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Purpose: Modern molecular genetics has revolutionized gene discovery, genetic
diagnoses, and precision medicine yet many patients remain unable to benefit from
these advances as disease-causing variants remain elusive for up to half of Mendelian
genetic disorders. Patient-derived induced pluripotent stem (iPS) cells and transcrip-
tomicswere used to identify the fate of unsolvedABCA4 alleles in patientswith Stargardt
disease.

Methods: Multiple independent iPS lines were generated from skin biopsies of three
patients with Stargardt disease harboring a single identified pathogenic ABCA4 variant.
Derived retinal pigment epithelial cells (dRPE) from a normal control and patient cells
were subjected to RNA-Seq on the Novaseq6000 platform, analyzed using DESeq2 with
calculation of allele specific imbalance from the pathogenic or a known linked variant.
Protein analysis was performed using the automated Simple Western system.

Results: Nine dRPE samples were generated, with transcriptome analysis on eight.
Allele-specific expression indicated normal transcripts expressed from splice variants
albeit at low levels, and missense transcripts expressed at near-normal levels. Corre-
sponding protein was not easily detected. Patient phenotype correlation indicated
missense variants expressed at high levels have more deleterious outcomes. Transcrip-
tome analysis suggests mitochondrial membrane biodynamics and the unfolded
protein response pathway may be relevant in Stargardt disease.

Conclusions: Patient-specific iPS-derived RPE cells set the stage to assess non-
expressing variants in difficult-to-detect genomic regions using easily biopsied tissue.

Translational Relevance: This “Disease in a Dish” approach is likely to enhance the
ability of patients toparticipate in andbenefit fromclinical trialswhile providing insights
into perturbations in RPE biology.
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Introduction

The advent of modern molecular genetic analy-
ses has revolutionized genetic diagnoses, from gene
discovery to diagnostics to assignment of causality.
Genome sequencing, population-based databases,
annotation, genotype-phenotype correlations have
greatly increased how many patients know their
molecular details and can fully participate in all levels
of clinical care, including clinical trials and preci-
sion or personalized medicine. Yet, there remains
up to 30% of patients without a complete molecu-
lar genetics diagnosis for inherited retinal diseases
(IRDs).1–3 The genome still has “dark DNA” that may
harbor as-yet-undiscovered causative variants due to
difficult-to-sequence or inability to assign causation to
noncoding regions with low conservation.4 Epigenetic
effects, digenic or multigenic diseases, the presence or
absence of hypomorphic alleles, and gene-environment
interactions all further complicate molecular genetics
diagnoses.

Stargardt disease is a macular dystrophy that is
genetically heterogeneous but for which more than
90% of cases can be attributed to an autosomal
recessive disorder involving pathogenic variants in
ABCA4.5–7 Clinical molecular diagnosis has under-
gone rapid advances in targeted genomic sequenc-
ing of the 50 exons and splice sites, and devel-
opment of databases with over 2000 exonic and
intronic variants in ABCA4 (https://databases.lovd.nl/
shared/variants/ABCA4/). The identification of novel
pathogenic variants has also expanded significantly
over the past 5 to 10 years as the percentage of patients
with only a single or no identified variants decreased
from approximately 50% to 30% currently,8–10 enabling
clinicians to recognize a much broader range of pheno-
types for ABCA4-related retinopathies than the origi-
nal clinical description by Stargardt.7 Clearly, large
gaps remain in our ability to identify novel variants
that will allow all patients to have a complete molec-
ular diagnosis.

ABCA4 is only expressed in the retinal pigment
epithelium (RPE) and photoreceptor cells, exclud-
ing the practicality of tissue biopsy.11,12 Splice and
promoter variants are often identified by in silico analy-
ses requiring validation of altered gene expression ex
vivo or when biopsied tissue is not available, in vitro.
In Stargardt disease, such mini- and midi-gene assays
have been used to verify altered gene expression and
often are used to classify variants as mild, moder-
ate, or severe alleles.13–15 Although critical to validat-
ing variants, these methods are unable to detect global
contributions to expression by distal genetic elements

and cellular factors with respect to transcription and
mRNA processing.

