated Abca4”~ mice through slowing the rate of vitamin A
dimerization.*!

1.3.2 Knock-in (KI) mouse models

Only a small fraction (21/580, 3.6%) of STGD1 patients represent ABCA4 knock-outs
harboring 2 nonsense mutations i.e. premature stop mutations, frameshifts or severe
splice site mutations. The majority of STGD1 is caused by two missense mutations, and
by combinations of missense with nonsense mutations. ABCA4 knock-out model does
not ideally reflect the disease progress caused by missense mutations with variable
expected residual ABCA4 protein expression and function.

Abca4?"/?Y K| mouse model, homozygous for a relatively common founder mutation in
STGD1 patients of German descent, the complex allele c.[1622T>C;3113C>T]
(p.[L541P;A1038V]),*> was generated to investigate the pathological role and previously
reported misfolding effect of this variant in vivo. While mutant ABCA4 RNA levels
approximated WT ABCA4 RNA levels, only trace amounts of mutant ABCA4 protein were
noted in the retina. Analysis of the two protein variants separately and combined in
heterologous mammalian cells, revealed substantial changes and misfolding for P and PV
mutants, but only slight changes for the V mutant alone, compared to WT ABCAA4.
These results correlate with the observed disease phenotypes in STGD1 patients, where
the complex allele and p.L541P alone have been associated with severe, and p.A1038V
with milder forms of STGD1.%3

Another KI mouse model for ABCA4 was created for c.2894A>G (p.N965S) variant, the
most frequent disease allele in Stargardt-related retinopathies in the Danish population,
causing moderate to severe disease phenotypes.** p.N965S ABCA4 variant was expressed
at 50% level of WT ABCA4 expression, resulted in partial misfolding of the ABCA4 protein
with some retention in the endoplasmic reticulum of photoreceptors, and in complete
loss of substrate-dependent ATPase activity.*

Similar to Abca4™~ mice, Abca4?/?Y mice and the p.N965S KI mice showed substantial
A2E and lipofuscin accumulation in their RPE cells but no retinal degeneration up to 12
months of age.** 4>
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Besides in vivo functional characterization of pathogenic variants of ABCA4, knock-in
models for STGD1 will be useful in exploring therapeutic options targeting specific
functional defects caused by specific mutations.

1.3.3 Stargardt disease dog model
A naturally occuring retinal degeneration phenotype was described in Labrador retriever
dogs. Vision of the affected dogs at the age of 10-12 years was impaired in daylight and
dimlight conditions, but they still retained some vision throughout their lifetime.
Whole-genome sequencing of the affected sib-pair and their unaffected parents revealed
a frameshift insertion ¢.4176insC in the ABCA4 gene, leading to a premature stop codon,
p.F1393Lfs*1395.46

Similar to the clinical features of human STGD1, the accumulation of autofluorescent
lipofuscin in the RPE throughout the fundus, bilateral diffuse retinal degeneration and
atrophic regions in the RPE were observed in the affected dog. Unlike mouse retina, the
dog has a cone rich visual streak, functionally analogous to human macula. Cone function
was severely affected, with better preserved rod function, reflecting cone
photoreceptors being affected prior to rods, as also seen in STGD1 patients. In addition
to the very similar clinical manifestations of ABCA4-associated phenotype in dogs
compared to humans, the size of the canine eye is also comparable to the human eye.

Canine models have successfully been used for experimental gene therapy for other
retinal degenerative diseases, such as retinitis pigmentosa (RP) and Leber’s Congenital
Amaurosis (LCA).*** The currently only FDA-approved gene therapy vector for
RPE65-mediated LCA was developed and tested on a spontaneously occuring RPE65
mutant dog.*®

The discovered dog homozygous for a ABCA4 loss-of-function mutation represents the
only known large animal model for human STGD1.4¢

1.4 Therapies in development

Currently, there is no approved treatment for the Stargardt disease. Vitamin A
supplementation should be avoided in patients with ABCA4-associated retinopathies or
macular dystrophies associated with lipofuscin accumulation in the RPE, in order to not
increase the already progressive bisretinoid accumulation.*® Investigational therapies for
STGD1 include visual cycle modulators (VCMs), complement inhibitors, gene therapy,
and human embryonic stem cell therapy for regeneration of the RPE.?

1.4.1 Visual cycle modulators
The visual cycle is a series of enzymatic reactions in photoreceptors and RPE, converting
all-trans-retinal back to 11-cis-retinal for rhodopsin regeneration. Dysfunction of
enzymes in the visual cycle leads to several IRDs, due to the inability to replenish
11-cis-retinal or to remove the accumulation of various retinoid products. The proposed
function of ABCA4 is to flip spontaneously forming 11-cis-retinal and all-trans-retinal
conjugates with membrane PE, to the cytoplasmic side of photoreceptor outer segment
disc membranes. Defects in this function lead to the accumulation of these molecules
inside the discs giving rise to formation of toxic lipofuscin bisretinoids like A2E.
The purpose of VCMs is to inhibit the accumulation of lipofuscin and ultimately slow
down the progression of STGD1.%

The cleavage of a C20 carbon—hydrogen bond in the retinaldehyde-PE conjugate is the
rate determining step in vitamin A dimerization.’* Replacing the C20 hydrogen atoms of
vitamin A with deuterium atoms (i.e. C20-Ds-vitamin A) makes this bond harder to cleave
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and hinders vitamin A dimerization and lipofuscin formation. Abca4~ mice raised on
diets containing the deuterated form of vitamin A, exhibited an 80% reduction in A2E,
fewer lipofuscin granules in the RPE, and improved eye function.*! Alkeus
Pharmaceuticals is currently conducting a Phase 2 clinical trial, assessing the efficacy and
long-term safety and tolerability of ALK-001 (deuterated form of vitamin A) in the
progression of Stargardt disease (ClinicalTrials.gov Identifier: NCT02402660).

Isotretinoin (Accutane), a drug for the treatment of severe acne, has also been shown
to impede lipofuscin formation in a mouse model, by inhibiting the visual cycle enzyme
11-cis-RDH, thus slowing the synthesis of 11-cis-retinaldehyde and regeneration of
rhodopsin. Abca” and WT mice, treated with isotretinoin, showed decreased
production of A2E and lipofuscin granules in the retina, suggesting that isotretinoin may
delay visual loss in STGD1 and other retinal diseases linked to lipofuscin accumulation.>?
However, Isotretinoin is not a valid candidate for treatment of STGD1 due to serious side
effects even during short-term treatment and, therefore, is not applicable for long-term
administration as required for STGD1.53

Emixustat (Acucela Inc) is a retinylamine derivative that inhibits the visual cycle
enzyme encoded by the RPE65 gene, reducing the conversion of all-trans-retinyl ester to
11-cis-retinol and slowing the accumulation of A2E. It was initially developed to
potentially slow the progression of geographic atrophy (GA) in age-related macular
degeneration (AMD), in which trials there were no statistically significant differences
between treatment and placebo groups.?> Emixustat is currently assessed for safety and
efficacy as a potential treatment for STGD1, in a Phase 3 trial (ClinicalTrials.gov Identifier:
NCT03772665).

VM200 is explored as aldehyde sequester to decrease excessive levels of
all-trans-retinal.>* VM200 is a primary amine that by forming inactive compound with
all-trans-retinal, is blocking the further formation of A2E, and preserving the retinal
structure in Abca4™~ mice.>® VM200 is currently in preclinical trials.?®

Fenretinide (Sirion Therapeutics) and A1120 are antagonists to retinol binding protein
(RBP), competing with vitamin A for binding to RBP, leading to reduced levels of
circulating available RBP in the serum, and reduced vitamin A delivery to the RPE.
Both compounds showed decreased formation of A2E in Abca4™~ mice.3* > Fenretinide
is a synthetic vitamin A analogue, and in Phase 2 clinical trial, assessing its efficacy in the
treatment of dry AMD patients, several visual adverse events were reported, including
night blindness and visual disturbance, with no significant visual benefit in the treatment
group.?> A1120 is a nonretinoid compound, unlikely to cause these visual side effects.
Clinical trials for A1120 are under development.?

1.4.2 Complement inhibition

A2E and other bisretinoids are shown to have a proinflammatory effect by activation of
the complement system in RPE cells, leading to cell death via membrane attack complex
(MAC). Complement inhibition with C5 antibody was shown to protect against RPE cell
death in a cell culture, after the cells were exposed to bisretinoid-induced complement
pathway activation.”” Zimura (Ophthotech Corporation) is a C5 complement inhibitor to
prevent the formation of MAC, and consequently reduce cell death. It is delivered by
intravitreal injection and is being explored as a potential treatment option, besides
STGD1 (Phase 2, NCT03364153), for a number of eye diseases, including both forms of
AMD.?
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1.4.3 Gene supplementation therapy

The eye is an ideal organ for gene therapy because of its small size, isolated and easily
accessible location, immune-privileged status due to blood-retina barrier, and the
availability of imaging techniques to directly visualize the retinal cell layers and observe
structural phenotypic changes. The contralateral eye can be left untreated and serve as
a control. The goal of gene therapy for patients with Stargardt disease is to introduce a
functional ABCA4 gene to the retina, to restore normal ABCA4 protein function and to
prevent disease progression. Virus-based vectors and non-viral carriers have been
recently developed to deliver larger genes and efficiently transduce photoreceptor cells.
Gene delivery to the cells of retina is accomplished via subretinal injection, delivering the
vector between the photoreceptors and the RPE.?

The ABCA4 cDNA (6.8 kb) exceeds the 4.5-5.0 kb capacity of adeno-associated virus
(AAV) vectors that have proved most successful for other ocular genes, leading to
utilization of an equine infectious anemia lentivirus (EIAV) for gene transfer. Subretinal
injection of EIAV-ABCA4 effectively transduced photoreceptors and RPE cells in a
knock-out Abca4”~ mouse model.3® The safety and distribution of EIAV-ABCA4 was
further tested in larger animals, in rabbits and macaques. Both species presented with
slightly higher but localized and transient intraocular inflammation in eyes receiving the
subretinal injection, with no systemic or ocular tissue toxicity.>® The clinical Phase 1/2
trials (ClinicalTrials.gov Identifier: NCT01367444 and NCT01736592) are ongoing for 46
patients with Stargardt disease. The trials investigate short- and long-term safety and
tolerability of escalating doses of SAR422459 (Sanofi; the lentiviral-based vector carrying
ABCA4 cDNA).

To overcome the insert size limitations of AAV vectors, a dual AAV strategy to deliver
the ABCA4 gene has been proposed, where the gene is split between two vectors, with
overlapping sequences facilitating recombination and generation of the full-length
ABCA4 gene in the host cell. The expression of full-length ABCA4 protein in the
photoreceptor outer segments of Abca4”~ mice, sufficient to reduce A2E accumulation,
was demonstrated.>

Methods of non-viral gene supplementation involving carriers such as compacted DNA
nanoparticles, naked DNA, and DNA-encapsulating liposomes have also been
investigated. Non-viral gene delivery would reduce the risk of immune responses
associated with viral vectors but, in general, would not provide long-term ABCA4
expression and, therefore, would require repeated administration. Compacted DNA
nanoparticles formulated with polyethylene glycol-substituted polylysine (CK30PEG) are
highly efficient in transfecting postmitotic cells with large capacity, and exhibit minimal
toxicity even after repeated dosing. Subretinal delivery of ABCA4 cDNA via compacted
nanoparticles, to the eyes of STGD1 mouse model, resulted in ABCA4 transgene
expression for up to 8 months, and reduced lipofuscin granules on histopathologic
evaluation.5°

Successful transgene deliveries with phenotype rescue in mouse models merit further
evaluation of these methods as viable options for gene therapy in STGD1 patients. Of all
suggested treatment options, gene therapy would be an ideal treatment for STGD1 as a
recessive loss-of-function disease. Even partial, up to one half, restoration of the ABCA4
protein function in photoreceptor cells would theoretically cure the disease, since
carriers of ABCA4 mutations (for example, parents of STGD1 patients) have no visual
symptoms. However, the gene therapy treatment should be administered at early stages
of the disease when most photoreceptor cells are still alive.
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1.4.4 Stem-cell therapy

Stem-cell therapy harbors considerable potential in treatment of Stargardt disease, to
replace the already lost RPE and photoreceptor cells with cells that carry functional
copies of ABCA4 gene. Like with gene therapy, the eye offers a relatively uncomplicated
candidate for stem cell manipulations because of the immunological isolation, easy
access, possibility to directly nonivasively visualize the transplanted cells, and because of
the small size.

Preclinical studies of human embryonic stem cells (hESCs) derived RPE cells
transplanted into the subretinal space of mouse models of retinal degeneration
confirmed successful integration of grafted cells into the RPE, without evidence of tumor
formation or spread to other areas, and with mice demonstrating improved visual
function.5!

Phase 1/2 clinical trials were developed to test safety and preliminary signs of efficacy
of subretinal transplantation of hESC-derived RPE cells in patients with STGD1 and AMD
(NCT01345006/NCT01469832). No adverse events were reported related to the
stem-cell therapy, although some patients experienced complications probably related
to the surgical procedure or the immunosuppressive regimen. Visual outcomes remained
inconclusive due to the small sample size, relatively short follow-up time of 1 year, and
lack of a control group. A follow-up study (NCT02445612) is assessing long-term safety
and tolerability following the same cohort of patients up to 5 years after stem cell
implantation.®?

As an alternative to hESC-derived allograft transplants and life long
immunosuppressive treatment, patient-derived induced pluripotent stem cells (iPSC) can
be differentiated into RPE cells to be used as autograft transplant with no projected
immune rejection. Human iPSC-derived RPE cells were injected into subretinal space of
RP mouse model, where the graft assimilated into the host retina without disruption,
leading to improved visual function in recipients, and supporting the feasibility of
autologous iPS cell transplantation.®3

The overarching problem with transplanting RPE cells, in addition to technical
difficulties, is that STGD1 is a disease of photoreceptors. Transplanting RPE, even if it
integrates and functions, could provide some support to photoreceptors, but would not
target the primary diseased cells. However, generating differentiated functional mature
photoreceptors from stem cells remains still challenging.5* Most recent stem cell-based
clinical trials for AMD are transplanting pre-grown batches ('sandwiches’) of
RPE/photoreceptor layers, which could prove scientifically and technically more feasible.
In summary, while theoretically very intriguing, stem cell therapies of retinal diseases still
need extensive development before these would expect to have substantial effect on
inherited retinal diseases.
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2 THE ABCA4 LOCUS

The ABCA4 gene was identified in 1997 by Allikmets et al as the causal gene for Stargardt
disease.! The coding sequence of 6822 basepairs in 50 exons encodes for a ATP-binding
cassette (ABC) superfamily transmembrane protein expressed in photoreceptors and
retinal pigment epithelium.?® %

2.1 Analysis of the ABCA4 coding sequences

First ABCA4 gene analyses in Stargardt disease patient and control cohorts were carried
out by a combination of indirect DNA variant detection methods using single strand
conformation polymorphism (SSCP) analysis, heteroduplex analysis (HA), denaturing
gradient gel electrophoresis (DGGE), and denaturing high-performance liquid
chromatography (dHPLC), followed by direct Sanger sequencing of the amplicons with
altered mobility patterns in those assays.*% 665 |dentification of two disease alleles per
patient is expected for a recessive disorder, applications of indirect DNA variant
detection methods achieved detection of 30-60% of all possible disease-associated
alleles in patient cohorts, reported with extraordinary high allelic heterogeneity and
carriers of pathogenic variants in control groups. Direct sequencing of the ABCA4 gene in
patients enabled 70% of disease-associated alleles to be identified.®

Besides Stargardt disease, mutations in the ABCA4 gene were also associated with
clinically more severe retinal dystrophies autosomal recessive cone-rod dystrophy
(arCRD) and autosomal recessive retinitis pigmentosa (arRP).*® 70 Approximately 80% of
patients had onset of visual symptoms before 20 years of age, but disease onset in 5th
and 6th decade were also reported.”

The c.2588G>C (p.[G863A,G863del]) variant was identified in 37% of STGD1 patients
of Dutch and German origin, along with 2.9% carrier frequency in control individuals from
the Dutch population.®’” The second allele in compound heterozygote STGD1 patients
with p.[G863A,G863del] variant was more often a null allele (frameshift, premature stop,
splice site mutation), and no homozygous STGD patients for the p.[G863A,G863del]
variant were observed. This led to the conclusion that mild ABCA4 variants in both alleles
do not result in STGD1 disease phenotype, and the c.2588G>C (p.[G863A,G863del])
variant was categorized as a mild frequent founder mutation in the Western European
population.®’

Classifying ABCA4 variants as ‘'mild’, ‘'moderate’, and 'severe’ based on the predicted
effect of the mutation on the ABCA4 protein function suggested a model for the
ABCA4-associated disease, which correlated the variability in retinal disease phenotypes
and age of onset with predicted residual ABCA4 protein function of an individual
mutation.5® 5772 Accordingly, the more severe the effect of a mutation on ABCA4 protein,
the more aggressive and earlier onset the disease phenotype. Several family reports of
early onset STGD1 or CRD associated with ABCA4 null mutations, and analysis of a
childhood-onset STGD1 patient cohort revealing a higher proportion of definitely or
possibly deleterious ABCA4 variants compared to adult-onset STGD1 cohort support this
mode|.73 74,75

With high carrier frequency of a possibly pathogenic variant in 1/20 people across
populations, variation in the ABCA4 locus emerged as the most prevalent cause of
inherited retinal dystrophies.5” 76
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2.1.1 ABCA4 gene and age-related macular degeneration (AMD)

The observation that combinations of milder ABCA4 alleles are associated with later ages
of disease onset up to the age range for the diagnosis of age-related macular
degeneration (AMD) in 6"-7t" decade, and some phenotypic similarities between STGD1
and AMD, including the accumulation of pigmented substance in the RPE and progressive
macular atrophy suggested ABCA4 gene as a candidate gene for AMD.””

Indeed, ¢.5882G>A (p.G1961E) variant was identified with statistically significantly
higher frequency in AMD patients than in age-matched controls.”® Since c.5882G>A
(p.G1961E) was also reported as the most frequent mutation (10% of all ABCA4
mutations identified) in STGD1 cohort from North America’?, and the clinical evaluation
of STGD1 family members revealed a high frequency of AMD in first and second-degree
relatives, it was hypothesized that some heterozygous ABCA4 mutations may enhance
susceptibility to AMD, and monoallelic family members of STGD1 patients may be at
increased risk.”® 80

This hypothesis was disputed by other studies®, but the prevalence and role of
heterozygous ABCA4 alleles in AMD remains to be unequivocally determined. It has also
been suggested that many of AMD cases are actually misdiagnosed late-onset STGD1
patients.??

The two major susceptibility loci for AMD - CFH and ARMS2 were reported in
2005.8% 84

2.2 ABCA4 genotyping microarray

Allelic heterogeneity in ABCA4-associated disorders has substantially complicated
genetic analyses and molecular diagnosis of patients. ABCA4 gene presents an extremely
challenging target for diagnostic applications due to the size (50 exons) and vast allelic
heterogeneity. Mutations have been reported in all 50 exons, every screening of a
considerable STGD1 patient cohort adds novel rare variants with unknown effect, and
the three most common mutations (p.G1961E, p.[G863A,G863del], and p.A1038V) have
each been described in only ~10% of STGD1 patients in a distinct populations.

The application of conventional indirect variant detection methods (SSCP, HA, DGGE,
dHPLC) in combination with direct sequencing is labor-intensive and relatively inefficient.
Due to technical limitations, the sensitivity and mutation detection rate of the different
indirect variant detection methods is not uniform for all analyzed amplicons, potentially
resulting in false-negative data.** %8

To overcome these limitations and to generate a high-throughput, cost-effective
screening tool we designed, in collaboration with Asper Biotech, Ltd (Tartu, Estonia),
a genotyping microarray (gene chip) for the ABCA4 gene, which included all reported
disease-associated variants (around 400 in 2003), enabling fast and simultaneous
screening for all known ABCA4 variants.®> The ABCA4 gene chip utilized arrayed primer
extension (APEX) technology — a rapid solid-phase genotyping method combining the
efficiency of a microarray-based assay with Sanger sequencing.® The array was validated
on an extensive cohort of 136 confirmed STGD1 patient samples, previously screened by
SSCP and/or heteroduplex analyses.”* The microarray screening detected numerous
additional alleles, that went undetected in the previous SSCP/HA assays, bringing the
mutation detection rate from 55% to 70% of all possible disease-associated alleles.?>

In further evaluation of the ABCA4 gene array, by screening several previously not
analyzed STGD1 patient cohorts of different European ethnic groups 53%-60% of all
possible disease-associated ABCA4 alleles were identified, similar to the best results
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employing indirect mutation detection technics. By design, the ABCA4 gene array tested
for only known, previously reported variants, identifying most disease-associated ABCA4
alleles in STGD1 patient cohorts of same or close ethnicity as the cohort where the
initial ABCA4 variant data was obtained from. Conversely, lower scores of detected
disease-associated ABCA4 alleles were expected in screening previously not
characterized cohorts.2> The ABCA4 gene array was continuously updated for screening
the ever growing number of new reported ABCA4 pathogenic variants. The final version
of the array screened for 800 disease-associated or rare ABCA4 variants.

On average, the ABCA4 gene array identified 1-2 pathogenic ABCA4 variants in ~75%
of screened ABCA4-related disease cases of European descent.** 887 patients, for whom
two ABCA4 disease-associated variants were identified, were considered ’solved’, while
patients with one or no ABCA4 mutations detected by the array were subjects of further
ABCA4 gene analysis by dHPLC or DGGE and subsequent sequencing to elucidate the
previously unreported disease-causing variants.?® 8

ABCA4 gene array served for scientific and diagnostic purposes as effective,
high-through-put, accurate, and affordable first pass screening method until the
development of next-generation sequencing technologies.

2.3 Interpretation of sequence variants

A growing number of variants are continuously being discovered in the human genome,
including in the ABCA4 locus. In inherited Mendelian disorders, determining if a DNA
variant is disease-causing or benign, is based on several types of evidence: variant
frequency in patient vs control populations, functional studies, computational
prediction, and segregation of the variant with the disease phenotype in families. Based
on the combined evidence, clinical significance of any given sequence variant falls along
a gradient, ranging from almost certainly pathogenic to almost certainly benign.

The American College of Medical Genetics and Genomics (ACMG) set guidelines for
the interpretation of sequence variants in clinical diagnostics, recommending classifying
the variants as ‘pathogenic’, ‘likely pathogenic’, ‘uncertain significance’, ‘likely benign’,
and ‘benign’, based on evaluating and combining the weight of each evidence datapoint.
According to the guidelines, population frequency data and functional studies provide
generally stronger evidence, while segregation data and in silico prediction are
considered supporting evidence. There are limitations and caveats to every evidence
category. For instance, with very rare variants, case-control comparisons may not reach
statistical significance due to low power, functional assays may not reflect the biological
environment perfectly, computational prediction from different algorithms may be
contradicting, and family members are not always available for segregation analysis.
With conflicting evidence between benign and pathogenic, the variant is classified as
variant of uncertain significance.*®®

To avoid misinterpretation, careful expert judgment must be applied when assessing the
combination of exisiting evidence for a given variant. Continually expanding knowledge on
variant frequencies in larger populations with genetically different backgrounds, and on
disease associations is often leading to re-classification of some variants.

2.3.1 Variant analysis by in silico predictions

Many computational tools predicting the effect of sequence variants are available to
assist in their interpretation. Use of this type of evidence has become a routine part in
annotation pipelines for variant assessment in gene-focused projects, or in whole exome
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and whole genome sequencing. The two main categories of such in silico tools include
those that predict whether a missense change is damaging to the resultant protein
function or structure, and those that predict a variant’s potential to affect splicing.
Of note, synonymous and missense variants can also affect splicing by creating new
competing splice sites or reducing the original splice sites in surrounding sequences.

The algorithms for predicting the impact of a missense change are based on one or
several of the following criteria: evolutionary conservation of an amino acid or
nucleotide, the location and context within the protein sequence, and the biochemical
consequence of the amino acid substitution. Newer meta-predictors have incorporated
many previous algorithms.% %!

The available prediction programs have been evaluated and compared to each other
by assessing their ability to predict “known” disease-causing variants. 18 prediction
algorithms were compared on 14,819 benign or pathogenic missense variants from the
ClinVar database (aggregated genomic variant data in relation to human health), with
wide variability in concordance among different combinations of algorithms, and with
particularly low concordance for benign variants. Only 3.2% of the benign and 41.5% of
pathogenic variants had concordant assertions across all 18 algorithms. Predictions from
five more commonly used algorithms (Polyphen, SIFT, CADD, PROVEAN and
MutationTaster) resulted in higher concordance, with 79% concordance for pathogenic
variants and only 33% for benign variants.®?

There is little consensus among clinical labs on how many and which algorithms to
use for missense variant interpretation. Different combinations of algorithms lead to
discordant interpretations between different labs. Some studies have adhered to strict
concordance guideline, others have used a majority vote rule between applied
algorithms. The guidelines for variant interpretation recommend using multiple
programs since different programs have their own strengths and weaknesses depending
on the algorithm and in many cases performance can also vary by the gene and protein
sequence. However, more algorithms lead to more discordant calls between them.
An alternative is to use newer metapredictors (e.g. REVEL, VEST3, MetalR, MetaSVM,
Condel, Mcap, Eigen, and CADD) which combine multiple individual predictors to
generate a score, and have shown high overall performance characteristics.**

The five most common tools for splice site evaluation are NNSplice, MaxEntScan,
GeneSplicer, HumanSplicingFinder, and SpliceSiteFinder-like, because of their user-friendly
and high throughput access provided by the bioinformatics tool Alamut. Their splice site
detection methods are based on algorithms using position weight matrices, binary string
artificial neural network, maximum entropy distribution, and maximal dependence
decomposition.®> When compared with 20,000 known splice sites and 20,000 false splice
sites, in terms of accuracy, sensitivity, specificity, and precision, GeneSplicer provided
the best overall performance, and the position weight matrices based methods,
HumanSplicingFinder and SpliceSiteFinder-like, scored the lowest on donor regions due
to an extremely high false positive rate (http://blog.goldenhelix.com/nfortier/splice-site-
algorithms/).

According to Alamut combined assessment, c¢.5461-10T>C and c.5714+5G>A, the two
most frequent intronic disease-associated ABCA4 variants, are predicted to reduce their
respective acceptor and donor sites by 4.3% and 33.4%, respectively. In vitro RNA
analysis from photoreceptor progenitor cells (PPC) and ‘midigenes’ revealed a complete,
100% exon skipping for the c.5461-10T>C variant, and 40% of correctly spliced mRNA for
the ¢.5714+5G>A variant.%
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The combination of predictions from different in silico tools is considered as a single
piece of evidence in sequence interpretation, because of overlapping criteria in their
algorithms. In silico predictions should be evaluated with caution, and be used only in
combination with other evidence to make a final clinical assertion.

The possible effect of all identified ABCA4 variants was assessed using following in
silico prediction programs: SIFT,% Polyphen2,%® Align-GVGD,®” MutationTaster,%
SpliceSiteFinder,”® MaxEntScan,'® NNSPLICE,'®! GeneSplicer,’°? and Human Splicing
Finder.2%® All of these algorithms except for Polyphen2 were accessed via Alamut
software (http://www.interactive-biosoftware.com).

2.3.2 Functional analysis of ABCA4 missense variants

While variants introducing frameshifts, premature stop codons, and changes to canonical
splice sites can be generally regarded as knock-out alleles resulting in no functional
ABCA4 protein as their consequence, the majority of disease-associated variants in
ABCA4 are missense variants with uncertain effect and possibly very variable influence
on ABCA4 protein function. Aside from the certain population- or ethnic group-specific
disease alleles, which account for 20-30% of the disease load in STGD1 patients from
these populations, most of the disease-associated ABCA4 variants are rare in both
patients and in the general population. Therefore, it is often impossible to determine the
pathogenicity of a variant based on differences in allele frequencies between patients
and controls in the modest size patient cohorts in clinics. The established correlation
from genotype-phenotype analyses, between the disease severity and residual ABCA4
protein function, also presents a challenge to determine the actual pathogenic effect of
different ABCA4 missense variants on the protein function.'®*

Despite the ABCA4 gene mutations being the most frequent cause in Mendelian
macular dystrophies, knowledge of the biochemical, structural, and functional properties
of this transmembrane protein remains limited, due to its large size, and rapid loss of its
stability and activity after removal from native rod outer segment (ROS) disk membranes.
Stimulation of the ATPase activity of ABCA4, in the presence or absence of
all-trans-retinal and N-retinylidene-PE as potential substrates, served as the only
available functional assay, until a transport assay was developed measuring the
increased transfer of retinal from donor to acceptor liposome vesicles, coupled with the
rate of flipping the N-retinylidene-PE in donor vesicles from the inside to the outside of
the membrane bilayer by ABCA4,105 106

To characterize the biochemical defects of different ABCA4 protein variants, their
expression level, cellular localizations, ATP binding, retinoid binding, and basal and
substrate-stimulated ATPase activities have been determined from analyses in
transiently transfected COS7 and HEK293 cell cultures, expressing human mutant and
WT ABCA4 cDNA clones. The expression level of ABCA4 variant proteins in cell cultures
was assayed by immunoblotting the cell lysates for ABCA4, and efficiency of ATP binding
was measured by photoaffinity labelling with a-32P azido-ATP. To examine the effect of
variants on the ATP hydrolysis, immunopurified ABCA4 protein variants were
reconstituted into lipid membranes, and tested for basal and retinal-stimulated ATPase
activities, compared to WT ABCA4. The expression pattern and localization of ABCA4
variant proteins in cell cultures was visualized by immunofluorescence microscopy.
To date, functional defects of ~60 different ABCA4 missense variants have been
described, demonstrating considerable variation in these assays.041%°

ABCA4 protein expression in COS7 and HEK293 cells, transfected with WT human
ABCA4 cDNA, appears partially in intracellular vesicle-like structures, but to a variable
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extent between different experiments also in endoplasmic reticulum (ER), a localization
typically seen for incorrectly folded membrane proteins.*® 1%° However, ABCA4 purified
from transiently expressing HEK293 cells, compared to ABCA4 prepared from bovine rod
outer segments, exhibited nearly identical profiles of all-trans-retinal stimulated ATPase
activity, indicating of a fully functional form of ABCA4 protein also in cell culture.%
In general, all analyzed ABCA4 protein variants showed either WT-like localization to
vesicles and ER, or primarily to ER, indicative of some protein misfolding and retention.1%®

To overcome the limitations and inconsistency of a transient expression system, four
missense variants, associated with more severe early-onset STGD1 phenotype,
the complex allele p.[L541P;A1038V], as well as p.L541P and p.A1038V individually,
p.R602W, and p.C1490Y, were analyzed in the photoreceptors of 14 days old transgenic
Xenopus laevis tadpoles by immunofluorescent labeling. All variants except for
p.A1038V, caused retention of the mutant ABCA4 protein in the photoreceptor inner
segment and cell bodies, likely by impairing correct protein folding. p.A1038V variant
exhibited correct localization to ROS like WT ABCA4.1%° Knock-in mouse model for
p.[L541P;A1038V] corroborated these results, only trace amounts of mutant ABCA4
protein were noted in the outer segments.*?

Immunofluorescence of the retina of another knock-in mouse for the p.N965S variant,
revealed partial (~40%) retention of the mutant ABCA4 protein to the photoreceptor
inner segments, likely due to protein misfolding. ATPase activity of p.N965S ABCA4
protein purified from mouse retinal membranes measured 50% of WT basal ATPase
activity, but was insensitive to substrate all-trans-retinal addition.*®

Experiments with transgenic animals demonstrating severe cellular localization defects
of several ABCA4 protein variants in vivo, indicated that functional characterization of
ABCA4 mutant alleles assessing only ATP activity may be inadequate.'®®

Two of the most frequent disease-associated ABCA4 missense variants in European
STGD1 patients, p.G1961E and p.A1038V, showed expression levels and cellular
localization patterns similar to WT ABCA4, while the expression of p.[G863A,G863del]
was substantially reduced, especially for the p.G863A protein variant. The p.A1038V
variant displayed somewhat reduced basal and retinal-stimulated ATPase activity
compared to WT ABCA4 protein, consistent with the milder disease phenotype
associated with this variant. On the contrary, p.G1961E and p.[G863A,G863del], showed
drastically reduced basal ATPase activity with little or no substrate stimulation,
completely disagreeing with the mild, late-onset retinal disease phenotype associated
with these ABCA4 variants,3% 104, 108

Two ABCA4 missense variants, p.T901A and p.R943Q, considered benign based on no
statistical differences in allele frequencies between patients and the matched general
population, displayed poor expression level with ER retention and 100-fold decrease in
binding affinity for 11-cis-retinal, respectively.3? 1%

Overall, biochemical analyses were consistent with assessed ABCA4 missense variants
associated with more severe retinal disease phenotypes, whereas discrepant results
between in vitro functional tests and actual phenotypes in STGD1 patients were observed
when analyzing more frequent and milder missense variants.

2.3.3 In vitro analysis of ABCA4 canonical and non-canonical splice site variants

To assess the effect of variants in canonical and non-canonical splice sites, ‘minigene’
constructs are generated using commercial exon trapping vectors to clone the
PCR-amplified regions encompassing the potential splice affecting variants of interest
and the adjacent exon(s) from the patient’'s genomic DNA. RNA is isolated from
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transfected cells (COS7, HEK293) and splicing is analyzed by RT-PCR and sequencing from
both, WT and variant clones.*% 110

At first, the most frequent intronic disease-associated ABCA4 variant ¢.5461-10T>C in
intron 38, did not reveal any splice defect in minigene analysis, while three other
analyzed intronic variants c¢.3050+5G>A, c.4253+5G>A, ¢.5714+5G>A resulted in
complete or partial missplicing. The ¢.5461-10T>C variant was classified as pathogenic
with unknown effect because of other strong evidence for its pathogenicity.*
The ¢.5461-10T>C variant is always segregating with the disease phenotype in families,
is very rare in the general population (MAF<0.001) and no other possibly disease-
associated ABCA4 variants have been identified on the same chromosome.!?

In order to determine the effect of c.5461-10T>C in the most biologically relevant test
environment, ABCA4 mRNA was analyzed from photoreceptor progenitor cells (PPCs),
derived from ¢.5461-10T>C harboring patients’ fibroblasts via induced pluripotent stem
cells (iPSC). Patient-derived PPCs showed complete skipping of exon 39 or exons 39 and
40 in the mRNA, correlating with the severe early onset cone—-rod dystrophy phenotype
in STGD1 patients homozygous for the ¢.5461-10T>C variant.*

When using small minigenes, in vitro results did not completely correspond with splice
defects observed in patient-derived cell cultures, and partially abnormal splicing was
registered with clones carrying ABCA4 WT sequences as well.®* A novel, ‘'midigene’
approach was employed, using bacterial artificial chromosomes as splice vectors, capable
of carrying longer inserts including both flanking exons around the variant of interest,
thereby, providing more of the natural genomic context and producing more accurate
results. Analysis of all 44 reported ABCA4 non-canonical splice site variants in midigenes
from HEK293 cells, revealed skipping of multiple exons, as well as exon elongation and
intron retention as aberrant splicing events. Based on the residual fraction of correctly
spliced mRNA, the non-canonical splice site variants were classified as ’severe’,
"'moderate’, and 'mild’. From phenotype correlations, it was concluded that variants
resulting with >80% correctly spliced mRNA are likely benign and not contributing to the
STGD1 disease phenotype.®

2.4 Analysis of the ABCA4 gene by next-generation sequencing

Next-generation sequencing (NGS) enables high-throughput massively parallel
sequencing of large numbers of samples and is the current routine method for
determining genetic variation in patient cohorts and control groups, in research as well
as in clinical diagnostics.

