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Abstract

RPE65 -associated LCA is an autosomal recessive disease that results in reduced visual acuity and 

night blindness beginning at birth. It is one of the few retinal degenerative disorders for which 

promising clinical gene transfer trials are currently underway. However, the ability to enroll 

patients in a gene augmentation trial is dependent upon identification of 2 bona fide disease-

causing mutations and there are some patients with the phenotype of RPE65-associated disease 

who might benefit from gene transfer but are ineligible because 2 disease-causing genetic 

variations have not yet been identified. Some such patients have novel mutations in RPE65 for 

which pathogenicity is difficult to confirm. The goal of this study was to determine if an intronic 

mutation identified in a 2 year-old patient with presumed RPE65-associated disease was truly 

pathogenic and grounds for inclusion in a clinical gene augmentation trial. Sequencing of the 

RPE65 gene revealed two mutations: 1) a previously identified disease causing exonic leucine-to-

proline mutation (L408P), and 2) a novel single point mutation in intron 3 (IVS3-11) resulting in 

an A>G change. RT-PCR analysis using RNA extracted from control human donor eye derived 

primary RPE, control iPSC-RPE cells and proband iPSC-RPE cells revealed that the identified 

IVS3-11 variation caused a splicing defect that resulted in a frame shift and insertion of a 

premature stop codon. In this study we demonstrate how patient-specific iPSCs can be used to 

confirm pathogenicity of unknown mutations, which can enable positive clinical outcomes.
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Introduction

Leber congenital amaurosis (LCA) is a rare autosomal recessive retinal degenerative 

disorder caused by mutations in any one of at least 20 different genes [1]. One of these 

genes, retinal pigment epithelium-specific 65kDa (RPE65), has been reported to account for 

anywhere between 6–16% of the LCA writ large [1]. The RPE65 protein functions as a 

retinal isomerase that catalyzes the isomerization of all-trans-retinyl to the light sensitive 

chromophore 11-cis-retinal, a major component of the visual cycle [2, 3]. Loss of RPE65 

results in deficiency of 11-cis-retinal, inability to activate rhodopsin and failure of rod 

photoreceptor cells to detect light [4].

Clinically, patients with RPE65-associated LCA typically experience early-onset 

progressive vision loss, night blindness, nystagmus, and a profound reduction in the 

electroretinogram [1, 5]. Under ophthalmoscopic examination the fundus of patients with 

early stage disease can appear quite normal [1, 5, 6]. However, as the disease progresses, 

profound retinal abnormalities, including pigmentary changes, atrophic lesions, and 

progressive disorganization of the laminated outer retina can be detected [1, 5].

RPE65-associated LCA has gained considerable attention in recent years following the 

completion of three independent phase 1–2 clinical gene augmentation trials in which 

subretinal AAV-based delivery of the wild-type human RPE65 gene was performed [7–9]. 

The majority of patients that have been treated in these original studies have had significant 

restoration of vision without major adverse events [10]. As promising as these studies have 

been, some patients with phenotypic disease compatible with the RPE65 phenotype lack 2 

bona fide RPE65 mutations. Over-expression of the incorrect gene in such a patient would 

be of no therapeutic benefit and could actually be harmful (i.e. risks associated with 

subretinal surgery and overexpression toxicity (e.g., CEP290 [11]). As a result, prior to 

enrollment into a clinical gene therapy trial, identification and molecular confirmation of 

both of a participant’s disease-causing alleles are required. For rare diseases such as RPE65-

associated LCA, in which the disease-causing gene is expressed exclusively in a 

subpopulation of retinal cells, this task can be quite challenging. This is especially true when 

large control data sets are unavailable and the potential disease-causing mutations identified 

lie within noncoding regions of the gene.