To gain insight into the fate of the putative
normal allele of patients with a single identified
ABCA4 variant, patient-derived RPE generated from
skin biopsies via induced pluripotent stem (iPS) cells
was analyzed for ABCA4 expression. The ability to
differentiate numerous cells types from patient-derived
iPS cells removes the burden of risky biopsies and
provides plentiful personalized tissue samples for not
just transcriptomic but a large variety of probative
assays. This “Disease in a Dish” approach can be
done on single-cell type cultures, from which RPE cells
can be easily derived,16–19 or in mini organs, from
which photoreceptor precursors can be derived.18,20–26
In these studies, patient-derived iPS cells were differ-
entiated into RPE (dRPE) cells and the transcrip-
tional consequences from unidentifiedABCA4 variants
of clinically diagnosed patients with Stargardt disease
with only a single solved allele were explored.

Methods

Patient Recruitment

All three individuals were recruited and enrolled
in the Genetics research study with approval of the
UCLA Institutional Review Board (IRB) and in accor-
dance with regulations of the Health Insurance Porta-
bility and Accountability Act of 1996 (HIPAA), with
signed informed consent after explanation of the
nature and possible consequences of the study and
specifying the use of the information for publica-
tions and research presentations. DNA samples were
obtained from saliva or whole blood specimens and
fibroblasts from skin biopsies using standard protocols.

Variant Validation

Genomic DNA was isolated using an automated
system (Chemagen, Perkin Elmer) or QIAmp kits
(Qiagen), total RNA using RNeasy (Qiagen), and
cDNA prepared using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems).
Single band polymerase chain reaction (PCR) ampli-
fication with Taq polymerase (Bioland Scientific;
C1000 Touch, Bio-Rad) was verified and subjected
to Sanger sequencing (Laragen, Inc., Culver City,
CA). Sequence alignment and variant detection were
performed using Sequencher (Gene Codes Corp.). Star
reagents are listed in Supplementary Table SA1 and
primer sequences in Supplementary Table SA2.

https://databases.lovd.nl/shared/variants/ABCA4/
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Generation of iPS and dRPE Cells

All tissues/cells were processed in a certified BSL-2
Biological Safety Cabinet (BSC) and incubated at 37°C
in 5% CO2 with filter sterilized media stored no longer
than 7 days at 4°C unless otherwise specified.

Fibroblast: Punch biopsies were immersed in
Dulbecco’s modified Eagle’s medium (DMEM)/F12
and transferred under aseptic conditions to the
UCLA manufacturing facility. Biopsies were rinsed
in DMEM/F12 media, chopped into 1-mm pieces
and incubated in 1 mg/mL animal origin free colla-
genase for 1 hour. Tissue was collected by centrifu-
gation at 300 xg for 5 minutes, the supernatant
aspirated, and the pellet washed with 10 mL of
serum-free mesenchymal stem cell growth medium-
chemically defined (MSCGM-CD) and centrifuged as
above. Pellets containing the dissociated cells and tissue
clumps were resuspended in MSCGM-CD medium
and plated on a CELLstart-coated (Invitrogen) dish
using Fibrogro medium (Millipore) with 1X antibi-
otic/antimycotic. The medium was changed once every
72 hours until the cell monolayer was 70% conflu-
ent, and the cells passaged using TrypLE (Invitro-
gen). Single-cell suspensions were cryopreserved in
ProFreeze CDM (Lonza), as per the manufacturer’s
protocol.

iPS: Patient-specific fibroblasts were thawed at
37°C, resuspended in Fibrogro media (Millipore), and
checked for cell viability using trypan blue. Cells were
centrifuged as above, resuspended in mTESR1 (serum-
and feeder-free; Stem Cell Technologies) media with
1X antibiotic/antimycotic (Thermofisher), plated at
100,000 cells per well and incubated overnight. Cells
were reprogrammed using the Simplicon RNA Repro-
gramming kit (Millipore) per the standard operating
protocol for 4 to 6 weeks. The iPS cell colonies were
replated using ReLeSR (Stem Cell technologies), and
passaged with daily media changes until iPS cell stabi-
lization at passage 7 to 10. Single-cell suspensions were
cryopreserved in ProFreeze CDM (Lonza), as per the
manufacturer’s protocol. The iPS cells were propagated
in mTeSR media with 5 times supplements (Stem Cell
Technologies) on Matrigel coated tissue culture plates,
and passaged using ReLeSR.