The first NGS analysis of the ABCA4 gene applied a targeted next-generation
sequencing protocol (Roche 454; 454 Life Sciences, Branford, CT) to find all possible
disease-associated variants in coding sequences of the ABCA4 gene in a large cohort of
168 patients diagnosed with ABCA4-associated diseases, that remained "unsolved’ after
screening with the ABCA4 microarray. 1 out of 2 expected ABCA4 mutations had been
identified in 111 patients and 0 mutations in 57 patients. In NGS, the second
disease-associated allele was identified in 49 of 103 (~48%) of patients with one
previously reported mutation. Of the 56 samples with no identified mutations, NGS
detected both disease-associated alleles in 4 patients (7.1%) and 1 mutation in 10
patients (17.9%). 57 previously unknown, possibly pathogenic, variants were identified,
and 55 of them were reported only in one sample.?

Determining the pathogenicity of rare missense (and also splicing-affecting and
synonymous) variants presents a significant challenge, especially for the ABCA4 gene,
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where now close to 1000 possibly disease-associated variants have been identified.!
Since more than half of these have been detected only once, the unequivocal
classification for disease-association, which is usually accomplished by segregation and
functional analyses, presents an exhausting task. Since ABCA4-associated diseases are
recessive, any given patient often represents the only affected individual in a family,
frequently with no siblings. Tissue samples from patients for direct analysis of ABCA4
RNA are not possible due to the photoreceptor-specific gene expression. Many frequent
ABCA4 protein variants have been analyzed in indirect assays, such as their effect on the
protein yield, folding, and ATP-binding and ATPase activity assays in in vitro systems® 104
and X. laevis models.%® Performing these experiments for hundreds of rare variants is
unrealistic, leaving the variant interpretation mostly based on combining evidence from
variant frequency comparisons between patients and controls, in silico pathogenicity
prediction, and family segregation analyses where possible.

Even after complete sequencing of the ABCA4 coding region in patients with definitive
clinical diagnosis of STGD1, approximately 15-20% of patients generally remain
"unsolved’” with one identified pathogenic ABCA4 variant, and in ~15% patients no
pathogenic ABCA4 variants are found. The possible explanations for this include:

1) large deletions or insertions of exons and chromosomal segments, i.e. copy
number variants (CNVs), although rare in the ABCA4 locus, escape detection by
PCR-based methods!*,

2) significant fraction of disease-causing variants locate outside the ABCA4 coding
sequences,

3) patients with no ABCA4 disease-associated variants identified represent
phenocopies of ABCA4-associated disease, with causal genes other than ABCA4.

CNVs are very rare in the ABCA4 locus (~1% of all patients), however, for complete
mutational scanning, a CNV analysis with a comparative genomic hybridization array
(aCGH), or with Multiplex Ligation-dependent Probe Amplification (MLPA), could be
included.

Many pathogenic mutations are likely located outside of the ABCA4 coding sequences
since the second mutation, required for complete genetic diagnosis of STGD1, was not
found in about half of the STGD1 patients with 1 mutation.*? Although some of these
patients could be carrying the ABCA4 variant by chance due to high population frequency
of ABCA4 variants (estimated at 1:20), it is highly unlikely that a patient clinically
diagnosed with STGD1 and carrying one confirmed ABCA4 mutation does not have the
2" pathogenic variant in the ABCA4 locus. Detection of disease-associated variants
outside of the ABCA4 coding sequences requires sequencing of the entire 130kb ABCA4
genomic locus, more importantly in patients with 1 identified mutation from sequencing
of the ABCA4 coding regions and splice sites.

Finally, in cases with no disease-associated variants in ABCA4, whole-exome or —
genome sequencing approaches can be applied to determine the genes and mutations
causing STGD1-mimicking phenotypes. The fraction of phenocopies (i.e., clinically
misdiagnosed patients) depends primarily on the depth of clinical analyses performed at
a given eye clinic. Although, even exceptionally extensive clinical data are often not
enough for pinpointing the possible genetic cause. Depending on the severity of ABCA4
mutations and the stage of the disease progress at which a patient is diagnosed,
ABCA4-associated pathology presents in a wide range of phenotypes from mild Fundus
Flavimaculatus to CRD and even RP-like phenotypes. The latter two phenotypes are
caused by tens of other distinct genes.
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Given the substantially overlapping phenotypes and several treatment options
currently in late stages of preclinical development or in clinical trials, the correct and
comprehensive molecular diagnosis of ABCA4-associated diseases is crucial. The NGS
technology offers a reliable time- and cost-efficient platform to analyze large and
variable genes in large cohorts. Expanding knowledge on the ABCA4 gene variation in
large patient cohorts allows, together with detailed clinical analysis, improved
genotype-phenotype correlations facilitating more accurate disease prognosis and
advancing the overall understanding of the ABCA4 disease etiology.

2.4.1 Leiden Open Variant Database (LOVD)

In an effort to register all described ABCA4 variants into one database, information of all
ABCA4 variants published before 2016 that were associated with STGD1, arCRD and arRP
was gathered with the description of the phenotype, including age, phenotype of onset,
segregation information, and uploaded onto the Leiden Open source Variant Database
(LOVD; https://databases.lovd.nl/shared/genes/ABCA4). The pathogenicity of all variants
was assessed as follows: 1) based on their predicted functional effect for
stop-gain and frameshift variants; 2) based on in silico predictions for synonymous and
non-synonymous variants, and canonical and non-canonical splice variants; 3) based on
variant frequency comparison in the collected ABCA4 disease patient dataset versus
non-Finnish European general population (The Exome Aggregation Consortium; ExAC).
In addition, variants were analyzed based on their homozygous occurrence combined
with age of disease onset, their presence in patients with early onset, and their
occurrence with a more frequent mild variant. Based on this information and the
American College of Medical Genetics and Genomics (ACMG) guidelines, all variants in
the ABCA4-LOVD database were classified according to their pathogenicity as either (1)
pathogenic, (2) likely pathogenic, (3) uncertain significance, (4) likely benign or (5)
benign.1!

In total, 5,962 ABCA4 alleles were reported in 3,928 patients, collected from 148
papers. Of the 913 different reported ABCA4 variants, the majority comprised missense
variants (51.6%), followed by protein-truncating variants (34.4%). 316 variants were
found to be significantly enriched in the patient cohort. Five variants -
p.[G863A,G863del], p.G1961E, p.A1038V, c.5714+5G>A, and p.R2030Q were determined
to have a mild pathogenic effect in most cases based on their low or absent homozygous
occurrence, while having a relatively high allele frequency in patients.

Whereas ABCA4 LOVD combines all published ABCA4 variants in STGD1 patients, there
are several caveats to the database that should not be ignored. Both, the diagnostic
methods and variant screening technologies have improved tremendously over time, so
patients have been diagnosed using different criteria, and screened for variants using
different technologies, causing bias in the data. Variants considered benign and/or in
linkage disequilibrium with the pathogenic variant are often not reported, and
conversely, several reported pathogenic variants from analyzing small patient cohorts
were classified as benign in the analysis of the larger collective data. Sharing patient
genetic variation data will increase statistical power and would allow classifying of
additional pathogenic and benign variants. Recently, scientific journals are requiring the
uploading of disease-associated variants in publicly available databases.

Currently, mostly STGD1 patients of European origin have been analyzed, and often
the ethnicity of patients is not described in publications. Collecting accurate data of
patients of all ethnicities will give a better understanding of the ABCA4 disease
worldwide.
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2.4.2 Databases for genetic variation in general populations

In addition to enabling sequencing of large patient cohorts, another major outcome of
NGS technologies is the creation of large sets of detailed human genetic variation
data in different populations for free use for biomedical community as reference in
disease-specific and population genetic studies.

The Exome Variant Server (EVS, http://evs.gs.washington.edu/EVS/), including whole-
exome data of 2203 African American and 4300 European American unrelated
individuals, totaling 6503 samples, became available in 2011. Sequencing data of 1092
genomes of various ethnic groups was released in 2012, as a result of the 1000 Genomes
Project.’'? The Exome Aggregation Consortium (ExAC) presented exome sequencing data
of 60,706 unrelated individuals sequenced as part of various disease-specific and
population genetic studies, in 2014.1'2 The most comprehensive database, the Genome
Aggregation Database (gnomAD; https://gnomad.broadinstitute.org/), currently
includes 125,748 exome sequences and 15,708 whole-genome sequences from
unrelated individuals.

However, general population databases can contain late-onset STGD1 patients, who
were included as healthy controls before presenting with symptoms.

2.4.3 Genetic and clinical analysis of ABCA4-associated disease in African American
patients (Publication I)
The many different disease-associated variants in the ABCA4 gene in Stargardt disease
(STGD1) are often specific to racial and ethnic groups. The ¢.2588G>C
(p.[G863A,G863del]) variant was described as the founder mutation in Northern
European patients,®’ the c.[1622T>C; 3113C>T] (p.[L541P; A1038V]) complex allele in
patients of mostly German origin,® #* the ¢.3386G>T (p.R1129L) variant as the most
prevalent STGD1 mutation in Spain,®” the c.2894A>G (p.N965S) variant in the Danish
STGD1 cohort*, and the ¢.5318C>T (p.A1773V) variant in Mexico. 1

Proper genetic diagnosis and interpretation of ABCA4 alleles in ethnic and racial
groups relies on comprehensive knowledge of disease-associated variants in those
groups. We investigated ABCA4 variation and phenotypic expression in a cohort of 44
STGD1 patients of African American descent, a previously under-characterized racial
group, where only a small case series had been described.!®

Patients diagnosed with STGD1 were classified into one of the four disease progress

stages as described previously,> and screened for mutations in ABCA4 by NGS, using
lllumina TruSeq Custom Amplicon protocol on MiSeq sequencing platform (lllumina, San
Diego, CA), and by custom array comparative genome hybridization (aCGH) for large indels.

The possible effect of all identified ABCA4 variants was assessed using following
in silico prediction programs: SIFT,*> Polyphen-2,°¢ Align-GVGD,*” MutationTaster,*®
SpliceSiteFinder-like,® MaxEntScan,'® NNSPLICE,'* GeneSplicer,°? and Human Splicing
Finder,'%® accessed via Alamut software (http://www.interactive-biosoftware.com).
Segregation of the new variants with the disease was analyzed in families if family
members were available (Publication I, Table 1). The allele frequencies of all variants
were compared to the Exome Variant Server (EVS) dataset of African American and
European American general populations.

Analysis of the African American STGD1 cohort

Genetic analysis with a combination of ABCA4 array screening and/or direct sequencing
identified both ABCA4 disease-causing alleles in 27/44 (61.4%) of African American
patients, one disease-causing allele in 11 (25%) patients, and no ABCA4 mutations were
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found in 6 (13.6%) patients. Altogether, 65 (73.9%) disease-causing ABCA4 alleles were
identified in the cohort of 44 patients of African American origin presenting with clinically
diagnosed ABCA4-associated disease. These data correlate well with the comparative
numbers/fractions of patients of mostly European descent. In a cohort of 496 patients
presenting with likely ABCA4-associated diseases of mostly European origin, we
identified 698 ABCA4 mutations (70.4%); while in the cohort of 244 patients of definitely
European origin this fraction was 352 (72.1%).

We identified 47 different ABCA4 variants in the 44 patients (Publication I, Tables 1-3).
Eight variants were deemed benign based on similar allele frequencies between patients
and the general population of African American descent, and/or by predictive programs.
These included frequent variants c.3602T>G (p.L1201R), ¢.3899G>A (p.R1300Q),
¢.1927G>A (p.V643M) and c.4925C>A (p.S1642l). Several known frequent missense or
silent variants, previously defined as benign, were not included in the analysis. While the
allele frequencies of some of these variants are very different between the general
populations of European and African descent, these are not different between the
affected and unaffected individuals in each ethnic group. Seven ABCA4 variants were
identified in 2 or more patients, 32 ABCA4 variants were each detected only once
(Publication I, Tables 1 and 3). No large indels in the ABCA4 locus were identified in any
patient.

The most frequent ABCA4 allele in African American STGD1 patients was c.6320G>A
(p.R2107H), accounting for 19.3% of all disease-associated alleles in this cohort.
For comparison, the most frequent ABCA4 mutation in patients of European ancestry,
p.G1961E, has an average allele frequency of ~11%.1® The frequency of the p.R2107H
variant in the general population of African Americans is 2% (Publication I, Table 3),
higher than the suggested and observed frequency for highly penetrant disease-
associated alleles in general. It means that 1 in 2500 African Americans are homozygous
for the p.R2107H variant, implicating a much higher than the suggested STGD1
prevalence (1:10,000). This has not been recorded, indicating that the p.R2107H variant
is not fully penetrant, although the fraction of late-onset STGD1 might be
under-estimated. p.R2107H was called ‘disease-causing’ by all predictive programs
(Publication I, Table 2), and reduced protein expression for this variant has been
demonstrated in vitro.%

The patient homozygous for the p.R2107H variant displayed very mild disease
phenotype, with the onset of subtle visual symptoms at the age of 60. Fundus
examination showed a bull's eye-appearing macular lesion, relative sparing of
photoreceptors in the fovea, with a notable absence of fundus flecks, representing
disease progression stage |. Best corrected Snellen visual acuity was 20/20°3.

Fifteen patients were heterozygous for the p.R2107H allele; in four patients this was
the only ABCA4 allele identified, 11 patients were compound heterozygotes with another
disease-associated ABCA4 variant. Patients with clearly deleterious splicing mutations on
the other chromosome (c.3523-1G>A, c.768G>T, c.4540-2A>G) demonstrated an earlier
disease onset (1-3™ decade) and rapid progression, while compound heterozygotes
with other missense variants showed later disease onset and slower progression. Based
on the relatively high allele frequency for the p.R2107H variant in the general population
(minor allele frequency (MAF)=0.02), any of the four monoallelic p.R2107H patients
might represent carriers by chance, with mutations in another gene responsible for the
STGD1-like phenotype, although all of them reported the onset of visual symptoms in
their 50-s or later, agreeing with the mild disease phenotype associated with p.R2107H.
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It is also possible that modifying variants or combinations of those in ABCA4 or other
genes might play a role in the p.R2107H-associated disease phenotype.

Comparison with patients of European descent

Of the six most frequent disease-associated variants (p.R2107H, p.V989A, p.G991R,
¢.5461-10T>C, p.R2040Q, and p.P309R) in African American STGD1 cohort, only the
intronic ¢.5461-10T>C variant was identified at approximately similar frequency in
patients of European descent, representing 3.41% and 4.71% of possible disease alleles,
respectively (Publication |, Table 3). The p.R2107H, p.V989A, and p.G991R variants were
identified in a few cases (5, 1 and 2, respectively) in 244 Caucasian patients, and except
for p.R2107H (MAF=0.0001), were not detected in European American general
population. Their identification in Caucasian patients most likely suggests admixture
between ethnic groups. Conversely, one of the most frequent mutations in Caucasian
patients, c.4138C>T (p.P1380L), while absent in the African American general population
(Publication I, Table 3), was identified in one African American patient. All other most
prevalent disease-associated ABCA4 variants in the STGD1 cohort of European descent,
including p.[L541P;A1038V], p.[G863A,G863del], c.5714+5G>A, were not identified in
any of the African American STGD1 patients.

The difference of ABCA4 mutation spectrum between the two ethnic groups reflected
in the clinical presentation of the STGD1 disease, with African American patients
reporting later onset of symptoms and generally ‘milder’ disease expression. ~30% of
African American patients reported the disease onset in the 5™ decade or later,
compared to only 12% (p=0.03) from the Caucasian patient cohort.

This study revealed significantly different genetic causality of the same disease
between the two compared racial groups. While differences in racial and ethnic groups
have been described, these data emphasize the necessity of very careful evaluation of all
STGD1 patients depending on their ethnic background. Patient cohorts of mixed
ethnicities lead to inaccurate variant frequency calculations and possible
misinterpretation of variants.

2.5 Analysis of the ABCA4 genomic locus in Stargardt disease
(Publication I1)

Complete sequencing of the ABCA4 coding and adjacent intronic sequences in STGD1
patients routinely discovers ~80% of possible disease alleles, two expected
disease-associated variants are identified in 60-70% patients, one mutation in ~15-20%
of patients, and in the remaining ~15% of patients no disease causing variants are
identified. In most STGD1 cases with one ABCA4 disease-associated allele identified, the
second allele is expected to reside in the ABCA4 locus. It can present as a copy number
variant (CNV, large deletion or insertion of one exon or more), a synonymous variant in
the coding region, or a (deep) intronic variant, which may affect splicing or regulatory
sequences like promoter or enhancers.!'” This study was designed to find the missing
disease-causing ABCA4 variation by a combination of next-generation sequencing (NGS),
comparative genome hybridization array (aCGH) screening, familial segregation and
in silico analyses, and it represents the first analysis of the entire ABCA4 genomic locus
in a large STGD1 patient cohort.
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2.5.1 Next-generation sequencing of the ABCA4 genomic locus

A total of 255 STGD1 patients, with one or no ABCA4 disease-associated variants
identified in ABCA4 coding sequences were recruited and clinically examined during a
10-year period in different centers in the United States, Italy, Spain, and Denmark.
Control cohorts included samples from centers in the United States, Spain, and Denmark.

48 patients were sequenced using RainDance microdroplet-PCR target enrichment
(RainDance Technologies, Billerica, MA) with subsequent sequencing on Roche 454
platform (454 Life Sciences, Branford, CT). The target included the genomic region
chr1:94,453,727-94,595,732 (GRCh37/hg19), covering the ABCA4 genomic locus, ~9kb of
5" UTR and ~4.6kb of 3’"UTR sequences. The design covered 100% of the targeted area via
473 amplicons of 350-500bp.

The rest of cases were analyzed by the lllumina Truseq Custom Amplicon target
enrichment strategy and sequencing (lllumina, San Diego, CA). The Illumina design
targeted the genomic region chr1:94,456,700-94,591,600, including the ABCA4 locus,
~4.9kb of 5’UTR, and ~1.7kb of 3’UTR sequences. The region was divided into 9 targets,
with seven 500bp and one 1100bp gap introduced into the repeating elements.
The cumulative target via lllumina design involved 130,319bp, covered by 94% with 421
amplicons of ~425bp. The next-generation sequencing reads were analyzed against the
reference genome GRCh37/hgl9, using the variant discovery software NextGENe
(SoftGenetics, State College, PA). On average, about 200 variants were called per
individual patient.

All variants and their allele frequencies were compared to the 1000
Genomes database,’> and to the Exome Sequencing Project dataset
(http://snp.gs.washington.edu/EVS/; accessed November 2013). New variants that were
not recorded in these databases were further analyzed by a combination of predictive
in silico methods, statistical analyses, segregation with the disease in the families and
screening of large patient and control cohorts for population frequencies. Evolutionary
conservation of the wvariants was noted via UCSC Genome Browser
(http://genome.ucsc.edu). The Combined Annotation Dependent Depletion (CADD)
algorithm (http://cadd.gs.washington.edu/score)!*® was used to estimate combined
predicted general deleteriousness of every variant.

2.5.2 Discovery of new disease-associated variants in ABCA4 non-coding sequences

Sequencing of the entire ABCA4 genomic locus, at an average depth of coverage of 100X,
in 130 patients with ABCA4-associated disease harboring one previously known ABCA4
disease-associated allele, and 6 patients with no known ABCA4 mutations, resulted in
detecting 1745 different variants. After excluding 83 previously known disease-associated
or benign variants from coding regions, 695 variants with no statistically significant
differences in allele frequencies between the general population and the patient cohort
(unless on the same haplotype with the most frequent known ABCA4 coding mutation,
p.G1961E), 526 incorrectly called homopolymer indels, and 300 false-positive single
nucleotide variants, 141 new intronic ABCA4 variants remained in 114 patients.
In 22 patients, the second pathogenic ABCA4 allele was also identified in the coding
sequences, due to re-evaluation (in 6/22 cases) of several variants from benign to
disease-causing (e.g., p.G991R and p.A1773V), and false-negative results (in 16/22 cases)
in the sequencing of the ABCA4 coding regions. A relatively high A>C/C>A/T>G/G>T
false-positive calling rate was experienced with Illumina sequencing. More stringent
criteria for variant calling would deliver ‘cleaner’ results, however, with the risk of
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filtering out some real variants. The analysis of all following discussed ABCA4 intronic
variants is presented in Publication Il, Table 1.

The most frequent new deep-intronic candidate variant c.[4539+2064C>T;5461-
1389C>A] was identified as a complex allele in 4 patients of Spanish or Italian descent.
The complex allele segregated with the disease in all three STGD1 families from Spain,
and was not identified in 100 matched Spanish control samples. Neither of these variants
was predicted to have any effect on splicing, whether on existing cryptic splice sites or
on creating new site. Since the site of ¢.5461-1389C>A is evolutionarily less conserved,
and the c.4539+2064C>T variant is adjacent to the previously reported ¢.4539+2028C>T
and c.4539+2001G>A variants'!’ from a conserved area, the c.4539+2064C>T variant was
called as disease-associated. Later, functional splice assays via midigene analysis of
¢.4539+2064C>T revealed partial missplicing with several aberrant transcripts containing
a previously reported pseudoexon %120

€.5196+1056A>G and c.6006-609T>A, were detected in 3/114 patients each and were
absent in 368 matched control samples. The ¢.5196+1056A>G variant segregated with
the disease in two families, is predicted to strengthen a cryptic splice donor (Publication
Il, Supplement Figure 1, A), and was identified, in addition, in 1/119 patients from our
replication cohort of STGD1 patients with one known ABCA4 mutation. Splicing analysis
from the patient’s cultured keratinocytes revealed inclusion of a 177-bp segment into
the ABCA4 transcript.!” All 5 STGD1 patients harboring the ¢.5196+1056A>G variant in
our cohort, are compound heterozygotes with a missense, and not a deleterious variant,
two patients carry the mild p.G1961E variant on the opposite allele. This aggregate
evidence suggests that the c.5196+1056A>G variant is a rare, rather severe, deep intronic
disease-associated allele.®

The ¢.6006-609T>A variant was additionally identified in 6/119 STGD1 samples with
one known ABCA4 mutation in the replication cohort. Two of these samples originated
from Denmark, and screening of Danish control samples identified the variant in 2/182
controls. While the frequency of c.6006-609T>A is 10X elevated in STGD1 patients as
compared to all controls (1.9% vs. 0.18%), and 3.5X when compared to Danish controls
(0.55%), the variant is not predicted to affect splicing, so there was not enough evidence
for disease association at that time. Further studies identified the c.6006-609T>A variant
on the same chromosome with the previously reported candidate variant c.4253+43G>A,
12,121 discussed in more detail in chapter 2.6 Frequent hypomorphic ABCA4 variants and
late-onset disease.

The previously reported ¢.4539+2001G>A and c.4539+2028C>T variants were both
found in 2/114 samples in our primary cohort. The ¢c.4539+2028C>T change was also
detected in 2/119 patients of the replication cohort, and comprised altogether 0.86% of
ABCA4 alleles in 233 unsolved STGD1 patients, a frequency significantly lower than the
reported 4.6%.1Y7 Analysis of ABCA4 mono-allelic patients from Belgium identified the
€.4539+2001G>A variant in 18/70 (26%) patients, as the most prevalent variant in the
Belgian cohort.'?? ¢.4539+2001G>A and ¢.4539+2028C>T variants are not predicted to
have an effect on splicing and no aberrantly spliced products were detected in the
patients’ fibroblasts. However, RNA analysis from patient-derived photoreceptor
precursor cells (PPC) revealed fractions of ~25% and ~15% aberrantly spliced transcripts
for c.4539+2001G>A and ¢.4539+2028C>T variants, respectively, resulting in a retina-
specific inclusion of a 345bp pseudoexon.'?® ¢.4539+2001G>A is the first described
recurrent disease-associated deep intronic founder variant in ABCA4. Depending on the
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ABCA4 mutation in trans, ¢.4539+2001G>A was associated with moderate-to-severe
impact on the STGD1 phenotype.!??

Three variants, ¢.570+1798A>G, c.2161-8G>A, and c.859-9T>C were each detected in
2/114 different patients in our primary ABCA4 locus screening cohort, while absent in
368 control samples and also in 119 additional STGD1 samples from the replication
cohort. According to predictions, the c.570+1798A>G variant creates a very strong new
donor site (Publication Il, Supplement Figure 1, B), the ¢.2161-8G>A variant reduces the
existing acceptor by 50%, and the ¢.859-9T>C variant by 14% (Publication I, Supplement
Figure 1, C, D). The c.2161-8G>A and ¢.859-9T>C variants are adjacent to ABCA4 coding
sequences, yet neither of these variants was detected in the Exome Sequencing Project,
containing 4300 individuals of European American descent and 2203 individuals of
African American descent. Because of strong predicted splicing effect, and absence in
control cohort (and in general population in case of c.2161-8G>A), c.570+1798A>G and
€.2161-8G>A were considered strong candidates for ABCA4 disease-associated variants.

Due to the relatively small predicted splicing defect, ¢.859-9T>C was not considered a
strong candidate variant at first. c.859-9T>C was additionally identified homozygously in
two STGD1 patients with no other disease-associated ABCA4 candidate variants, and
heterozygously in 3 more STGD1 patients with one known ABCA4 mutation. Segregation
analysis was possible in one family, confirming that c.859-9T>C was not on the same
chromosome with the proband’s other mutation, c.5917del (Publication Il, Figure 1, E).
Review of the ethnic origin of all these patients revealed Asian Indian descent originating
from Pakistan, India, or Bangladesh. Following study including 38 STGD1 patients of
South Asian origin, identified c.859-9T>C in 9.2% of all possible ABCA4 alleles in this
ethnic STGD1 patient cohort. The minor allele frequency of ¢.859-9T>C in South Asian
general population is 0.07%, according to the gnomAD database.! These data suggest,
that c.859-9T>C is a frequent disease-associated ABCA4 allele in STGD1 patients of South
Asian origin. Although ¢.859-9T>C was classified as a mild variant, after midigene in vitro
splicing assay determined aberrant splicing in ~24% of transcripts,® it is associated with
an early, elevated accumulation of lipofuscin disease phenotype, compared to other
ABCA4 genotypes.'*

Seventeen more new variants were each detected in 2/114 patients from the locus
screening cohort. Eight of these variants were found allelic with the previously known
ABCA4 exon variants p.V931M, p.R212C, or p.[L541P;A1038V], and were eliminated from
the pool of possible mutation candidates. Other variants were either in the same patients
who carried a stronger intronic mutation candidate, not conserved in non-human
primates, or were found with similar frequency in controls. None of them were predicted
to affect splicing.

The remaining 117 new ABCA4 intronic variants were only detected once each in 62
different patients with one previously known ABCA4 mutation. Twelve of these variants
were predicted to have an effect on splicing. The ¢.5836-3C>A and c.2654-8T>G variants
are predicted to reduce the adjacent canonical splice acceptors on average by 25% and
35%, respectively (Publication I, Supplement Figure 1; E, F). Neither of these two variants
was detected by Exome Sequencing Project (ESP), nor in our entire STGD1 patient cohort
(780 patients) where all ABCA4 coding regions and adjacent splice sites have been
sequenced. ¢.5836-3C>A variant revealed a strong splicing defect in midigene in vitro
splicing assay, with no correctly spliced transcript detected.®

The variants ¢.67-2023T>G, ¢.1938-619A>G, c¢.3050+370C>T, ¢.4352+61G>A, and
€.2919-826T>A, are all predicted to strengthen the existing cryptic splice donors
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(Publication II, Supplement Figure 1; G, H). None of these variants were found in 368
control samples, nor in the replication cohort of 119 additional STGD1 patients with one
ABCA4 disease-associated allele. The c.1938-619A>G variant segregated with the disease
in one family (Publication Il, Figure 1, F). The c.67-2023T>G and ¢.2919-826T>A variants
are not conserved in non-human primates and were therefore, not considered strong
candidates for disease-association in humans. At the same time, these two patients do
not harbor any other possible ABCA4 candidate variants. ¢.1938-619A>G,
¢.3050+370C>T, c.4352+61G>A, and c.2919-826T>A confirmed the predicted splicing
defects to variable extents in in vitro splicing assay (Dr. F. Cremers, personal
communication), and are considered as strong candidates for ABCA4 disease-associated
variants. The variants ¢.2160+584A>G and ¢.4539+1729G>T are predicted to create new
strong splice donors (Publication Il, Supplement Figure 1; |, J). The variants were absent
in 368 control samples and in the replication cohort of 119 STGD1 patients. Since these
positions are highly conserved among species we suggest that the ¢.2160+584A>G and
€.4539+1729G>T variants are strong candidates for intronic ABCA4 mutations.

The variants ¢.5196+1137G>A, ¢.6148-471C>T and ¢.6730-541T>C have a predicted
effect of strengthening the existing cryptic splice acceptors (Publication II, Supplement
Figure 1; K-M), and were each detected in 1/114 patient in the primary locus screening
cohort. The ¢.6148-471C>T and ¢c.6730-541T>C variants were not detected in 368 control
samples, nor in 119 additional STGD1 samples. The c.6730-541T>C variant was identified
on the same chromosome with the probands other known ABCA4 mutation, and was
therefore excluded from possible candidates list.

The recently reported ¢.5196+1137G>A variant (5.3% of possible ABCA4 alleles in
unexplained STGD1 patients) ''7 was additionally found in 9/119 STGD1 samples with one
previously known ABCA4 variant. Three of these patients were from Denmark, three
were of African American origin, and three of unknown ethnicity. Screening matched
control cohorts revealed no carriers for this allele in 180 Danish control samples, but it
was detected in 8/200 (MAF=2%) general population controls of African American
descent, strongly suggesting non-pathogenicity. Comparing the sequence in this region
in other species revealed the human variant nucleotide A as the reference sequence
nucleotide in Macaca mulatta. Sequencing identified the G/A variance in ¢.5196+1137 in
M. mulatta samples as well, only in reverse, the human major allele ¢.5196+1137G is the
minor allele in M.mulatta (MAF=0.24, in 84 samples), and the suggested human mutant
allele A is the major allele in macaques. The c.5196+1137G>A variant caused inclusion of
pseudoexons in partially aberrant splicing in patient’s cultured keratinocytes,'!” however
RNA analysis from macaque retina homozygous for the A allele at the position
€.5196+1137 clearly showed no splicing defect (Publication Il, Figure 2). Splicing may be
affected by the local sequence context, and be less conserved, but the 200bp DNA
sequence around ¢.5196+1137 in humans and macaques is 96% identical. PCR RFLP was
used for genotyping the c.5196+1137G>A in controls and additional samples, and the
high number of identified cases compared to the initial sequencing cohort with only one
¢.5196+1137G>A identification prompted us to sequence the c.5196+1137G>A samples
identified with PCR RFLP. Sequencing revealed another variant ¢.5196+1136C>A,
MAF=0.04 in African general populations, in all 8/200 African American controls and the
three African American STGD1 patients, instead of ¢.5196+1137G>A. PCR RFLP was not
distinguishing between those two adjacent variants. ¢.5196+1137G>A was found allelic
with another deep intronic variant c.1555-2745A>G in 5/7 cases. c.1555-2745A>G is not
predicted to effect any cryptic splice sites or create new sites. In conclusion,
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¢.5196+1137G>A was not identified in general population samples, but testing its effect
on RNA splicing in patient-derived PPCs should clarify its disease-association.

2.5.3 Analysis of regulatory sequences

To assess the regulatory potential of the new ABCA4 intronic variants we compared their
chromosome coordinates against the predicted regulatory regions from two ENCODE
datasets: 1) Combined DNasel hypersensitivity clusters from 125 cell types and
2) ChlP-seq clustered regions for 161 transcription factors in 91 cell types. Since
regulatory regions, in particular promoters, tend to be DNase sensitive, variants that fall
within such regions may affect regulatory potential. Also, variants that are located in
transcription factor binding sites may potentially have an effect on protein binding.
Unfortunately these datasets did not contain eye-specific cell types or transcription
factors. The defined regions were assigned normalized scores in the range of 0-1000,
with higher scores indicating stronger signal strength. Twenty four of the 141 new ABCA4
intronic variants are located in regions with both DNasel hypersensitivity and
transcription factor binding scores of various strength (Publication Il, Supplementary
Table 1). Family members were available for segregation analyses in three cases. Variants
¢.570+1499C>A and c.67-3166C>T were on the same chromosome with the probands’
other mutation, while ¢.571-1707C>T and ¢.5018+289T>C were both detected in one
patient and on the different chromosome than this patient’s other mutation, suggesting
possible pathogenicity. Twenty one variants fall within regions with only DNasel
hypersensitivity score, and 12 variants within regions of transcription factor binding
consensus sequences.

The new ABCA4 intronic variants were also subjected to the Combined Annotation
Dependent Depletion (CADD) algorithm (https://cadd.gs.washington.edu/snv)!é.
The CADD algorithm combines a diverse array of annotations, including conservation
metrics, functional genomic data like DNase hypersensitivity and transcription factor
binding, distance to exon-intron boundaries, expression levels in commonly studied cell
lines, and protein-level scores like Grantham, SIFT, and PolyPhen into one metric
(C-score) for each variant, ranking a variant relative to all possible substitutions of the
human genome. A C-score of greater than 10 indicates that the variant is among the top
10% of most deleterious substitutions in the human genome. C-scores for the new ABCA4
intronic variants range from 0.004 to 15.14 (Publication Il, Supplementary Table 1),
with nine variants resulting in a C-score greater than 10. Four of those variants were
already classified as possibly disease-associated due to their strong predicted effect on
splicing (Publication Il, Table 1). The other five variants with higher C-scores included
€.4539+1971T>C, ¢.67-3779T>G, ¢.303-906A>G, ¢.859-41T>C, and ¢.1357-221T>A.

In summary, we found a very strong or a probable intronic mutation candidate in
27/114 (23.7%) patients with one existing definite ABCA4 mutation (Publication II, Table 1).
No immediately plausible candidates for intronic mutations were found in 36/114
(31.6%) patients. The remaining 51 (44.7%) patients possessed one or more new intronic
variants that were only detected once, had no effect on splicing according to prediction
programs and, therefore, are very difficult to confirm or refute as disease-associated
alleles with the available methods and the impossibility to analyze patient RNA. However,
it is highly likely that a fraction of these are associated with STGD1.
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2.5.4 Analysis of the copy number variants

Some disease-associated ABCA4 alleles can present as large deletions or insertions of
exons and chromosomal segments, i. e. copy number variants (CNV), that evade
detection in PCR-based methods. We performed whole genome sequencing (WGS,
Macrogen Inc, Rockville, MD) in 16 unexplained STGD1 patient samples and 166 STGD1
patient samples were analyzed with custom Comparative Genome Hybridization arrays
(aCGH), to identify possible CNVs. A DNA sample with a previously reported 1030 bp
heterozygous deletion of exon 18 in ABCA4, was used as positive control in aCGH
analysis.'*! Experimental procedures of aCGH were performed as described previously
with minor modifications.'?3 Custom aCGH arrays (Agilent Technologies, Santa Clara, CA),
were designed with ultra high-density probes in ABCA4 locus and eight other known
genes causing macular disease (ELOVL4, PRPH2, BEST1, RS1, CNGB3), and major AMD-
associated loci (CFH, ARMS2, C2/CFB), throughout the entire genomic length of the genes
plus the 5" promoter regions and 3’ downstream region. The details of the array design
are described in the Publication I, Supplementary Table 2. Agilent Genomic Workbench
version 7.0 software was used for data analysis, and PCR validations were performed for
the plausible true-positive CNVs.