With the advent of the induced pluripotent stem cell [12], and in turn the ability to generate 

patient-specific cell types that would be otherwise inaccessible to molecular analysis in 

living patients [13–15], we can now readily investigate the effect of newly identified genetic 

variants on cell type specific transcripts. As we have recently demonstrated, this is 

particularly useful for evaluation of intronic mutations that are predicted to interfere with 

normal splicing, i.e., cryptic splice site mutations [15].
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The purpose of this study was to determine if a novel intronic RPE65 mutation, identified in 

a 2 year-old girl of Haitian ancestry, was pathogenic and if, in combination with a 

previously identified disease causing mutation, would make the patient eligible to be 

included in a clinical gene augmentation trial. By using a combination of Sanger sequencing 

and iPSC technologies we were able to demonstrate that a previously identified coding 

sequence mutation, L408P, was expressed in the patient’s normal length transcript. The 

novel IVS3-11 mutation identified was found to interfere with normal splicing, induce a 

frame shift and insertion of a premature stop codon in the patient’s RPE65 transcript. These 

findings demonstrate how patient-specific iPSCs can be used to confirm pathogenicity of 

unknown mutations and enable positive clinical outcomes.

Materials and Methods

Ethics statement

All experiments were conducted with the approval of the University of Iowa Internal 

Review Board (IRB # 200202022).

Genotyping

The proband, a 2 year-old female of Haitian ethnicity, presented with decreased visual 

acuity, night blindness and severly reduced electroretinogram. Bidirectional Sanger 

sequencing of the entire RPE65 gene was performed using DNA isolated from peripheral 

blood using our previously published protocols [14, 16]. The parental origin of the detected 

variants was determined by Sanger sequencing of a DNA sample provided by the proband’s 

mother. No sample was available from the proband’s biological father.

Patient specific iPSC generation

Skin biopsies were collected from patients following informed consent and were used for the 

generation of fibroblasts and keratinocytes as described previously [11, 13–15, 17]. iPSCs 

were generated via infection with 4 separate Sendai viruses (CytoTune®, Life Technologies, 

Carlsbad, CA) each of which were designed to drive expression of one of the transcription 

factors OCT3/4, SOX2, KLF4, and c-MYC. Fibroblasts plated on 6-well tissue culture 

plates, were infected at an MOI of 3. At 12–16hrs post-infection, cells were washed and fed 

with fresh growth media (DMEM media with 10% serum (Life Technologies) and 1% 

primocin (Invivogen, San Diego, CA)). At 5 days post-infection, cells were passaged onto 6-

well Synthemax™ cell culture dishes (Corning, Corning, NY) at a density of 100,000 cells/

well, and fed every day with pluripotency media (DMEM F-12 media, 15% knockout serum 

replacement, 1% 100× MEM NEAA, 1% penicillin/streptomycin (Life Technologies), 0.1 

mM beta-mercaptoethanol (Sigma-Aldrich, St. Louis, MO), and 100ng/ml bFGF (R&D 

Systems, Minneapolis, MN)). Three weeks after viral transduction, iPSC colonies were 

picked, passaged and clonally expanded on fresh Synthemax™ plates in mTesr media 

(Stemcell Technologies, Vancover, BC) for further experimentation. During reprogramming 

and maintenance of pluripotency cells were cultured at 5% CO2 and 37°C.
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RPE cell differentiation

To initiate RPE cell differentiation, iPSCs were removed from the culture substrate via 

manual passage and subjected to our previously described differentiation protocol [15]. As 

eye-cup-like structures with heavily pigmented RPE layers appeared, i.e. 60–90 days post-

differentiation, pigmented clusters were isolated. Cells were then dissociated using TrypLE 

Express Enzyme (Life Technologies) and plated on Synthemax™-coated cell culture plates 

in RPE media containing DMEM (high glucose), 10% knockout serum replacement, 0.1 mM 

MEM NEAA, 2 mM GlutaMAX, 5% heat-inactivated fetal bovine serum (Life 

Technologies), and 0.1 mM beta-mercaptoethanol (Sigma-Aldrich).