dRPE: Reprogramming of iPS cells into dRPE
was performed in triplicate for each line using the
Buchholtz method,27 by culturing for 2 days each in
DMEM/F12 medium with Glutamax, NEAA, B27,
N2, and: 50 ng/mL Noggin, 10 ng/mL Dkk1, and
10 ng/mL IGF1 (days 1–2); 10 ng/mL Noggin, 10
ng/mL Dkk1, 10 ng/mL IGF1, and 5 ng/mL bFGF
(days 3–4); 10 ng/mL Dkk1 and 10 ng/mL IGF1
(days 5–6); 100 ng/mL Activin A and 10 μM Su-5402

(days 7–14) then maintained on αMEM with Gluta-
max, NEAA, N1, 50 mg/mL taurine, hydrocortisone,
Triiodo-thyroxin, and 5% fetal bovine serum (FBS).
The dRPE pigmented colonies were picked, dissociated
with 0.25% Trypsin/EDTA for 10 minutes at 37°C with
inversion, and triturated. Media with FBS was added,
centrifuged as above, cells counted, and passaged onto
laminin coated plates with fresh medium. Differen-
tiation was visualized by the cobblestone morphol-
ogy, pigmentation, dRPE specific gene expression and
transepithelial resistance. P2 cultures were harvested
after a minimum of 75 days in culture. Pigmented cells
were manually counted using FIJI/ImageJ. The ellip-
soid tool was used to select that area of interest in 8-
bit images, the outside cleared, the threshold adjusted
to show white areas prominently, a dark background
applied, and the image made binary and inverted. A
Freehand tool was used to select pigmented or non-
pigmented RPE, and the areas measured and exported
to an Excel spreadsheet.

Protein Analysis

Capillary electrophoresis was performed on the fully
automated Simple Western system (Wes by Protein
Simple, San Jose, CA) per manufacturer’s protocol.
Briefly, 20 μg of total protein dRPE cell homogenates
were heat-denatured in DTT, added to the assay plate
containing blocking buffer, primary and secondary
antibody and wash buffer, and separated on the 66
to 440 kDa Wes separation cartridge with goat anti-
human ABCA4 (1:25, EB08615, Everest Biotech Ltd.)
as a primary antibody and HRP-conjugated secondary
anti-goat antibody for detection. Retinal homogenates
(20 μg) from wild type and ABCA4 knock out mice
served as positive and negative protein controls, respec-
tively. Gel images were obtained using the WES system
software.

Transcriptome Analysis

All transcripts were aligned with the reference
genome hs:19. RNASeq (50 million reads per sample
on Novaseq6000 from Illumina), raw data was
converted to fastq, mapped using STAR Aligner,
transcript estimation using Cufflink (FPKM and
HTseq2 for read counts). Data analysis was performed
with the quality control normalization using the
DESeq2 package, clustering and principal component
analysis, and differential gene expression. Allele specific
imbalance (ASI) was calculated as the percentage of
total gene expression in Transcripts Per Kilobase
Million (TPM) by the ratio of count for the alter-
nate (variant 1) and reference (normal) nucleotide at
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the respective locations for each patient. Statistical
analysis was performed using the ANOVA testing and
MAANOVA package.

Results

Patient Characterization

Three patients with a single confirmed heterozygous
ABCA4 pathogenic allele (variant 1, Table 1) and an
allele with no previously detected pathogenic variants
despite a clinical diagnosis of Stargardt disease were
recruited. During the study, the unsolved pathogenic
alleles for two of these participants were identified
(variant 2, Table 1).4 Autofluorescence fundus imaging
revealed classic geographic atrophy in the macula
surrounded by autofluorescence in all three patients
(Figure 1).

Patient 1: (H)Aman, disease onset at approximately
26 years old with reduced best-corrected visual acuities
(BCVA) with light sensitivity but no night blindness or
gross color discrimination deficits. Ocular examination
revealed the following: BCVA 20/160 OD and 20/200
OS; intraocular pressure (IOP) on last visit 18 OD
and 18 OS; optical coherence tomography (OCT) and
fundus autofluorescence (FAF) showed central outer
retinal thinning with scattered hyper autofluorescent
deposits, incomplete geographic atrophy with limited
foveal preservation consistent with moderate Stargardt
disease; rod isolated and maximal, and cone isolated

and 30 Hz cone flicker electroretinographic responses
were generally within normal limits. Previous genetic
testing included mutation screening in: ELOVL4,RP1,
PRPH2, and ABCA4. The only variant identified was
in ABCA4: c.3386G>T, p. R1129L, (chr1:94506901).
During the course of this study, whole exome sequenc-
ing (WES) and single-molecule molecular inversion
probes (smMIPs) analyses confirmed the missense
variant and identified a second splice variant in cis with
a hypomorphic allele in ABCA410,28: c.5461-10T>C;
c.5603A>T, p.[Thr1821Aspfs*6,Thr1821Valfs*13;
Asn1868Ile], chr1:94476951.4

