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Abstract

Inherited Retinal degenerations (IRD) are a group of genetically heterogeneous conditions with 

broad clinical phenotypic heterogeneity. A nuclear family of European ancestry with one 

individual affected by progressive retinal degeneration was analyzed. Whole genome sequencing 

of the proband and her unaffected sibling identified a novel intron 8 donor splice site variant 

(c.1296+1G>A) and a novel 731 base pair deletion encompassing exon 9 (Chr2:112751488–

112752218) resulting in c.1297_1451del; p.K433_G484fsTer3 in the Mer tyrosine kinase 

protooncogene (MERTK) expressed in retinal pigment epithelium (RPE). The proband carried 

both variants in the heterozygous state which segregated with disease in the pedigree. These 

MERTK variants are predicted to result in the defective splicing of exon 8 and loss of exon 9 

respectively. To evaluate the impact of these novel variants, human induced pluripotent stem cell 

lines (hiPSC) were reprogrammed from the proband and parental peripheral blood mononuclear 

cells (PBMCs) and differentiated to hiPSC-RPE. Analysis of the proband’s hiPSC-RPE revealed 

the absence of MERTK transcript and protein as well as abnormal phagocytosis when compared 
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with the parental hiPSC-RPE. In summary, WGS identified novel compound heterozygous 

variants in MERTK as the underlying cause of IRD in the proband. Further, analysis using an 

hiPSC-RPE model established a functional impact of novel MERTK mutations and revealed the 

potential mechanism underlying pathology due to these mutations.

Graphical Abstract
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Inherited retinal degenerations (IRDs); Disease modelling; Whole Genome Sequencing; Human 
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INTRODUCTION

Inherited retinal degenerations (IRDs) are a group of genetically heterogeneous conditions 

that cause irreversible vision loss (Hartong, Berson, & Dryja, 2006; Heckenlively, 1988). 

IRDs segregate in autosomal dominant, autosomal recessive, X-linked, and mitochondrial 

patterns of inheritance. There is significant overlap in the clinical phenotypes of these 

diseases making a diagnosis based on phenotype alone challenging. Several therapeutic 

approaches are actively being pursued to treat IRDs (DiCarlo, Mahajan, & Tsang, 2018; He, 

Zhang, & Su, 2015; Rodrigues et al., 2018; Wu et al., 2018). The ability to identify and 

validate all potential causative variants is critical in directing clinical care that takes 

advantage of these emerging therapies (Bolz, 2017, 2018; Carss et al., 2017; Corton et al., 

2013). Whole genome sequencing (WGS) enables identification of causative variants in non-

coding regions, coding regions and large structural changes. However, interpretation of the 

impact of novel variants in small pedigrees or isolated cases requires experimental validation 

to establish their causal role in pathology.

In the current study we identified novel, compound heterozygous potentially causative 

sequence alterations in MERTK in a single case with recessive retinitis pigmentosa (RP) 

using WGS. We have validated the impact of these novel sequence changes on the 

expression and function of MERTK by studying retinal pigment epithelial (RPE) cells 
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differentiated from the human induced pluripotent stem cells (hiPSCs) generated from the 

peripheral blood mononuclear cells (PBMCs) of members of the pedigree.

METHODS

Patient Information and Ethics Statement:

A pedigree of Scottish/Irish and English/German ancestry with one affected individual, an 

unaffected brother, and unaffected parents was recruited for the study (Fig-1). All studies 

were carried out in accordance with the declaration of Helsinki and with the approval of the 

institutional review board (IRB) of the University of California San Diego.

Clinical Examination:

The affected individual at age 43, underwent ophthalmic evaluation including fundoscopy, 

electroretinography (ERG), spectral domain-optical coherence tomography (SD-OCT), and 

best- corrected visual acuity (BCVA) (Fig-1). In addition, prior medical records of the 

patient were reviewed. Parents underwent general ophthalmic evaluation including 

fundoscopy and BCVA.