Immunostaining

Cells were fixed in a 4% paraformaldehyde solution and immunostained as described 

previously [15]. Briefly, cells were incubated overnight at 4°C with antibodies targeted 

against SSEA4 (R&D Systems), Pax6 (EMD Millipore, Billerica, MA), MITF (Abcam, 

Cambridge, MA), or ZO1 (EMD Millipore, Billerica, MA). Subsequently, Alexafluor 488 

(Life Technologies), Cy3 or Cy5-conjugated secondary antibodies (Jackson Immunochem, 

West Grove, PA) were used and the samples were analyzed using a Leica DM 2500 SPE 

confocal microscope (Leica Microsystems, Wetzlar, Germany). Microscopic analysis was 

performed such that exposure time, gain, and depth of field remained constant between 

experimental conditions.

RNA isolation, TA cloning and RT-PCR

Total RNA was extracted from undifferentiated iPSCs, differentiated iPSCs-RPE, and 

human primary RPE cells using the RNeasy Mini-kit (Qiagen, Germantown, MD) per the 

manufacturers instructions. Briefly, cells were lysed, homogenized and ethanol was added to 

adjust binding conditions. Samples were spun using RNeasy spin columns, washed and 

RNA was eluted using RNase-free water. 100ng of RNA was amplified via SuperScript III 

OneStep RT-PCR System with Platinum Taq DNA Polymerase (Life Technologies) using 

the gene specific primers indicated in supplemental table 1. Amplified PCR products were 

separated by electrophoresis on either 2% or 4% agarose gels (Life Technologies) and 

imaged. Bands were excised from the gel, purified using the QIAquick Gel Extraction kit 

(Qiagen) and TA cloned using the TOPO TA Cloning Kit with pCR2.1-TOPO vector (Life 

Technologies). Bacterial outgrowth was plated on LB/AIX plates and cultured overnight at 

37°C. Clones were subsequenlty harvested and miniprepped using the QIAprep Spin 

Miniprep kit (Qiagen). Samples were subjected to bidirectional Sanger sequencing and 

analyzed using SeqMan Pro (DNASTAR, Madison, WI) and NCBI BLASTn.

Results

Molecular Genetic Analysis

A female of Haitian ethnicity first presented at 2 years-of-age with exotropia (form of 

strabismus causing an outturned eye), reduced visual acuity (20/60 OU) and poor night 

vision. Upon later ERG analysis the patient was found to have a significant reduction in B 

wave amplitude, under both scotopic and photopic conditions, indicating widespread 
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photoreceptor cell dysfunction. Ophthalmoscopy revealed symmetric attenuation of the 

retinal vasculature and pigmentary changes consistent with an inherited retinal degenerative 

disease. Although the lack of nystagmus and a best-corrected visual acuity of 20/60 are not 

typical of LCA, i.e. relatively mild, this clinical history has been reported for patients with 

RPE65-associated disease [18].

Genetic analysis of the RPE65 gene revealed a previously identified disease-causing 

leucine-to-proline variation (L408P) in exon 11 [19], and a novel single point mutation in 

intron 3 (IVS3-11, A>G). Sanger sequencing of the proband’s mother revealed only the 

latter variant. Although RPE65-associated LCA is one of the few forms of retinal 

degeneration for which gene therapy is available, as indicated above to be eligible for 

enrolment in a clinical gene augmentation trial, confirmation of the pathogenicity of the 

patients’ novel intronic mutation is required. There were at least three obstacles to this 

confirmation: 1) introns commonly harbor non-disease causing polymorphisms, 2) a large 

cohort of control individuals of Haitian ethnicity was not readily available, and 3) RPE65 is 

expressed exclusively in retinal pigmented epithelial cells. Thus, the most direct way to 

confirm pathogenicity of the patient’s novel variation was to obtain RNA from the patient’s 

own RPE cells.

iPSC-RPE cell generation

As RPE65 is exclusively expressed in the retina, i.e., predominantly in RPE, to evaluate the 

pathogenicity of the proband’s novel IVS3-11 mutation, generation of patient-specific RPE 

cells was required. iPSCs were generated from the proband as described previously [13]. 