Patient 2: (J) A woman, disease onset at approxi-
mately 40 years old with reduced BCVAs and paracen-
tral scotomas. Ocular examination revealed the follow-
ing: BCVA 20/60 OD and 20/100 OS; IOP on last
visit 14 OD and 17 OS; OCT and FAF showed
central outer retinal thinning and scattered hyper
autofluorescent deposits in the posterior pole, and
incomplete central geographic atrophy consistent with
mild Stargardt disease; electroretinography was not
performed. Previous genetic testing included mutation
screening in: ABCA4, BEST1, CDH23, EFEMP1,
ELOVL4, IMPG1, IMPG2, PROM1, RDS, and
TIMP3. The only pathogenic variant identified was in
ABCA4: c.570+1798A>G, p.PE, chr1:94566773 inser-
tion. During the course of this study, whole genome
sequencing (WGS) and smMIPs analyses confirmed
the known splice variant and failed to identify a second
pathogenic variant.4

Table 1. ABCA4 Pathogenic Variants in Participants

Variant 1 Variant 2 Cell Line Disease Severity Variant Classa No. of Cell Lines

c.3386G>T; p.R1129L c.5461+10T>C; splice site H Moderate Severe 2
c.570+1798A>G; splice site Unsolved J Mild Severe 3
C.3364G>A; p.E1122K c.2654-8T>G; splice site S Moderate-severe Severe 3
None None Control N/A N/A 1

aMidi-gene expression classification4.
N/A, not applicable.

Figure 1. Macular degeneration is observed in fundus images of each patient participant. (a) H with moderate Stargardt’s disease,
(b) J withmild Stargardt’s disease, and (c) S withmoderate to severe Stargardt’s disease, have characteristic geographic atrophy and autoflu-
orescence observed in and surrounding the macula, respectively, indicative of macular degeneration. Age at fundus imaging and BCVA,
respectively: H = 39 and 39; J = 58 and 62: and S = 35 and 35.



Patient-Derived RPE Assesses Variant Pathogenicity TVST | March 2022 | Vol. 11 | No. 3 | Article 33 | 5

Figure 2. Pigmented, cobblestone dRPE cells were reprogrammed from iPS cells. Representative cultures for a single line from each
patient show (a) iPS cells prior to differentiating into RPE cells and (b) pigmented cobblestone dRPE cells prior to harvest after 3 months in
culture.

Patient 3: (S) A woman, disease onset at approx-
imately 13 years old with central vision loss that
was not correctable by refraction. Ocular examina-
tion revealed the following: BCVA 20/200 OD and
20/200 OS; IOP on last visit 15 OD and 15 OS; OCT
and FAF showed central outer retinal thinning and
subRPE deposits with diffuse hyper autofluorescence
of the RPE as well as numerous hyper autofluorescent
deposits in the posterior pole and extensive geographic
atrophy consistent with moderate to severe Stargardt
disease; rod isolated and maximal, and cone isolated
and 30 Hz cone flicker electroretinographic responses
were within normal limits. Previous genetic testing
included mutation screening in: PRPH2, and ABCA4.
The only pathogenic variant identified was in ABCA4:
c.3364G>A, p. E1122K, chr1:94506923. During the
course of this study, sequencing and smMIPs analy-
ses confirmed the missense variant and a second splice
variant was identified in ABCA4: c.2654-8T>G, p.[40-
nt e18 elongation,=], chr1:94517225.4

dRPE Cell Generation and Characterization

The dRPE cells were reprogrammed for each
of three independent iPS lines of every patient
by standard procedures.27 Growth and maturation
(assessed by pigmentation) were similar (Figure 2), and
transepithelial resistance in the range of 150 to 250
�/cm2 indicated proper tight junction formation in
representative samples.17 One “H” iPS line failed to
reprogram into confluent cultures of pigmented dRPE
cells and was not further analyzed. The percentage

of dRPE (pigmented and unpigmented) cells in each
culture ranged from 99.5% to 100% except for a J2,
which contained 81.6% dRPE and was not further
analyzed. The percentage of pigmented and all dRPE
cells for each patient was: 98.8± 0.4% and 99.9± 0.1%
(H); 96.3 ± 1.8% and 100.0 ±0.0% (J); 95.0 ± 2.4%
and 99.8 ± 0.2% (S); and 94.0 ± 5.9% and 100.0 ±
0.0% (control). Patient variants were confirmed in these
dRPE cells at this time.