Four large deletions were discovered in the analysis of 182 samples, representing 1%
of all possible ABCA4 alleles in those samples, and matching with previously reported
frequency assessment for CNVs in genetically unsolved STGD1 cases.''! However, a much
higher fraction of CNVs, 4.5% of all alleles, was recently reported analyzing 67 ABCA4
monoallelic STGD1 patients from Netherlands, identifying 6 structural variants.?°

We identified a ~8.4 kb deletion including exon 6, 1095 bp deletion of exon 18,
~2.3 kb deletion of exon 2, and a ~4.8 kb deletion variant, spanning exons 45-47 and
integrating a small insertion. The 1095 bp deletion of exon 18 is almost identical with the
previously reported 1030 bp deletion of exon 18 that was found in 2/308 STGD1 subjects
(0.32%), but was absent in a control group consisting of 96 individuals over age 60 with
normal eye examinations.'! The other 3 large deletions are novel.

The ~4.8 kb deletion of exons 45-47 was identified in a large unusual two-generation
family segregating two distinct macular disease phenotypes in a pseudo-dominant
inheritance pattern, caused by four distinct ABCA4 pathogenic alleles. Sequencing of the
ABCA4 coding regions discovered two known missense mutations, p.C54Y and p.G1961E,
sequencing of the ABCA4 genomic locus uncovered the disease-associated deep intronic
variant, ¢.4539+2028C>T, and CNV analysis revealed a large novel deletion combined with
a small insertion, c.6148-698_c.6670del/insTGTGCACCTCCCTAG. This family illustrates the
clinical and genetic complexity of ABCA4-associated diseases, segregating disease-
associated variants from all classes of mutations, coding region, deep intronic, and copy
number variants, combinations of which accounted for different disease phenotypes.
Examples like this highlight the need for thorough genetic analysis in ABCA4-associated
disease, including complete sequencing of the ABCA4 genomic locus, and CNV analysis.?

2.5.5 Discussion
The ABCA4 gene has been subject of intensive genetic research along with following
major challenges: 1) the size of the gene, 2) the exceptional genetic heterogeneity,
3) the impossibility of in vivo RNA analyses from patients due to gene expression
restricted to photoreceptors (and possibly RPE) only.

In the current study of non-coding genetic variation on the largest STGD1 patient
cohort analyzed to date, we were able to (almost) unequivocally assign pathogenicity to
12/141 variants in intronic sequences of ABCA4. Analysis of the pathogenicity of intronic
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ABCA4 variants, potentially affecting splicing and regulatory regions influencing the gene
expression, remains complicated. With the lack of patient RNA for direct structural and
expression studies, the analysis is limited to the comparisons of variant frequencies in
STGD1 patients and in the matched general populations, to in silico suggestions by
predictive softwares, and to segregation analyses in families. Most of the candidate
variants which occurred only once in the ABCA4 locus remain of uncertain significance,
especially those with no predicted effect in silico.

Analyses of ‘illegitimate transcripts’ from non-retinal cell cultures or ‘minigene’
strategies have been employed to assess the effect of certain variants on splicing, but
these studies have serious limitations and the results, while suggestive, cannot be
considered unequivocal.** 117 Recently proposed ’midigene’ approach proved very
effective for variants in canonical and non-canonical splice consensus sequences.®*

The challenges of assessing the variants’ effect on splicing in vitro are best exemplified
by the most frequent non-coding disease-associated variant in the ABCA4 gene,
the ¢.5461-10T>C variant in intron 38, found in ~7% of STGD1 patients of European
descent.?? The functional consequences of this variant remained unknown until recently.
The first minigene assay did not show splicing defects, although these are not predicted
by algorhitms either.*? The ¢.5461-10T>C variant was called pathogenic based on its
segregation with the severe disease phenotype in families, and the 150X higher allele
frequency in patients compared to general population (0.07 vs 0.00045). No other
possibly disease-causing variants were found on the same chromosome with the
¢.5461-10T>C variant. The functional effect of c.5461-10T>C was elucidated in ABCA4
mRNA analysis from patient-derived photoreceptor progenitor cells (PPCs), the closest
possible biologically relevant cultured cell type. Complete skipping of exon 39 or exons
39 and 40 in the mRNA, due to the c.5461-10T>C variant was shown, explaining the severe
cone—rod dystrophy phenotype in STGD1 patients homozygous for the ¢.5461-10T>C
variant.%

Other intronic rare variants near canonical splice sites should be regarded as strong
candidate variants for pathogenicity as well, even without strong in silico effect
prediction, until there is more evidence to refute or confirm their disease-association.

Assessment of the variants’ effect on splicing addresses just one possible mechanism
for pathogenicity in non-coding sequences. A subset of non-coding variants may
contribute to the pathogenesis of ABCA4 disease by disrupting gene regulatory elements,
like proximal promoters or more distal enhancers, and splicing enhancers. Variants in
regulatory regions have been shown to contribute to visual impairment in humans as
well as to other human diseases,'?* 12> but have not yet identified for ABCA4 gene, since
enhancer elements around the ABCA4 gene locus had not been characterized. Recently,
promoter and candidate enhancer regions surrounding and within the introns of the
ABCA4 locus were identified by analysis of chromatin accessibility, as determined by
assay for transposase-accessible chromatin (ATAC-Seq) and dimethylation of histone
protein H3 at lysine 4 (H3K4me2) and acetylation of H3 at lysine 27 (H3K27ac),
determined by chromatin immunoprecipitation and high throughput sequencing
(ChIP-Seq)(unpublished data: Cherry et al., doi: https://doi.org/10.1101/412361).
These features correlate with the ability of the underlying DNA sequences to activate
reporter expression in ex vivo reporter assays in the intact mouse retina suggesting that
they are indeed active regulatory elements in a biologically relevant tissue.'?® Some of
those promoter and enhancer regions were already included in the ABCA4 locus
sequencing design where we identified ~10 non-coding candidate variants. Sequencing

45



of all the candidate enhancers and the promoter in unexplained STGD1 patients will
determine more prospective regulatory variants to be tested in established ex vivo
luciferase reporter assays'?’ and identify regulatory variants contributing to
ABCA4-associated retinal disease.

Similar to the coding sequences, there is extensive genetic variability in the non-
coding sequences of the ABCA4 locus. The non-coding sequences do not harbor frequent
disease-associated variants in STGD1 patients of European-American descent. Except for
the deep intronic founder mutation in Belgian STGD1 cohort, all definitely or likely
pathogenic variants are individually rare in the populations of European descent.1% 120,121

Functional analysis of ABCA4 deep intronic variants remains a laborious endeavor
either through midigenes or patient iPSC-derived photoreceptor progenitor cells.!®
The initial analysis to select the strongest candidate pathogenic variants can be
performed in large, familial cohorts of STGD1 patients by a combination of computational
approaches including the assessment of variant frequencies in STGD1 patients and in the
matched general populations, suggestions by predictive software programs, segregation
analyses in families and by integrating clinical and genetic analysis. As demonstrated in
this study, we have been able to assign pathogenicity using the above criteria, to several
rare deep intronic variants, that were confirmed as pathogenic by demonstrating
aberrant splicing in subsequent in vitro cell culture analyses.

2.6 Frequent hypomorphic ABCA4 variants and late-onset disease
(Publication I11)

Despite significant improvement in sequencing technologies and in understanding of
genetic variation in the ABCA4 locus, genetic causality still remains unclear in ~30% of all
STGD1 cases. Recent efforts have been directed towards two goals - to find the missing
ABCA4 disease-causing alleles in non-coding sequences, and to determine the causal
genes in patients with STGD1 diagnosis but no ABCA4 alleles identified. Substantial
progress has occurred regarding both objectives; several deep intronic ABCA4 variants
have been proven to affect splicing'°?! and preliminary data indicate that such is also
true of rare variants affecting ABCA4 expression. We have also shown that large CNVs,
which elude detection by sequencing, are very rare in the ABCA4 locus and account for
only a small fraction of ‘missing’ alleles. Whole exome sequencing (WES) in STGD1
patients with no ABCA4 mutations has uncovered causal genes in “60% of cases of those
STGD1 phenocopies, including known retinal disease genes (CRB1, CRX, PROM1, ROM1,
etc)'?®130 and new genes (RAB28, RDH11).13% 132 However, despite all these advances, the
second causative mutation in most patients with 1 ABCA4 allele remained unidentified
following complete ABCA4 locus sequencing.’®® This study demonstrates that some
known, frequent ABCA4 variants, considered benign due to the high minor allele
frequency (MAF) in the general population, are in fact hypomorphic alleles, causing
disease expression under certain conditions.

The study cohort consisted of 643 STGD1 patients of (mostly Eastern) European
descent. Of these, 2 ABCA4 mutations were identified in 437 cases (68%), 1 mutation in
117 cases (18%) and 0 mutations in 89 cases (14%) (Publication Ill, Supplemental Table 1),
leaving ~23% of disease-associated alleles in 32% of patients yet to be identified. Almost
all patients with no ABCA4 mutations and ~50% of patients with 1 mutation were
screened by WES to determine if variants in other genes were causal in these cases.

46



All cases, where disease-associated variants in other genes were detected, were
excluded from this cohort.

2.6.1 p.N1868I variant

The ABCA4 gene harbors many common missense variants with MAFs >5% in the general
population. The allele frequency of the c.5603A>T (p.N1868l) variant is ~6.6% in
European, 2% in Latino and South Asian, and 1% in African general populations
(gnomAD). p.N1868I variant was identified in patients with ABCA4 disease three to four
times more frequently than expected (~20% vs 6.6%), an observation which had been
also previously reported.®”- 34 This variant was determined to be on the same allele with
several more frequent ABCA4 disease-causing variants, notably ¢.5461-10T>C
(p.[Thr1821Valfs*13,Thr1821Aspfs*6]) and c.2588G>C (p.[G863A,G863del]) (Publication
I, Table 1 and Supplemental Table 1). Therefore, it was assumed that the more frequent
occurrence of p.N1868I in patients with ABCA4 disease is due to linkage disequilibrium
with other truly pathogenic alleles. However, when complex alleles with known
pathogenic mutations were excluded from these calculations, the allele frequency of
p.N1868I in patients remained significantly higher.

p.N1868I was detected in 197 alleles in 176/643 patients; homozygously in 21 cases
and heterozygously in 155. When dividing the cohort into three groups based on the
number of detected ABCA4 pathogenic alleles as described above, the frequency of the
p.N1868lI allele was 11.6% (101/874) in 2-mutation cases, 33% (77/234) in 1-mutation
cases and 10.6% (19/178) in O-mutation cases. Therefore, the allele frequency of
p.N1868I was 2X higher than in the matched general population in cases with 2 and 0
mutations and 5X higher in cases with 1 ABCA4 mutation (33% vs 6%; p<0.0001).
More frequent ABCA4 disease-causing variants that were always on the same allele
(in cis) with p.N1868I, included c.5461-10T>C (p.[Thr1821Valfs*13,Thr1821Aspfs*6]),
€.2588G>C (p.[G863A,G863del]), c.4469G>A (p.C1490Y), and c.4594G>A (p.D1532N).
Other, more rare disease-causing ABCA4 variants found allelic with p.N1868I after
determining the phase included c.319C>T (p.R107%*), c.1253T>C (p.F418S), c.2552G>A
(p.G851D), c.5114G>A (p.R1705Q), c.5318C>T (p.A1773V) and ¢c.5572T>A (p.Y1858N).

After subtracting the known complex alleles with a disease-associated variant and the
p.N1868l variant in cis, we determined that over half of the cases with 1 ABCA4 mutation
(67/117, 57.3%) carried the p.N1868l variant in trans, i.e. on the other chromosome.
(Publication Ill, Table 1). The haplotype containing the c.5603A>T (p.N1868I) allele has
been established.!® In cases where phase determination was impossible due to the
absence of family members, the haplotype was identified by subtracting the genotype of
the known allele. Further examination revealed that the mutations on the opposite allele
from the p.N1868I variant were deleterious, predominantly null mutations (Publication
lll, Table 1 and 2). The breakdown of mutations in trans with p.N1868l included: 9 stop
mutations, 7 small indels resulting in a frameshift, 12 severe splicing-altering variants and
33 missense mutations, including well-known severe variant ¢.2894A>G (p.N965S)*3¢ and
the complex allele ¢.[1622T>C;3113C>T] (p.[L541P;A1038V]).**> 43 Among others, seven
cases with arginine to tryptophan substitutions — c¢.52C>T (p.R18W), c.868C>T
(p.R290W), ¢.1804C>T (p.R602W), c.4918C>T (p.R1640W) and ¢.6229C>T (p.R2077W)
were reported.

Sequencing of the entire ABCA4 genomic locus had been performed for 93/117
monoallelic ABCA4 cases.'® In many cases with a single pathogenic ABCA4 variant,
another confirmed or highly likely pathogenic ABCA4 deep intronic variant(s) were
identified. However, none of the 61 cases with the p.N1868I allele harbored any
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definitely or very likely pathogenic deep intronic variants, suggesting that the disease
phenotype was indeed conferred by the p.N1868I variant in trans with a deleterious
ABCA4 mutation.

As a supporting evidence for the possible pathogenicity of p.N1868I, the effect of
p.N1868I variant on the ABCA4 protein is predicted as disease-causing by several
prediction algorhitms like SIFT, Align-GVGD, MutationTaster, and CADD. p.N1868I
protein variant also exhibited a small but reproducible reduction in ABCA4 ATPase
activity relative to WT in in vitro functional assays.'%*

2.6.2 p.G863A and p.N1868I

The allele frequency of another presumed ‘mild’ ¢.2588G>C (p.[G863A,G863del]) variant
is ~2% in Northern European populations.t” 13> and ~0.8% in all Europeans (ghomAD).
It was proposed that p.[G863A,G863del] is hypomorphic, and disease-causing only when
in trans with a ‘severe’ ABCA4 allele.®” In our cohort of 643 STGD1 patients (Publication
Ill, Table 2), the ABCA4 allele in trans from p.[G863A,G863del] was deleterious or very
likely deleterious in >70% of cases. However, 2 patients were homozygous for
p.[G863A,G863del] and in some cases the opposing allele was known to be mild, for
example, the missense variants c.5882G>A (p.G1961E), and c.2947A>G (p.T983A)
(Publication IIl, Supplemental Table 1).

The p.[G863A,G863del] variant is always allelic with p.N1868I in STGD1 patients,
which lead us initially to consider the latter as a benign variant on the disease-associated
p.[G863A,G863del] haplotype.’®> Analysing data from large cohorts of patients with
age-related macular degeneration (AMD) and matched controls revealed that ~90% of
cases with the p.[G863A,G863del] variant did not carry the p.N1868| variant,
corroborating the previous finding of p.[G863A,G863del] variant being allelic with
p.N1868lI variant only in ~13% of cases in populations of European ancestry.!3°

The frequency of the complex allele, p.[G863A,G863del;N1868I] is ~13% of all cases
carrying the p.[G863A,G863del] allele alone - an average allele frequency of ~1% in the
general population of European descent. If neither of these alleles would be
disease-causing, we would expect 13 cases (0.01x643x2) with the p.[G863A,G863del]
variant and 2 cases (0.01x0.13x643x2) with the complex allele
p.[G863A,G863del;N1868I] in the cohort of 643 cases. In fact, 35 cases (17X more of the
expected at random) of the complex allele (p<0.0001) and only 4 cases (3X less of the
expected at random) of the simplex allele (p<0.0001) were observed. The 2 homozygous
patients carried the p.[G863A,G863del;N1868I] complex allele. The random occurrence
for the homozygous complex allele (MAF~0.1%) is 1:1 000 000. These data support the
pathogenicity of the complex p.[G863A,G863del;N1868I] allele and not of the
p.[G863A,G863del] alone.

2.6.3 p.G1961E variant

The ¢.5882G>A (p.G1961E) variant is the most common ABCA4 disease-associated
variant in many STGD1 patient cohorts of European descent, regularly comprising
10-20% of all possible ABCA4 disease alleles.*? 71137138 The highest fraction of p.G1961E
in a study cohort was reported in analysis of STGD1 patients of South Asian descent
where p.G1961E was identified in half of the patients (in 25% of all ABCA4 alleles).'
The frequency of p.G1961E in the general population varies widely across ethnic groups,
from approximately 0.4% in populations of European origin and 1.4% in South Asians
(gnomAD), to approximately 10% in East African (e.g., Somali) populations.116 13°
Interestingly, the variant is absent in West Africa and, consequently, very rare in African
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Americans.'®> The few African American STGD1 cases carrying the p.G1961E allele are
most likely due to population admixture with individuals from other ethnic groups.
Because of the high MAF in a general population it was suggested that p.G1961E was not
pathogenic, at least not in homozygosity. Allele frequency of 10% means that 1/100
Somalis are homozygous for p.G1961E, at the same time the prevalence of STGD1,
especially for the late-onset disease, is not known in East Africa.'t®

Assessing the retinal phenotypes in patients homozygous for p.G1961E variant
revealed a range in retinal pathology, in general, with a later onset of visual symptoms
(in 39-5% decade of life) than typically seen in STGD1. The latest age of onset was
recorded at 64 vyears, in a patient initially diagnosed with age-related macular
degeneration (AMD), showing that p.G1961E homozygotes in some cases might not
express visual symptoms until later in life and that the prevalence of late-onset Stargardt
disease may be underestimated and the milder atypical disease phenotype confused
with AMD. In patients homozygous for p.G1961E but presenting with earlier disease
onset in 1%-2"4 decade, the more severe disease phenotypes were linked to additional
pathogenic variants found in ABCA4.1%6

However, it is plausible that the variable age in disease onset between patients
carrying the same ABCA4 pathogenic variants is influenced by variants, or combinations
of these, in additional modifying genes, and as a result, not all homozygous p.G1961E
results in disease phenotype. It is also possible that these ’protective’ alleles might be
more frequent in East African populations. The haplotype for p.G1961E is the same across
all populations, suggesting that the mutation occurred only once and in East Africa.

2.6.4 Genotype-phenotype correlations

ABCA4 disease invariably begins as a maculopathy with an enlarging lesion of outer
retinal atrophy and accumulation of yellowish flecks, defined as lipofuscin deposits, at
the level of the retinal pigment epithelium (RPE). Classical STGD1 patients exhibit
progressively severe fleck patterns from very few in the macula to a stage of ‘absolute
confluence’ across the posterior pole between the ages 30 and 40 years (Publication llI,
Figure 1).

Conversely, patients associated with p.G1961E or p.N1868I variants consistently
exhibit milder fleck patterns even at advanced age, low or normal range lipofuscin
accumulation and never progress to the absolute confluence stage as illustrated by
fundus autofluorescence imaging which detects lipofuscin accumulation (Publication 11,
Figure 1). Instead of numerous dark atrophy lesions and more advanced fleck stages as
in the typical STGD1, p.G1961E or p.N1868l exhibit a well-defined, unifocal lesion with
lesion-centric flecks (Publication Ill, Supplemental Figure 1).

Despite sharing a similar phenotypic trajectory with respect to fleck formation,
lipofuscin accumulation, and lesion progression, patients harboring the disease-associated
p.N1868I or p.G1961E variant also exhibit very distinct clinical characteristics compared
to each other. STGD1 is predominantly juvenile-onset as patients (including those with
p.G1961E) report visual symptoms within the first and second decades of life; however,
p.N1868I patients report a significantly delayed onset within the fourth decade of life
(mean age=36.3 years; p<0.0001) (Publication IlIl, Figure 2A). Foveal sparing phenotype,
defined as the structural and function preservation of outer retinal layers in the fovea
despite the progressing atrophy of the rest of macula, allowing for the retention of
central vision, was observed in 84.7% of p.N1868| patients as compared to approximately
in one-third of patients with other ABCA4 alleles (Publication lIl, Figure 2B). On the
contrary to foveal sparing in p.N1868I-associated disease, p.G1961E variant has been
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associated with confined macular disease characterized by rapid degeneration of foveal
cone photoreceptors, resulting in ‘optical gap’ and ‘bulls eye maculopathy’ phenotypes,
in either compound heterozygous or homozygous state, and regardless of the mutation
on the other allele.3% 116,140

As a complex allele, p.[G863A,G863del;N1868I] resulted in variable phenotypes,
depending on the variant on the opposite allele, as expected. Intermediate phenotypes
were associated with missense variants, for example, c.2947A>G (p.T983A) and
¢.1964T>G (p.F655C), while advanced cases were associated with deletions and stop
variants, for example, c.5778 5779del (p.R1927fs) and c.6088C>T (p.R2030%*). The two
patients homozygous for the complex p.[G863A,G863del;N1868I] allele presented with
later onset and milder disease and foveal sparing in one of the two cases.

2.6.5 Late-onset ABCA4 disease and AMD

There is an ongoing discussion about the prevalence and role of heterozygous ABCA4
alleles in AMD, a late-onset, common disease.*> 77788 While some studies demonstrate
statistically significantly elevated ABCA4 alleles in AMD and some do not, it has been
suggested that a fraction of AMD cases are actually misdiagnosed late-onset STGD1
patients.’® 82 |t has also been proposed that patients with late-onset ABCA4 disease
remain monoallelic after complete ABCA4 sequencing much more often than those with
early onset disease.® Phenotype data on true heterozygous carriers of ABCA4 pathogenic
variants, such as parents of STGD1 patients, are conflicting as well, with reports of no
detectable disease phenotype or increased lipofuscin accumulation, at least up to 60
years of age,3 to frequently found disease phenotypes.!#!

Before the discovery of the p.N1868I association with late-onset STGD1, our cohort
included 27.6% monoallelic vs. 7.7% biallelic late-onset (245 years of age) STGD1 cases.
However, after p.N1868I was identified as the second causal variant in ~“80% of these
monoallelic late-onset cases, a similar fraction of the late-onset phenotype (~10%) was
observed in both ABCA4 monoallelic and biallelic cases, contradicting any association of
ABCA4 monoallelic cases with late-onset STGD1 phenotype.

Genetic analysis including the p.N1868I variant as a causal hypomorph, allows
separating true ABCA4 monoallelic carriers affected with AMD, from biallelic late-onset
STGD1 disease.

2.6.6 Hypomorphic intronic ABCA4 allele

The remaining missing alleles in late-onset STGD1 patients with only one ABCA4
pathogenic allele could be other, not yet identified as disease-associated, hypomorphic
variants either from coding or non-coding sequences of the ABCA4 locus.

The intronic variant, c.4253+43G>A in intron 28 of the ABCA4 gene was identified in
the first next-generation sequencing analysis of the ABCA4 gene, statistically significantly
(p=0.0003) more often in STGD1 patients, and also two times more frequently in cases
with AMD than in matched general population controls. It was suggested as a strong
candidate for a disease-associated allele, but there was not enough evidence to make an
unequivocal call of pathogenicity.!?

Extended analysis of our STGD1 patient cohort determined that 29/1155 (2.5%) of
STGD1 patients harbor the c.4253+43G>A variant, with statistically significantly higher
frequency in patients with only one pathogenic ABCA4 allele, 23/160 (14.4%),
MAF=0.072, compared to MAF=0.013 in all STGD1 cases and MAF=0.006 in the matching
general population. It was also identified in 0.41% (3/725) of biallelic patientsand in 1.1%
(3/270) of cases with no other disease-causing ABCA4 alleles. Therefore, the c.4253+43G>A
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variant is substantially enriched in STGD1 cases, specifically in those with one known
pathogenic allele (p<1x1077; OR=12.87 95% Cl [8.37;19.79]).2° In another patient cohort,
testing of 412 genetically unexplained STGD1 cases revealed 29 (7%) cases harboring the
€.4253+43G>A variant.??! Analysis of available family members always resulted in
phasing the ¢.4253+43G>A allele in trans with the known ABCA4 mutation. Almost all
variants on the opposite allele from the c.4253+43G>A variant presented as severe,
mostly confirmed loss-of-function alleles, including several stop and frameshift variants,
¢.5461-10T>C, p.[L541P;A1038V], p.C54Y; exactly matching the criteria of pathogenicity
for the previously described frequent hypomorphic missense variant p.N1868I.%°
c.4253+43G>A was identified as the first extremely hypomorphic variant in ABCA4
noncoding sequences, causal only with a deleterious variant on the opposite allele.1®

In 70% of cases, c.4253+43G>A forms a complex allele with c.6006-609T>A, a deep
intronic variant identified in the ABCA4 genomic locus sequencing analysis.'®3
The ¢.6006-609T>A variant has only been identified as complex allele
c.[4253+43G>A;6006-609T>A] in STGD1 patients. According to the gnomAD database,
the ¢.4253+43G>A variant is 1.2-2 times more frequent than ¢.6006-609T>A in every
population except for Finnish Europeans, where the frequency of both variants is the
same. Both variants are absent in East Asian population.*®

Neither of these two variants are predicted to have any effect on splicing, whether on
existing cryptic splice sites nor creating new sites; however, the c.4253+43G>A variant
does affect several splice enhancer or silencer motifs according to the Alamut prediction
tool. In vitro splicing assay using midigene constructs confirmed no splicing defect for the
¢.6006-609T>A variant, but the c.4253+43G>A variant caused exon skipping in ~40% of
transcripts.?*

The clinical phenotype of patients with c.4253+43G>A variant is largely consistent
with the described profile of p.N1868I-associated STGD1 patients.'*> As compared to the
more prevalent adolescent-onset form of STGD1,3 patients harboring c.4253+43G>A or
p.N1868I progress through milder disease trajectories characterized by macula-confined
disease changes, slow accumulation of flecks, and a significantly later onset of disease
symptoms (4-6" decade) due to foveal sparing subphenotype in both the
€.4253+43G>A (83.3%) and p.N1868I (84.7%) groups.*°

2.6.7 Discussion
Some disease-associated ABCA4 variants present with unusually high allele frequency in
general populations. The minor allele frequency of the most common pathogenic variant
€.5882G>A (p.G1961E) is as high as 10% in Somalis.'>° While several p.G1961E compound
heterozygous and even homozygous STGD1 patients of Somalian ancestry have been
described,*® the penetrance of p.G1961E in this population remains unknown since very
few STGD1 cases of Somalian ancestry have been analyzed. However, it is a penetrant
hypomorphic allele in all other populations where significant numbers of patients have
been screened. For example, the frequency of p.G1961E in South Asian general
populations is 1.5% and it was identified as causal variant in ~50% of STGD1 patients
(~24% of alleles) from India.}* Another recently described frequent variant is the
€.6320G>A (p.R2107H) allele, with MAF ~2% in African-Americans and MAF >19% in
STGD1 patients of AA descent.®

The ¢.5603A>T (p.N1868I) variant is, pending unequivocal functional evidence, (one
of) the most frequent causal variant (MAF >6.5% in the matched general population) in
Mendelian diseases. It was rightfully considered benign because of the high allele
frequency in the general population. The common criteria for pathogenic variants

51



suggest general population MAFs not higher than 0.5-1%. This study characterized the
p.N1868I variant as an ‘extreme’ hypomorph, which is phenotypically expressed only
when in trans with a deleterious mutation. The p.N1868l-associated disease phenotype
is distinguishable from other STGD1 phenotypes by late-onset and frequent (~85% of
cases) association with foveal sparing and, consequently, extended preservation of
central vision. Disease-associated p.N1868l compound heterozygous cases account for
at least 10% of all known ABCA4 disease and refine another 10% as the
p.[G863A,G863del;N1868I] complex allele. Since p.N1868I only results in a mild disease
phenotype in combination with loss-of-function alleles, we concluded that many
pathogenic missense variants can be considered deleterious even without functional
evidence since they are in trans with p.N1868l. In addition to the missense variants
already proven by functional assays or statistical analyses in large patient cohorts
(p.[L541P;A1038V] p.C1490Y, p.N965S, p.C54Y, etc)*® 104 136, 143 several other ABCA4
missense variants, ¢.3261A>C (p.E1087D), c.3259G>A (p.E1087K), ¢.5395A>G
(p.N1799D), c.1921T>C (p.C641R), c.262G>A (p.G88R) and ¢.5923G>C (p.G1975R), can be
considered deleterious.

Interestingly, while this study demonstrated that the c.2588G>C (p.[G863A,G863del])
variant is most likely not pathogenic without p.N1868lI, it presents with a strong effect in
in vitro assays with reduced protein expression, ATP binding and hydrolysis'® and
reduced retinal transfer.1% ¢.2588G>C also has dual effect on protein level, it causes both
glycine to alanine substitution and, through aberrant splicing, the deletion of p.G863.%”
The in vitro assays likely do not adequately recapitulate in vivo conditions, showing
discrepant effects, possibly due to detrimental effects of detergent solubilisation on the
stability of certain ABCA4 protein variants. Future functional studies of knock-in mouse
models, carrying both variants p.N1868I and, p.G863A, individually and as the complex
allele, will bypass the issues of in vitro assays.

According to structural model for the ABCA4 protein (Publication IlI, Figure 3) built by
homology modelling similar to that of previously described for the RS1 protein,** both
variants, p.N1868l and p.G863A, are located on the same, lumenal side of the
photoreceptor outer segment disc membrane and both are predicted to affect the
protein folding by the unfolding mutation screen.'®> %6 |t is very plausible, that two
missense variants on the same allele can exert an additive impact on the protein
function, specifically in case of variants that individually cause milder effects. For
example, in STGD1 patients homozygous for the hypomorphic p.G1961E variant but
presenting with early onset severe disease phenotypes, additional pathogenic ABCA4
variants were identified on the same alleles with p.G1961E.11¢

It is known that not all combinations of ABCA4 disease-associated alleles result in
disease phenotype, explaining the estimated STGD1 prevalence of 1 in 8,000 to 10,000
18 even though the carrier frequency for ABCA4 pathogenic variants in the general
populations is as high as 1:20.%7 It has been debated if several mild and more frequent in
general populations pathogenic ABCA4 variants are penetrant in homozygosity. We have
analyzed STGD1 patients homozygous for p.G1961E,'*® p.R2107H,> and
p.[G863A,G863del] variants, and demonstrated that the latter is not disease causing
independently, but rather requires p.N1868l variant in cis for pathogenicity.
We described p.N1868I variant as an extreme hypomorph that is by definition not
disease causing in homozygosity, nor in compound heterozygosity with a ‘'moderate’
variant. Based on theoretical calculations on general population ABCA4 allele frequency
data, and a couple of asymptomatic siblings of p.N1868I patients, a less than 5% penetrance
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was estimated for the p.N1868I variant when in trans with a deleterious variant.*” While
this conclusion was drawn from several assumptions,*® the generally observed variability
in age of onset and phenotypes among individuals carrying the same combinations of
ABCA4 variants is suggestive of possible cis- and/or trans-acting genetic modifiers which
may influence the penetrance of ABCA4 alleles and, consequently, the overall clinical
presentation of STGD1. The modifying genetic variation contributing to the extreme
heterogeneity of ABCA4 disease is mostly unknown, leading to possible misdiagnoses,
mischaracterized prognostic outcomes and continued challenges in clinical trial design.
Determining cis-acting modifiers in the ABCA4 locus in phenotype groups with the same
(class of) mutations presenting with different disease phenotype, and trans-acting
modifiers of ABCA4 disease by whole exome sequencing will elucidate the role of
modifiers in the very heterogeneous ABCA4 disease expressivity.

Identification of the p.N1868I variant as a conditional hypomorph explained ~50% of
previously unsolved ‘one mutation’ cases of ABCA4 disease, an important contribution
to STGD1 causality that was corroborated in analyses of unsolved STGD1 cases in other
cohorts??® (JZ, unpublished data). This included a large fraction (~80%) of late-onset
cases, which were hypothesized to be caused by monoallelic ABCA4 mutations.*
These are in fact biallelic STGD1 patients harboring the extremely hypomorphic p.N1868I
variant.

These data not only suggest a substantial revision of genetic screening and assessment
of pathogenic variants in ABCA4 disease but, more importantly has broad implications
for other Mendelian diseases, where careful consideration should be given to seemingly
benign and frequent variants, and to specific combinations of these.
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CONCLUSIONS

Since the ABCA4 gene was cloned over 20 years ago,* the ABCA4 locus continues to be
the most heterogeneous of monogenic eye diseases in terms of both genetic and
phenotypic expression.!4®

Genetic and clinical characterization of African American STGD1 patients revealed a
significantly different mutation spectrum compared to the most studied STGD1 patients
of European origin. c.6320G>A (p.R2107H) was identified as the most frequent
disease-associated variant in African American STGD1 patients, comprising 19.3% of all
ABCA4 disease alleles in this cohort. The allele frequency of p.R2107H in the general
population of African Americans is 2%; higher than the generally considered
MAF=0.5-1% treshold for pathogenic variants. Except for a couple of patients harboring
the ¢.5461-10T>C and p.G1961E mutations, all other most prevalent disease-associated
ABCA4 variants in the STGD1 cohort of European descent, including p.[L541P;A1038V],
p.[G863A,G863del], c.5714+5G>A, were not identified in any of the African American
STGD1 patients. p.R2107H was associated with mild and later onset disease phenotype,
~30% of African American STGD1 patients reported the disease onset in the 5" decade
or later, compared to only 12% (p=0.03) from the European American patient cohort.
Patients’ ethnicities have to be recorded and the identified variants compared to
matched populations for accurate variant frequency calculations and variant
interpretation.

Sequencing of the ABCA4 coding regions routinely identifies 2 pathogenic ABCA4
variants in ~70% of STGD1 patients. In 15-20% of patients only 1 pathogenic variant is
identified, and in 10-15% no ABCA4 disease-associated variants are found. The second
causal variant in monoallelic patients is expected to reside in ABCA4 non-coding
sequences. Sequencing of the entire 130kb ABCA4 locus in 233 ABCA4 monoallelic
samples identified many rare and unique intronic variants that can have a pathogenic
effect via 2 mechanisms: 1) causing aberrant splicing by enhancing cryptic splice sites or
creating new sites; 2) and/or affecting enhancer sequences that influence protein
expression. No frequent pathogenic variants in non-coding sequences were identified in
an ethnically diverse patient cohort of European descent. The most frequent deep
intronic variant ¢.[4539+2064C>T;5461-1389C>A] was identified in 4/233 samples. The
pathogenicity of non-coding variants was assessed by in silico predictions, variant
frequency comparisons to general population, evolutionary conservation, and by
segregation analyses in the families. Based on these analyses, we found a very strong or
a probable intronic mutation candidate in 23.7% patients with one existing definite
ABCA4 mutation. The functional effect of several of these candidate variants has already
been confirmed in subsequent in vitro splicing assays, validating our criteria for
pathogenic candidate variant selection.

We determined that ¢.5603A>T (p.N1868l) variant, previously considered benign due
to high allele frequency in general populations (MAF=6.6% in non-Finnish Europeans,
gnomAD) is an extremely hypomorphic variant, causing very mild and late onset
STGD1 phenotype only as compound heterozygote with a loss-of-function ABCA4 variant
on the other chromosome. The specific disease phenotype, observed in ~85% of
p.N1868l-associated patients is characterized by preservation of foveal cones, and
therefore, central vision, despite the progressing atrophy of the rest of macula.
Identification of the p.N1868I variant as a conditional hypomorph has an impact on
several aspects of the ABCA4 disease:
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1) To our knowledge, this is a causal variant with the highest reported MAF=6.6%
in Mendelian disease, suggesting increasing the variant frequency threshold for
analysis of pathogenicity.

2) ~50% of previously unsolved monoallelic STGD1 cases (~10% of all STGD1
patients of European origin) are biallelic compound heterozygotes harboring
the p.N1868I variant and a deleterious ABCA4 allele in trans.

3) ~80% of late-onset cases, which were hypothesized to be caused by monoallelic
ABCA4 mutations, are biallelic p.N1868l compound heterozygotes, thereby
differentiating late-onset STGD1 from phenotypically similar AMD.