Three weeks after transduction, iPSC colonies were manually isolated and clonally 

expanded under feeder-free conditions using Synthemax™-treated cell culture surfaces. 

Following expansion, well-defined, densely packed colonies consisting of cells with a high 

nucleus-to-cytoplasm ratio that express the pluripotency marker SSEA4 were present (Fig. 

1A & B). The pluripotency markers DNMT, Lin28, OCT4, SOX2, Nanog, MYC, and KLF4 

could also be detected via RT-PCR (Fig. 1C).

Following expansion and characterization, iPSC cultures were passaged and differentiated 

using our previously developed stepwise differentiation protocol [13–15]. Approximately 40 

days after the onset of differentiation, iPSCs formed pigmented foci that over the next 20–50 

days formed C-shaped eyecup-like structures with a clearly defined pigmented layer (Fig. 

2A–B). Following Isolation, the pigmented layers were gently dissociated, sub-cultured 

(Fig. 2C) and expanded for subsequent analysis. By 72 hours post-plating, extensive cell 

spreading and a near complete loss of pigmentation was noted (Fig. 2D). Three weeks after 

plating, confluent cultures of densely pigmented hexagonal RPE cells were present (Fig. 

2E). Expression of the retinal transcription factor PAX6, the RPE cell transcription factor, 

MITF, the tight junction marker, ZO1 and the RPE cell channel, BEST1, were detected via 

RT-PCR (Fig. 2F). These findings were corroborated via immunocytochemical analysis 

using antibodies targeted against MITF (Fig 2F), PAX6 (Fig 2G) and ZO1 (Fig. 2H).
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Transcriptional analysis of RPE65 mutations in patient-specific iPSC-RPE cells

To determine if the RPE65 mutations identified were truly pathogenic, i.e. that they alter the 

RPE65 transcript, mRNA isolated from RPE cells derived from human donor eyes, control 

iPSC-RPE cells (Fig. 3) and proband iPSC-RPE cells was subjected to RT-PCR analysis. As 

expected, Sanger sequencing of the RT-PCR product generated using primers spanning 

Exons 11 through 13 confirmed the presence of the previously reported disease causing 

leucine-to-proline variation (L408P) (Fig. 4A, C). This variation was not detected in the 

transcript of either human donor eye derived primary RPE or control iPSC-RPE cells (Fig. 

4A, B).

If the novel IVS3-11 A>G variant identified in the proband is truly disease causing, we 

predicted that it would function by altering splicing of the patient’s RPE65 transcript. To 

determine if this was the case, a series of RT-PCR/sequencing experiments similar to those 

described above, using primers spanning exons 3 through 5, were performed. As compared 

to human donor eye derived primary RPE and control iPSC-RPE cells, iPSC-RPE generated 

from the proband contained two separate RPE65 transcripts (Fig. 4D). The lower molecular 

weight wild-type transcript was identical to that seen in donor and control iPSC-RPE cells 

and contained the normal exon 3 to exon 4 transition (Fig. 4E). The higher molecular weight 

transcript resulted from insertion of the remaining 10 nucleotides of intron 3 before 

transitioning into exon 4 (Fig. 4F–H). Introduction of intronic sequence between Exons 3 

and 4 resulted in a frame shift and a premature stop codon just 9 amino acids downstream 

(Fig. 4H). To determine the degree to which this variation induces mis-splicing, and in turn 

loss of wild type transcript, rtPCR products, generated using primers spanning the patient’s 

entire RPE65 transcript, were TA cloned and bidirectionally sequenced. Of the 249 clones 

successfully sequenced, 11 (4.4% of the total RPE65 message) were found to contain the 

normal wild type transcript, 199 (79.9% of the total RPE65 message) were found to contain 

the L408P variant and 39 (15.7% of the total RPE65 message) were found to contain the 

IVS3-11 variant (importantly none of the clones contained both IVS3-11 and L408P 

variants). The predominance of the L408P transcript suggests that the majority of the 

IVS3-11 transcript is lost to nonsense-mediated decay. Note that the presence of wild type 

transcript, albeit low, could explain why the patient’s disease phenotype at presentation was 

slightly milder than that reported for patients with two null mutations [1, 5].