Allele Specific Imbalance and Expression
Indicate Normal Transcripts Generated from
Splice Variants

ASI was assessed from the nucleotide count at the
variant 1 locus from five million reads of RNASeq
data. For the H and S lines with their respec-
tive missense variants, readthrough of the splice
variants (Ref) represents 16.53% and 27.96% of total
transcripts, with the control lines expressing only
the normal transcript (Figure 3). In the J lines, the
relative expression of the splice and unknown was
determined by segregation analysis with a heterozy-
gous polymorphism in exon 49. The severe splice
variant (c.570+1798A>G) represents 14.21% of total
transcripts.

ABCA4 expression was 68% (H), 28% (J), and
165%(S) relative to the NHFD controls, representing
the combined missense and splice variant transcripts.
Replicates of the S line had expression levels that
ranged from 98% to 286% of control, however, the
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Figure 3. ABCA4 has altered expression and hypomorphic splice variants in patient dRPE cells. (a) The level of expression relative
to the control dRPE cells shows decreased expression in two patient lines (H, J) and increased expression in one patient line (S). The total
expression in the each independently derived line was similar or higher than the control: S1 (16.0 TPM), S2 (40.8 TPM), and S3 (13.9 TPM). (b)
Allele specific imbalance (ASI), determined as the count for each nucleotide at the known variant locus. All patient lines have significantly
reduced expression of variant 1 (Alt, Table 1) where variant 1 is their respective missense variants for H and S, and the solved splice variant
for J.

Table 2. ABCA4mRNA Relative Expression

ASI at Variant 1

Sample TPM – ABCA4 % Expressiona TPM - Refb TPM - Altb % Ref Expressionc

H 9.78 68.5 1.62 8.16 11.3
J 3.94 27.6 3.38 0.56 23.7
S 23.58 165.1 6.59 16.99 46.1
Control 14.28 100 14.28 n/a n/a

aTotal expression of combined variant and normal alleles.
bAllele specific expression of normal (Ref ) and variant 1 alleles indicating imbalance.
cExpression of normal allele (Ref ) relative to control.

relative level of each allele was similar. The percent
of transcript attributable to readthrough of the splice
variants (Ref) is reduced in all patient lines, albeit only
slightly for the S lines, compared to unbiased expres-
sion (Table 2).

Transcriptome Alterations in Stargardt
Disease dRPE Cells

Principal component analysis showed clear distinc-
tions among the three patient and control dRPE
transcriptomes (Appendix Figure 1). Analysis of
differentially expressed genes (DEGs) identified 221
DEGs in patient versus control dRPE transcriptomes.
Clustering of the top 50DEGs shows clear distinctions
between patient and control dRPE transcriptomes
(Figure 4A). There were 35 DEGs that had statisti-
cally significant changes (see Figure 4B, P < 0.001),
and represent broad biological functions, including
transcription, metabolism of nucleotides, protein and
lipids, ion transport, and cell adhesion and signal-

ing. Pathway analysis identified mitochondrial struc-
ture or function as potentially disrupted. Eight of
111 genes in the Unfolded Protein Response pathway
were identified as DEGs that could be activated by
both missense and splice variants generating short-
lived protein isoforms (see Figure 4C, P < 0.05).

Patients with Stargardt Disease dRPE Cells
have Varying Levels of ABCA4 Protein

Protein levels of pABCA4 were determined by
Western blot analysis using the automatedWES system
for low abundance proteins. The pABCA4 protein was
detected in all lines but at strongly reduced levels and
as truncated proteins or degradation products except
S2, compared to the control (Figure 5), consistent with
mRNA expression levels. In agreement with increased
expression of ABCA4 mRNA, the S2 line appears to
have relatively normal pABCA4 levels and molecular
weight in the range of modified, mature membrane
protein.
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Figure 4. Transcriptomeanalysis highlights disease-specific changes. (a) Clustering of top 50DEGs indicate clear differences in patient
dRPE transcriptomes compared to controls and potential personalized transcriptome alterations. (b) 35 genes had significant expression
level differences (P< 0.001) out of 221 identified DEGs. (c) Eight genes involved in the unfolded protein response had significant expression
level differences (P < 0.05) out of 111 identified DEGs.