4) The frequent and considered mild pathogenic founder variant in Northern
Europe c.2588G>C (p.[G863A,G863del];MAF~2%) forms a complex allele with
p.N1868lin 10% of cases in the general population, butin 92% of cases in STGD1
patients, suggesting the highly penetrant pathogenicity of the complex allele
p.[G863A,G863del;N1868I], and not the p.[G863A,G863del] alone.

Discovery of frequent hypomorphic variants as substantial contributors to the ABCA4
disease, particularly to the late-onset phenotype, suggests a significant revision of
diagnostic screening and assessment of ABCA4 variation. Altogether, the genetic analysis
of the ABCA4 locus caused a paradigm shift and, consequently, serves as a model for
analyzing the genetic causality in not only retinal diseases but all monogenic diseases in
general.
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MATERIALS AND METHODS

STGD1 patients were, after written informed consent, recruited and clinically examined
during a 15-year period in different centers in the United States, Italy, Spain, and
Denmark.

ABCA4 genotyping array screening — publication |

Next-generation sequencing of ABCA4 coding sequences — publications I-llI
Comparative genome hybridization array (aCGH) — publications I-lI

Next-generation sequencing of ABCA4 genomic locus — publication Il

RT-PCR — publication Il

TagMan genotyping — publications II-llI

In silico variant interpretations — publications I-llI
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ABSTRACT
ABCA4 Locus as a Model for Complex Genetics in Monogenic
Diseases

Inherited retinal dystrophies (IRD) comprise a genetically and clinically diverse group of
disorders characterized by progressive and irreversible vision loss over time. To date,
DNA variants in more than 300 genes have been associated with various forms of IRDs.

Genetic variation in the ABCA4 gene has emerged as the most frequent cause of
inherited macular dystrophy, causing the phenotypically heterogeneous autosomal
recessive Stargardt disease (STGD1, MIM #248200). Phenotypes caused by variants in
the ABCA4 gene range from early onset, rapidly progressing disease resulting in
panretinal degeneration to late-onset, milder phenotype with limited visual
deterioration that can phenotypically overlap with the more prevalent AMD. Phenotypic
variability is reflected in extensive genetic variation in the ABCA4 gene, with ~1000
disease-causing variants described in the ABCA4 locus. The general population frequency
of ABCA4 mutations is 5% - 1:20 people carry a potentially pathogenic ABCA4 allele.
However, the estimated prevalence of Stargardt disease is 1:8,000-10,000, since not all
combinations of variants result in disease expression.

Analysis of the Stargardt disease and the underlying ABCA4 gene is complicated by
both, genetic and phenotypic heterogeneity. The three most frequent disease-causing
variants in STGD1 cohorts of European origin, p.G1961E, p.[L541P;A1038V], and
p.[G863A;N1868I] account for ~20% of all possible disease alleles, while most reported
variants are very rare. Many ABCA4 variants are common in patients with specific racial
and ethnic backgrounds, while absent in others.

Due to variable disease manifestation and phenotypic overlap with other IRDs,
no pathogenic ABCA4 variants are found in 10-15% of patients with diagnosis compatible
with ABCA4 disease, representing STGD1-like phenocopies caused by mutations in other
genes. Both disease-causing ABCA4 alleles, as required for the unequivocal genetic
diagnosis for recessive STGD1, were, until recently, identified in 60-70% of STGD1
patients, and one ABCA4 mutation in 15-20% of patients.

The emphasis of my research has been to comprehensively identify the complete
genetic causality of ABCA4 disease and, more recently, focusing on the genetically
unsolved fraction of STGD1 patients with only one identified ABCA4 pathogenic variant.

Sequencing of the entire 130kb ABCA4 genomic locus in 233 monoallelic samples to
find the second causal variant in ABCA4 non-coding sequences, identified many rare and
unique intronic variants that can potentially exert a pathogenic effect either by causing
aberrant splicing in ABCA4 transcripts or by changing enhancer sequences that influence
ABCA4 protein expression. However, no frequent pathogenic variants in non-coding
sequences were identified in an ethnically diverse patient cohort of European descent.
Based on in silico predictions, variant frequency comparisons to general population,
evolutionary conservation, and by segregation analyses in the families, we identified
20 strong intronic mutation candidates in 30 patients with one existing definite ABCA4
mutation. The functional defect of several of these deep intronic candidate variants has
already been proven in subsequent in vitro splicing assays, confirming our criteria for
pathogenic candidate variant selection.

Some disease-associated ABCA4 variants present with unusually high minor allele
frequency (MAF) in general populations. We identified the p.R2107H variant, with
MAF~2% in African Americans, as the most frequent (20% of alleles) pathogenic variant
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in African American STGD1 patients. The criteria commonly used in defining pathogenic
variants suggest general population MAFs not higher than 0.5-1%.

The common missense variant p.N1868I, identified in patients with ABCA4 disease
three to four times more frequently than expected, but since this variant is on the same
allele with several most frequent ABCA4 disease-causing variants, and due to its high
allele frequency in general populations (MAF 6.6% in non-Finnish Europeans), it was
always considered benign. However, we showed that p.N1868I variant was specifically
enriched (5X) in unsolved monoallelic STGD1 patients and is a hypomorphic variant,
associated with very mild and late onset (mean age=36.3 years) foveal sparing STGD1
phenotype, only in compound heterozygotes with a loss-of-function ABCA4 variant on
the other chromosome. Discovery of the contribution of the frequent p.N1868lI
hypomorphic variant to ABCA4 disease explained ~50% of previously unsolved
monoallelic STGD1 cases and suggests a significant revision of diagnostic screening and
assessment of genetic variation in the ABCA4 gene.

The p.N1868I variant is, to our knowledge, the most frequent in the general
population (MAF>6.5%) disease-causing variant described in Mendelian disease,
warranting a change in the paradigm of allele frequency-based pathogenicity
assessments and careful consideration of seemingly benign and frequent variants in all
monogenic diseases, especially for late-onset diseases.

These studies have deciphered the genetic complexity of Stargardt disease and
established the ABCA4 locus as a model for analyzing the genetic causality in not only
retinal diseases but all monogenic diseases in general.
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KOKKUVOTE

ABCA4 lookus kui monogeensete haiguste kompleksse
geneetika mudel

Parilikud silma vorkkesta (reetina) diistroofiad koondavad geneetiliselt ja kliiniliselt
heterogeense grupi haigusi, mida iseloomustab progressiivne ja poordumatu
nagemisekaotus. Téestatud on enam kui 300 geeni DNA mutatsioonide pohjuslik seos
erinevate parilike reetina taandarengutega.

Mutatsioonid ABCA4 geenis pohjustavad koige sagedamini esinevat parilikku
kollatahni taandarengut, varieeruva haigusfenotiiibiga retsessiivset Stargardti haigust
(STGD1, MIM #248200). ABCA4 geenivariantide tagajarjel tekkinud haiguspilt varieerub
varajase algusega kiirelt progresseeruvast ja kogu reetinat hdlmavast distroofiast hilise
alguse ja leebete slimptomitega piiratud ndgemisekaotuseni, mille haigustunnused
vOivad teatud madral kattuda enam levinud vanadusega seotud kollatdhni
taandarenguga (ingl. k. age-related macular degeneration). Fenotiubiline varieeruvus
tuleneb ulatuslikust heterogeensusest ABCA4 geenis, mille eksonites ja splaiss-saitides
on kirjeldatud ~1000 erinevat haigust péhjustavat DNA varianti. ABCA4 mutatsioonide
koondsagedus populatsioonis on 5% - 1 inimene 20-st on ABCA4 v8imaliku haigusalleeli
kandja. Stargardti haiguse hinnanguline esinemissagedus on siiski 1:8000-1:10 000, kuna
kdik mutatsioonide kombinatsioonid ei vii haiguse kujunemiseni.

Suur geneetiline ja fenotiibiline heterogeensus raskendavad Stargardti haiguse ja
ABCA4 geeni anallisi. Kolm k&ige sagedasemat mutatsiooni Euroopa paritolu Stargardti
patsientides - p.G1961E, p.[L541P;A1038V], ja p.[G863A;N1868I] hdlmavad kokku ~20%
koigist voimalikest haigusalleelidest Euroopa STGD1 kohordis, samas kui enamik
kirjeldatud mutatsioone on vdga harvaesinevad. Paljud ABCA4 variandid on sagedased
teatud kindla rassilise ja etnilise kuuluvusega patsientides, samal ajal puuduvad teise
paritoluga kohortides.

Varieeruva haiguspildi ja fenotlitipide kattuvuse tottu teiste reetina distroofiatega ei
leita ABCA4 mutatsioone 10-15% Stargardti diagnoosiga patsientidel, kelle STGD1-laadne
haiguspilt on pdhjustatud mutatsioonidest teistes geenides. Mdlemad ABCA4
haigusalleelid, mida eeldab retsessiivse STGD1 geneetiline diagnoos, tuvastati kuni hiljuti
60-70% Stargardti patsientidel, ja liks ABCA4 mutatsioon 15-20% patsientidel.

Minu uurimistdod peamine eesmark on Stargardti haiguse pohjuste taielik vilja
selgitamine, keskendudes eriti STGD1 patsientidele, kel on ABCA4 geeni sekveneerimisel
leitud vaid ks ABCA4 haigusalleel. Uurimistoo ihe osana iseloomustasime ka ABCA4
mutatsioonispektrit ja haiguspildi avaldumist varem viahe uuritud afroameerika STGD1
patsientide kohordis.

Et leida haigust pohjustavaid DNA variante ABCA4 geeni mittekodeerivates
jarjestustes, sekveneerisime 130 kb ABCA4 genoomse lookuse 233-I geneetiliselt
‘lahendamata’ (the ABCA4 mutatsiooniga STGD1 patsiendil, ja registreerisime palju
harvu ja unikaalseid mittekodeerivaid DNA variante, mis vGivad olla haigust tekitavad
pohjustades splaissingu vigu ABCA4 transkriptsioonil vdi muutes enhancer elementide
jarjestusi mojudes seeldbi ABCA4 valgu ekspressioonile. Sagedasi mittekodeerivaid
mutatsioone etniliselt mitmekesises Euroopa paritolu STGD1 kohordis ei tuvastatud.
Kombineeritud analtitsi tulemusel, kasutades funktsionaalset efekti ennustavat
tarkvara, vorreldes variantide esinemissagedusi patsientide ja tldpopulatsiooni vahel,
hinnates DNA jarjestuse evolutsioonilist konserveerumist, ja variantide perekondlikul
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segregeerumisel haigusfenotilbiga, identifitseeriti 20 tugevat ABCA4 introni
mutatsiooni kandidaati 30-s patsiendis. Mitme kirjeldatud introni variandi
funktsionaalne defekt on juba leidnud tdestust in vitro splaissing testides, kinnitades
kandidaatvariantide selektsioonil rakendatud kriteeriumide Gigsust.

Osade ABCA4 haigus-seoseliste variantide sagedus lldpopulatsioonis on tavatult
korge. Aafrika péaritolu Ameerika STGD1 patsientidel kdige sagedamini esineva (20%
haigusalleelidest) ABCA4 mutatsiooni p.R2107H alleelisagedus on afroameerika
tldpopulatsioonis 2%, samas kui mutatsioonide defineerimisel rakendatakse tavaliselt
Uldpopulatsiooni alleelisageduse piirmdarana 0.5-1%.

Variandi p.N1868I esinemissagedus STGD1 patsientides on 3 korda kdrgem kui 6.6%
Euroopa uldpopulatsioonis. Kuna p.N1868I asub samal alleelil mitme sagedase ABCA4
mutatsiooniga, ja tema korge alleelisageduse tottu tGldpopulatsioonis on seda varianti
alati loetud polimorfismiks. Naitasime, et p.N1868I variant esines Uldpopulatsiooniga
vorreldes 5 korda sagedamini ihe ABCA4 mutatsiooniga patsientides, ja et p.N1868I
variandi liitheterostigoot ABCA4 funktsionaalse null-alleeliga vastaskromosoomil
p&hjustab hilise algusega (keskmine vanus 36.3 aastat) leebete simptomitega fooveat
sdilitavat Stargardti haigust. Sagedase hiipomorfse p.N1868I variandi rolli avastamine
Stargardti haiguse kujunemisel selgitas haiguse pdhjuse ~50%-l seni geneetiliselt
’lahendamata’ lhe ABCA4 mutatsiooniga STGD1 patsiendil, ja tingib ABCA4 diagnostilise
skriinimise ja variantide interpretatsiooni kriteeriumide olulise imber hindamise.

p.N1868l variant ABCA4 geenis on teadaolevalt korgeima Uldpopulatsiooni
alleelisagedusega (>6.5%) tGestatud haigus-seoseline variant monogeensetes haigustes,
revideerides alleelisagedusel pdhinevate kriteeriumide kehtivat paradigmat variantide
patogeensuse hindamisel, eriti haiguste puhul, mis algavad vanemas eas.

Kdesoleva uurimist60 tulemused tdestavad Stargardti haiguse geneetilist
komplekssust ja ABCA4 lookuse analllsi kui mudelit mitte ainult parilike reetina
haiguste, vaid laiemalt monogeensete haiguste geneetilisel analtusil.
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ABSTRACT:  Autosomal recessive Stargardt disease
(STGD1) is caused by hundreds of mutations in the ABCA4
gene, which are often specific to racial and ethnic groups.
Here, we investigated the ABCA4 variation and their
phenotypic expression in a cohort of 44 patients of African
American descent, a previously under-characterized racial
group. Patients were screened for mutations in ABCA4 by
next-generation sequencing and array-comparative genomic
hybridization (aCGH), followed by analyses for pathogenicity
by in silico programs. Thorough ophthalmic examination
was performed on all patients. At least two (expected)
disease-causing alleles in the ABCA4 gene were identified
in 27 (61.4%) patients, one allele in 11 (25%) patients,
and no ABCA4 mutations were found in six (13.6%)
patients. Altogether, 39 different disease-causing ABCA4
variants, including seven new, were identified on 65 (74%)
chromosomes, most of which were unique for this racial
group. The most frequent ABCA4 mutation in this cohort
was ¢.6320G>A (p.(R2107H)), representing 19.3% of all
disease-associated alleles. No large copy number variants
were identified in any patient. Most patients reported later
onset of symptoms. In summary, the ABCA4 mutation spec-
trum in patients of West African descent differs significantly
from that in patients of European descent, resulting in a later
onset and “milder” disease.

Hum Mutat 35:1187-1194, 2014. Published 2014 Wiley Period-

icals, Inc.™

KEY WORDS: ABCA4; Stargardt disease; next-generation
sequencing; allelic heterogeneity; African American

Introduction

Mutations in the ABCA4 gene are responsible for autosomal re-
cessive Stargardt disease (STGD1; MIM #248200) [Allikmets et al.,
1997], cone-rod dystrophy (CRD) [Cremers et al., 1998; Maugeri
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et al., 2000] and retinitis pigmentosa phenotypes [Cremers et al.,
1998; Martinez-Mir et al., 1998; Shroyer et al., 2001]. ABCA4-
associated diseases present with an extensive clinical and genetic
heterogeneity, the current count of disease-associated ABCA4 vari-
ants exceeds 800 [Allikmets, 2007] (RA and JZ, unpublished data).
The most frequent disease-associated ABCA4 variants have each
been described in only ~10% of STGD1 patients of European de-
scent [Burke etal., 2012]. However, many variants are more common
in patients with specific geographic and ethnic backgrounds, such as
the ¢.2588G>C (p.[G863A,G863del]) founder mutation in Northern
European patients, [Maugerietal., 1999] the c.[1622T>C;3113C>T]
(p.[L541P; A1038V]) complex allele in patients of mostly German
origin [Maugeri et al., 2000; Rivera et al., 2000], the ¢.3386G>T
(p-R1129L)founder mutation in Spain [Valverde et al., 2006], the
¢.2894A>G (p.N965S) variant in the Danish population [Rosen-
berg et al., 2007], and the ¢.5318C>T (p.A1773V) variant in Mexico
[Chacon-Camacho et al., 2013].

Complete sequencing of the ABCA4 coding and adjacent intronic
sequences in patients with STGD1 routinely discovers ~75%-80%
of mutations with the fraction of patients harboring the expected
two disease-associated alleles comprising 65%-70%, with one mu-
tation 15%-20%, and with no mutations in the remaining ~15%
[Zernant et al., 2011]. These fractions depend on many variables,
most importantly the quality of the clinical diagnosis and the ethnic
composition of the cohort.

It is therefore clear that proper genetic diagnosis and interpre-
tation of ABCA4 alleles in ethnic and racial groups relies on many
factors starting with a comprehensive database of disease-associated
variants. Interestingly, there has been limited number of studies on
STGD1 patients of African American descent. Only one case report
[Huynh et al., 2014] and a small case series [Utz et al., 2013] have
been described. The current study was designed to comprehensively
address this issue by analyzing the clinical findings and, especially,
the genetic composition of ABCA4-associated disease in African
Americans.

Materials and Methods

Patients

Patients (44) affected with STGD1 (41), including seven with
bull’s eye phenotype, and CRD (three) were, after consenting in
writing, recruited and clinically examined over a 10-year period
at the Department of Ophthalmology, Columbia University, at the

© 2014 The Authors. **Human Mutation published by Wiley Periodicals, Inc.
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University of Illinois at Chicago, and at the Pangere Center for
Hereditary Retinal Diseases, The Chicago Lighthouse for People
Who Are Blind or Visually Impaired. Onset decade was defined by
the age at which symptoms were first reported. Visual acuity was
measured using the Early Treatment Diabetic Retinopathy Study
(EDTRS) Chart 1 or a Snellen acuity chart. Diagnosis was based on
patient history and ophthalmic examination. Fundus photography,
fundus autofluorescence (AF), spectral domain-optical coherence
tomography (SD-OCT) (Heidelberg Spectralis, Heidelberg, Ger-
many, or OPTOS Instrumentation, Marlborough, MA), and full-
field electroretinography (ERG) were performed as needed using
standard acquisition protocols following pupil dilation with tropi-
camide 1% and phenylephrine 2.5%.

Patients diagnosed with STGD1 were classified into one of the four
stages as described previously [Fishman et al., 1999]. Stage I disease
was characterized by parafoveal or perifoveal flecks with frequent
atrophy of the central macula. Stage IT disease was characterized
by flecks that were more numerous and extended anterior to the
vascular arcades and/or nasal to the optic disc, Stage III was defined
by resorption of flecks. Choriocapillaris atrophy within the macula
was often observed in stage III patients. Stage IV disease, character-
ized by widespread RPE and chorioretinal atrophy throughout the
fundus, was not observed in our cohort of Stargardt disease patients
[Fishman et al., 1999].

All genetic research was carried out with the approval of the Insti-
tutional Review Boards of Columbia University and the University
of Illinois at Chicago, and in accordance with the Declaration of
Helsinki.

Array Screening

Screening with the ABCA4 array was performed on most study
subjects followed by direct Sanger sequencing to confirm identified
changes, as previously described [Jaakson et al., 2003]. Since the
array screening had been performed over many years, different ver-
sions of the ABCA4 chip had been used, from the least representative
(~300 mutations) to the recent version of the array (>600 variants).

Sequencing and Data Analysis

All 50 exons and exon—intron boundaries of the ABCA4 gene were
amplified using Illumina TruSeq Custom Amplicon protocol (Illu-
mina, San Diego, CA), followed by sequencing on Illumina MiSeq
platform. The next-generation sequencing reads were analyzed and
compared to the ABCA4 reference sequence NG_009073.1, using
the variant discovery software NextGENe (SoftGenetics LLC, State
College, PA). All detected possibly disease-associated variants were
confirmed by Sanger sequencing. Nucleotide positions and protein
translation correspond to CCDS747.1 and NP_000341.2, respec-
tively. Nucleotide numbering uses the A of the ATG translation
initiation start site as nucleotide 1.

The allele frequencies of all variants were compared to the Exome
Variant Server (EVS) dataset, NHLBI Exome Sequencing Project,
Seattle, WA (http://snp.gs.washington.edu/EVS/; accessed March
2014). All ABCA4 variants reported in this manuscript were submit-
ted to the ABCA4 LSDB (http://www.lovd.nl/ABCA4) at the Leiden
Open Variation Database 3.0 (http://www.lovd.nl/3.0/home).

Segregation of the new variants with the disease was analyzed in
families if family members were available (Table 1).

The possible effect of all ABCA4 variants was assessed using
the combination of following prediction programs: Polyphen-2
[Adzhubei et al., 2010], Align-GVGD [Tavtigian et al., 2006],
SIFT [Ng and Henikoff, 2001], MutationTaster [Schwarz et al.,
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2010], SpliceSiteFinder [Zhang, 1998], MaxEntScan [Yeo and
Burge, 2004], NNSPLICE [Reese et al., 1997], GeneSplicer [Pertea
et al, 2001], and Human Splicing Finder [Desmet et al.,
2009]. All of these algorithms except for Polyphen-2 were ac-
cessed via Alamut software version 2.2 (Interactive Biosoft-
ware, Rouen, France; http://www.interactive-biosoftware.com), us-
ing automated computation of this software version. Polyphen-
2 results were retrieved from the single entry Web form
(http://genetics.bwh.harvard.edu/pph2/) with the HumDiv-model
and version 2.2.2 of the software. Predictions are included as sup-
porting data to the conclusions that are based on different frequen-
cies of the variants between the patients and general population.

Array-Comparative Genome Hybridization

Custom array-comparative genome hybridization (aCGH) (Ag-
ilent Technologies, CA, United States) with high-density probes
tiling the critical genetic loci of ABCA4-associated disease was de-
signed to assess for copy number variations (CNVs) involving these
genes. Each array slide was in 8 x 60K format, which tested eight
separate samples with approximate 60,000 probes for each sam-
ple. Nine “primary” loci, including the ABCA4 locus, other known
genes often mimicking ABCA4-associated phenotypes (ELOVL4,
PRPH2, BEST1, RS1, and CNGB3), and major age-related macular
degeneration (AMD)-associated loci (CFH, ARMS2, and C2/CFB),
were probed with ultra-high density (~20 probes per kilobase [kb]
of DNA) throughout the entire genomic length of the genes plus
the 5" promoter regions and 3’ downstream regions, as well as at
slightly lower density (~10 probes per kb) for flanking 5 and 3’
conserved regions. Eighteen “secondary” AMD loci (C3, APOE, CFI,
LIPC, SYN3/TIMP3, CETP, COL8AI, BBX, PLD1, SPEF2, ADAMI9,
VEGFA, FRK, MEPCE, CHMP7/LOXL2, TGFBRI, NPS, and PICK1)
were probed with ultra-high density in exons (~8 probes per exon)
and with lower resolution (~3 probes per kb) throughout each gene
plus the flanking 5 promoter regions and 3" downstream regions.

DNA from 22 of the 44 African American patients diagnosed with
ABCA4-associated disease, five with one mutation and 17 with two
mutations in ABCA4, were used for aCGH analysis. For a positive
control the DNA carrying a known, previously reported 1,030 bp
heterozygous deletion of exon 18 in ABCA4, was used [Yatsenko
et al., 2003]. Experimental procedures of aCGH were performed
as described previously [Gonzaga-Jauregui et al., 2010] with minor
modifications, and results were analyzed using Agilent Genomic
Workbench version 7.0 software (Agilent Technologies, CA, United
States). The called CNVs were filtered against several criteria and
the plausible true-positive CNVs were tested by PCR for molecular
validation.

Comparison with Patients of European Ancestry

The genetic and clinical data from patients of West African de-
scent were compared with a Columbia in-house database of ABCA4-
associated patients of European descent, which includes 244 pa-
tients. Comparisons were made for allele frequencies across patient
and general populations, predicted or tested functional effect of
selected mutations, disease onset, Fishman stage, and so on
[Fishman et al., 1999].

Results

ABCA4 Mutations in African American Patients

After genetic analysis with a combination of ABCA4 array screen-
ing and/or direct sequencing both ABCA4 disease-causing alleles



Table 1.

Pathogenic ABCA4Variants in Patients of African American Descent

Patient Clinical Assessment BCVA CNV

1D Diagnosis Stage Onset decade OD oS analysis ABCA4 mutations

1 STGD1 2 8th 20/25 20/25 p.[(P1380L) )5[?]

2 STGD1 2 5th 10/100 10/160 X p-[(R220C(;)R2107H)]

3 STGDI1 1 4th 20/30 20/200 p.[(G1961E(;)D403V)]

4 STGD1 2-3 3rd 20/400 20/100 X p.[(W1408L(;)R2107H)]

5 STGD1 0 5th 20/200 20/50 X p.[(P62S)]5[?]

6 STGDI1 1 7th 20/25-2 20/25-3 X p.[(R2107H) }5[7]

7 STGD1 N/A 4th 20/70+2 20/25-2 X P-[(P309R(;)R681)]

8 STGD1 1 4th 20/15-3 20/20+1 X p.[(G99IR(;)L1126P)]

9 STGD1 N/A 2nd 20/400 20/400 X €.5289del(5)p.(V989A)

10 STGD1 N/A N/A N/A N/A p-[(R2077G(;)R2107H)]

11 STGD1 2 3rd 20/200 20/200 X €.3523-1G>A(;)p.(R2107H)

12 STGD1 2 4th 20/20 20/20 X p-[(G991R)]5[?]

13 STGD1 1 4th 20/70+2 20/25-2 no mutations found

14 STGD1 3 Ist 20/400 20/400 X ¢.768G>T(;)p.(R2107H)

15 STGD1 1 5th 20/50-2 20/40 X p.[(VI89A(;)R2107H(;)P8708)]

16 STGD1 2-3 Ist 20/400 20/300 X P-[(G607R(;)R2040Q)]

178 STGD1 1 2nd 10/100-1 10/60-1 X p.[(P309R(5)R537C(5)R2107H)]

18 STGD1 2 Ist 20/400 20/400 X ¢.5461-10T>C(;)p.(R2040Q)

19 STGD1 2 2nd 10/120+1 10/100-1 €.5461-10T>C(;)p.(E531G)

20 STGD1 1 3rd 20/80-2 20/125+1 No mutations found

21 STGD1 1 2nd 20/100 20/150 X p-[(G991R)];[(L1138P)]
(BEM)

22° STGD1 2 3rd 20/400 20/50-2 c.4537dup;p.(V1686M)

23 STGD1 2 2nd 20125 20/125 p.[(R1640W)];[7]

24 CRD 3 Ist CF CF p-[(T983A(;)L1729P)]

25 STGDI1 1 4th 20/30+2 20/40-2 X p.[(V989A)J;[(V989A)]

26 STGDI1 3 2nd 20/150 20/25 p.[(N965S(;)R2040Q)]

27* CRD 3 Ist CF CF X ¢.4540-2A>G;p.(R2107H)

28 STGD1 2 6th 20/30 20/40-1 X €.5461-10T>G;[?]

29 STGD1 1 6th 20/20 20/20 X p-[(F1015L)]5[?]

30 STGD1 1 5th 20/50 20/30 No mutations found
(BEM)

31 STGDI1 1 6th 2020 20/20 p.[(R2107H) }5[?]
(BEM)

32 STGDI1 1 3rd 20/20 20/20 X p.[(R1300%(;)R2106C)]
(BEM)

33 STGD1 1 5th 20/100 20/125 p.[(R2107H)15[?]
(BEM)

34 STGD1 3 3rd LP LP p.[(R2107H)J5[?]

35 STGD1 2 5th 20/40+1 20/40 X p-[(W339G(;)R2107H)]

36 STGD1 3 Ist 20/30 20/40 No mutations found

37 STGDI1 1 5th 20/25 20/25-1 p.[(1975M(;)K1978E) |

38 STGDI1 2 2nd 20/200 20/200 p.[(V989A) ;7]

39 STGD1 1 3rd 20/100-1 20/200+1 ¢.302+1G>A(5)p.(R2107H)

40 STGDI1 1 7th 20/20-3 20/20-3 p.[(R2107H) ;[ (R2107H)]
(BEM)

41 STGD1 1 3rd 30/30-2 20/100 No mutations found

42 STGD1 1 5th 20/40-2 20/50-2 No mutations found
(BEM)

43 CRD N/A 3rd 5/180+1 5/160+1 X p-[(V989A)1;[7]

44 STGD1 2 N/A N/A N/A 4253 +4C>T(;)p.[(G1961E(;)

R2107H)]

Nucleotide positions and protein translation correspond to CCDS747.1 and NP_000341.2, respectively. Nucleotide numbering uses the A of the ATG translation initiation start

site as nucleotide 1.

BCVA: best corrected visual acuity; CNV: copy number variation; N/A: not available; CF: counting fingers; LP: light perception.

“The variants are confirmed on different chromosomes.

were identified in 27/44 (61.4%) of African American patients, one
disease-causing allele in 11 (25%) patients, and no ABCA4 muta-
tions were found in six (13.6%) patients. Altogether, 65 (73.9%)
disease-causing ABCA4 alleles were identified in the cohort of 44
patients of African American origin presenting with clinically di-
agnosed ABCA4-associated disease. These data correlate well with
the comparative numbers/fractions of patients of mostly, or exclu-
sively, European descent. In a cohort of 496 patients presenting
with likely ABCA4-associated diseases of mostly European origin,
we identified 698 ABCA4 mutations (70.4%), whereas in the cohort

of 244 patients of definitely European origin, this fraction was 352
(72.1%).

The combination of array screening and sequencing identi-
fied 47 different ABCA4 variants in the 44 patients (Tables 1-3).
Eight variants (Tables 2 and 3) were deemed benign based
on similar allele frequencies between patients and the general
population of African American descent (data derived from screen-
ing of 2203 individuals on the EVS), and/or by predictive pro-
grams. These include frequent variants ¢.3602T>G (p.L1201R),
€.3899G>A (p.R1300Q), c.1927G>A (p.V643M), and c.4925C>A
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Table 2. Analysis of the ABCA4(GenBank Reference Sequence NG_009073.1) Variants by Predictive Programs

Exon/ Nucleotide Protein Polyphen-2 AGVGD SIFT TASTER Predicted effect on
intron change variant prediction class prediction prediction splicing

3 c.184C>T p.P62S Probably damaging C65 Deleterious Disease causing

1Vs3 c302+1G>A Eliminates the donor

6 €.658C>T p.R220C Possibly damaging C25 Deleterious Polymorphism

6 c.768G>T Donor decrease by 47%
8 ¢.926C>G p-P309R Benign C65 Deleterious Disease causing

8 c.1015T>G P-W339G Possibly damaging C65 Deleterious Disease causing

9 c.1208A>T p-D403V Benign C65 Deleterious Disease causing

11 ¢.1538T>C p.V513A* Benign co Tolerated Polymorphism

12 c.1592A>G p.E531G Probably damaging C65 Deleterious Disease causing

12 ¢.1609C>T p.-R537C Probably damaging C45 Deleterious Disease causing

13 c.1819G>A p.G607R Probably damaging C65 Deleterious Disease causing

13 c.1927G>A p.V643M* Probably damaging C15 Deleterious Disease causing

14 €.2041C>T p-R681%

16 ¢.2546T>C p.V849A Benign C25 Deleterious Polymorphism

17 €.2608C>T p.P870S Possibly damaging C65 Deleterious Disease causing

19 c2791G>A p.VO3IM? Possibly damaging Co Deleterious Disease causing

19 c.2894A>G p.N965S Probably damaging C45 Deleterious Disease causing New acceptor site

20 €2925C>G p-1975M Possibly damaging Co Deleterious Disease causing

20 €.2947A>G p.T983A Probably damaging C55 Deleterious Disease causing New acceptor site

20 €.2966T>C Pp-VI89A Benign C25 Deleterious Disease causing

20 ¢.2971G>C p.G991R Probably damaging C65 Deleterious Disease causing

20 €.3043T>C p.F1015L Possibly damaging C15 Deleterious Disease causing

23 ¢.3377T>C p.L1126P Probably damaging C65 Deleterious Disease causing

23 ¢.3413T>C p.L1138P Probably damaging C65 Deleterious Disease causing

23 c.3416T>C p.Y1139C* Benign C55 Deleterious Disease causing

1Vs23 €.3523-1G>A Eliminates the acceptor
24 €.3602T>G p.L1201R* Benign C65 Deleterious Disease causing

27 c.3898C>T p.R1300%

27 ¢.3899G>A p.R1300Q* Benign Co Tolerated Polymorphism

28 c.4139C>T p-P1380L Probably damaging C65 Deleterious Disease causing

28 c.4223G>T p-W1408L Probably damaging C55 Deleterious Discase causing

1Vs28 C.4253+4C>T Weakens the donor by 14%
30 c.4537dup p-Q1513fs

1VS30 c.4540-2A>G Eliminates the acceptor
35 c.4918C>T p.R1640W Probably damaging C65 Deleterious Disease causing

35 c.4925C>A p.S16421* Benign C35 Deleterious Polymorphism

36 ¢.5056G>A p-V1686M Probably damaging C15 Deleterious Disease causing

36 ¢.5077G>A p.V16931* Benign Co Tolerated Polymorphism

36 ¢.5186T>C p.L1729P Possibly damaging Co Deleterious Disease causing

37 €.5289del p.V1764fs

1VS38 €.5461-10T>C Effect unknown

42 c.5882G>A p.G1961E Probably damaging C65 Deleterious Disease causing

43 €.5932A>G p-K1978E Probably damaging C55 Deleterious Disease causing

44 c.6119G>A p-R2040Q Probably damaging C35 Deleterious Disease causing

45 €.6229C>G p.R2077G Probably damaging C65 Deleterious Disease causing

46 c.6316C>T p-R2106C Probably damaging C65 Deleterious Disease causing

46 €.6320G>A p.R2107H Probably damaging C25 Deleterious Disease causing

Nucleotide positions and protein translation correspond to CCDS747.1 and NP_000341.2, respectively. Nucleotide numbering uses the A of the ATG translation initiation start

site as nucleotide 1.
Novel ABCA4 variants are indicated in bold.

Prediction programs (except for Polyphen-2) were accessed via Alamut software version 2.2 (http://www.interactive-biosoftware.com), using automated computation of this
software version. Polyphen-2 results were retrieved from the single entry Web form (http://genetics.bwh.harvard.edu/pph2/) with the HumDiv-model and version 2.2.2 of the

software.
“Benign variants.

(p.S16421). Several known frequent missense or silent variants, in-
cluding ¢.635G>A (p.R212H), ¢.1268A>G (p.H423R), c.1269C>T,
c2828G>A  (p.R943Q), cA203C>A, c.5603A>T (p.N1868I),
c.5814A>G, ¢.5843C>T (p.P1948L), c.5844A>G, c.6069C>T,
€.6249C>T, ¢.6285T>C, ¢.6732G>A, and c.6764G>T (p.S22551),
which have been previously defined as benign, were not included in
the analysis. Although the allele frequencies of some of these vari-
ants are very different between the general populations of European
and African descent, these are not different between the affected and
unaffected individuals in each ethnic group. Seven ABCA4 variants,
€.6320G>A (p.(R2107H)), c.2966T>C (p.(V989A)), ¢.2971G>C
(p.(G991R)), ¢.5461-10T>C, c.6119G>A (p.(R2040Q)), ¢.926C>G
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(p.(P309R)), and ¢.5882G>A (p.(G1961E)), were identified in two
or more patients, 32 ABCA4 variants were each detected only once
(Tables 1 and 3).

Five mutations, ¢.1208A>T (p.(D403V)), c.2608C>T (p.(P870S)),
¢.3043T>C (p.(F1015L)), ¢.52089del (p.(V1764fs)), and ¢.5932A>G
(p.(K1978E)), had not been detected before, and two muta-
tions, ¢.1592A>G (p.(E531G)) and ¢.2925C>G (p.(1975M)), had
not been described as associated with the disease. Interest-
ingly, no large (i.e., those undetectable with PCR-based se-
quencing methods, usually one exon or larger) copy num-
ber variants in the ABCA4 locus were identified in any
patient.