Discussion

Patient-specific iPSCs provide a valuable tool for the evaluation of potential disease-causing 

mutations. This technology has enabled scientists to explore the pathophysiology of human 

diseases in ways that were once only possible by the use of animal models. For rare 

autosomal recessive disorders, such as RPE65-associated LCA, there is often little statistical 

evidence for the pathogenicity of one or both of a patient’s putative disease-causing 

mutations. This is especially true for ethnic groups that have not been well characterized and 

from which control samples and large genetic data sets are unavailable.

Non-coding mutations are not an uncommon cause of recessive diseases. In fact, in diseases 

such as CEP290-associated LCA a single intronic variation accounts for the largest 

proportion of disease-causing alleles [20]. Unfortunately, unlike coding sequence mutations, 
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for which an effect can often be readily predicted, it is frequently difficult to determine if a 

variation identified in an intron has an effect on the transcript that could confidently be 

considered as pathogenic. This is especially true when the gene of interest is expressed 

exclusively in a tissue that is inaccessible for molecular analysis.

As an excellent example of this dilemma, a 2 year-old Haitian girl presented with atypical 

LCA. Following sequencing of the patient’s RPE65 gene, two mutations were identified. 

The first a single point mutation in exon 11, resulted in a leucine-to-proline amino acid 

substitution at position 408. This previously reported mutation had been demonstrated to 

cause RPE65-associated disease via reduced enzyme activity [21], induction of protein 

misfolding, ubiquitination and rapid proteasome-dependent degradation [19]. The proband’s 

biological father was not available for testing and thus it is theoretically possible that the 

L408P variant occurred as a de novo event on the maternal allele. The arguments against this 

are: 1) following PCR and cloning of the patients entire RPE65 transcript the L408P and 

IVS3-11 variants were never detected in the same clone, 2) the presence of a rare phenotype 

(LCA) in the proband that agrees with her genotype, 3) the fact that L408P has been 

previously observed in LCA patients, and 4) that L408P has never been reported as a 

recurrent mutation; that is, it does not appear to be a hyper-mutable site. The second 

mutation identified in the proband was a novel IVS3-11 A>G variation that was directly 

confirmed to have been inherited from her mother. Since this variation lies within an intron, 

it would not be expected to induce an amino acid change. Rather, we would predict that if 

this mutation were truly disease causing, it would most probably act via creation of a cryptic 

splice site, exonification of a portion of intron 3, generation of a frame shift and insertion of 

a premature stop codon. As RPE65 is expressed exclusively in RPE cells, a tissue that is for 

obvious reasons not amenable to biopsy for molecular analysis, in the pre-iPSC era this 

hypothesis would have been nearly impossible to test in a clinically relevant patient-specific 

fashion. In this study we have demonstrated how patient-specific iPSC-derived RPE cells 

can be used to rapidly investigate the pathogenicity of a novel intronic mutation. 

Specifically, the novel IVS3-11 A>G RPE65 variation was demonstrated to induce a 

splicing abnormality that resulted in exonification of 10 nucleotides of intron 3, induction of 

a translational frame shift and insertion of a premature stop codon just 9 amino acids 

downstream.