Figure 5. The pABCA4 is expressed in patient dRPE cells.Mouse
retina (mouse ret) contains abundant pAbca4 in wild type (WT) and
no protein in Abca4 knockout (KO) mice. The human control (NHDF)
has abundant protein with a higher apparent molecular weight
than WT mouse retina. All patient dRPE cells (H, J, and S) show low
abundance of pABCA4 protein that is likely degraded, indicated by
the decreased molecular size. Molecular size markers are indicated
on the left.

Discussion

Analysis of patient tissue biopsies can greatly syner-
gize with in vivo imaging and functional assessment,
along with other in vivo assessments for the diagno-
sis, prognosis, and clinical treatment of disease. When

the cell types affected by disease are not amenable to
biopsy and/or in vivo functional assessment, alternative
approaches are needed. The aim of this research was
to provide a case study in which assessment of repro-
grammed iPS cells from a patient skin biopsy could
be used to diagnose the molecular genetics of hard-to-
solve variants in known genetic diseases.

In this study, the fate of unsolved variants was
determined by gene expression in dRPE cells, one
of two clinically relevant cells types with disease-
specific pathogenesis in Stargardt disease in three
patients with a single solved allele. Variants of the
ABCA4 gene did not disadvantage fibroblast growth,
dedifferentiation into iPS cells or reprogramming into
dRPE cells, which were grossly normal for growth
and maturation, with similar morphological charac-
teristics and metabolism but altered levels of ABCA4
transcripts compared with controls (Kady, N., et al.
IOVS 2018;59:ARVO E-Abstract 3045; Radu, R., et
al. IOVS 2019;60:ARVO E-Abstract 2343; Hu, J., et al.
IOVS 2020:61:ARVO E-Abstract 1507). These results
suggested the unknown variants in all three patients
occur in important promoter or splice sequences, which
was validated in two patients during the course of this
study.4

Attributing expression levels to disease causal-
ity and severity through in vitro assays or animal
models provides important insights but often assesses
single alleles and lacks the insight of a complex
genetic background.4,29–32 Patient-derived cells are
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likely to more closely reflect the splicing and editing
events occurring in patients. Conserved expression
and correct splicing of some normal transcripts from
all splice variant alleles was observed. Three splice
variants previously categorized as severe based on loss
of expression in midi-gene assays4 exhibited higher
expression in cultured dRPE cells. The c.5461-10T>C
splice variant had reduced but detectable expres-
sion and the c.570+1798A>G splice variant had
approximately a quarter the normal expression levels
compared to 0% wild type RNA in a midi-gene assay,
indicating both splice variants undergo some non-
sense mediated mRNA decay (NMD). By contrast,
the c.2654-8T>G splice variant accounted for approx-
imately half the expected expression of the ref allele
compared to 13% WT RNA in the midi-gene assay.
Two of the three independent S dRPE samples show
total ABCA4 expression similar to control, whereas S2
has greatly increased expression, with the relative level
of each allele is consistent.Minimally, this example well
illustrates the need to study multiple independently
generated lines from each patient. These alterations
are possibly due to trans-acting upregulation as the
missense allele is also overexpressed, which may be
in response to low or defective protein function or
to another as-yet unidentified variant in promoter or
enhancer regions. Finally, consideration must be given
to the atypical culture environment, the age of the cells
in culture and directed reprogramming of iPS to dRPE
cells.

Allele specific imbalance allows individualization
of alleles at the non-matched nucleotides of disease-
causing variant to probe whether missense, non-sense
and destabilizing variants undergo NMD resulting in
unequal expression of the two alleles, thereby infer-
ring variant severity. Twenty-eight percent expression
of the normal allele is sufficiently low to cause mild
disease as seen in the patient with two likely splice
variants. Eleven percent expression of the normal allele
in the presence of the R1129L variant causes moder-
ate disease that may be attributable to lower expres-
sion of the normal allele combined with the decreased
expression and dysfunction of the missense allele.31
By contrast, 46% expression of the normal allele in
the presence of E1122K causes moderate-to-severe
disease, indicating clear dissociation between protein
function and stability to disease severity. The variabil-
ity in transcript levels from multiple lines of the same
patient can limit our ability to make correlations to the
patient’s clinical disease severity, indicating the need
to assess multiple independent patient-derived lines.
Together, these data support the common understand-
ing that NMD can be less debilitating than variants
that alter protein structure and function.