Table 3. ABCA4 Variants Found in Patients of African American Origin, Ranked by Allele Frequency and Compared with the Frequency

in the Patients of European Descent

African origin cohort (44)

European origin cohort (244)

Allele Frequency Allele Frequency
Variant Alleles frequency by EVS Alleles frequency by EVS
p-R2107H 17 19.32 2.04 5 1.02 0.01
p.L1201R?* 12 13.64 9.35 1 0.20 0.05
p-V989A 6 6.82 0.25 1 0.20
p-R1300Q* 5 5.68 6.17 2 0.41 0.05
p.-V643M* 3 3.41 1.82
p-G99IR 3 3.41 0.64 2 0.41
p-S16421* 3 3.41 1.23
p-R2040Q 3 3.41 0.05 0.01
¢.5461-10T>C 3 3.4 23 4.71 0.03
p.P309R 2 2.27 0.16
p.G1961E 2 2.27 0.11 55 11.27 0.42
p.P62S 1 1.14
.302+1G>A 1 1.14
c.768G>T 1 1.14
p-R220C 1 1.14
p-W339G 1 1.14
p.D403V 1 1.14
p.V513A° 1 1.14
p-E531G 1 1.14 0.09
p-R537C 1 1.14 0.02
p.G6O7R 1 1.14 0.02
p-R681x 1 1.14
p-V849A* 1 1.14 1.23
p-P870S 1 1.14
p-N965S 1 1.14 3 0.61 0.01
p.VI3IM? 1 1.14 0.41
p.F1015L 1 1.14
p.1975M 1 1.14 0.02
p-T983A 1 1.14 1 0.20
p.L1126P 1 1.14
p.L1138P 1 1.14
p.Y1139C* 1 1.14 0.09
¢.3523-1G>A 1 1.14
p-R1300x 1 1.14
p-P1380L 1 1.14 26 5.33 0.02
p-W1408L 1 1.14
€.4253+4C>T 1 1.14 1 0.20
c.4537dup 1 1.14 1 0.20
€.4540-2A>G 1 1.14 3 0.61
p-R1640W 1 1.14 3 0.61
p.L1729P 1 1.14
p.V1686M 1 1.14 0.07 1 0.20 0.03
p.-V1693I* 1 1.14 0.18
€.5289del 1 1.14
p-K1978E 1 1.14
p-R2077G 1 1.14 1 0.20
p-R2106C 1 1.14 0.05 1 0.20

Frequency by EVS—frequency of the variant in the general populations of; respectively, African American and European descent as determined in the Exome Variant Server

(http://snp.gs.washington.edu/EVS/; accessed March 2014).
“Benign variants.

Analysis of Frequent Variants

From more frequent (i.e., represented in three or more patients)
variants from both ethnic groups, the intronic disease-associated
variant with yet unknown function, ¢.5461-10T>C, was the only
variant detected in both groups with similar allele frequencies, 3.4%
in the African American and 4.71% in the European patient group
(Table 3). It was also the only frequent variant not seen in the general
population of West African descent. The other six frequent vari-
ants in African American patients—p.R2107H, p.V989A, p.G991R,
p-R2040Q, p.P309R, and p.G1961E—were seen in the matched
general population at frequencies between 0.05% and 2% (Table 3).
However, their respective frequencies in the patient cohort were at

least 10x higher (Tables 2 and 3), therefore strongly suggesting their
association with the disease.

The most frequent ABCA4 mutation in patients of West African
descent was p.R2107H, accounting for 19.3% of all disease-
associated alleles in this cohort, which is much higher than for any
other known ABCA4 disease-associated variant. By comparison, the
most frequent ABCA4 mutation in patients of European ancestry—
p-G1961E—has an average allele frequency of ~11% [Burke et al.,
2012]. Another, somewhat surprising, observation is that the
frequency of the p.R2107H in the general population of African
Americans is 2% (Table 3), which is much higher than the suggested
and observed frequency for highly penetrant disease-associated al-
leles in general. It also suggests that one in 2,500 African Americans
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Figure 1.

Clinical presentation of STGD1 in patient 40. Spectral-domain optical coherence tomography horizontal line scans through the fovea

of the right (A) and left (B) eyes of patient 40, who was homozygous for the p.R2107H mutation. The inner-segment ellipsoid and outer nuclear
layers are absent in areas of the parafovea, but both layers are present in the fovea. Hyper-reflectance seen in the parafovea on the infrared
scanning laser ophthalmoscopy images (right side of A and B) corresponds to increased reflectance from the choroid and sclera on SD-0CT,

which is suggestive of RPE and choriocapillaris atrophy in those areas.

is homozygous for the p.R2107H variant, implicating a much higher
than the suggested prevalence (1:10,000) of ABCA4-associated dis-
ease [Blacharski, 1988]. Furthermore, if the variant is fully pene-
trant, 4% of STGD patients of African descent should be homozy-
gous for the variant; one out of 44 (2.3%) patients was in our
cohort. Finally, the p.R2107H variant was called “disease-causing”
by all predictive programs (Table 2) and has been previously shown
to alter ATP hydrolysis in vitro [Sun et al., 2000]. Altogether, these
data suggest that the p.R2107H variant is a highly penetrant disease-
associated allele in patients of West African descent presenting with
ABCA4-associated diseases.

Analysis of Rare Variants

Among 36 variants detected only once, 32 were classified
as disease-associated by predictive programs and/or segregation
analyses (Table 2). Variants ¢.1538T>C (p.(V513A)), ¢.2546T>C
(p.(V849A)), c.2791G>A (p.(V931M)), ¢.5077G>A (p.(V16931)),
and possibly, ¢.3416T>C (p.(Y1139C)) were deemed benign. Inter-
estingly, of the 32 variants only 10 had been seen in large patient
cohorts of European descent suggesting that 22 (more than 2/3)
variants are specific for patients of West African descent. The clini-
cal expression of the disease in patients with rare mutations was very
heterogeneous, as expected. The onset, expression and progression
depend, as in patients of European descent, on the specific combi-
nations of severe and mild ABCA4 disease-associated alleles. Since
most mutations were detected only once in this group, no specific
genotype/phenotype correlations were possible. Seven patients car-
ried definitely deleterious mutation (~8% from all alleles), which is
two times less than, on average, seen in cohorts of European descent
(~15%). This may also explain the milder, later onset disease in
African American patients, as discussed below.

Patient Phenotypes

Patient #40 was homozygous for the p.R2107 variant. He was
seen at the age of 61 years, at which point he had noted subtle color
vision changes for the past year. Best corrected Snellen visual acuity
was 20/207 in each eye. Fundus examination showed a bull’s eye-
appearing macular lesion, with a notable absence of fundus flecks
and relative foveal sparing. SD-OCT (Fig. 1) showed loss of the
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inner-segment ellipsoid layer (ISe) and outer nuclear layer (ONL)
in the parafoveal area, with relative sparing of those layers in the
fovea.

Patient #25 was homozygous for the p.V989A variant. When seen
at the age of 39 years, she reported blurred central vision, mild color
vision changes, and some difficulty seeing in dim illumination. Her
best corrected visual acuities at the most recent examination, when
she was 42 years of age, were 20/30"> OD and 20/40” OS. On
fundus examination, she had bull’s eye-appearing macular lesions
with a ring of flecks confined to the macula (stage 1) and relative
foveal sparing (Fig. 2) in both eyes. SD-OCT showed ISe and ONL
loss in the parafoveal area, with relative sparing of those layers in
the fovea (Fig. 2). Short wavelength FAF showed a ring of hypo-
AF, a few highly hypo-autofluorescent areas of atrophy, and hyper-
autofluorescent flecks in the macula. Full-field ERG scotopic and
photopic amplitudes were within normal limits.

Fifteen patients were heterozygous for the p.R2107H allele; in
four patients, this was the only ABCA4allele found, 11 patients were
compound heterozygous for another disease-associated variant. The
clinical presentation of the disease varied widely in these patients
most likely depending on the severity of the other allele. For example,
patients with clearly deleterious splicing mutations on the other
chromosome (¢.3523-1G>A in patient #11, ¢.768G>T in patient
#14, and c.4540-2A>G in patient #27) had an earlier disease onset
and rapid progression, whereas patients with a “milder” second
mutation had later onset and slower disease progression. As an
example from this group, patient #15 was compound heterozygous
for p.R2107H and p.V989A mutations and also had a third variant,
p.P870S. She was seen at the age of 49 years, at which time she
reported decreased central vision for the past year, as well as difficulty
with night driving for the past 5 years. Her best corrected visual
acuity was 20/50 OD and 20/40 OS. Fundus examination showed
bull’s eye-appearing lesions in both eyes, with a ring of flecks in the
macula, and mild temporal optic disc pallor, but otherwise normal
optic nerves and retinal vessels.

Comparison with Patients of European Descent

Of the six most frequent disease-associated variants (p.R2107H,
P-V989A, p.G99IR, ¢.5461-10T>C, p.R2040Q, and p.P309R) in
African American patients, only the intronic c.5461-10T>C



Figure 2. Clinical presentation of STGD1 in patient 25. Fundus photos of the right (A) and left (B) eyes of patient 25 (homozygous for p.V989A
mutations), show bull's eye-appearing macular lesions with macular flecks and well-demarcated atrophic areas in both eyes. Horizontal spectral-
domain optical coherence tomography (€ and D) line scans show loss of inner-segment ellipsoid and outer nuclear layers in the parafovea of the
each eye. Corresponding infrared scanning laser ophthalmoscopy images (right side of C and D) shows some hypo-reflectance in the parafoveal
areas, with hyper-reflectance primarily in the areas of the demarcated atrophic lesions. Short-wavelength fundus autofluorescence (E and F)
highlights bull's eye-appearing macular lesions in each eye. Macular flecks are hyper-autofluorescent, while localized loss of RPE cells are

evidenced by the well demarcated hypo-autofluorescent regions.

variant was seen at equal frequency in patients of European de-
scent (Table 3). The p.R2107H, p.V989A, and p.G991R variants
were seen in Caucasian patients at much lower frequencies; in
fact, the allele frequencies for these variants were lower in pa-
tients of European descent than in the general population of
West African descent (Table 3). Although these variants were
proven to represent disease-associated mutations, their presence
in Caucasian patients most likely suggests admixture between
ethnic groups. The same is, conversely, true for the two most
frequent mutations in Caucasian patients, ¢.5882G>A (p.(G1961E))
and ¢.4138C>T (p.(P1380L)), which are (almost) absent in the
general population of West African origin (Table 3). These mu-
tations were detected in two and one African American pa-
tients, respectively, suggesting admixture. All other most preva-
lent disease-associated ABCA4 variants in the cohort of European
descent, including c.[1622T>C; 3113C>T] (p.[L541P;A1038V]),
€.2588G>C (p.G863A), c.5714+5G>A, ¢3322C>T (p.R1108C),
¢.6079C>T (p.L2027F), and c.161G>A (p.C54Y), were not seen in
African American patients at all.

The clinical presentation of the disease differed significantly be-
tween the two ethnic groups with patients of West African descent
having later onset of the disease. When compared with randomly
selected 100 STGD1/CRD patients of Caucasian descent from our
database, only 14% of patients of West African descent had the dis-
ease onset in the 1st decade, compared with 25% of white patients.
Most interestingly, close to 30% of African American patients had
the disease onset in the 5th decade or later, whereas this fraction in
the Caucasian cohort was only 12% (P = 0.03). Detailed analysis of
the disease progression was available in only a limited number of
patients precluding statistical analysis.

Discussion

Genetic analysis of 44 African American patients revealed that
ABCA4 mutations in patients of this ethnic background differ
to a large extent from patients with ABCA4-associated diseases
of European descent. The mutation spectrum was different on

1193

HUMAN MUTATION, Vol. 35, No. 10, 1187-1194, 2014



several levels: First, most mutations in patients of West African
descent were unique, or more specific, for this ethnic group. Very
different distribution of ABCA4 disease-associated alleles was true
for both frequent and rare variants. Second, several ABCA4 vari-
ants that had been previously classified as disease-causing in pa-
tients of European descent were deemed benign since they repre-
sent ancestral alleles as determined by evolutionary analyses, and
by comparison of allele frequencies in African American patients
with ABCA4-associated diseases and the general population. Con-
versely, several variants that were previously considered not asso-
ciated with the disease, since these were very frequent (up to 2%)
in the general population of African American origin, were proven
to be causal in ABCA4-associated diseases since the allele frequen-
cies for these variants were at least 10x higher in affected indi-
viduals than in the general population. This observation was fur-
ther confirmed by segregation analyses in families and predictive
programs.

The differences in genetic causality were also clearly reflected in
the clinical phenotypes. The disease in African American patients
had a statistically significantly later onset and a trend toward milder
expression. Further studies are necessary to establish possible differ-
ences in the rate of disease progression. In summary, the spectrum
of ABCA4 mutations in patients of West African descent differs sig-
nificantly from that in patients of European origin. In addition, the
phenotypic presentation of ABCA4 alleles in African Americans is
also different from that in patients of European ancestry. This study
confirms extensive genetic and a degree of clinical heterogeneity of
ABCA4-associated diseases in patients of West African descent and
offers guidelines for interpretation of both clinical and, especially,
genetic analyses to correctly diagnose African American patients
with ABCA4-associated diseases.
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Autosomal recessive Stargardt disease (STGD1, MIM 248200) is caused by mutations in the ABCA4 gene.
Complete sequencing of ABCA4in STGD patients identifies compound heterozygous or homozygous dis-
ease-associated alleles in 65-70% of patients and only one mutation in 15-20% of patients. This study was
designed to find the missing disease-causing ABCA4variation by acombination of next-generation sequencing
(NGS), array-Comparative Genome Hybridization (aCGH) screening, familial segregation and in silico analyses.
The entire 140 kb ABCA4 genomic locus was sequenced in 114 STGD patients with one known ABCA4 exonic
mutation revealing, on average, 200 intronic variants per sample. Filtering of these data resulted in 141 candi-
dates for new mutations. Two variants were detected in four samples, two in three samples, and 20 variants in
two samples, the remaining 117 new variants were detected only once. Multimodal analysis suggested 12 new
likely pathogenic intronic ABCA4 variants, some of which were specific to (isolated) ethnic groups. No copy
number variation (large deletions and insertions) was detected in any patient suggesting that it is a very rare
eventin the ABCA4locus. Many variants were excluded since they were not conserved in non-human primates,
were frequent in African populations and, therefore, represented ancestral, and not disease-associated, var-
iants. The sequence variability in the ABCA4locus is extensive and the non-coding sequences do not harbor fre-
quent mutations in STGD patients of European-American descent. Defining disease-associated alleles in the
ABCA4locus requires exceptionally well characterized large cohorts and extensive analyses by a combination
of various approaches.

INTRODUCTION Stargardt disease (STGDI) (1) to cone—rod dystrophy (CRD)

(2,3) and, in some advanced cases, retinitis pigmentosa (RP)
Mutations in the ABCA4 gene are responsible for a wide variety  (2,4,5). While CRD and RP phenotypes are also caused by muta-
of retinal dystrophy phenotypes from autosomal recessive tions in many other genes, ABCA4 is the only recognized gene
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responsible for STGD1 (MIM 248200), a predominantly
juvenile-onset macular dystrophy frequently associated with
early-onset central visual impairment, progressive bilateral
atrophy of the foveal retinal pigment epithelium, and the pres-
ence of yellowish flecks, defined as lipofuscin deposits, around
the macula and/or in the central and near-peripheral areas of
the retina.

Over 800 disease-associated ABCA4 variants have been
already identified (6) and the most frequent of these have been
described in only ~10% of STGDI patients (7). Several
studies have identified frequent ‘ethnic group-specific’ ABCA4
alleles, such as the p.G863A/G863del founder mutation in
Northern European patients (8), the p.[L541P;A1038V] complex
allele in patients of mostly German origin (3,9), the p.R1129L
founder mutation in Spain (10), the p.N965S variant in the
Danish population (11) and the p.A1773V variant in Mexico (12).

Complete sequencing of the ABCA4 coding and adjacent
intronic sequences in patients with STGD1 routinely discovers
~80% of mutations with the fraction of patients harboring the
expected two disease-associated alleles at 65—70%, with one
mutation ~15-20%, and with no mutations in the remaining
~15% (13). These fractions depend on many variables, most
importantly the quality of the clinical diagnosis and the ethnic
composition of the cohort. Most of the cases with no detected
ABCA4 mutations likely represent phenocopies (13); i.e. in
those patients mutations in other gene(s) cause a STGD1-like
phenotype. However, based on the known carrier frequency of
pathogenic ABCA4 variants, in most cases with one ABCA4
allele the second allele is expected to reside in the ABCA4
locus. It can present as a copy number variant (CNV, large dele-
tion or insertion of one exon or more) which eludes detection by
PCR-based sequencing techniques, a synonymous variant in the
coding region, or a (deep) intronic variant, which may affect
splicing or aregulatory region, such as a promoter or an enhancer
(14). Very few of these have been identified (13,15,16).

This study was designed to find the missing 4BCA4 mutations
by a combination of next-generation sequencing, array-
comparative genomic hybridization (aCGH) arrays, in silico
and RNA analyses, and segregation analyses in families.

RESULTS

Discovery of new disease-associated variants
by next-generation sequencing

Sequencing of the entire 4BCA4 genomic locus, at an average
depth of coverage of 100x, in 130 patients with 4BCA4-
associated disease harboring one previously known ABCA4
disease-associated allele, and 6 patients with no known
ABCA4 mutations, resulted in detecting 1745 different variants.
Eighty-three of these were previously known disease-associated
orbenign variants from coding regions and pathogenic splice site
variants. Six hundred and ninety-five (695) variants were also
detected in 1000 Genomes Project or Exome Sequencing
Project, with no statistically significant differences in allele fre-
quencies between the general population and the patient cohort,
unless the variants were on the same allele (haplotype) with the
frequent known ABCA4 coding mutation, p.G1961E. Five
hundred and twenty-six (526) variants were incorrectly called
deletions or insertions from single nucleotide repeat areas

(homopolymers) that have proven to be difficult for the NGS ap-
proach. We also experienced a relatively high A>C/C>A/
T>G/G>T false-positive calling rate with Illumina sequen-
cing. The number of false positives can be reduced by more strin-
gent criteria for variant calling; however, this may also exclude
some real variants. After the filtering and verification steps 141
new intronic ABCA4 variants remained in 114 patients. In 22
patients with one previously known 4ABCA4 mutation, the
second pathogenic ABCA4 allele was also found in the coding se-
quence or adjacent splice sites. In 6/22 cases this was due to re-
evaluation of several variants which had been classified as
benign, e.g. p.G991R and p.A1773V. The remaining 16 cases
represented false-negative results, probably due to technical
reasons in the first, sequencing, step of the ABCA4 coding
regions.

Ofthe 141 new possible candidates for disease-associated var-
iants, two variants, ¢.453942064C>T and ¢.5461-1389C>A,
were detected together (one the same chromosome) as a
complex allele in four patients of Spanish or Italian descent
(Table 1). The ¢.5461-1389C> A variant is in an evolutionarily
less conserved area, the ¢.4539+2064C>T variant is adjacent
to the recently reported c.4539+2028C>T and c.4539+
2001G> A variants from a conserved area (14). According to
predictive programs, none of these variants have any effect on
splicing, whether on existing cryptic splice sites or on creating
new sites. The ¢.453942064C>T and c.5461-1389C>A
haplotype segregated with the disease in all three STGD1 fam-
ilies from Spain (Fig. 1A—C), and were absent in 100 matched
Spanish control samples, making these variants very likely can-
didates for intronic ABCA4 mutations.

Two variants, ¢.5196+1056A>G and c.6006-609T>A,
were detected in 3/114 unrelated patients each and were absent
in 368 matched control samples. The ¢.5196+1056A>G
variant segregated with the disease in two families; i.e. it was
on a different chromosome than the proband’s other ABCA4 mu-
tation (Fig. 1D). This variant is also predicted to strengthen a
cryptic splice donor (Supplementary Material, Fig. S1A). The
variant was found, in addition, in 1/119 patients from our repli-
cation cohort of STGD1 patients with one known 4BCA4 muta-
tion and has been recently reported as a disease-associated
allele (14). The aggregate evidence suggests that the ¢.5196+
1056A>G variant is a rare, deep intronic disease-associated
allele.

The ¢.6006-609T > A variant, which does not have a predicted
effect on splicing, was detected in 6/119 additional unrelated
samples from our replication cohort of STGDI1 patients with
one known 4BCA4 mutation. Two of these samples were from
the Columbia University patient cohort and four from European
cohorts including two from Denmark. The variant was not
present in 368 European-American control samples, but was
detected in 2/182 Danish control samples. While the frequency
of this variant is 10 x elevated in STGD1 patients as compared
with all controls (1.9 versus 0.18%) and 3.5x if compared
with Danish controls (0.55%), it is premature to unequivocally
call the variant as associated with the disease.

Three variants, ¢.570+1798A>G, ¢.2161-8G>A, and
¢.859-9T>C were each detected in 2/114 different patients in
our primary ABCA4 locus screening cohort, but absent in 368
control samples and also in 119 additional STGD1 samples
from the replication cohort (Table 1). The ¢.570+1798A>G



Table 1. Analysis of the new intronic ABCA4 variants which were either detected twice or more in the cohort of 114 STGD1 patients, and/or have a predicted effect on splicing

Positionon  Variant Effect on splicing (combined Alamut  C Primary ABCA4  Validation Segregation Controls’ Conservationin  Disease
chrl prediction) score  locus cohort (replication) cohort  with disease primates association
(114) (119)
94580645  ¢.67-2023T>G Cryptic donor strongly activated 1.888 1 0 0/368 No Probably not
94566 773 ¢.570+1798A>G New donor site 8955 2 0 0/368 Yes Yes
94563992 ¢.768+358C>T No effect 9324 2 0 0/368 Yes Possibly yes
94550775  ¢.769-1778T>C No effect 4.085 2 0 3/368 Yes No
94 546283 ¢.859-9T>C Weakens the acceptor by ~14% 4495 2 0 Yes 0/368, 0/120° Yes Yes
94526934  ¢.1938-619A>G Cryptic donor strongly activated 2211 1 0 Yes 0/368 Yes Yes
94525509  ¢.2160+584A>G New donor site 1253 1 0 0/368 Yes Yes
94522386 c.2161-8G>A Weakens the acceptor by ~50% 1325 2 0 0/368 Yes Yes
94514521 ¢.2654-8T>G Weakens the acceptor by ~35% 11.3 1 0 0/368 Yes Yes
94511126 c.2919-826T>A Cryptic donor strongly activated 1.513 1 0 0/368 No Probably not
94509 799 ¢.30504-370C>T New donor site 1.072 1 0 0/368 Yes Yes
94495923  c.4352+61G>A Cryptic donor strongly activated 6914 1 0 0/368 No Probably not
94493272 ¢.4539+1729G>T  New donor site 1.586 1 0 0/368 Yes Yes
94493000  ¢.4539+2001G>A° No effect 4653 2 0 0/368 Yes Possibly yes
94492973 ¢.4539+2028C>T¢ No effect 3531 2 2 NS Yes Possibly yes
94492937 c.453942064C>T  No effect; the most frequent new 3598 4 0 Yes 0/100¢ Yes Yes
variant
94484082  ¢.5196+1056A>G" Cryptic donor strongly activated 2025 3 1 Yes 0/368 Yes Yes
94 484001 €.51964+1137G>A®  Cryptic acceptor strongly activated 2681 1 9 0/368, 8/200° No No
94 478 330 €.5461-1389C > A No effect; the most frequent new 4805 4 0 Yes 0/368, 0/100¢ No No
variant
94473 856 c.5836-3C>A Weakens the acceptor by ~26% 11.84 1 0 NS No Yes
94471 747 ¢.6006-609T>A No effect, second most frequent 7.22 3 6 0/368, 2/180° Yes Possibly yes
variant
94468019  ¢.6148-471C>T Cryptic donor strongly activated 8.47 1 0 0/368 Yes Yes
94462292  ¢.6730-541T>C Cryptic acceptor strongly activated 5682 1 0 No 0/368 Yes No

“Control cohort of 368 samples of European ancestry was screened if not indicated differently.
Cohort of 120 control samples of Asian-Indian origin.
“Variant is previously reported by Braun et al. (2013).

dCohort of 100 controls from Spain.

“Cohort of 200 African-American general population controls.
Variant is on the same allele with ¢.4539+2064C>T.
£Cohort of 180 controls from Denmark. NS, not screened.
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Figure 1. Pedigrees segregating the new ABCA4 intronic variants with STGD1.

variant creates a very strong new donor splice site according to
all predictive software (Supplementary Material, Fig. S1B).
The ¢.2161-8G>A variant weakens the existing acceptor by
50%, and the ¢.859-9T > C change by 14% (Supplementary Ma-
terial, Fig. SIC and D). The ¢.2161-8G>A and ¢.859-9T>C
variants are adjacent to ABCA4 exon sequences and can be
detected also by sequencing of 4ABCA4 coding regions.
However, neither of these variants has been detected in the
Exome Sequencing Project currently containing 4300 indivi-
duals of European-American descent and 2203 individuals of
African-American descent. In addition to the 2/114 patients
from the 4BCA4 locus screening cohort, ¢.859-9T>C has
been detected twice, in homozygosity, in STGDI patients with
no other known 4ABCA4 mutations, and in three more STGD1
patients in heterozygous state with one known 4ABCA4 mutation.
Segregation analysis was possible in one family, and confirmed
that the ¢.859-9T > C was not on the same chromosome with the
proband’s other mutation (Fig. 1E). All evidence points to these
three variants as being intronic disease-associated ABCA4 var-
iants; the ¢.859-9T > C variant is discussed in detail below.
Seventeen more new variants were detected twice in 114
patients from the locus screening cohort. Five of these variants
were detected together in the same two patients both of whom
also carried the most likely benign p.V931M variant, so these
variants were eliminated from the pool of possible mutation can-
didates. Three more variants were on the same chromosome with
the previously known ABCA4 exon variants, (with p.R212C,
p.T1253M, and p.[L541P;A1038V]), respectively. Other var-
iants were either in the same patients who already carried a stron-
ger intronic mutation candidate (5), not conserved in non-human
primates (NHPs) (1), or were found in controls with similar

frequency (1). None of them had a predicted effect on splicing.
Among these variants are also the recently reported by Braun
et al. ¢.45394+2028C>T and ¢.45394+2001G>A variants.
Both variants were found in 2/114 samples in our primary
cohort. The ¢.4539+4-2028C>T change was also detected in 2/
119 patients of the replication cohort, a frequency significantly
lower than reported by Braun ez al. (14).

The remaining 117 new ABCA4 intronic variants were only
detected once each in 62 different patients with one previously
known ABCA4 mutation. Twelve of these variants were pre-
dicted to have an effect on splicing (Table 1). The ¢.5836-3C>A
and ¢.2654-8T>G weaken the existing splice acceptor sites
on average by 25 and 35%, respectively (Supplementary
Material, Fig. S1E and F). Neither of these two variants has
been detected by Exome Sequencing Project, nor in our entire
STGD1 patient cohort (780 patients) where all ABCA4 coding
regions and adjacent splice sites have been sequenced.

The variants ¢.67-2023T>G, ¢.1938-619A>G, ¢.3050+
370C>T, c.43524+61G>A and ¢.2919-826T > A, all strength-
enthe existing cryptic splice donors sites (Supplementary Mater-
ial, Fig. S1G and H). None of these variants were found in 368
control samples, nor in the replication cohort of 119 additional
STGD1 patients with one 4BCA4 disease-associated allele.
The ¢.1938-619A>G variant segregated with the disease in
one family (Fig. IF). The ¢.67-2023T>G and ¢.2919-826T>A
variants are not conserved in non-human primates and,
therefore, not likely disease-causing in humans. At the same
time, these two patients do not carry any other possible ABCA4
mutant alleles. The variants ¢.2160+584A>G and c.4539+
1729G>T are predicted to create new strong splice donors
(Supplementary Material, Fig. S1I and J). The variants are



absent in 368 control samples and in the replication cohort of 119
STGD1 patients (Table 1). Since these positions are highly con-
served among species we suggest that the ¢.2160+584A>G
and ¢.4539+41729G>T variants are very good candidates for
intronic 4BCA4 mutations.

The variants ¢.5196+1137G>A, ¢.6148-471C>T and
¢.6730-541T>C have a predicted effect of strengthening the
existing cryptic splice acceptors (Supplementary Material,
Fig. SIK—M), and were each all detected in one patient in the
primary locus screening cohort. The ¢.6730-541T>C variant
was on the same chromosome with the probands other known
ABCA4 mutation, and can therefore be excluded from possible
new mutations list. The ¢.6148-471C>T and ¢.6730-541T>C
variants were not detected in 368 control samples, nor in 119
additional STGD1 samples. The recently reported (14)
¢.5196+1137G>A variant was additionally found in nine
STGD1 samples with one previously known ABCA4 variant
(Table 1). Three of these patients were from Denmark, three
were of African-American origin, and three of unknown ethni-
city. Screening matched control cohorts revealed no carriers
for this allele in 180 Danish control samples, but it was detected
in 8/200 (MAF = 2%) general population controls of African-
American descent, strongly suggesting non-pathogenicity.
Additional support for this variant not being pathogenic comes
from evolutionary analysis (see below). The human major
allele ¢.5196+1137G is the minor allele in Macaca mulatta
and the suggested mutant allele A isthe major allele in macaques.

Analysis of regulatory sequences

To assess the effect of the new 4ABCA4 intronic variants on
putative regulatory regions we compared their location against
the chromosome coordinates of the DNasel hypersensitivity
and transcription factor binding regions from the ENCODE
project. Since regulatory regions, in particular promoters, tend
to be DNase sensitive, variants that fall within such regions
may affect regulatory potential. Also, variants that are located
in transcription factor binding sites may potentially have an
effect on protein binding. The combined DNasel hypersensitiv-
ity data were derived from 125 cell types, and the dataset for
transcription factor binding regions involved 161 transcription
factors in 91 cell types. Unfortunately the datasets did not
contain eye-specific cell types or transcription factors. The
defined regions were assigned normalized scores in the range
of 0—1000, with higher scores indicating stronger signal
strength. Twenty-four of the 141 new 4BCA4 intronic variants
are located in regions with both DNasel hypersensitivity and
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transcription factor binding scores of various strength (Supple-
mentary Material, Table S1). Family members were available
for segregation analyses in three cases. Variants
¢.570+1499C>A and c.67-3166C>T were on the same
chromosome with the probands’ other mutation, while
¢.571-1707C>T and ¢.50184-289T>C were both detected in
one patient and on the different chromosome than this patient’s
other mutation, suggesting possible pathogenicity. Twenty-one
variants fall within regions with only DNasel hypersensitivity
score, and 12 variants within regions of transcription factor
binding consensus sequences.

The new ABCA4 intronic variants were also subjected to
the Combined Annotation Dependent Depletion (CADD)
algorithm (http://cadd.gs.washington.edu/score) (17). The CADD
algorithm combines a diverse array of annotations into one metric
(C score) for each variant, ranking a variant relative to all possible
substitutions of the human genome (17). C score correlates with
allelic diversity, pathogenicity and experimentally measured regu-
latory effects. A C score of > 10 indicates that the variant is among
the top 10% of most deleterious substitutions in the human
genome. C scores for the new 4BCA4 intronic variants range
from 0.004 to 15.14 (Supplementary Material, Table S1), with
nine variants resulting in a C score greater than 10. Four of those
variants were already classified as possibly disease-associated
due to their strong predicted effect on splicing (Table 1). The
other five variants with higher C scores included c.4539+
1971T>C, ¢.67-3779T>G, ¢.303-906A>G, ¢.859-41T>C and
¢.1357-221T> A (Supplementary Material, Table S1).

In summary, we found a very strong or a probable intronic
mutation candidate in 27/114 (23.7%) patients with one existing
definite ABCA4 mutation (Table 1). No immediately plausible
candidates for intronic mutations were found in 36/114
(31.6%) patients. The remaining 51 (44.7%) patients possessed
one or more new intronic variants that were only detected once,
had no effect on splicing according to prediction programs and,
therefore, are very difficult to confirm or refute as disease-
associated alleles with the available methods and the impossi-
bility of obtaining the patient RNA. However, it is highly
likely that a fraction of these are associated with STGD1.

Analysis of previously reported variants

Recently several ABCA4 intronic variants were suggested to
account for a substantial fraction of pathogenic 4ABCA4 alleles
(14). Since we have directly sequenced the ABCA4 gene and
flanking intronic sequences in >780 STGD1 patients and the
entire ABCA4 genomic locus in 114 STGD patients with one

Table 2. Frequency of the variants described in Braun ef al. (2013), and in the current study.

Variant # Location on chrl Variant Braun et al. primary CU locus cohort CU exon seq cohort
(Braun et al.) cohort (n=28) (n=114) (n="780)

Vi 94 484001 c.5196+1137G>A 4 1 -

V2 94483922 c.5196+1216C>A 1 0 -

V3 94484 082 ¢.5196+1056A>G 1 3 -

V4 94493 000 c.4539+2001G>A 1 2 -

V5 94492973 ¢.453942028C>T 3 2 -

%9 94466 602 c.6342G>A/p.V2114V 1 0 1

V7 94487399 c4773+3A>G 3 0 0
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mutation, we compared the Braun et al. data to ours (Table 2).
The silent exonic p.V2114V variant, which we had described
in our earlier study as a possibly disease-associated mutation
(13), is very rare; it was detected in 1 out of 780 STGD!1 patients
(Table 2). The ‘near-exonic’ ¢.4773+3A>G variant was not
detected in any of our 780 patients. We were also unable to
detect one of the remaining five ‘deep intronic’ variants
(c.5196+1216C>A) in any patient with one mutation and the
other four were seen, in total, in 9/114 (7.9%) STGDI patients,
a statistically significant difference from the Braun et al. data
10/28 (17.9%; P = 0.001).