Genetic analysis:

Written informed consent was obtained from all participating subjects. Whole blood samples 

were collected for next generation sequencing (NGS). Genomic DNA extraction was 

performed using the QIAamp DNA Kit (Qiagen, Germany). Initially, whole exome 

sequencing (WES) of affected and unaffected siblings was performed using Agilent V5 + 

UTRs kit (Agilent Technologies, Santa Clara, CA). WGS was performed using Illumina 

HiSeqX10 (Illumina, San Diego, CA). The reads were mapped using BWA (Li & Durbin, 

2009) against the human genome 19 (hg19) and variants were called using GATK as 

described earlier (Branham et al., 2016; DePristo et al., 2011; Van der Auwera et al., 2013). 

The annotation was completed using SnpEff (Cingolani et al., 2012), PolyPhen2 (Adzhubei, 

Jordan, & Sunyaev, 2013) and CADD score (Kircher et al., 2014) and copy number 

variations (CNVs) were called using GenomeSTRiP (Handsaker et al., 2015) and LUMPY 

(Layer, Chiang, Quinlan, & Hall, 2014; Li, 2014). Segregation analysis of the candidate 

variants was carried out using Sanger sequencing (Supp. Table S1).

Peripheral blood mononuclear cells extraction and cell culture:

Peripheral blood mononuclear cells (PBMCs) from the proband and parents were 

reprogrammed to hiPSC using CytoTune iPS 2.0 Sendai Reprogramming Kit (ThermoFisher 

Scientific, Carlsbad, CA) and iPSCs were maintained using standard protocols (Bhise, 

Wahlin, Zack, & Green, 2013). The passaging of these cells was done using blebbistatin 

(Sigma-Aldrich, St. Louis, MO) along with mTeSR1 medium and maintained with the fresh 

mTeSR1 media after 48 hr. The hiPSCs were differentiated to RPE cells (hiPSC-RPE) as 

described earlier (Bhise et al., 2013; Carr et al., 2009; Lukovic et al., 2015; Vaajasaari et al., 

2011). In brief, hiPSCs were grown to confluence and then changed to differentiation media 

containing 10 mM NIC + 50 nM CTM for two weeks. After 2 weeks, the cells were fed with 

differentiation media + 10 mM NIC for another 2 weeks. These transformed cells were 

passaged and cultured for four weeks by daily changing of RPE medium.
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Characterization of hiPSC and hiPSC-RPE cells:

Standard validation of hiPSCs were performed by evaluating the expression of four 

pluripotency markers using rabbit anti-SOX2 (AB5603, Millipore, Burlington, MA), rabbit 

anti-OCT4 (ab19857, Abcam, Cambridge, UK), mouse anti-Nanog (ab173368, Abcam, 

Cambridge, UK) and mouse anti-SSEA4 (FCMAB116P, Millipore, Burlington, MA) 

antibodies. Standard hiPSCs-RPE characterization was performed by immunostaining for 

non-specific RPE markers using mouse anti-ZO1 (33–9100, ThermoFisher Scientific, 

Carlsbad, California), mouse anti-MITF (sc-56726, Santa Cruz Biotechnology Inc., Santa 

Cruz, California) and rabbit anti-MERTK (ab52968, Abcam, Cambridge, UK), and for a 

specific RPE marker BEST1 using mouse anti-Bestrophin-1 (NB300–164, Novus 

Biologicals, Centennial, CO) (Carr et al., 2009; Lukovic et al., 2015; Vaajasaari et al., 2011). 

Donkey anti-mouse Alexa-488 (ThermoFisher Scientific, Carlsbad, CA), donkey anti-rabbit 

Alexa-555 (ThermoFisher Scientific, Carlsbad, CA), and donkey anti-mouse Alexa-555 

(ThermoFisher Scientific, Carlsbad, CA) were used as secondary antibodies. Images of 

stained cells were captured using a Nikon A1R confocal microscope (Nikon, Tokyo, Japan). 

Trans-epithelial resistance (TER) of mature hiPSCs-RPE cells was measured using the 

Epithelial Volt/Ohm (TEER) Meter 0–10 KΩ Resistance Range with STX2 (EVOM2) as 

described previously (Gamal et al., 2015).