The patient missense variants occur in the ATP
Nucleotide BindingDomain 1 (NBD1) and notNBD2,
which is required for ATP hydrolysis. Variants in the
carboxyterminal end of NBD1 have decreased expres-
sion in an exogenous system (R1129L), decreased
nucleotide binding or activity (A1038V, G1091E, and
R1129L), as well as differences in retinoid binding
(A1038V and G1091E).31,33 Although many NBD1
variants are classified as “intermediate” or “moder-
ate” in severity (G863A, R1108C, and P1180L),
others are classified as “severe” or “null-like” (E1022K
and E1087K), clearly indicating the degree to which
individual variants disrupt protein structure and
function is the critical feature. In this study, E1122K
and R1129L can both be classified as severe as the
expression of 46% and 11% normal transcript is insuf-
ficient to overcome the deficit of the mutated proteins,
respectively, with the caveat that the expression level of
the normal transcript from the splice variants might be
reduced or increased in vivo as a result of aging or other
factors.

The transcriptomes of the patient’s dRPE cells
implicate oxidative and endoplasmic reticulum stress,
both consistent with disease phenotypes, as well as
a broad range of biological functions likely represen-
tative of multifaceted reactive responses rather than
primary alterations due to the ABCA4 variants. With
the limited number of patient and controls analyzed,
pathway interpretation should be considered limited.
Statistical analyses suggest that a minimum of 10
patient lines and additional control lines would be
needed to generate reliable insights. In this limited
dataset, genes in the UPR pathway were upregulated
in all patient lines, suggesting improper folding, and
membrane mislocalization of both missense and splice
variants. Upregulation of the UPR in the patient
line with two splice variants further suggests that
aberrantly spliced polypeptides are likely produced
although short-lived in the endoplasmic reticulum,
although it should be noted that only a small number
of UPR genes were affected. Consequently, patients
with two splice variants may have increased potential
to benefit from gene therapy avoiding immune sensi-
tization from exogenous expression and from small
molecule therapy as they lack structurally abnormal
protein.

PCA of the dRPE transcriptomes clustered the
three distinct patients together and separate from the
control, suggesting that although genetic background
differences could account for some DEGs, the shared
DEGs are primarily driven by mutations in ABCA4.
Even within this limited set of patient samples,
both patient-specific and disease-specific transcrip-
tome alterationsmay be idiosyncratic to the cell lines or
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result from patient-specific ABCA4 variants and other
personal genetic contributions. Clear dissociation of
individual versus general transcriptomic responses to
ABCA4 pathological variants would require additional
patient dRPE cells, while also considering aging of
the dRPE and its environment. For example, one
of the dRPE cells in this study showed specific
biochemical, morphological, and functional changes
in aged cultures, recapitulating key RPE pheno-
typic features of the Stargardt mouse model34–36
and when challenged with oxidative stress or by rod
photoreceptor outer segments that are phagocytosed
by dRPE (unpublished data, N. Kady, IOVS, 2018;
59(9):4502; R. Radu, IOVS, 2019;60(9):2343; J. Hu,
IOVS, 2020:61(7):1507). Similarly, specific aspects of
disease may be contributed by different biological
demands of ABCA4 in different cell types, for example
in dRPE versus photoreceptor precursor cells. Last,
emergent phenotypes due to the close relationship
between these two cell types may not be apparent in
single-cell type cultures but may be revealed in retinal
organoid-RPE co-cultures.37,38

In conclusion, patient-specific molecular analy-
sis can aid in the molecular genetics of hard to
solve genetic diseases. This is particularly relevant
for diseases manifesting in tissues that are difficult
or deleterious to biopsy, such as the central nervous
system or retina, and in diseases in which variants may
be in “dark DNA” or other poorly accessed genomic
loci. The ability to reprogram patient-derived iPS
cells into the pathophysiologically susceptible specific
cell types provides a window into the nature of
unsolved variants, sets the stage for variant discovery,
and traverses the critical boundaries of translational
research that will enable more patients to participate
in and benefit from clinical trials and their emergent
therapies.
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