We then analyzed the evolutionary and/or ethnic origin of the
variants focusing first on the most frequent variant in the Braun
etal. study, ¢.5196+1137G> A. Evolutionary conservation of a
nucleotide is one of the most important criteria for determining
the pathogenicity of a variant, especially in a highly conserved
gene such as ABCA4. The ABCA4 protein performs a very spe-
cialized function in the visual cycle; therefore it is exceptionally
conserved in mammals and in all vertebrates with visual cycle.
For example, the mouse and human ABCAA4 proteins are 88%
identical, allowing the human protein to perform the transport
function in mouse (18). The conservation extends beyond
coding sequences and includes splice sites; in fact, the ABCA4
gene has the same structure, consisting of exactly the same 50
exons in non-human primates, such as Pan troglodytes and
M. mulatta. The evolutionary conservation extends, in some
regions, deep into the introns; for example, the 200 bp sequences
surrounding the ¢.5196+1137G> A variant are 96% identical
between human and macaque. Most importantly, M. mulatta
has the adenosine nucleotide in human position ¢.5196+1137

(Fig. 2), as a major allele with guanosine as a minor allele; i.e.
a situation exactly the reverse to that observed in humans, sug-
gesting that this is an ancestral variant and not a disease-causing
mutation. To further prove this assumption, we screened 200
unrelated individuals from the general population of African-
American descent and identified eight heterozygotes, resulting
in the allele frequency of ~2%. The cohort of STGD1 patients
at Columbia University contains 46 African-American patients
of whom one carried the ¢.5196+1137G> A variant, resulting
in the allele frequency of ~1%, comparable to that in the
general population. No other disease-associated 4ABCA4
variant was identified in this patient. In addition, we detected
the ¢.5196+1137G>A variant only once in 114 STGDI1
patients (allele frequency 0.4%) of European descent in the Col-
umbia cohort (Tables 1 and 2). However, it was found in 3 out of
24 STGD1 patients (allele frequency 6.25%) ina STGD1 cohort
from Denmark (Table 1). Interestingly, all three patients derived
from the same region in Denmark, suggesting either admixture,
or that this variant may be more frequent also in some (isolated)
ethnic groups other than of African descent since the variant was
not detected in 180 unaffected Danish individuals from Copen-
hagen. Finally, RNA analysis from macaque homozygous for the
A allele at the human position ¢.5196+-1137 clearly showed no
effect on splicing (Fig. 2), which eliminates the c¢.5196+
1137G> A variant as possibly pathogenic in STGDI patients.
The three remaining deep intronic variants described by
Braun et al. (14), ¢.5196+1056A>G, ¢.4539+2028C>T and
¢.45394-2001G>A are discussed in the previous section. All
of these are very rare and are conserved in NHPs. The
¢.51964+1056 A>G variant, which affects splicing, is likely a

A Human ATTATCAGTAGCAACTAAATTATTICCTICTCTICTITCTGTCTACACGAGGAAACACT CATARATGCACGGGGAGGAGGICA
Macaque ----- A -C--T-
CAAGG A
iy ﬂ|
VTl
B

<

3685bp intron

205bp RT-PCR product

Figure 2. Analysis of the ¢.5196+1137G>A variant in M. mulatta. (A) Alignment of the Homo sapiens chromosomel: 94 484 046—94 483 967, GRCh37.p13
Primary Assembly, with M. mulatta respective sequences. 4BCA4 intronic position ¢.5196 + 1137G is marked with large font in bold. Differences in macaque
sequence compared with human are designated with letters. (B) Confirmation of correct splicing of ABCA4 exons 36 and 37 in a ¢.5196+1137A macaque retina

in RT-PCR analysis. No alternate splicing products were detected.



disease-associated mutation. The other two are not predicted to
affect splicing and are too rare to investigate by other means,
so the pathogenicity of these variants remains unconfirmed.

New frequent intronic variant in STGD1 patients
of Asian Indian descent

As described above, we detected the ¢.859-9T>C variant in 2/
114 patients in our primary ABCA4 locus screening cohort.
Since the ¢.859-9T>C variant weakens the existing splice
acceptor only by 14%, we initially did not consider the variant
a strong candidate for disease association. However, subse-
quently the variant was detected in homozygous state in two
STGD1 patients who did not harbor any other exonic or intronic
ABCA4 mutations and, heterozygously, in three more STGD1
patients with one known ABCA4 mutation. Review of the
ethnic origin of all these patients determined that they were all
of Asian Indian descent originating from either Pakistan, India
or Bangladesh. Segregation analysis was possible in one
family, and confirmed that the ¢.859-9T>C segregated with
the disease (Fig. 1E); i.e. it was in frans configuration with the
second ABCA4 mutation, c.5917del, in the proband. The
¢.859-9T>C variant is adjacent to ABCA4 exon sequences
and is, therefore, detected also by exome sequencing, or by
direct sequencing of ABCA4 coding regions. However, it has
not been detected in the Exome Sequencing Project currently
containing 4300 individuals of European-American descent
and 2200 individuals of African-American descent. It was
also absent in 368 control samples and also in 119 additional
STGD1 samples of European-American descent with one
known ABCA4 mutation (Table 1). Further screening in
Asian-Indian population did not detect this variant in 120 sub-
jects, both from the general population (50 individuals), or
from the patients affected with Leber congenital amaurosis
or Leber hereditary optic neuropathy (70 cases). Altogether,
the data suggest that the variant is not frequent in the ethnically
matched general population and is very frequent in Indian
patients with STGD1 (7 alleles in 15 patients—23.3%) suggest-
ing that the ¢.859-9T > C variant is a frequent disease-associated
ABCA4 allele in patients of Asian-Indian origin.

Analysis of the copy number variants by aCGH arrays

Few lines of evidence have suggested that some disease-
associated ABCA4 alleles can present as CNVs, mostly in the
form of large deletions encompassing one or more exons (15).
These reports have been rare, so we reasoned that a small fraction
of missing ABCA4 alleles might present as CNVs. In total of 104
STGDI1 patients with one known 4ABCA4 allele and 5 patients
with no ABCA4 mutations were screened on the custom CGH
arrays, 57 of these were also included in the locus sequencing.
aCGH data of the total number of 109 samples was analyzed
by using Agilent Genomic Workbench (version 7.0), where
CNVs were called by using ADM-2 algorithm with threshold
of 4.0. No large (>500bp) CNVs were identified in the
ABCA4 locus, while ultra-small, seemingly true-positive CNV
calls were further validated by PCR, which did not confirm
any, reflecting the decreased accuracy of aCGH for the ultra-
small CNVs Since the array contained several genes in the
CFH locus with known frequent CNVs and confirmed in a
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positive control a heterozygous 1030 bp deletion in the ABCA4
locus, we can exclude any technical issues and conclude that,
despite reports of CNVs (mainly large deletions) in 1-2% of
STGDI1 patients, these events are likely much more rare and
the CNVs do not account for a reasonable fraction of missing
ABCA4 alleles in all populations studied.

DISCUSSION

The ABCA4 gene was described as the causal gene for STGD1 17
years ago (1) and has been subjected to intensive genetic
research; however, the complete understanding of genetic caus-
ality has yet to be elucidated. Major factors challenging genetic
analysis are: (1) the size of the gene, (2) the exceptional genetic
heterogeneity, (3) the expression of the gene in only photorecep-
tors, rods and cones and, consequently and most importantly, (4)
the impossibility of obtaining retinal tissue samples in vivo from
patients for RNA analyses. Until recently, even the analysis of
amino acid-changing variants was stymied by the lack of a
direct functional assay; these analyses were limited to indirect
in vitro studies of the transporters’ ability to bind and/or hydro-
lyze ATP (19,20). This problem has been somewhat alleviated
by the recent studies of Molday et al. (21,22), where direct trans-
port assays, albeit still in vitro, have been proposed and success-
fully used for several ABCA4 missense alleles. Large-scale use
of the assay for hundreds of documented ABCA4 variants is
still time- and cost-prohibitive. However, the functional ana-
lyses of variants that do not affect the protein sequence directly,
such as splicing defects and variants in regulatory regions likely
modulating levels of expression, remain refractory to experi-
mental verification.

Some studies (9,14) have employed the ‘illegitimate tran-
script’ or ‘minigene’ strategies to assess the effect of certain var-
iants on splicing, but these studies have serious limitations
(in part stemming from the word ‘illegitimate’) and the results,
while suggestive, cannot be considered unequivocal, as also
demonstrated in the current study. With the lack of patient
RNA for direct structural and expression studies, the analysis
is limited to the assessment of variant frequencies in STGDI
patients and in the matched general populations, to in silico sug-
gestions by predictive software programs, and to segregation
analyses in families. The latter approach is also seriously ham-
pered by the fact that most variants in 4BCA4 coding and non-
coding regions are extremely rare, most often represented in
singleton cases and the available families/pedigrees are
usually nuclear, i.e. mostly very small, where the segregation
analysis has a very limited power.

In the current study of non-coding genetic variation on the
largest STGDI1 cohort analyzed to date, we were able to
(almost) unequivocally assign pathogenicity to only 12/141 var-
iants in intronic sequences of ABCA4. Most of the variants which
occurred only once in the ABCA4 locus cannot be called espe-
cially when the predictive programs do not suggest any effect
on splicing. Moreover, the assessment based on predictive pro-
grams is not unequivocal, several studies have suggested that
molecularly confirmed predictions range from 70 to 80% (23).
One has to take into account the fact that assessment of the
effect on splicing addresses just one possible mechanism for
non-coding sequences. Effect on these on other regulatory
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elements affecting the gene expression, such as transcription
factor binding sites, enhancers, promoters, etc., is still very dif-
ficult to assess in most cases (24). The best known example of
an intronic variant in the ABCA4 locus is the ¢.5461-10T>C
variant in intron 38, which is the second or third most frequent
variant (found in ~7% of STGDI1 patients of European
descent) after the p.G1961E and p.[L541P;A1038V] mutations
(13). The ¢.5461-10T>C variant always segregates with the
disease phenotype in families, is very rare in the general popula-
tion (<0.001) and is shown not to affect splicing in a minigene
approach (9). Since there is no mutation in the ABCA4 coding
sequence on the same chromosome with the ¢.5461-10T>C
variant, the latter has to be a disease-associated mutation,
although its functional consequences remain unknown.

A recent study suggested a few deep intronic variants in the
ABCA4 locus which were associated with STGD!1 in a large
fraction, up to 50%, of patients with one exonic mutation.
Our detailed analysis of these data with a multi-faceted
approach on a much larger cohort of European-American
descent could not confirm these conclusions. Specifically, the
reported variants were much, 10—50 times, rarer than original-
ly claimed (Table 2) and some of them were deemed not asso-
ciated with STGD1 after evolutionary and RNA analyses
employing NHPs (Fig. 2). Concerns also include the ethnic
origin and relatedness of patients in cohorts described by
Braun et al. (14), since the statistically significant difference
in allele frequencies between two studies can occur, excluding
technical issues, for two main reasons: (1) cohorts include
related subjects or, (2) difference in the racial or ethnic origin
of the cohorts. For example, recently several missense
ABCA4 variants that were originally considered pathogenic
since they were very rare in populations of European descent
have now been classified non-pathogenic since they are
major alleles (i.e. the ‘wild-type’ variants) in non-human pri-
mates (e.g. p.R1300Q) and/or frequent in some racial and
ethnic groups, for example, in African-Americans (e.g.
p-L1201R, p.R1300Q and p.V643M) (25).

In summary, the analysis of the entire ABCA4 locus in large
cohorts of STGDI1 patients revealed the following:

(1) The genetic variability in the non-coding sequences in the
ABCA4 locus, similar to the coding sequences, is excep-
tionally vast.

(2) There are no frequent pathogenic variants in the non-
coding sequences of the ABCA4 locus; all definitely or
likely disease-associated variants are individually rare
in the populations of European descent.

(3) Some variants are more frequent in specific racial and
ethnic groups.

(4) Copynumber variations in the ABCA4 locus are very rare.

Analysis of the pathogenicity of specifically intronic ABCA4
variants, which affect splicing and regulatory regions influen-
cing the gene expression, is complicated due to the impossible
task of obtaining RNA from photoreceptor cells from affected
individuals in vivo. Studying iPS cells obtained from individual
patients, which are then directed towards differentiating into
photoreceptors with the goal of expressing ABCA4, could be a
plausible approach.

MATERIALS AND METHODS
Patients

STGD1 patients (255) were, after written informed consent,
recruited and clinically examined during a 10-year period in dif-
ferent centers in the USA, Italy, Spain and Denmark. Control
cohorts included samples from centers in the USA, Spain and
Denmark. In total, 255 patients, and 918 control samples were
included in the analyses.

Our primary locus sequencing cohort of 136 samples con-
sisted of 49 STGDI patients from Columbia University, 22
from the University of Illinois at Chicago and the Pangere
Center at the Chicago Lighthouse, 22 from UCLA, 25 patients
from Italy and 18 from Spain. The second, validation/replication
cohort consisted of 119 STGD1 patients from the same centers.
Age of onset was defined as the age at which symptoms were first
reported. Visual acuity was measured using the Early Treatment
Diabetic Retinopathy Study Chart 1 or a Snellen acuity chart.
Clinical examination, fundus photography, fundus autofluores-
cence and spectral domain-optical coherence tomography
(SD-OCT) (Heidelberg Spectralis HRA + OCT) were per-
formed using standard acquisition protocols following pupil
dilation with Tropicamide 1% and Neosynephrine 2%. All
research was carried out with the approval of the Institutional
Review Boards at the respective centers and in accordance
with the Declaration of Helsinki.

M. mulatta samples

DNA samples from 86 unrelated rhesus macaques (M. mulatta)
from NHP colonies at the National Institutes of Health and the
Primate Facility at the University of Oregon were genotyped
for the ¢.5196+1137G > A variant.

Sequencing

The first set of 48 patients were sequenced using RainDance
microdroplet-PCR target enrichment (RainDance Technolo-
gies, Billerica, MA) with subsequent sequencing on Roche 454
platform (454 Life Sciences, Branford, CT). We targeted the
genomic region chrl1:94 453 727—-94 595 732 (GRCh37/hg19
Assembly); including the ABCA4 genomic locus chr1:94 458
394-94 586 705 and 9027 bp of 5’UTR and 4667 of 3'UTR
sequences. The design covered 100% of the targeted area via
473 amplicons of 350—-500 bp.

The second set 0f 95 patient samples were analyzed by the Illu-
mina Truseq Custom Amplicon target enrichment strategy fol-
lowed by sequencing on Illumina MiSeq platform (Illumina,
San Diego, CA). The Illumina design targeted the genomic
region 94456 700—94 591 600, including the ABCA4 locus,
and 4895 bp of 5’UTR and 1694 bp of 3’'UTR sequences. The
region was divided into nine targets, with seven 500 bp and
one 1100 bp gap introduced into the repeating elements. The cu-
mulative target via Illumina design involved 130319 bp,
covered by 94% with 421 amplicons of 425 bp. The next-
generation sequencing reads were analyzed using the variant dis-
covery software NextGENe (SoftGenetics, State College, PA).
The reads were aligned against the targeted region in the refer-
ence genome GRCh37/hgl9. For a variant to be called, we
required the read containing the variant to match 85% to the



aligned position, the variant to be covered by at least 10 reads and
the variant to be present in 20% of all reads aligned to the given
position. We also used the overall confidence score of 10 of the
NextGENe software as a further filter. We used the previously
determined 4BCA4 coding variants as controls to set these
filtering criteria. On average, ~200 variants were called per
individual patient.

Analysis of the ABCA4 variants

All variants and their allele frequencies were compared with the
1000 Genomes database (26), and to the Exome Variant Server
(EVS) dataset, NHLBI Exome Sequencing Project, Seattle,
WA, USA (http://snp.gs.washington.edu/EVS/; accessed
November 2013). New variants that were not recorded in these
databases were further analyzed by a combination of predictive
in silico methods and statistical analyses. The possible effect of
all new non-coding 4BCA4 variants on splicing was assessed
using five different algorithms (SpliceSiteFinder, MaxEntScan,
NNSPLICE, GeneSplicer, Human Splicing Finder) via Alamut
software (http://www.interactive-biosoftware.com). In order to
assess the regulatory potential of the new ABCA4 intronic var-
iants we compared their chromosome coordinates against the
predicted regulatory regions from two ENCODE datasets:
(1) Combined DNasel hypersensitivity clusters from 125 cell
types (‘Digital DNasel Hypersensitivity Clusters in 125 cell
types from ENCODE’ http://genome.ucsc.edu/cgi-bin/hgTrack
Ui?hgsid=366969521&c=chr1 &g=wgEncodeRegDnaseClustered
V2, filename: wgEncodeRegDnaseClusteredV2.bed.gz, last
accessed on 23 August 2012); and (2) ChIP-seq clustered
regions for 161 transcription factors in 91 cell types (‘Transcrip-
tion Factor ChIP-seq V4 (161 factors) with Factorbook motifs
from ENCODE’http://genome.ucsc.edu/cgi-bin/hgTrackUi?
hgsid=366969521&c=chr1&g=wgEncodeRegT{bsClusteredV3,
filename: wgEncodeRegTfbsClusteredV3.bed.gz, last accessed
on 21 July 2013). Evolutionary conservation of the variants
was noted via UCSC Genome Browser (http://genome.ucsc.
edu). The Combined Annotation Dependent Depletion
(CADD) algorithm (http://cadd.gs.washington.edu/score) was
used to estimate combined predicted general deleteriousness
of every variant. The variants’ segregation with the disease in
available families was analyzed by Sanger sequencing, and
screening of patient and control cohorts for allele frequencies in
various populations was performed using TagMan Genotyping
technology (Life Technologies, Carlsbad, CA). For genotyping
for the ¢.5196+1137G>A variant we used PCR RFLP with
forward primer 5GTGGGCCTAGCTCCTTTTAT3/, reverse
primer 5GGAGACCAACACAAATGACC3’ (Life technolo-
gies, Carlsbad, CA), and the DNA restriction endonuclease
BssSI (New England Biolabs, Ipswich, MA)

Array-comparative genome hybridization (aCGH)

Custom aCGH arrays (Agilent Technologies, CA),ina 8 x 60K
format, was designed with high-density probes tiling the critical
genetic loci of 4BCA4-associated disease were designed to
assess for CNVs involving these loci. The ABCA4 locus and
eight other known genes causing macular disease (ELOVLA,
PRPH?2, BESTI, RS1, CNGB3), and major age-related macular
degeneration-associated loci (CFH, ARMS2, C2/CFB), were
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considered as ‘primary loci’ and therefore probed with ultra-high
density throughout the entire genomic length of the genes plus
the 5" promoter regions and 3’ downstream regions, as well as at
slightly lower density for flanking 5" and 3" conserved regions.
Eighteen genetic loci (C3, APOE, CFI, LIPC, SYN3/TIMP3,
CETP, COL8AI, BBX, PLDI, SPEF2, ADAMI19, VEGFA,
FRK, MEPCE, CHMP7/LOXL2, TGFBRI, NPS, PICKI) were
considered as ‘secondary loci’ and probed with ultra-high
density in exons and with lower resolution throughout each
gene plus the flanking 5’ promoter regions and 3’ downstream
regions. The details of the array design are described in the Sup-
plementary Material, Table S2.

Array-CGH analysis was performed on DNA from 104 indivi-
duals diagnosed with STGDI, for each of whom only one muta-
tion in ABCA4 had been found by sequencing. A DNA sample
with a known, previously reported 1030 bp heterozygous dele-
tion of exon 18 in ABCA4, was used as positive control (15).
Experimental procedures of aCGH were performed as described
previously (27) with minor modifications. Agilent Genomic
Workbench version 7.0 software (Agilent Technologies, CA)
was used for data analysis, and PCR validations were performed
for the plausible true-positive CNVs after being filtered against
several criteria.

ABCA4 RNA analysis from rhesus macaque retina

Total RNA was isolated from a snap frozen rhesus macaque
(M. mulatta) retina using AllPrep DNA/RNA Mini Kit
(QIAGEN Cat. No 80204) with a fast spin-column procedure.
cDNA synthesis was achieved using TagMan Reverse Tran-
scription Reagents (Life technologies, Carlsbad, CA) in a
30 minincubation at 48°C. The primer pair for further PCR amp-
lification was designed to encompass ABCA4 exons 36 and 37,
with the forward primer in the exon 36 of the ABCA4 gene, 5’GA
TTTTCTCCATGTCCTTCG3' and the reverse primer in the
exon 37, 5CTTTCTTCTGAAACCCGATG3Y, resulting in an
amplicon of 205 bp, in the case of correct splicing.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Supplemental Table 1. The 141 non coding new ABCA4 locus variants that have not been reported in 1000 Genomes Database, with C-scores and DNasel
hypersensitivity and Transcription Factor (TF) scores.

Alleles TF
Position Refl Variaqt Variant in C DNasel binding TF Comments
on chr1 Nucleotide Nucleotide 114 score score score
samples
94593916 GAGT T c.-7318_-7316del 1 6.174 no predicted effect
94589709 CAAAAA A c.-3113_-3109del 1 0.124 no predicted effect
94589707 CAAAAAAA A c.-3113_-3107del 1 0.155 no predicted effect
94589000 TC C c.-2400del 1 7.266 no predicted effect
94588938 A G c.-2337A>G 1 5.946 no predicted effect
94588085 CA A c.-1485del 1 3.092 353 FOS no predicted effect
94588081 TCAA A c.-1483_-1481del 1 4.690 353 FOS no predicted effect
no predicted effect,
94587006 A T c.-405A>T 2 5,550 818 444 TCF7L2  on the same allele with c.570+1798A>G
no predicted effect,
94586760 T C c.-159T>C 2 9.106 1000 on the same allele with ¢.5196+1056A>G
94584729 AC A c.66+1806del 1 4. 175 no predicted effect
94583189 C T €.66+3347C>T 1 4.288 no predicted effect
94583170 A G €.66+3366A>G 1 2.870 no predicted effect
94582524 AAGAG G €.67-3906_-3903del 1 0.714 no predicted effect
94582524 AAGAAAGAG G €.67-3910_-3903del 1 0.622 no predicted effect
94582523 AAGAGA A ¢.67-3906_-3902del 1 0.674 no predicted effect
94582509 AGGAG G c.67-3891_-3888del 1 2.650 no predicted effect
94582401 T G c.67-3779T>G 1 14.53 1000 352 MYBL2 no predicted effect
94582226 G A €.67-3604G>A 1 7.314 1000 352 MYBL2 no predicted effect
no predicted effect,
94581788 C T c.67-3166C>T 2 2.809 1000 242 MAFK on the same allele with p.T1253M
94580855 (¢} T c.67-2233C>T 1 6.460 171 no predicted effect
94580700 G A c.67-2078G>A 1 8.637 171 no predicted effect
predicted effect on splicing,
94580645 T G €.67-2023T>G 1 1.888 171 conservation issues
94578195 TG G €.160+333del 1 0.726 no predicted effect
94576926 C T ¢.302+68C>T 2 3.148 no predicted effect
94575178 A G ¢.303-906A>G 1 12.97 no predicted effect
94573386 G C C.442+747G>C 1 1.762 no predicted effect
no predicted effect,
94573340 C T C.442+793C>T 2 3.120 on the same allele with p.[L541P;A1038V]
94573295 G C c.442+838G>C 1 5.989 no predicted effect
94571986 T C C.442+2147T>C 1 5.762 638 241 POLR2A no predicted effect
94570537 T C c.443-1839T>C 1 1.824 154 BCL3 no predicted effect
94570168 G A c.443-1470G>A 1 2.554 236 REST no predicted effect
94569553 G A ¢.443-855G>A 1 5.116 no predicted effect
94569519 C T c.443-821C>T 1 7.466 no predicted effect
94569284 G T c.443-586G>T 1 4905 429 no predicted effect
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0.054
1.072
3.969
0.590
0.526
1.688
7.181
3.619
6.471
8.353

3.088
6.518
1.321
0.569

6.914
1.586
15.14
4.653
3.531

3.598
2.482
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7.484
4.845
2.188
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706

1000

861
861

1000

969

192
192
192

192
342
1000

252
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373

541

295
295

760
760
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151
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POLR2A
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POLR2A

POLR2A

MYBL2
MYBL2

POLR2A
POLR2A
NFIC

CTCF
GATA2

no predicted effect
predicted effect on splicing
no predicted effect

no predicted effect
predicted effect on splicing
no predicted effect

no predicted effect

no predicted effect

no predicted effect
predicted effect on splicing
no predicted effect,

on the same allele with p.V931M

no predicted effect
predicted effect on splicing,
conservation issues

no predicted effect

no predicted effect

no predicted effect
predicted effect on splicing
no predicted effect

no predicted effect

no predicted effect

no predicted effect

no predicted effect

no predicted effect

no predicted effect

no predicted effect

no predicted effect,

on the same allele with p.V931M
no predicted effect

no predicted effect

no predicted effect
predicted effect on splicing,
conservation issues
predicted effect on splicing
no predicted effect

no predicted effect

no predicted effect

the most frequent new variant,
no predicted effect

no predicted effect

no predicted effect

no predicted effect

no predicted effect

no predicted effect



94484082 A G ¢.5196+1056A>G? 3 2.025 predicted effect on splicing
94484001 G A c.5196+1137G>A? 1 2.681 predicted effect on splicing
94483524 G A ¢.5196+1614G>A 1 2794 172 no predicted effect
94479748 CTTCCTTCTTTCT T ¢.5460+339_+350del 1 3.644 no predicted effect
the most frequent new variant, no predicted effect,
94478330 C A ¢.5461-1389C>A 4 4.805 841 362 SIN3A on the same allele with ¢.4539+2064C>T
94477890 G A ¢.5461-949G>A 1 0.622 513 259 ZNF263  no predicted effect
94477216 G A ¢.5461-275G>A 1 3.496 197 no predicted effect
94475341 T C ¢.5715-914T>C 1 4189 356 no predicted effect
94473856 C A ¢.5836-3C>A 1 11.84 predicted effect on splicing
interesting variant based on frequency,
94471747 T A €.6006-609T>A 3 7.220 no predicted effect
94471443 C A €.6006-305C>A 1 1.588 no predicted effect
94470470 T C c.6147+527T>C 1 6.293 1000 CEBPB  no predicted effect
94468019 C T c.6148-471C>T 1 8.470 predicted effect on splicing
94466914 A G ¢.6283-253A>G 1 7.705 no predicted effect
94464822 C T €.6480-1156C>T 1 0.424 no predicted effect
94464821 G A €.6480-1155G>A 1 0.207 no predicted effect
no predicted effect,
94462550 C G €.6730-799C>G 2 1.574 317 CEBPB  on the same allele with ¢.5196+1056A>G
94462292 T C c.6730-541T>C 1 5.682 predicted effect on splicing
94462243 TA A €.6730-493del 1 5.138 no predicted effect
94461930 G A ¢.6730-179G>A 1 5.704 no predicted effect
94460488 G C c.6816+1177G>C 1 0.352 no predicted effect
€.6817-1110_-
94459907 C AC 1109insA 1 3.637 no predicted effect
94457747 G A c.*1046G>A 1 3.807 no predicted effect
94456653 G T c.*2140G>T 1 0.805 no predicted effect
94456489 C A c.*2304C>A 1 4.194 no predicted effect
94454413 T A c.*4380T>A 1 1.856 706 300 REST no predicted effect

@Variant is previously reported by Braun et al 2013.



Supplemental Table 2. Detailed information of the 8X60K custom aCGH
microarray. The probe densities are differentially distributed according to the
genetic loci. The “primary loci” are more intensively covered than the “secondary
loci”. Control probes serve as the “backbone” of the array for the normalization

urpose.

Approximate
average probe

Region (S'::)a spacing (bp) or
number of
probes
Gene Variable 50
Primary loci (n=9) "Promoter" 10 50
[ABCA4, ELOVL4, PRPH2 High density 3' 10 50
(RDS), 5' conserved or to next gene or to 100kb 100+ 100
BEST1 (VMD2), RS1, from gene’
CNGB3, CFH locus?, 3' conserved or to next gene or to 100kb 100+ 100
C2/CFB locus?, ARMS2 from gene®
locus (ARMS2/HTRAT)] 5' flanking for breakpoint mapping 900 5000
3' flanking for breakpoint mapping 900 5000
Secondary loci (n=18) Gene Variable 400
[C3, APOE, CFI, LIPC, "Promoter" 10 400
SYN3/ TIMP3, CETP, High density 3' 10 400
COL8A1, BBX, PLD1, 5' flanking for breakpoint mapping 500 5000
SPEF2, ADAM19, VEGFA, 3' flanking for breakpoint mapping 500 5000
FRK, MEPCE,
CHMP7ILOXL2, TGFBR1, Exons Variable 8 probes/exon
NPS, PICK1]

Control probes

Spread throughout genome

5000 probes

@ From CFH to F13B.
b From C2 to C4A/C4B.
°Whichever is longer.
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Supplemental Figure 1. Examples of the possible predicted effect of new non-coding
ABCA4 variants on splicing, assessed using 5 different algorithms (SpliceSiteFinder,
MaxEntScan, NNSPLICE, GeneSplicer, Human Splicing Finder) via Alamut software
(http://www.interactive-biosoftware.com).
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ORIGINAL ARTICLE

Frequent hypomorphic alleles account for a
significant fraction of ABCA4 disease and distinguish
it from age-related macular degeneration

Jana Zernant," Winston Lee," Frederick T Collison,” Gerald A Fishman, Yuri V Sergeev,?
Kaspar Schuerch,' Janet R Sparrow, "* Stephen H Tsang, " Rando Allikmets'*

ABSTRACT

Background Variation in the ABCA4 gene is causal
for, or associated with, a wide range of phenotypes
from early onset Mendelian retinal dystrophies to late-
onset complex disorders such as age-related macular
degeneration (AMD). Despite substantial progress in
determining the causal genetic variation, even complete
sequencing of the entire open reading frame and

splice sites of ABCA4 identifies biallelic mutations in
only 60%—70% of cases; 20%—25% remain with one
mutation and no mutations are found in 10%—15%

of cases with clinically confirmed ABCA4 disease. This
study was designed to identify missing causal variants
specifically in monoallelic cases of ABCA4 disease.
Methods Direct sequencing and analysis were
performed in a large familial ABCA4 disease cohort

of predominately European descent (n=643). Patient
phenotypes were assessed from clinical and retinal
imaging data.

Results We determined that a hypomorphic ABCA4
variant ¢.5603A>T (p.Asn1868lle), previously considered
benign due to high minor allele frequency (MAF)

(~7%) in the general population, accounts for 10%

of the disease, >50% of the missing causal alleles

in monoallelic cases, ~80% of late-onset cases and
distinguishes ABCA4 disease from AMD. It results in a
distinct clinical phenotype characterised by late-onset
of symptoms (4th decade) and foveal sparing (85%).
Intragenic modifying effects involving this variant and
another, ¢.2588G>C (p.Gly863Ala) allele, were also
identified.

Conclusions These findings substantiate the causality
of frequent missense variants and their phenotypic
outcomes as a significant contribution to ABCA4 disease,
particularly the late-onset phenotype, and its clinical
variation. They also suggest a significant revision of
diagnostic screening and assessment of ABCA4 variation
in aetiology of retinal diseases.

INTRODUCTION

Mutations in the ABCA4 gene (STGD1, MIM
#248200)" are the most frequent cause of Mende-
lian inherited recessive retinal dystrophies with
phenotypes ranging from late-onset mild cases
of central atrophy to very early onset, retinitis
pigmentosa (RP)-like, panretinal degeneration.””
Similar to phenotypic variability, the disease-as-
sociated genetic variation in ABCA#4 is also exten-

sive.® Currently, >1000definitely or possibly

disease-causing variants have been determined in
the coding sequences and splice sites of the ABCA4
gene (JZ and RA, unpublished data). While the
understanding of genetic variation in ABCA4 has
substantially improved since the discovery of the
gene in 1997, diagnostic screening in patients
diagnosed with ABCA4 disease (often collectively
referred to as Stargardt’s disease) is successful in
only 60%-70% of cases where both disease-causing
alleles are identified.”® The remaining cases include
patients with one mutation (20%-25%) and no
mutation (10%-15%).” The population frequency
of ABCA4 alleles is high—1:20 people carry a
potentially pathogenic ABCA4 allele.”” Therefore,
recent efforts have been directed towards two goals;
first, to find the missing ABCA4 disease-causing
alleles in non-coding sequences® and, second, to
perform extensive whole exome sequencing (WES)
in patients with 0 ABCA4 alleles (and ABCA4-like
phenotypes) to differentiate non-ABCA4 pheno-
copies.'”™ Substantial progress has been made
with respect to both objectives: several deep
intronic ABCA4 variants have been proven to affect
splicing® '* and preliminary data (not shown) indi-
cate that such is also true of rare variants affecting
ABCA4 expression. We have also shown that large
CNVs, which elude detection by sequencing, are
exceptionally rare in the ABCA4 locus and, as a
result, account for only a small fraction of ‘missing’
alleles.” WES of patients with 0 ABCA4 mutations
has uncovered causal genes in ~70% of cases with
ABCA4-like phenotypes, including known retinal
disease genes (CRB1, CRX, etc)'' " and new genes
(RAB28, RDH11)." > However, despite all these
advances, the second causative mutation in most
patients with 1 and 0 ABCA4 alleles remains uniden-
tified following complete sequencing.” This study
demonstrates that some known, frequent ABCA4
variants, which have been considered benign due to
high minor allele frequency (MAF) in the general
population, are in fact hypomorphic alleles, which
result in disease expression under certain condi-
tions.

MATERIALS AND METHODS

Patient cohort

All study subjects were consented before partici-
pating in the study under the protocols #AAAI9906
approved by the Institutional Review Board at
Columbia University and #20130770 by the
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Western Institutional Review Board at the Chicago Lighthouse.
The study adhered to tenets established in the Declaration of
Helsinki. Complete ophthalmic examinations were provided
by a retinal specialist (SHT and GAF), including slit-lamp and
dilated fundus examinations. Clinical assessments (WL and FTC)
were made from clinical examination notes, retinal imaging data
and research questionnaires. Spectral domain-optical coherence
tomography (OCT) scans and corresponding infrared reflectance
fundus images were acquired using a Spectralis HRA+OCT (or
HRA+OCT) (Heidelberg Engineering, Heidelberg, Germany).
Fundus autofluorescence (AF) images were obtained using a
confocal scanning-laser ophthalmoscope (Heidelberg Retina
Angiograph 2, Heidelberg Engineering, Dossenheim, Germany).
Fundus autofluorescence (AF) images were acquired by illumi-
nating the fundus with an argon laser source (488 nm excitation)
and viewing the resultant fluorescence through a band pass
filter with a short wavelength cut-off at 495 nm. Colour fundus
photos were obtained with a FF 450plus Fundus Camera (Carl
Zeiss Meditec AG, Jena, Germany) and CR-1 Mark II Fundus
Camera (Canon, Tokyo, Japan).

Sequence analysis

The ABCA4 gene and locus sequencing were performed as
previously described, using the Illumina TruSeq Custom Ampl-
icon protocol (Illumina, San Diego, California, USA), followed
by sequencing on Illumina MiSeq platform, or the RainDance
microdroplet-PCR target enrichment (RainDance Technologies,
Billerica, Massachusetts, USA), with subsequent sequencing on
Roche 454 platform.” ' The next-generation sequencing reads
were analysed and compared with the ABCA4 sequence in the
reference genome GRCh37/hg19, using the variant discovery
software NextGENe (SoftGenetics, State College, Pennsyl-
vania, USA). All detected possibly disease-associated variants and
their segregation with the disease in available family members
were analysed and confirmed by Sanger sequencing. Nucleotide
positions and protein translation correspond to CCDS747.1 and
NP_000341.2, respectively. Nucleotide numbering uses the A
of the ATG translation initiation start site as nucleotide 1. The
possible effect of all ABCA4 variants was assessed as described
in detail previously." "> The variant prediction algorithms were
accessed via Alamut Visual version 2.7 (Interactive Biosoft-
ware, Rouen, France). The allele frequencies of all variants were
compared with the gnomAD database,'® and The 1000 Genomes
Project database.'” All ABCA4 variants reported in this manu-
script were submitted to Leiden Open Variation Database V.3.0
(www.lovd.nl/3.0/home).

Molecular modelling

Amino acid sequence P78363 (ABCA4_HUMAN) was obtained
from the Uniprot database (http://www.uniprot.org). Two trans-
membrane and nucleotide-binding motifs of the human ABCA4
structure were built by homology modelling similar to that
of previously described for the RS1 protein.'® ' Briefly, the
homology model of structure of transmembrane and nucleo-
tide-binding domains of ABCA4 was built using the automatic
segment matching and self-consistent ensemble optimisation by
the Gene Mine Look program, V.3.5.2.'% Bacterial lipid “flip-
pase’” MsbA was chosen from the Crystallographic Database
as a structural template (PDB: 3b60). Hydrogen atoms were
added to the structure and the predicted ABCA4 structure was
2 ns equilibrated in water using molecular dynamics (MD). MD
simulations were performed using the Impact module of the
Maestro program package (V.8.0.308, Schrodinger, New York,

New York, USA). The quality of the structure was accessed with
the PROCHECK program. Protein unfolding propensities for
mutant variants p.Asn1868lle and p.Gly863Ala were evaluated
using Eglslunfolding mutation screen as previously described in
detail.”