RPE65-associated LCA is one of the few forms of inherited retinal degenerative diseases for 

which clinical gene augmentation trials are currently underway. Although these trials have 

been largely successful, it has become clear that the age of the patient and in turn the stage 

of disease at which the treatment is administered has a significant impact on clinical 

outcome. As one would expect, the ability to restore visual function decreases with disease 

progression [22]. Maguire and co-workers demonstrated this effect in RPE65-LCA patients, 

in which the average change in light sensitivity of treated patients in the 8–11 year old age 

group was found to be approximately 2.2 log units, whereas in the 19–44 year old age group 

the average change in light sensitivity was significantly lower at 1.2 log units [22]. The 

youngest of the patients treated in this trial, an 8-year-old male, experienced an 

improvement in light sensitivity of as much as 3.8 log units [22]. Although the 
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improvements detected in older individuals were still significant, these data underscore the 

importance of early molecular diagnosis and treatment.

As indicated above, for rare intronic variants, such as the one identified in the proband 

presented in this study, in the pre-iPSC era it would have been difficult, if not impossible, to 

obtain the degree of confidence in the pathogenicity required to allow the patient to be 

enrolled. Patients such as this would have likely been categorized as molecularly 

unconfirmed, where they would remain until a new genetic finding of convincing 

pathogenicity was identified, new patients with the same mutation and a large cohort of 

control individuals of the Haitian ancestry who lacked this mutation became available, or a 

convincing animal model was created and studied. This process would likely take months or 

even years before a conclusion regarding the pathogenicity of this novel mutation could be 

reached. All the while the patient’s disease would continue to progress and a gene 

augmentation based treatment approach would be rendered less and less effective.

As the iPSC technology continues to mature, the evaluation of RNA from iPSC-derived 

retinal cells may become a common step in the analysis of genetic data. That said, for this 

technology to become widely employed as a diagnostic tool, issues of cost and scalability 

will need to be addressed. At present, iPSC generation, characterization, expansion, 

differentiation and analysis are rather expensive and somewhat difficult to perform in a high 

throughput fashion. For example, iPSC generation currently requires the daily attention of a 

highly skilled individual, for an average of 10–12 weeks. Additionally, depending on the 

cell type required and differentiation protocol used [15, 23–28], the process of 

differentiation can take an additional 20–30 weeks to generate a sufficient number of cells 

for the types of analysis reported here. Development of reagents and automated systems 

capable of performing these tasks rapidly, inexpensively, and on a per patient basis would be 

advantageous. Until such time, this technology will be most appropriate for situations in 

which an individual’s disease course might be altered with an existing gene-specific therapy. 

That is, whenever solid confirmation of the pathogenicity of a patient’s novel disease-

causing mutation could be used to determine their eligibility for either a clinical trial or an 

expensive and somewhat invasive approved treatment, this degree of functional 

investigation of the patient’s alleles may be warranted despite the associated expense.
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Background

Although gene augmentation to treat molecularly confirmed RPE65-LCA has been a 

promising, patients with clinical disease that lack 2 disease-causing mutations exist. For 

rare disorders in which the disease-causing gene is expressed exclusively in a 

subpopulation of retinal cells, validating mutations and conferring treatment eligibility 

can be challenging.

Translational Significance

By using iPSCs one can now generate cells inaccessible to molecular analysis and 

investigate the effect of newly identified genetic variants on cell type-specific transcripts. 

Here we demonstrate how iPSCs can be combined with sequencing approaches to 

interrogate the pathophysiology of novel mutations and enable clinically meaningful 

outcomes.

Tucker et al. Page 11

Transl Res. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Derivation of iPSCs from a patient with clinically diagnosed LCA
A–C: Microscopic analysis of iPSC cultures generated from a 3 year-old patient with 

clinically diagnosed LCA. At 2–3 weeks post-viral transduction iPSC colonies that were 

isolated, subcultured, and clonally expanded on SynthemaxTM cell culture surfaces maintain 

a pluripotent morphology (A, B), and express the pluripotency markers SSEA4 as 

determined by live staining (B, inset) and DNMT, LIN28, OCT4, SOX2, NANOG, C-MYC, 

and KLF4 as determined by RT-PCR (C). Scale bar = 1mm (A), 400um (B).
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Figure 2. Generation of iPSC-derived RPE cells from a patient with clinically diagnosed LCA
A–B: iPSC-derived eyecup-like structures generated from a patient with clinically 