RESULTS

Analysis of genetic data

The study cohort consisted of 643 individuals of (mostly Eastern)
European descent. Of these, 2 ABCA4 mutations were identi-
fied in 437 cases (68%), 1 mutation in 117 cases (18%) and 0
mutations in 89 cases (14%) (see online supplementary table 1),
leaving ~23% of disease-associated alleles in 32% of patients yet
to be identified. Almost all patients with no ABCA4 mutations
and ~50% of patients with 1 mutation have been screened by
whole exome sequencing to determine if variants in other genes
were causal in these cases. All cases, where disease-associated
variants in other genes were detected, were excluded from this
cohort.

The ABCA4 gene harbours many common missense variants
with MAFs >5% in the general population. The ¢.5603A>T
(p-Asn1868lle) allele was present in patients with ABCA4
disease three to four times more frequently than expected
(~20%vs 6.6%), an observation which had also been previously
reported.”” ?* The allele frequency of the p.Asn1868lle variant
is ~6.6% in Europe, 2% in Latinos and South Asians, and 1%
in Africans (gnomAD). This allele was also observed to be in
cis with several more frequent ABCA4 disease-causing alleles,
notably p.5461-10T>C (p.?) and ¢.2588G>C (p.Gly863Ala)
(table 1 and see online supplementary table 1). Therefore, we
assumed that the more frequent occurrence of p.Asn1868lle in
patients with ABCA4 disease is due to linkage disequilibrium
with other truly pathogenic alleles. However, when complex
alleles with known pathogenic mutations were excluded from
these calculations, the allele frequency in patients remained
significantly higher.

In 643 screened patients, p.Asn1868Ile was detected in 176
cases (197 alleles); 21 cases were homozygous and 155 cases
heterozygous. When dividing the cohort into three groups
based on the number of detected ABCA4 pathogenic alleles as
described above, the fractions of the p.Asn1868Ile alleles were
11.6% (101/874) in 2 mutation cases, 33% (77/234) in 1 muta-
tion cases and 10.6% (19/178) in 0 mutation cases. Therefore,
the allele frequency of p.Asn1868lle was two times higher as
compared with the matched general population in cases with 2
and 0 mutations and 5X higher in cases with 1 mutation (33%
vs 6%; p<0.0001). More frequent disease-causing alleles which
always carried p.Asn1868lle in cis were ¢.5461-10T>C (p.?),
c.4469G>A  (p.Cys1490Tyr), c.4594G>A (p.Asp1532Asn)
and ¢.2588G>C (p.Gly863Ala) (see online supplementary
table 1). Other, rarer disease-causing variants which were
found allelic with p.Asn1868lle after determining the phase
included ¢.319C>T (p.Argl07%), ¢.1253T>C (p.Phe418Ser),
¢.2552G>A  (p.Gly851Asp), ¢.5114G>A (p.Argl705GlIn),
¢.5318C>T (p.Alal773Val) and ¢.5572T>A (p.Tyr1858Asn).

After accounting for known disease-associated alleles that
harbour the p.Asn1868lle variant in cis, we determined that over
half of the cases with 1 mutation (67/117, 57.3%) carried the
variant in trans (table 1). We then assessed all 67 cases of whom
57 were heterozygous for the p.Asn1868Ile variant and 10 were
homozygous. The homozygous fraction included cases with
p.-Asp1868lle as a complex allele, mostly due to the c.5461-
10T>C variant (n=6, 60%) in frans. Six other heterozygous
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Table 1  Genotypes of cases with single ABCA4 pathogenic variants and the ¢.5603A>T (p.Asn1868lle) status

¢.5603A>T No. of ¢.5603A>T No. of
genotype Pathogenic ABCA4 variant cases genotype Pathogenic ABCA4 variant cases
++ ¢.1027_1028del (p.Asn343*) 1 +—- €.6229C>T (p.Arg2077Trp) 2
++ ¢.2069del (p.Gly690fs) 1 +/— €.6386+1G>A (p.?) 1
++ €.3754G>T (p.Glu1252*) 1 +— €.6386+2C>G (p.?) 1
++ ¢.4469G>A (p.Cys1490Tyr) 1 +- €.6543_6578del (p.Leu2182_Phe2193del) 1
++ €.5461-10T>C (p.?) 6 —I- ¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val]) 1
+— c45G>A (p.Trp15*) 1 == ¢.[3758C>T;5882G>A] (p.[Thr1253Met;Gly1961Glu]) 1
+/- ¢.52C>T (p.Arg18Trp) 1 —/- .[5882G>A;6445C>T] (p.[Gly1961Glu;Arg2149*]) 1
+/— c161-1G>A (p.?) 1 —/- .[735T>G;2300T>A] (p.[Tyr245*;Val767Asp]) 1
+— c.161G>A (p.Cys54Tyr) 2 /- c.161G>A (p.Cys54Tyr) 1
+/- ¢.247_250dup (p.Ser84fs) 2 —/- c.184C>T (p.Pro62Ser) 1
+— €.262G>A (p.Gly88Arg) 1 —I- €.247_250dup (p.Ser84fs) 1
+- c571-1G>T (p.?) 1 /- €.634C>T (p.Arg212Cys) 2
+— C.655A>T (p.Arg219*) 1 - €.733T>C (p.Tyr245His) 1
+— ¢.868C>T (p.Arg290Trp) 1 —/- ¢.1034A>G (p.Tyr345Cys) 1
+/— ¢.1222C>T (p.Arg408*) 1 —/- ¢.1699G>A (p.Val567Met) 1
+—- ¢.[1622T>C;3113C>T] (p.[L541P;A1038V]) 8 —I- €.2041C>T (p.Arg681*) 1
+— ¢.1804C>T (p.Arg602Trp) 1 -/ c.2616del (p.Leu274fs) 1
+— ¢.1903C>T (p.GIn635%) 1 /- €.2966T>C (p.Val989Ala) 2
+— .1906C>T (p.GIn636*) 1 /= €2971G>C (p.Gly991Arg) 1
+/—- ¢.19217>C (p.Cys641Arg) 1 -/~ ¢.3043T>C (p.Phe1015Leu) 1
+- c.1957C>T (p.Arg653Cys) 1 -/~ ¢.3113C>T(p.Ala1038Val) 2
+- €.2588G>C (p.Gly863Ala) 2 -/~ ¢.3148G>A (p.Gly1050Ser) 2
+/- €.2894A>G (p.Asn965Ser) 2 —I- €.3292C>T (p.Arg1098Cys) 1
+- €.3259G>A (p.Glu1087Lys) 1 -/ €.3322C>T (p.Arg1108Cys) 1
+/— €.3261A>C (p.Glu1087Asp) 1 —/- c.4139C>T (p.Pro1380Leu) 1
+/— €.3328+1G>A (p.?) 1 —/- c.4248C>A (p.Phe1416Leu) 1
+— .[3481C>A;5714+5G>A] (p.[Arg1161Ser;?]) 1 —I- €.4353-4T>C (p.?) 1
+— ¢.3812A>G (p.Glu1271Gly) 1 -/ c4577C>T (p.Thr1526Met) 2
+— c.3846del (p.Gly1283fs) 1 —I- c.4793C>A (p.Ala1598Asp) 1
+- c.4139C>T (p.Pro1380Leu) 2 =I- ¢.4918C>T (p.Arg1640Trp) 1
+/— ¢.[4222T>C;4918C>T] (p.[Trp1408Arg;Arg1640Trp]) 1 —/- ¢.5312+1G>A (p.?) 1
+— c.4234C>T (p.GIn1412%) 2 —I- c.5714+5G>A (p.?) 3
+- c.4249_4251del (p.Phe1417del) 1 -/ ¢.5761G>A (p.Val1921Met) 1
+—- c.4670A>G (p.Tyr1557Cys) 1 —I- ¢.5881G>A (p.Gly1961Arg) 1
+- c.4918C>T (p.Arg1640Trp) 2 —I- €.5882G>A (p.Gly1961Glu) 5
+- c5196+1G>A (p.?) 1 —/- €.6088C>T (p.Arg2030%) 1
+- ¢.5395A>G (p.Asn1799Asp) 1 —I- €.6089G>A (p.Arg2030GIn) 1
+- €5461-10T>C (p.?) 4 —I- €.6229C>T (p.Arg2077Trp) 1
+/- ¢.5923G>C (p.Gly1975Arg) 1 —I- €.6320G>A (p.Arg2107His) 4
+—- c.6166A>T (p.Lys2056*) 1 —I- €.6694G>A (p.Glu2232Lys) 1

Nucleotide positions and protein translation correspond to CCDS747.1 and NP_000341.2, respectively. Nucleotide numbering uses the A of the ATG translation initiation start
site as nucleotide 1. Number of cases indicates the number of individuals with identical genotypes.

cases harboured the p.Asn1868lle allele in cis with a known
mutation; the remainder were in trans as determined by phase
analysis in available families (table 1 and supplementary table
1). The haplotype containing the ¢.5603A>T (p.Asn1868Ile)
allele has been established.”” In cases where phase determina-
tion was impossible due to the absence of family members, the
haplotype was identified by subtracting the genotype of the
known allele. Further examination established that the muta-
tions in trans with the p.Asn1868lle variant are deleterious,
predominantly null mutations based on in silico predictions and
experimental data (tables 1 and 2). The breakdown of mutations
in trans with p.Asn1868lle include the following: 6 c.5461-
10T>C, 9 stop mutations, 7 small indels resulting in a frame-
shift, 6 severe splicing-altering variants (eg, at +/—1and+/-2

positions) and 33 missense mutations, including well-known
severe variants such as two cases of ¢.2894A>G (p.Asn965Ser)>*
and eight cases of the complex allele ¢.[1622T>C;3113C>T]
(p-[LeuS41Pro;Ala1038Val]).”">” Among others, seven cases
with mutations of arginine to tryptophan—c.52C>T (p.Ar-
g18Trp), c.868C>T (p.Arg290Trp), c.1804C>T (p.Arg602Trp),
c.4918C>T (p.Arg1640Trp) and ¢.6229C>T (p.Arg2077Trp)
especially stood out (table 1).

Sequencing of the entire ABCA4 genomic locus had been
performed for 93/117 monoallelic ABCA4 cases as previously
described.® In many cases with a single pathogenic ABCA4
variant, another confirmed or highly likely pathogenic ABCA4
deep intronic variant(s) were identified.® However, none of the
61 cases with the p.Asn1868lle allele harboured any definitely
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Table 2 Type and frequency of the allele in trans for selected ABCA4 disease alleles

Type and fraction (%) of the allele in trans

ABCA4 disease allele (no. of cases) Deleterious (X, FS, splice) Deleterious missense Non-deleterious missense Hypomorphic
p.Asn1868lle (60) 46.7 53.3 0 0
p.[Gly863Ala;Asn1868lle] (35) 51.4 229 229 29
p.Gly1961Glu (118) 40.7 322 20.3 6.8
p.Arg2107His (21) 238 333 38.1 48
¢.5461-10T>C (p.?) (36) 11.1 30.6 25 333

FS, frameshift mutation; splice, mutation affecting splice site; X, stop mutation.

or very likely pathogenic deep intronic variants, suggesting that
the disease phenotype was indeed conferred by the p.Asn1868Ile
variant in #rans with a deleterious ABCA4 mutation.

The frequency of another presumed ‘mild’ p.Gly863Ala
variant is high in populations of European descent: ~2% in
populations of Dutch and Swedish ancestry”” ** and ~0.8% in
all Europeans (gnomAD), therefore, it was considered hypo-
morphic, that is, requiring to be paired, in trans, with a ‘severe’
ABCA4 allele in order to present phenotypically.”® This is in
part true, the analysis of our dataset of 643 patients (table 2)
suggests that the ABCA#4 allele in trans from p.Gly863Ala is dele-
terious or very likely deleterious in >70% of cases. However,
we have encountered at least two exceptions of patients homo-
zygous for p.Gly863Ala and in some cases the opposing allele is
known to be mild, for example, the missense alleles c.5882G>A
(p.Gly1961Glu), ¢.2947A>G (p.Thr983Ala) and c.4919G>A
(Arg1640Gln) (see online supplementary table 1).

The p.Gly863Ala allele is always in cis with the p.Asn1868Ile
in patients with ABCA4 disease, which lead us to initially
consider the latter to be a benign allele on the same haplotype,
as also observed by Maugeri et al in 2002,”* where discase-as-
sociated p.Gly863Ala haplotypes were defined. When analysing
data from our large cohorts of patients with age-related macular
degeneration (AMD) and matched controls,”*' we observed
that ~90% of cases with the p.Gly863Ala variant did not
carry the p.Asn1868lle allele. Analysis of these and previously
published data® revealed that the p.Asn1868lle variant is allelic
with the p.Gly863Ala in only ~13% of cases in populations of
European ancestry.

Furtherevidence of the complexallele c.[2588G>C;5603A>T]
(p-[Gly863Ala;Asn1868lle]) being disease-associated —and
the p.Gly863Ala alone not, comes from the calculation of
expected and observed allele frequencies in our patient cohort
and matched general population. If we consider the frequency
of the complex allele, p.[Gly863Ala;Asn1868lle] to be ~13%
of all cases carrying the p.Gly863Ala allele, which frequency
is ~1% on average in the general population of European
descent, then our cohort of 643 cases should harbour 13 cases
with the p.Gly863Ala allele and 2 cases with the complex
allele p.[Gly863Ala;Asn1868lIle], if neither of these would be
disease-causing. In fact, we observe 35 cases (17X more of the
expected at random) of the complex allele (p<0.0001) and only
4 cases (3X less of the expected at random) of the simplex allele
(p<0.0001). These data additionally support the pathogenicity
of the complex p.[Gly863Ala;Asn1868lle] allele and not of the
p.Gly863Ala alone.

Finally, we determined that 2 out of 643 patients were homo-
zygous for the p.[Gly863Ala;Asn1868lle] complex allele and
none for the p.Gly863Ala allele alone. Since the population
frequency of the p.Gly863Ala allele is 1% and the complex
allele ~0.1%, the random occurrence of homozygotes is
1:10000 and 1:1 000 000, respectively. Since we did not detect,

among our cohort of patients with ABCA4 disease, any homo-
zygotes for the simplex allele and found two for the complex
allele, the odds for p.Gly863Ala being disease-causing without
the p.Asn18681le allele are extremely low.

Genotype-phenotype correlations

Although previously described as clinically ‘mild’ alleles, patients
harbouring the ¢.5882G>A (p.Gly1961Glu) or ¢.2588G>C
(p.Gly863Ala) alleles have substantially different phenotypes.
Patients with p.Gly1961Glu indeed exhibit milder disease
expression,’ ** although not in the overall rate of disease
progression but in a distinct phenotypic pattern that, interest-
ingly, overlaps with patients harbouring p.Asn18681Ile. ABCA4
disease invariably begins as a maculopathy with an enlarging
lesion of outer retinal atrophy and accumulation of yellow foci,
or flecks, at the level of the retinal pigment epithelium (RPE).
Patients with most other ABCA4 disease alleles exhibit progres-
sively severe fleck patterns from very few in the macula to a stage
of ‘absolute confluence’ across the posterior pole between the
ages 30 and 40 years (figure 1).

Patients harbouring p.Gly1961Glu or p.Asn1868lle consis-
tently exhibit milder spatiotemporal fleck patterns even at
advanced age, which never progresses to the absolute conflu-
ence stage as illustrated by fundus autofluorescence imaging
which detects lipofuscin accumulation (figure 1). The resistance
to fleck accumulation as seen in p.Gly1961Glu or p.Asn1868Ile
patients is further exemplified by the occurrence of a partic-
ular phenotype that is seen only in this patient group where a
well-defined, unifocal lesion of dark atrophy ranging from 8.6 to
56.4mm? in size with proximally bordering, lesion-centric flecks
appears (see online supplementary figure 1). Similar lesions of
dark atrophy are typically numerous (multifocal) and observed
in the background of more advanced fleck stages with most
other ABCA4 disease cases (figure 1). Additionally, the indi-
vidual morphology of flecks in p.Gly1961Glu or p.Asn1868lle
appear to be distinct in that they are predominantly larger in
size and are well-defined in shape and generally more sparsely
distributed (see online supplementary figure 1).

Despite sharing a similar phenotypic trajectory with patients
carrying p.Gly1961Glu with respect to fleck formation and
lesion progression, patients harbouring the p.Asn18681le variant
also exhibit distinct clinical characteristics. ABCA4 disease is
predominantly juvenile-onset as patients (including those with
p.Gly1961Glu) report visual symptoms within the first and
second decades of life; however, p.Asn1868lle patients report
a significantly delayed onset within the fourth decade of life
(mean age=36.3 years; p<0.0001) (figure 2A). The prevalence
of foveal sparing, defined as the structural and function preser-
vation of outer retinal layers in the fovea despite the progressing
atrophy of the macula, was observed in approximately one-third
of patients with ABCA4 disease, but in 84.7% of p.Asn1868lle
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Figure 1

Summary of disease trajectories associated with autofluorescent fleck accumulation in ABCA4 disease. (A) Autofluorescence images illustrating

milestones of fleck accumulation beginning with confined or bull’s eye lesions with no visible flecks, to early accumulations within and around the macula,
state of absolute confluence with fleck atrophy and end-stage of multiple coalescing lesions across the posterior pole. (B) Timeline of milestones (mean age)
disease trajectories with respect to genotype groups. Symptomatic onset (black dashed line) varies across genotypic groups. Notably, patients harbouring
€.5882G>A (p.Gly1961Glu) and ¢.5603A>T (p.Asn1868lle) present at a significantly later age as compared with patients harbouring other ABCA4 variant
combinations. Both ¢.5882G>A (p.Gly1961Glu) and ¢.5603A>T (p.Asn1868lle) patient groups exhibit a delayed onset of visible flecks in the retina (blue
line) and, notably, do not progress to the absolute confluence (red line) or end-stage stage (black line) phenotypes as seen in all other cases.

patients (figure 2B). Visual function and acuity is often preserved
in cases where the outer retinal layers of the fovea (RPE, ellip-
soid zone and external limiting membrane) (figure 2C and D)
are structurally intact within a region of macular atrophy, which
may be connected to the delay in perception of visual symptoms
within this group.

As expected, the phenotypes of biallelic patients with
p-Asn1868lle in cis with other mutations (eg, ¢.5461-10T>C,
p.Cys1490Tyr, etc) were typically consistent with the effect
of overall genotype and presented with mostly early onset, severe
phenotypes. As a complex allele, p.Asn1868Ile/p.Gly863Ala
acted as a fully penetrant allele with a moderate effect and resulted
in variable phenotypes, which appeared to be, as expected,
reflective also of the variant on the opposite allele. Intermediate
phenotypes were associated with missense variants, for example,
c.2947A>G (p.Thr983Ala) and c.1964T>G (p.Phe655Cys),
while advanced cases were associated with deletions and splice
site variants, for example, ¢.5778_5779del (p.Argl1927fs) and
c.6088C>T (p.Arg2030%). The only two patients homozygous
for the complex p.[Gly863Ala;Asn18681le] allele presented with
later onset and milder disease and foveal sparing in one of the
two cases.

Late-onset ABCA4 disease and AMD

There is an ongoing discussion about the prevalence and role
of heterozygous ABCA4 alleles in a late-onset, common disease,
AMD.* #3537 While the answer is still not unequivocal—some
studies find statistically significantly elevated ABCA4 alleles in
AMD and some do not—it has been suggested that many of
AMD cases are actually misdiagnosed late-onset patients with

ABCA4 disease.”” ** It has also been suggested that patients with
late-onset ABCA4 disease remain monoallelic after complete
ABCA4 sequencing much more often than those with early onset
disease.” Finally, data on phenotypes of individuals who repre-
sent true carriers, such as parents of patients with ABCA4 disease,
are also very conflicting, where some, including us*’ suggest that
there is no detectable disease phenotype or increased lipofuscin
accumulation, at least up to 60 years of age, some other studies
have frequently found disease phenotypes in parents of STGD1
patients.*” *' While unequivocal answers to these questions are
beyond of the scope of this study, we queried the frequencies and
composition of ABCA4 alleles in late-onset ABCA4 disease, in
patients with AMD, and in matched controls.

We defined late onset as =45 years of age, in accordance with
previous studies,”® who had found in a small cohort of 21 unre-
lated patients that a greater proportion of late-onset cases were
monoallelic (52%) than biallelic (38%) from which the authors
proposed that slower disease progression from defects on just one
disease allele may eventually cause ABCA4 disease. When exam-
ining our larger group of patients for whom similar disease onset
data were available, an even larger disparity among monoallelic
and biallelic late-onset cases; 27.6% vs 7.7%, respectively, was
observed. However, following the discovery of p.Asn1868Ile
to be the second causal variant in ~80% of these monoallelic
late-onset cases, a similar fraction of the late-onset phenotype
(~10%) was observed in both monoallelic and biallelic cases of
the late-onset disease. The remaining missing alleles in late onset,
monoallelic disease cases could be another hypomorphic variant
or, more likely, another yet unknown modifier allele. Our data
therefore do not corroborate an association between late-onset
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Figure 2 Summary of phenotypic distinction in patients harbouring the c.5603A>T (p.Asn1868lle) allele of ABCA4. (A) Patients harbouring biallelic
ABCA4 variants, including null alleles, and ¢.5882G>A (p.Gly1961Glu) report visual symptoms at a mean age of 19.7 and 22.7 years, respectively, while
the disease is significantly delayed (to 36.3 years, p<0.0001) in patients with the c.5603A>T (p.Asn1868lle) allele. (B) The prevalence of foveal sparing
is highest among patients with p.Asn1868lle at 84.7% while observed only in ~33% of cases with other ABCA4 variants including p.Gly1961Glu. (C)
Autofluorescence imaging across the macula in a p.Asn1868lle patient exhibiting foveal sparing within an area of retinal pigment epithelium (RPE) and
photoreceptor cell atrophy. (D) A spectral domain-optical coherence tomographic scan across the fovea of the same patient reveals the presence of outer
retinal layers: RPE, ellipsoid zone (EZ) and external limiting membrane (ELM) in the fovea. SD-OCT, spectral domain-optical coherence tomography.

ABCA4 disease phenotype and monoallelic cases. Genetic anal-
ysis taking into account the p.Asn1868Ile variant would allow
distinguishing true monoallelic carriers affected with AMD from
biallelic late-onset ABCA4 disease in most cases under investi-
gation.

DISCUSSION

Since the ABCA4 gene was cloned 20 years ago,' the ABCA4
locus continues to be the most heterogeneous of Mendelian eye
diseases in terms of both genetic and phenotypic expression.*
While loci with similar genetic heterogeneity are not rare—
the related ABC transporter, CFTR, locus presents with more
pathogenic variants,* the ABCA4 gene continues to emerge as
an example of complexity in Mendelian disorders. Due to a
high prevalence of disease-associated alleles, the variation in
the ABCA4 locus underlies a wide spectrum of disease pheno-
types, from early onset, rapidly progressing disease resulting
in panretinal degeneration to late-onset, milder disease with

limited visual deterioration that can phenotypically overlap
with the more prevalent AMD. The ¢.5603A>T (p.Asn18681le)
allele is, pending unequivocal functional evidence, one of the
most frequent alleles (MAF >6.5% in the matched general
population) in Mendelian diseases which causes a phenotype.
The ABCA4 locus has several frequent disease-causing alleles
in some populations. The best known is the p.Gly1961Glu
variant, with the frequency as high as 10% in Somalian popula-
tion.** While several compound heterozygous and even homo-
zygous cases of ABCA4 disease due to the p.Gly1961Glu allele
of Somalian ancestry have been described,’” the penetrance
of the variant is unknown in that population since very few
cases of Somalian ancestry have been screened due to limited
access to patients. However, it is a fully penetrant hypomor-
phic allele in all other populations where significant numbers
of patients have been sequenced. For example, the frequency
of the p.Gly1961Glu in South Asian (Indian, etc) populations is
1.5% and we detected it in ~509% of patients (~24% of alleles)
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with ABCA4 disease from India.*’ Another recently described
frequent variant is the ¢.6320G>A (p.Arg2107His) allele, with
MAF ~2% in African-Americans and MAF >19% in patients
of AA descent.*

Interestingly, while this study unequivocally demonstrates
the non-pathogenicity of the p.Gly863Ala variant alone, that is,
without p.Asn1868]Ile, it was shown to have an effect in in vitro
assays where less protein production, reduced ATP binding and
hydrolysis*” and reduced retinal transfer*® were demonstrated.
It has also been shown to have a dual effect: it either results in
a deletion of Gly863, due to aberrant splicing, or a substitution
of the same glycine to alanine.”® The p.Asn1868lle variant, on
the contrary, has been showing minor, if any effects in the ATP
binding and hydrolysis assays, which were comparable to the
wild-type protein.*” Many reasons could explain these discrepan-
cies, the foremost being the in vitro assays likely not adequately
recapitulating the in vivo conditions. One of known issues with
the in vitro protein assays are the possible detrimental effects of
detergent solubilisation on the stability of certain ABCA4 vari-
ants. Functional studies of knock-in mouse models, which will
bypass the issues with in vitro assays, are under way to assess
the effects of the p.Asn1868lle, p.Gly863Ala, and the complex
allele carrying both variants. Here, the influence of the vari-
ants on protein structure and function were assessed by predic-
tion from the atomic level of protein structure as previously
described for X linked retinoschisin.'® '’ The hypothetical struc-
ture of transmembrane and nucleotide-binding domains of the
ABCA4 protein responsible for the flipping of N-retinylidene-PE
across photoreceptor disc membranes is shown in figure 3. In
this model, both variants, p.Asn1868Ile and p.Gly863Ala, are
located on the same side the of the photoreceptor outer segment
disc membrane and both were predicted to affect the protein
folding by the unfolding mutation screen.””*' While not directly
experimentally demonstrated, it is predicted and very plausible
that both variants forming the complex allele will have a syner-
gistic effect (figure 3).

In fact, the severity of many missense mutations, in addition to
those already proven by functional assays or statistical analyses in
large patient cohorts (p.[Leu5S41Pro;Ala1038Val] p.Cys1490Tyr,
p.Asn965Ser, p.Cys54Tyr, etc)** 2% *” can be assessed by their
presence in trans with the p.Asn1868lle variant, which acts as a
‘litmus test’ for severity of an ABCA4 variant. By applying this
test and 7 silico analysis, missense mutations determined to be
deleterious included ¢.3261A>C (p.Glu1087Asp), ¢.3259G>A
(p-Glu1087Lys), ¢.5395A>G (p.Asn1799Asp), ¢.1921T>C
(p-Cys641Arg), ¢.262G>A (p.Gly88Arg) and ¢.5923G>C
(p-Gly1975Arg).

CONCLUSIONS

First, our study identified the conditions under which the
very frequent, previously considered benign ¢.5603A>T
(p-Asn1868lIle) variant is pathogenic. It is an ‘extremely’ hypo-
morphic allele and is phenotypically expressed only when in
trans with a deleterious mutation.

Second, the third most frequent ABCA4 mutation, the
¢.2588G>C (p.Gly863Ala) variant, is not disease causing alone,
but rather requires the c.5603A>T (p.Asn1868Ile) variant in cis
for pathogenicity. Therefore, the p.Gly863Ala variant acts not as
a disease-associated hypomorphic variant, but rather as a modi-
fier, since it causes disease only when in cis with p.Asn1868lle.

Third, the phenotypes caused by the p.Asn1868lle variant are
late onset, frequently associated with foveal sparing and distin-
guishable from other ABCA4 disease phenotypes.

Figure 3  Hypothetical structural model of ABCA4 transmembrane

and nucleotide-binding domains. Two symmetrical structural motifs are
shown by different colours. Ribbon structure of motif 1, which include
transmembrane and nucleotide-binding domains localised in the first half
of the protein, is shown in orange. Motif 2 is localised in the second half
of the ABCA4 protein and shown in cyan. Transmembrane and nucleotide-
binding domains are labelled according to Dawson and Locher* as the
TMDs and NBDs, respectively. Residues G863 and N 1868 are exposed

to disk lumen. Energetic (AAG, kcal/mol) and protein folding effects of
structural perturbations p.Asn1868lle and p.Gly863Ala were predicted from
the model using the unfolding mutation screen.?’?!

Fourth, the cases compound heterozygous for p.Asn1868lle
account for at least 10% of all known ABCA4 disease and
refine another 10% where they form a complex allele with the
p.Gly863Ala variant.

Fifth, the p.Asn1868Ile alleles account for >50% of previ-
ously considered ‘one mutation’ cases of ABCA4 disease and for
a very large fraction (~80%) of late-onset cases. While it had
been suggested before that many late-onset cases are monoal-
lelic, these are in fact biallelic and harbour the extremely hypo-
morphic p.Asn1868lle variant. Therefore, the p.Asn1868lle
variant explains most of the late-onset biallelic ABCA4 disease
sometimes masquerading as AMD.

In summary, these data suggest a substantial revision of genetic
screening and assessment of pathogenic variants in ABCA4
disease including the absolute necessity of determining of the
phase of all alleles. It also serves as an example for all other
Mendelian diseases, where careful consideration should be given
to seemingly benign and (very) frequent variants, and to specific
combinations of these.
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Supplemental Table 1. ABCA4 patient cohort with pathogenic ABCA4 changes and the ¢.5603A>T (p.Asn1868lle) status. Nucleotide positions and protein translation correspond to
CCDS747.1 and NP_000341.2, respectively. Nucleotide numbering uses the A of the ATG translation initiation start site as nucleotide 1.

segreqation Age of  Foveal A'BCA4 c.5603A>T ABCA4 ) )
PATIENT # of variants Onset  Sparin disease (p.Asn1868lle) locus ABCA4 pathogenic variant
performed P 9 alleles genotype seq
3007 X 2 ++ €.2588G>C (p.Gly863Ala)
3807 X 51 N 2 ++ ¢.2588G>C (p.Gly863Ala)
3306 2 ++ ¢.2588G>C (p.Gly863Ala)
3465 10 N 2 ++ €.2588G>C (p.Gly863Ala)
3334 2 ++ ¢.2588G>C (p.Gly863Ala)
3467 33 2 ++ ¢.6191C>T (p.Ala2064Val)
4247 2 ++ ¢.4594G>A (p.Asp1532Asn)
3356 41 N 2 ++ ¢.2588G>C (p.Gly863Ala)
3122 X 32 Y 2 ++ ¢.2588G>C (p.Gly863Ala)
3341 35 Y 2 ++ ¢.2588G>C (p.Gly863Ala)
3611 X 2 +/- ¢.[1715G>A;2588G>C] (p.[Arg572GIn;Gly863Ala])
3597 21 N 2 +/- ¢.[2549A>G;5882G>A] (p.[Tyr850Cys;Gly1961Glu])
3408 X 18 N 2 +/- X ¢.5882G>A (p.Gly1961Glu)
3269 60 Y 2 +/- X ¢.2588G>C (p.Gly863Ala)
3179 X 2 +/- ¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
3358 2 +/- ¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
3084 X 2 +/- ¢.[4222T>C;4918C>T] (p.[Trp1408Arg;Arg1640Trp])
3427 16 N 2 +/- ¢.1592A>G (p.Glu531Gly)
3336 X 2 +/- c.161G>A (p.Cys54Tyr)
3837 X 11 N 2 +- ¢.1648G>A (p.Gly550Arg)
3250 2 +/- ¢.3292C>T (p.Arg1098Cys)
3347 2 +/- €.3322C>T (p.Arg1108Cys)
3546 2 +/- ¢.4139C>T (p.Pro1380Leu)
3839 X 9 Y 2 +/- ¢.4139C>T (p.Pro1380Leu)
7565 2 +/- ¢.4139C>T (p.Pro1380Leu)
3186 2 +/- ¢.4139C>T (p.Pro1380Leu)
3303 X 2 +/- ¢.5882G>A (p.Gly1961Glu)
3284 X 10 N 2 +/- ¢.5461-10T>C (p.?)
3342 X 2 +/- ¢.5461-10T>C (p.?)
3004 X 2 +/- c.4469G>A (p.Cys1490Tyr)
5020 X 2 +/- c.770T>G (p.Leu257Arg)
3857 2 +/- ¢.2588G>C (p.Gly863Ala)
4581 45 N 2 +/- ¢.5461-10T>C (p.?)
3063 X 2 +/- ¢.[1715G>A;2588G>C] (p.[Arg572GIn;Gly863Ala])
3595 X Y 2 +/- ¢.1805G>A (p.Arg602Gin)

ABCAA4 pathogenic variant

¢.5461-10T>C (p.?
¢.5461-10T>C (p.?
¢.5461-10T>C (p.?
¢.5461-10T>C (p.?
¢.5461-10T>C (p.?)
c.6191C>T (p.Ala2064Val)
C.4594G>A (p.Asp1532Asn)
¢.2588G>C (p.Gly863Ala )
¢.2588G>C (p.Gly863Ala )
c.5177C>A (p.Thr1726Asn)
c.5898+1G>A (p.?)
¢.5461-10T>C (p.?)
€.2160+584A>G (p.?)
c.4539+2028C>T (p.?)
c.5018+5G>A (p.?)
¢.5461-10T>C (p.?)
¢.5461-10T>C (p.?)
¢.5461-10T>C (p.?)
¢.5461-10T>C (p.?)
¢.5461-10T>C (p.?)
¢.5461-10T>C (p.?)
¢.5461-10T>C (p.?)
)
)
)
)
)

¢.5461-10T>C (p.?
¢.5461-10T>C (p.?
¢.5461-10T>C (p.?
¢.5461-10T>C (p.?
¢.5461-10T>C (p.?
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
c.5898+1G>A (p.?)
€.6006-609T>A (p.?)
€.[3322C>T;6320G>A] (p.[Arg1108Cys;Arg2107His])
C.4469G>A (p.Cys1490Tyr)



3129
3003
3738
3204
3077
Y703
3553
3104
Y647
3332
3747
3021
3458
3946
3635
3473
2020
3724
4351
3508
3009
3125
3345
9026
3691
3787
3454
3264
3366
3255
3101
3298
3155
3800
3216
3292
5007
4563
3237
3070
3965

25
18

23
17

13
42
17

55
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zz

<< <<<=<=<Z

z2zzZzz zZ2<Zz zZz

z
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+/-
+/-
+/-
+/-
+/-
+/-
+/-
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+/-
+/-
+/-

+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
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+/-
+/-
+/-
+/-

+/-
+/-
+-
+/-
+/-
+/-
+/-
+/-
+/-
+/-
+/-

¢.3113C>T (p.Ala1038Val)
¢.2588G>C (p.Gly863Ala)
¢.3050+5G>A (p.?)
¢.4139C>T (p.Pro1380Leu)
c.4139C>T (p.Pro1380Leu)
c.454C>T (p.Arg152*)
¢.2588G>C (p.Gly863Ala)
¢.5461-10T>C (p.?)
¢.5461-10T>C (p.?)
¢.5461-10T>C (p.?)
¢.5461-10T>C (p.?)
¢.3322C>T (p.Arg1108Cys)
¢.4216C>T (p.His1406Tyr)
¢.4216C>T (p.His1406Tyr)
¢.4469G>A (p.Cys1490Tyr)
C.4469G>A (p.Cys1490Tyr)
¢.4594G>A (p.Asp1532Asn)
¢.4594G>A (p.Asp1532Asn)
¢.5318C>T (p.Ala1773Val)
¢.67-2A>G (p.?)

c.768G>T (p.?)