diagnosed LCA (A, low magnification – B, high magnification). C–E: Following isolation, 

dissociation and subculture (C), pigmented cells adhere to the cell culture surface, spread, 

lose pigmentation, and assume a fibroblastic morphology (D). By 3 weeks post-plating, a 

confluent monolayer of RPE cells are present that have taken on the typical cuboidal RPE 

morphology and regained pigmentation (E). F: RT-PCR analysis using primer pairs targeted 

against the RPE transcription factors PAX6 and MITF, the tight junction marker ZO1, and 

the RPE-specific channel BEST1. G–I: Immunocytochemical analysis using antibodies 

targeted against the RPE transcription factors PAX6 (G) and MITF (H), and the tight 

junction marker ZO1 (I).
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Figure 3. Generation of iPSC derived RPE cells from a control non-LCA individual
A: Phase micrograph of a confluent monolayer of pigmented iPSC-derived RPE cells. B–D: 
Immunocytochemical analysis using antibodies targeted against the RPE transcription 

factors PAX6 (G) and MITF (H), and the tight junction marker ZO1 (I).
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Figure 4. 
Investigation of genomic RPE65 variants in human donor eye derived primary RPE and 

iPSC-derived RPE cells. A: RT-PCR analysis of RPE65 exons 11 to 13 in human control 

RPE/choroid (hdRPE), human control iPSC-derived RPE cells (ciPSC-RPE) and human 

LCA iPSC-derived RPE cells (Proband-RPE). A previously identified single heterozygous 

point mutation detected in exon 11 of DNA isolated from blood (L408P) was confirmed in 

the proband’s RPE cell transcript. D: RT-PCR analysis of RPE65 exon 3 to 5 in control 

human donor eye derived primary RPE (hdRPE), human control iPSC-derived RPE cells 

(ciPSC-RPE), and human LCA iPSC-derived RPE cells (Proband-RPE). An intronic splice 

site mutation in intervening sequence 3 of the RPE65 gene results in the introduction of a 

pseudoexon (IVS3 Red) causing a translational frameshift and a premature stop codon. B & 
C: Schematic diagram depicting wildtype and proband L408P transcript. E & F: 
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Chromatogram depicting of wildtype and proband IVS3-11 transcript. G & H: Schematic 

diagram depicting wildtype and proband IVS3-11 protein.
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Table 1

Primer sequences

Gene Forward Primer Reverse Primer

Best1 CCTGCTCTGCTACTACATCATC GTGTTCTGCCGGAGTCATAA

c-Myc GCTGCTTAGACGCTGGATTT AGCAGCTCGAATTTCTTCCA

DNMT TGTACCGAGTTGGTGATGGTGTGT TGCTGCCTTTGATGTAGTCGGAGT

Klf4 AGAAGGATCTCGGCCAATTT AAGTCGCTTCATGTGGGAGA

Lin28 AGAGTAAGCTGCACATGGAAGGGT TATGGCTGATGCTCTGGCAGAAGT

Mitf AGAAAGTAGAGGGAGGGATAGTC CCGAGACAGGCAACGTATTT

Nanog TTCTTCCACCAGTCCCAAAG TTGCTCCACATTGGAAGGTT

Oct4 AACTCGAGCAATTTGCCAAGCTCC TTCGGGCACTGCAGGAACAAATTC

Pax6 GGGCAATCGGTGGTAGTAAA CCTCAATTTGCTCTTGGGTAAAG

RPE65ex3-5 GGCCAGGACTCTTTGAAGTT TCTCTGTGCAAGCGTAGTAATC

RPE65ex11-13 GCTGACACAGGCAAGAATTTAG ACATTCAGCTTACAGAGCCTATC

Sox2 CATCACCCACAGCAAATGAC GCAAACTTCCTGCAAAGCTC

ZO1 GGAGTGGTGTGGTTAACAGAA TCGTCTCTCTCAGAGGCATTAG
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