¢.1015T>G (p.Trp339Gly)
¢.1574T>C (p.Phe525Ser)
¢.1819G>A (p.Gly607Arg)
¢.1849C>T (p.GIn617*)
¢.1921T>G (p.Cys641Gly)
¢.1964T>G (p.Phe655Cys)
¢.318T>G (p.Tyr106*)
c.5572T>A (p.Tyr1858Asn)
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.5461-10T>C (p.?)
¢.2552G>A (p.Gly851Asp)
¢.1253T>C (p.Phe418Ser)
¢.2588G>C (p.Gly863Ala)
¢.2588G>C (p.Gly863Ala)
€.2894A>G (p.Asn965Ser)
¢.4537del (p.GIn1513fs)
¢.2588G>C (p.Gly863Ala)
¢.1253T>C (p.Phe418Ser)
€.2588G>C (p.Gly863Ala)
¢.2564G>A (p.Trp855%)

C.4469G>A (p.Cys1490Tyr)
¢.4506C>A (p.Cys1502*)
C.4594G>A (p.Asp1532Asn)
¢.4594G>A (p.Asp1532Asn)
C.4594G>A (p.Asp1532Asn)
¢.4594G>A (p.Asp1532Asn)
¢.6286G>A (p.Glu2096Lys)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.2588G>C (p.Gly863Ala )
¢.2588G>C (p.Gly863Ala )
¢.2588G>C (p.Gly863Ala )
¢.2588G>C (p.Gly863Ala )
¢.2588G>C (p.Gly863Ala )
¢.2588G>C (p.Gly863Ala )
¢.2588G>C (p.Gly863Ala )
¢.2588G>C (p.Gly863Ala )
¢.2588G>C (p.Gly863Ala )
¢.5822A>C (p.His1941Pro)
¢.5537T>C (p.lle1846Thr)
¢.6079C>T (p.Leu2027Phe)
€.6079C>T (p.Leu2027Phe)
c.4326C>A (p.Asn1442Lys)
¢.3085C>T (p.GIn1029%)
c.4234C>T (p.GIn1412%)
¢.5138A>G (p.GIn1713Arg)
¢.319C>T (p.Arg107*)
€.3322C>T (p.Arg1108Cys)
¢.3322C>T (p.Arg1108Cys)
¢.4919G>A (p.Arg1640GIn)
¢.5114G>A (p.Arg1705GIn)



3648
3865
4514
3981
3400
3902
9018
3257
3600
3188
3049
3074
3349
3509
3477
3348
3449
5225
3193
3061
3326
3241
4542
3031
3525
3134
3786
3513
3291
3798
3142
3221
9004
3399
3642
3556
4271
3330
3430
3827
3151

x

X X X X X

50
45

36

N RO NN NNNDNNNNNDNDDNNNNDNNDNDNDNNDNNNDNNNNNNNNNNNNNNNNNNDNNDNDNODDN

+/-

X X X X X X

X X X X X

¢.2588G>C (p.Gly863Ala)
¢.4469G>A (p.Cys1490Tyr)
¢.[2041C>T;2588G>C] (p.[Arg681*;Gly863Ala])
¢.2588G>C (p.Gly863Ala)
¢.5461-10T>C (p.?)
¢.1957C>T (p.Arg653Cys)
€.2966T>C (p.Val989Ala)
¢.2588G>C (p.Gly863Ala)
€.3322C>T (p.Arg1108Cys)
€.2919-2A>G (p.?)
¢.2588G>C (p.Gly863Ala)
¢.5461-10T>C (p.?)
¢.5461-10T>C (p.?)
¢.2588G>C (p.Gly863Ala)
¢.2588G>C (p.Gly863Ala)
¢.[3758C>T;5882G>A] (p.[Thr1253Met;Gly1961Glu])
¢.571-1G>T (p.?)
c.161G>A (p.Cys54Tyr)
¢.3322C>T (p.Arg1108Cys)
¢.3113C>T (p.Ala1038Val)
¢.2971G>C (p.Gly991Arg)
¢.2588G>C (p.Gly863Ala)
€.2966T>C (p.Val989Ala)
¢.3386G>A (p.Arg1129His)
c.768G>T (p.?)

€.2564G>A (p.Trp855%)
¢.1022A>G (p.Glu341Gly)
c.161G>A (p.Cys54Tyr)
¢.4577C>T (p.Thr1526Met)
¢.5113C>T (p.Arg1705Trp)
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.4328G>A (p.Arg1443His)
c.161G>A (p.Cys54Tyr)
¢.5018+2T>C (p.?)
¢.1726G>C (p.Asp576His)
¢.3413T>A (p.Leu1138His)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
c.161G>A (p.Cys54Tyr)
c.161G>A (p.Cys54Tyr)
€.666_678del (p.Lys223_Arg226delfs)

¢.5778_5779del (p.Arg1927fs)
¢.6089G>A (p.Arg2030GIn)
¢.6088C>T (p.Arg2030%)
¢.6088C>T (p.Arg2030%)
c.6119G>A (p.Arg2040GIn)
¢.1957C>T (p.Arg653Cys)
¢.3210_3211dup (p.Ser1071fs)
¢.3335C>A (p.Thr1112Asn)
¢.4577C>T (p.Thr1526Met)
c.6718A>G (p.Thr2240Ala)
€.2947A>G (p.Thr983Ala)
¢.1843G>T (p.Val615Phe)
c.122G>A (p.Trp41*)
¢.[3758C>T;5882G>A] (p.[Thr1253Met;Gly1961Glu])
€.[4222T>C;4918C>T] (p.[Trp1408Arg;Arg1640Trp])
¢.1938-619A>G (p.?)
¢.2160+1G>C (p.?)
¢.2160+1G>C (p.?)
c.3522+5del (p.?)
¢.3813+1G>T (p.?)
€.4253+4C>T (p.?)
c.4253+5G>T (p.?)
€.4253+5G>T (p.?)
c.4352+1G>A (p.?)
¢.4539+2001G>A (p.?)
¢.4539+2001G>A (p.?)
€.4539+2028C>T (p.?)
€.4539+2028C>T (p.?)
€.4539+2028C>T (p.?)
€.4539+2028C>T (p.?)
c.4540-2A>G (p.?)
c.4667+1G>A (p.?)
c.4773+3A>G (p.?)
¢.5018+2T>C (p.?)
¢.5196+1056A>G (p.?)
¢.5196+1056A>G (p.?)
¢.5196+1056A>G (p.?)
¢.5196+1056A>G (p.?)
¢.5196+1137G>A (p.?)
¢.5196+1137G>A (p.?)
¢.5196+1137G>A (p.?)



3788
3097
3143
3295
Y417
3954
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9025
3353
3730
3225
3570
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3725
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3859
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3071
3387
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3124
3023
9029
3782
3001
3638
3971
3398
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X X X X X

€.666_678del (p.Lys223_Arg226delfs)
¢.571-2_c.575del (p.?)

¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.2971G>C (p.Gly991Arg)

c.52C>T (p.Arg18Trp)

¢.571-1G>T (p.?)

c.3522+5del (p.?)

c.5714+5G>A (p.?)

¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.1622T>C (p.Leu541Pro)

c.1648G>A (p.Gly550Arg)

€.2092T>C (p.Cys698Arg)

€.2915C>A (p.Thr972Asn)

¢.3352C>T (p.His1118Tyr)

c.4139C>T (p.Pro1380Leu)

¢.4139C>T (p.Pro1380Leu)

¢.4139C>T (p.Pro1380Leu)

¢.4139C>T (p.Pro1380Leu)

¢.4139C>T (p.Pro1380Leu)

c.106del (p.Leu37fs)

¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.5882G>A (p.Gly1961Glu)

¢.3814-2A>G (p.?)

¢.5312+2T>G (p.?)

¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
c.161G>A (p.Cys54Tyr)

¢.1988G>A (p.Trp663*)

¢.5882G>A (p.Gly1961Glu)

c.4577C>T (p.Thr1526Met)

¢.5882G>A (p.Gly1961Glu)

¢.5882G>A (p.Gly1961Glu)

c.71G>A (p.Arg24His)

¢.5882G>A (p.Gly1961Glu)

¢.5882G>A (p.Gly1961Glu)

¢.5882G>A (p.Gly1961Glu)

¢.859-9T>C (p.?)

¢.859-9T>C (p.?)

¢.5318C>T (p.Ala1773Val)

¢.5882G>A (p.Gly1961Glu)

¢.2894A>G (p.Asn965Ser)

¢.5196+1137G>A (p.?)
¢.5313-2_c.5316del (p.?)
¢.5460+1G>A (p.?)
¢.570+1798A>G (p.?)
c.570+1798A>G (p.?)
¢.571-1G>T (p.?)
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
¢.5714+5G>A (p.?)
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
c.5714+5G>A (p.?)
¢.5836-3C>A (p.?)
€.6005+1G>T (p.?)
€.6006-609T>A (p.?)
€.6006-609T>A (p.?)
€.6006-609T>A (p.?)
¢.6006-609T>A (p.?)
€.6006-609T>A (p.?)
c.6148-698_ ¢.6670del (p.?)
€.6386+2C>G (p."?)
c.6387-1G>T (p.?)
c.6479+1G>A (p.?)
€.6479+1G>C (p.?)
€.67-1845_c.160+345del (p.?)
€.6729+5_6729+19del (p.?)
€.6729+5_6729+19del (p.?)
¢.859-9T>C (p.?)
¢.859-9T>C (p.?)
c.4773G>C (p.?)
c.6342G>A (p.?)
c.[3416A>G;6119G>A] (p.[Tyr1139Cys;Arg2040GIn])



3263
3384
9084
3511
3198
3385
4515
3785
3052
3483
3818
3416
3498
3561
4185
3231
3075
3748
3732

3423
3821
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9064
3113
4333
3211
3478
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3494
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3418
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3039
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3594
3708
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¢.194G>A (p.Gly65Glu)

¢.1988G>A (p.Trp663*)

€.247_250dup (p.Ser84fs)

¢.4457C>T (p.Pro1486Leu)

¢.4793C>A (p.Ala1598Asp)

c.4793C>A (p.Ala1598Asp)

¢.3386G>T (p.Arg1129Leu)

¢.5380G>C (p.Ala1794Pro)

€.3287C>T (p.Ser1096Leu)

€.2453G>A (p.Gly818Glu)

¢.5882G>A (p.Gly1961Glu)

¢.[2560G>A;3113C>T] (p.[Ala854Thr;Ala1038Val])
€.2461T>A (p.Trp821Arg)

¢.5882G>A (p.Gly1961Glu)

¢.5714+5G>A (p.?)

€.247_250dup (p.Ser84fs)

¢.52C>T (p.Arg18Trp)

c.834del (p.Asp279fs)

¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;1933G>A;3113C>T]
(p.[Leu541Pro;Asp645Asn;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.2401G>A (p.Alag801Thr)

€.3988G>T (p.Glu1330%)

c.4854G>T (p.Trp1618Cys)

¢.1222C>T (p.Arg408*)

¢.3323G>A (p.Arg1108His)

c.71G>A (p.Arg24His)

¢.101_106del (p.Ser34_Leu35delfs)

¢.3113C>T (p.Ala1038Val)

¢.[1622T>C;4328G>A] (p.[Leu541Pro;Arg1443His])
¢.[3758C>T;5882G>A] (p.[Thr1253Met;Gly1961Glu])
¢.[1A>G;6089G>A] (p.[?;Arg2030GIn])
€.[3608G>A;4537del] (p.[Gly1203GIlu;GIn1513fs])
¢.1100-1G>A (p.?)

¢.160+2T>C (p.?)

¢.160+5G>C (p.?)

€.2382+1G>A (p.?)

¢.3050+5G>A (p.?)
¢.3050+5G>A (p.?)
¢.3050+5G>A (p.?)

¢.3113C>T (p.Ala1038Val)
¢.3113C>T (p.Ala1038Val)
¢.3113C>T (p.Ala1038Val)
c.4793C>A (p.Ala1598Asp)
c.4793C>A (p.Ala1598Asp)
c.4793C>A (p.Ala1598Asp)
¢.5318C>T (p.Ala1773Val)
¢.5380G>C (p.Ala1794Pro)

¢.6108_6130dup (p.Ala2044ValinsProGlyPheGluValTyrGIn)

¢.4462T>C (p.Cys1488Arg)
€.6448T>C (p.Cys2150Arg)
€.6449G>A (p.Cys2150Tyr)
€.6449G>A (p.Cys2150Tyr)
€.6449G>A (p.Cys2150Tyr)
c.161G>A (p.Cys54Tyr)
¢.323A>T (p.Asp108Val)
¢.3606T>A (p.Asp1202Glu)
c.834delT (p.Asp279fs)
¢.1726G>C (p.Asp576His)

¢.1933G>A (p.Asp645Asn)
€.3259G>A (p.Glu1087Lys)
¢.3259G>A (p.Glu1087Lys)
€.3988G>T (p.Glu1330%)

€.6694G>A (p.Glu2232Lys)

.4249_4251del (p.Phe1417del)

c.4318T>G (p.Phe1440Val)
¢.751_753del (p.Phe251del)
¢.3547G>T (p.Gly1183Cys)
c.4322G>A (p.Gly1441Asp)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)



4385
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3533
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¢.3050+5G>A (p.?)

c.4539+1G>T (p.?)

¢.4540-2A>G (p.?)

¢.5018+2T>C (p.?)

¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.1208A>T (p.Asp403Val)

c.161G>A (p.Cys54Tyr)

¢.1622T>C (p.Leu541Pro)

¢.1804C>T (p.Arg602Trp)

¢.1819G>T (p.Gly607Trp)

¢.1908G>T (p.GIn636His)

¢.1957C>T (p.Arg653Cys)

¢.1964T>G (p.Phe655Cys)

¢.1988G>A (p.Trp663*)

c.1A>G (p.?)

€.2453G>T (p.Gly818Val)

€.286A>G (p.Asn96Asp)

¢.3007C>T (p.GIn1003*)

¢.3322C>T (p.Arg1108Cys)

¢.3364G>A (p.Glu1122Lys)

¢.3385C>T (p.Arg1129Cys)

¢.4070C>T (p.Ala1357Val)

¢.4139C>T (p.Pro1380Leu)

¢.4139C>T (p.Pro1380Leu)

¢.4139C>T (p.Pro1380Leu)

¢.4139C>T (p.Pro1380Leu)

c.4139C>T (p.Pro1380Leu)

¢.4139C>T (p.Pro1380Leu)

c.4139C>T (p.Pro1380Leu)

¢.4217A>G (p.His1406Arg)

¢.4234C>T (p.GIn1412%)

¢.4234C>T (p.GIn1412%)

¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
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¢.4462T>C (p.Cys1488Arg)

c.454C>T (p.Arg152*)

c.45G>A (p.Trp15%)

¢.5087G>A (p.Ser1696Asn)

¢.5114G>T (p.Arg1705Leu)

¢.5316G>A (p.Trp1772*)

¢.5318C>T (p.Ala1773Val)

¢.5882G>A (p.Gly1961Glu)

¢.5882G>A (p.Gly1961Glu)

¢.5882G>A (p.Gly1961Glu)

¢.5882G>A (p.Gly1961Glu)

c.634C>T (p.Arg212Cys)

¢.634C>T (p.Arg212Cys)

c.564del (p.Glu189fs)

¢.2191_2199del (p.Phe731_Leu733del)

c.4734del (p.Leu1580%)

¢.4537dup (p.GIn1513fs)

c.5196+1G>A (p.?)

¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.3407G>T (p.Gly1136Val)

¢.5882G>A (p.Gly1961Glu)

¢.5882G>A (p.Gly1961Glu)

c.4947del (p.Glu1650fs)

€.2947A>G (p.Thr983Ala)

€.286A>G (p.Asn96Asp)

¢.2588G>C (p.Gly863Ala)

€.2971G>C (p.Gly991Arg)

¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
€.2925C>G (p.lle975Met)

€.2971G>C (p.Gly991Arg)

€.2971G>C (p.Gly991Arg)

¢.3279C>A (p.Asp1093Glu)

¢.2813T>C (p.Phe938Ser)

€.2947A>G (p.Thr983Ala)

¢.5059del (p.lle1687fs)

c.4139C>T (p.Pro1380Leu)

¢.[71G>A;5882G>A] (p.[Arg24His;Gly1961Glu])
€.4253+5G>T (p.?)

¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])

¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)
¢.5882G>A (p.Gly1961Glu)

¢.[56959G>T;c.5961_5964del] (p.Gly1987*)

¢.2897G>A (p.Gly966Giu)
¢.4875T>A (p.His1625GlIn)
¢.5051T>A (p.lle1684Asn)
c.3543del (p.Lys1182fs)
¢.5932A>G (p.Lys1978Glu)
¢.3377T>C (p.Leu1126Pro)
¢.3413T>C (p.Leu1138Pro)
¢.3819dup (p.Leu1274fs)
¢.5186T>C (p.Leu1729Pro)
¢.5186T>C (p.Leu1729Pro)
¢.5351T>G (p.Leu1784Arg)
¢.5819T>A (p.Leu1940GIn)
¢.6079C>T (p.Leu2027Phe)
€.6079C>T (p.Leu2027Phe)
¢.6079C>T (p.Leu2027Phe)



3778
3466
3604
3252
3209
3765
3011
3962
3242
3817
3160
3403
3164
3395
3178
3412
3411
3390
3686
3811
3364
3136
3942
3887
3413
3236
5180
3419
3548
3243
3801
3858
3126
Y423
4428
3072
3402
Y485
3486
3953
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¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
€.2915C>A (p.Thr972Asn)

¢.3323G>A (p.Arg1108His)

c.4139C>T (p.Pro1380Leu)

c.4457C>T (p.Pro1486Leu)

¢.4577C>T (p.Thr1526Met)

¢.5882G>A (p.Gly1961Glu)

¢.91T>C (p.Trp31Arg)

¢.5882G>A (p.Gly1961Glu)

€.3292C>T (p.Arg1098Cys)

c.4437G>A (p.Trp1479*)

€.6543_6578del (p.Leu2182_Phe2193del )
€.859-9T>C (p.?)

¢.1622T>C (p.Leu541Pro)

¢.1804C>T (p.Arg602Trp)

¢.2023G>A (p.Val675lle)

¢.634C>T (p.Arg212Cys)

¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
C.2461T>A (p.Trp821Arg)

€.2894A>G (p.Asn965Ser)

€.2041C>T (p.Arg681*)

¢.[3758C>T;5882G>A] (p.[Thr1253Met;Gly1961Glu])
¢.[3758C>T;5882G>A] (p.[Thr1253Met;Gly1961Glu])
¢.[3758C>T;5882G>A] (p.[Thr1253Met;Gly1961Glu])
¢.[1A>G;6089G>A] (p.[?;Arg2030GIn])
¢.3050+5G>A (p.?)

€.859-9T>C (p.?)

¢.3322C>T (p.Arg1108Cys)

€.3322C>T (p.Arg1108Cys)

¢.3322C>T (p.Arg1108Cys)

€.3322C>T (p.Arg1108Cys)

¢.3323G>A (p.Arg1108His)

¢.3323G>A (p.Arg1108His)

¢.3911T>A (p.Leu1304*)

c.4139C>T (p.Pro1380Leu)

¢.4139C>T (p.Pro1380Leu)

c.4139C>T (p.Pro1380Leu)

¢.4139C>T (p.Pro1380Leu)

c.4139C>T (p.Pro1380Leu)

¢.5882G>A (p.Gly1961Glu)

€.6079C>T (p.Leu2027Phe)
¢.6079C>T (p.Leu2027Phe)
¢.6079C>T (p.Leu2027Phe)
€.6079C>T (p.Leu2027Phe)
c.6079C>T (p.Leu2027Phe)
¢.6079C>T (p.Leu2027Phe)
c.6079C>T (p.Leu2027Phe)
¢.6079C>T (p.Leu2027Phe)
€.6079C>T (p.Leu2027Phe)
c.6098T>A (p.Leu2033His)
¢.6179T>G (p.Leu2060Arg)
¢.6419T>A (p.Leu2140GIn)

¢.6543_6578del (p.Leu2182_Phe2193del)

c.885del (p.Leu296fs)
¢.1622T>C (p.Leu541Pro)
¢.5646G>A (p.Met1882lle)
¢.5646G>A (p.Met1882lle)
c.4326C>A (p.Asn1442Lys)
€.2894A>G (p.Asn965Ser)
¢.2894A>G (p.Asn965Ser)
€.2894A>G (p.Asn965Ser)
€.294C>G (p.Asn98Lys)
c.4139C>T (p.Pro1380Leu)
¢.4139C>T (p.Pro1380Leu)
c.4139C>T (p.Pro1380Leu)
¢.4139C>T (p.Pro1380Leu)
c.4139C>T (p.Pro1380Leu)
¢.4139C>T (p.Pro1380Leu)
c.4139C>T (p.Pro1380Leu)
c.4139C>T (p.Pro1380Leu)
c.4139C>T (p.Pro1380Leu)
c.4139C>T (p.Pro1380Leu)
¢.4139C>T (p.Pro1380Leu)
¢.4139C>T (p.Pro1380Leu)
¢.4139C>T (p.Pro1380Leu)
c.4139C>T (p.Pro1380Leu)
¢.4139C>T (p.Pro1380Leu)
c.4139C>T (p.Pro1380Leu)
¢.4139C>T (p.Pro1380Leu)
c.4139C>T (p.Pro1380Leu)
¢.4139C>T (p.Pro1380Leu)



3624
3926
3279
3805
3154
4286
3656
3128
9015
3771
9060
3121
3969
3873
3234
3102
3288
3899
3912
3060
3447
3081
3036
3365
3187
3183
3407
4273
4405
3529
3870
3978
3650
5010
9057
3328
3670
3338
3723
3259
3583
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c.768G>T (p.?)

¢.1025_1038del (p.Asp342_Lys346delfs)
€.2893A>T (p.Asn965Tyr)

¢.3470T>G (p.Leu1157%)
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
€.3322C>T (p.Arg1108Cys)

c.66G>A (p.?)

¢.[2627A>C;3322C>T] (p.[GIn876Pro;Arg1108Cys])
¢.1819G>A (p.Gly607Arg)

¢.2617T>C (p.Phe873Leu)

€.3322C>T (p.Arg1108Cys)

€.2947A>G (p.Thr983Ala)

¢.3287C>T (p.Ser1096Leu)

c.478G>T (p.Glu160*)

€.634C>T (p.Arg212Cys)
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.2894A>G (p.Asn965Ser)
¢.1025_1038del (p.Asp342_Lys346delfs)
¢.2813T>C (p.Phe938Ser)

¢.1804C>T (p.Arg602Trp)

c.4667G>A (p.Arg1556Lys)

¢.3056C>T (p.Thr1019Met)

€.3322C>T (p.Arg1108Cys)

¢.4139C>T (p.Pro1380Leu)
¢.5196+1G>A (p.?)

¢.1648G>A (p.Gly550Arg)

c.4139C>T (p.Pro1380Leu)

C.4639A>T (p.Lys1547*)

¢.6079C>T (p.L2027Phe)

c.716G>A (p.Trp239*)

¢.5312+1G>A (p.?)

¢.5312+2T>G (p.?)

€.6088C>T (p.Arg2030%)

c.1374del (p.Thr459fs)

¢.4577C>T (p.Thr1526Met)

¢.1819G>A (p.Gly607Arg)

¢.5882G>A (p.Gly1961Glu)

c.688T>A (p.Cys230Ser)

¢.3385C>T (p.Arg1129Cys)

¢.5882G>A (p.Gly1961Glu)

€.6079C>T (p.L2027Phe)

c.4139C>T (p.Pro1380Leu)
¢.4139C>T (p.Pro1380Leu)
¢.4457C>T (p.Pro1486Leu)
¢.3876G>C (p.GIn1292His)
€.4234C>T (p.GIn1412%)
c.4234C>T (p.GIn1412%)
¢.6658C>T (p.GIn2220%)
€.2627A>C (p.GIn876Pro)
€.3292C>T (p.Arg1098Cys)
¢.3292C>T (p.Arg1098Cys)
¢.3322C>T (p.Arg1108Cys)
¢.3322C>T (p.Arg1108Cys)
¢.3322C>T (p.Arg1108Cys)
¢.3322C>T (p.Arg1108Cys)
¢.3323G>T (p.Arg1108Leu)
c.3385C>T (p.Arg1129Cys)
¢.3386G>T (p.Arg1129Leu)
¢.3386G>T (p.Arg1129Leu)
¢.3898C>T (p.Arg1300%)
¢.3898C>T (p.Arg1300%)
c.4667G>A (p.Arg1556Lys)
¢.4919G>A (p.Arg1640GIn)
¢.4919G>A (p.Arg1640GIn)
¢.4919G>A (p.Arg1640GIn)
¢.6089G>A (p.Arg2030GIn)
€.6089G>A (p.Arg2030GIn)
¢.6089G>A (p.Arg2030GIn)
¢.6089G>A (p.Arg2030GIn)
¢.6089G>A (p.Arg2030GIn)
¢.6089G>A (p.Arg2030GIn)
€.6088C>T (p.Arg2030*)
€.6088C>T (p.Arg2030*)
¢.6088C>T (p.Arg2030%)
¢.6088C>T (p.Arg2030%)
¢.6119G>A (p.Arg2040GIn)
¢.6119G>A (p.Arg2040GIn)
c.6118C>T (p.Arg2040%)
€.6229C>G (p.Arg2077Gly)
€.6229C>T (p.Arg2077Trp)
€.6229C>T (p.Arg2077Trp)
€.6229C>T (p.Arg2077Trp)



3990
3258
3598
3934
3812
Y265
3986
3775
3523
3261
3517
3299
3380
3559
3664
3894
3920
3337
3321
4556
3092
3940
3952
3191
Y415
3794
3082
4360
3760
3376
3562
3170
3397
3099
3580
3182
4472
3589
3331
3489
3424
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¢.4253+5G>A (p.?)

¢.1100-6T>A (p.?)

€.3898C>T (p.Arg1300%)
¢.4538A>G (p.GIn1513Arg)
¢.3554_3555CC>GA (p.Ser1185*)
¢.1805G>A (p.Arg602GIn)
c.1804C>T (p.Arg602Trp)
c.302+1G>A (p.?)

¢.3050+5G>A (p.?)

€.3523-1G>A (p.?)

€.4540-2A>G (p.?)

c.768G>T (p.?)
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.1015T>G (p.Trp339Gly)
¢.1577A>C (p.Glu526Ala)
¢.1577A>C (p.Glu526Ala)
¢.1609C>T (p.Arg537Cys)
€.2966T>C (p.Val989Ala)
€.2971G>C (p.Gly991Arg)
¢.4223G>T (p.Trp1408Leu)
c.428C>T (p.Pro143Leu)
¢.6079C>T (p.L2027Phe)
¢.6229C>G (p.Arg2077Gly)
¢.6316C>T (p.Arg2106Cys)
¢.6320G>A (p.Arg2107His)
c.658C>T (p.Arg220Cys)
€.247_250dup (p.Ser84fs)
c.634C>T (p.Arg212Cys)
c.454C>T (p.Arg152*)

c.885del (p.Leu296fs)

c.885del (p.Leu296fs)

¢.1805G>A (p.Arg602GIn)
¢.4139C>T (p.Pro1380Leu)
¢.5196+1G>A (p.?)
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
€.[4222T>C;4918C>T] (p.[Trp1408Arg;Arg1640Trp])
¢.3056C>T (p.Thr1019Met)
¢.1037A>C (p.Lys346Thr)
¢.4036_4037del (p.Thr1346fs)
¢.2564G>A (p.Trp855%)

c.6316C>T (p.Arg2106Cys)
¢.6316C>T (p.Arg2106Cys)
c.6316C>T (p.Arg2106Cys)
¢.6316C>T (p.Arg2106Cys)
¢.6317G>A (p.Arg2106His)

¢.6317_6323del (p.Arg2107_Met2108delfs)

¢.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
€.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
€.6320G>A (p.Arg2107His)
€.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
€.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
¢.6320G>A (p.Arg2107His)
c.634C>T (p.Arg212Cys)
¢.6445C>T (p.Arg2149*%)
¢.1609C>T (p.Arg537Cys)
¢.1609C>T (p.Arg537Cys)
¢.1805G>A (p.Arg602GIn)
¢.5087G>A (p.Ser1696Asn)
¢.6703T>C (p.Ser2235Pro)
€.2385C>G (p.Ser795Arg)
¢.3056C>T (p.Thr1019Met)
¢.3056C>T (p.Thr1019Met)
¢.3350C>T (p.Thr1117lle)

¢.4036_4037del (p.Thr1346fs)

c.4577C>T (p.Thr1526Met)



3863 10 N 2 -/- ¢.4577C>T (p.Thr1526Met) ¢.4577C>T (p.Thr1526Met)

3240 2 -I- €.1222C>T (p.Arg408*) ¢.5935del (p.Thr1979fs)

3351 2 -/- ¢.4139C>T (p.Pro1380Leu) ¢.5056G>A (p.Val1686Met)

3474 2 -I- ¢.4537dup (p.GIn1513fs) ¢.5056G>A (p.Val1686Met)

3176 2 -/- €.2966T>C (p.Val989Ala) ¢.5289delT (p.Val1764fs)

3945 2 -I- €.2966T>C (p.Val989Ala) ¢.5289delT (p.Val1764fs)

3228 2 -/- ¢.5714+5G>A (p.?) ¢.5917del (p.Val1973*)

3692 2 - ¢.859-9T>C (p.?) ¢.5917del (p.Val1973*)

3227 2 -I- c.4524_4534del (p.Leu1509_Pro1511delfs) ¢.5917del (p.Val1973*)

3107 2 -I- ¢.5714+5G>A (p.?) c.5917del (p.Val1973*)

3117 2 -I- ¢.5882G>A (p.Gly1961Glu) c.5917del (p.Val1973*)

9081 2 -/- €.2966T>C (p.Val989Ala) c.5917del (p.Val1973*)

3957 11 2 -I- ¢.5882G>A (p.Gly1961Glu) c.5917del (p.Val1973*)

9032 2 -/- ¢.71G>A (p.Arg24His) c.1561del (p.Val521Serfs)

3002 2 -I- ¢.1957C>T (p.Arg653Cys) €.2966T>C (p.Val989Ala)

3977 10 N 2 -/- ¢.1995C>A (p.Tyr665%) ¢.2966T>C (p.Val989Ala)

3510 39 Y 2 -I- €.2966T>C (p.Val989Ala) ¢.2966T>C (p.Val989Ala)

4338 2 -I- ¢.52C>T (p.Arg18Trp) €.2966T>C (p.Val989Ala)

3504 2 -/- ¢.1317G>A (p.Trp439%) c.4347G>T (p.Trp1449Cys)

3446 9 N 2 -I- ¢.4139C>T (p.Pro1380Leu) C.4437G>A (p.Trp1479%)

4225 12 N 2 -/- ¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val]) ¢.5316G>A (p.Trp1772%)

3769 8 N 2 -/- c.91T>C (p.Trp31Arg) ¢.91T>C (p.Trp31Arg)

3790 2 -/- ¢.93G>A (p.Trp31*) ¢.93G>A (p.Trp31*)

3687 13 N 2 -I- ¢.5018+2T>C (p.?) ¢.6107A>G (p.Tyr2036Cys)

9099 8 N 2 -/- ¢.[179C>T;3830C>T] (p.[Ala60Val;Thr1277Met]) ¢.[179C>T;3830C>T] (p.[Ala60Val;Thr1277Met])
9040 2 -I- €.[2549A>G;5882G>A] (p.[Tyr850Cys;Gly1961Glu]) €.[2549A>G;5882G>A] (p.[Tyr850Cys;Gly1961Glu])
3375 2 -/- ¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val]) ¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
4574 5 N 2 -I- ¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val]) ¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
3557 2 -/- ¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val]) ¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
4580 7 N 2 -/- ¢.1529T>C (p.Leu510Pro) ¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
3876 2 -/- ¢.3352C>T (p.His1118Tyr) €.[4222T>C;4918C>T] (p.[Trp1408Arg;Arg1640Trp])
3335 2 -/- ¢.4139C>T (p.Pro1380Leu) ¢.[4222T>C;4918C>T] (p.[Trp1408Arg;Arg1640Trp])
3085 2 -I- ¢.71G>A (p.Arg24His) €.[4222T>C;4918C>T] (p.[Trp1408Arg;Arg1640Trp])
3080 30 Y 2 -/- ¢.[872C>T;1531C>T] (p.[Pro291Leu;Arg511Cys]) ¢.[872C>T;1531C>T] (p.[Pro291Leu;Arg511Cys])
3542 43 Y 1 ++ ¢.1027_1028del (p.Asn343*)

3496 35 Y 1 ++ ¢.3754G>T (p.Glu1252*)

9097 32 Y 1 ++ ¢.5461-10T>C (p.?)

9013 35 Y 1 ++ ¢.4469G>A (p.Cys1490Tyr)

Y522 1 ++ ¢.5461-10T>C (p.?)

3057 1 ++ ¢.5461-10T>C (p.?)

3087 30 Y 1 ++ ¢.5461-10T>C (p.?)
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x

X X X X X

¢.5461-10T>C (p.?)

¢.2069del (p.Gly690fs)

¢.5461-10T>C (p.?)

¢.4918C>T (p.Arg1640Trp)

¢.5395A>G (p.Asn1799Asp)

¢.2588G>C (p.Gly863Ala)

c.4670A>G (p.Tyr1557Cys)

¢.5461-10T>C (p.?)

¢.5461-10T>C (p.?)

¢.655A>T (p.Arg219*)

c.[3481C>A;5714+5G>A] (p.[Arg1161Ser;?])
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.4249_4251del (p.Phe1417del)

€.247_250dup (p.Ser84fs)

c.161G>A (p.Cys54Tyr)

¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.571-1G>T (p.?)
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¢.1222C>T (p.Arg408*)

¢.868C>T (p.Arg290Trp)

€.6543_6578del (p.Leu2182_Phe2193del)
¢.4139C>T (p.Pro1380Leu)
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
¢.1903C>T (p.GIn635*)

¢.3261A>C (p.Glu1087Asp)

c.161-1G>A (p.?)

¢.5923G>C (p.Gly1975Arg)

¢.3259G>A (p.Glu1087Lys)
¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
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€.6229C>T (p.Arg2077Trp)

¢.1906C>T (p.GIn636*)
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¢.[1622T>C;3113C>T] (p.[Leu541Pro;Ala1038Val])
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¢.[735T>G;2300T>A] (p.[Tyr245*;Val767Asp])
¢.3148G>A (p.Gly1050Ser)
¢.[56882G>A;6445C>T] (p.[Gly1961Glu;Arg2149*])
¢.5714+5G>A (p.?)

c.4248C>A (p.Phe1416Leu)
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c.4918C>T (p.Arg1640Trp)

€.2966T>C (p.Val989Ala)

c.4577C>T (p.Thr1526Met)

¢.5882G>A (p.Gly1961Glu)

¢.733T>C (p.Tyr245His)
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1
9017 1 -I- X €.4353-4T>C (p.?)
Y256 1 -I- X €.634C>T (p.Arg212Cys)
5360 1 -I- X ¢.5882G>A (p.Gly1961Glu)
4720 N 1 -I- ¢.6089G>A (p.Arg2030GIn)
3297 1 -I- X ¢.5882G>A (p.Gly1961Glu)
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5056 1 -I- ¢.6320G>A (p.Arg2107His)
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3212 X 0 +/-
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3834 X 24 Y 0 +/-
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3992 10 N 0 +/-
3314 50 Y 0 +/-
3280 14 Y 0 +/-
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Unifocal Atrophy with Lesion-Centric Flecks
c.5603A>T (p.Asn1868lle) c.5882G>A (p.Gly1961Glu)

Supplemental Figure 1. Autofluorescence imaging of the distinct phenotype of a well-delineated, unifocal dark
atrophy with bordering lesion-centric flecks observed only in patients harboring c.5882G>A (p.Gly1961Glu) and
¢.5603A>T (p.Asn1868lle).
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