Relative expression of MERTK transcript in hiPSC-RPEs:

cDNA generated using iScript™ cDNA Synthesis Kit (Bio-Rad, CA) from RNA isolated 

using RNeasy Mini Kit (Qiagen, Germany) from proband’s and parents hiPSC-RPE was 

used as the template for amplification and sequencing to verify the predicted alterations of 

exon 8 and 9 sequences in the MERTK transcript. Relative expression of total and mutant 

MERTK transcripts was studied using quantitative real time PCR (qRT-PCR). One set of RT 

Primers (F3 and R3) was designed to amplify a region upstream to the mutations to detect 

total (wildtype and mutant) MERTK transcripts. The second set of RT primers (F4 and R4) 

was designed (Fig-5A) (Supp. Table S1) to selectively amplify the mutant transcript 

resulting from the exon 9 deletion of MERTK (Supp. Table S1) present in the patient (II:II) 

and the father (I:I). Another set of primers (F5 and R5) (Fig-5A) (Supp. Table S1) were used 

to evaluate the possible outcomes of the exon 8 donor splice site mutation in the mother 

(I:II) and proband (II:II). The findings were compared to those from the unaffected parents. 

The housekeeping genes ACTB and GAPDH were used as control reference gene. All 

analyses were performed in triplicates and mean Ct values were to calculated. The standard 

deviations for each mean Ct value was calculated for ΔΔCt calculation as described earlier 

(Mandal et al., 2006). Statistical analysis was performed using Student’s t test. The P value 

<0.0001, which was represented as ***, was considered to be statistically significant.

Expression of MERTK protein in hiPSC-RPE

Western blot analysis: The expression of MERTK protein was examined in the proband, 

parental and normal control hiPSC and hiPSC-RPE by western blot analysis using an anti-

MERTK antibody (Ab52968, Abcam, Cambridge, UK). ACTB was used as loading control.
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Phagocytosis assay: MERTK plays an important role in phagocytosis of photoreceptor 

outer segments (Lukovic et al., 2015). Phagocytosis in hiPSC-RPE was studied using a 

slightly modified version of the assay previously described (Mao & Finnemann, 2013). 

Bovine retinal photoreceptor rod outer segments (POS) (InVision Bioresources, Seattle, 

USA) were labeled with FITC isomer I (Invitrogen Corporation, Carlsbad, CA) (Singh et al., 

2013). FITC-labeled POS were seeded onto the mature hiPSC-RPE monolayers grown on 

Matrigel™ Matrix at 1×107 POS/ml and incubated. In order to detect the internalized POS, 

the cells were stained with trypan blue, washed with phosphate buffer saline (PBS) and fixed 

in paraformaldehyde (PFA). Subsequently, the cells were stained with DAPI and Phalloidin; 

images were captured using Nikon A1RStorm confocal microscope (Nikon, Tokyo, Japan). 

The number of intracellular FITC labeled POS in hiPSC-RPE were counted using ImageJ 

1.52a software. The difference between patient and control groups was evaluated with 

student’s t test.

RESULTS

Clinical analysis

The proband, a 43 year old female (Fig-1. II:II), reported night blindness from late in the 

first decade of life and was first diagnosed with retinal degeneration at age 13 years. She had 

no significant history of systemic disease or medication intake. She underwent detailed 

ophthalmic evaluation at age 20 and BCVA was reported to be 20/200 bilaterally. At the 

time, her Goldmann visual field testing was reported to be full to a large target (V4e) but 

limited to only 10–20 degrees around central fixation with a small (I-4e) target. 

Electroretinography (ERG) at the time, reported scotopic visual fields with severely reduced 

a and b wave amplitudes and photopic ERGs were reduced in amplitude and delayed in 

timing. Re-examination at 43 years of age revealed that her vision had diminished to the 

detection of hand motion. Examination revealed bilateral pigmentary changes throughout the 

retina with mild asymmetry in macular atrophy that was slightly greater on the right than the 

left (Fig-2 A1 and A3). SD-OCT imaging demonstrated bilateral loss of the ellipsoid zone 

on SD-OCT (Fig-2 A2 and Fig-2 A4), which suggested a profound loss of retinal 

photoreceptors. The full-field ERG responses (Fig-2B) were undetectable to all stimuli 

following the International Society for Clinical Electrophysiology standards for ERG testing 

in the affected individual at 43 years, while the unaffected control individual exhibited 

normal rod and cone responses. In summary, the clinical findings for the patient indicated 

early-onset progressive retinal degeneration.

The patient reported no family history of IRD. The father of the proband was examined in 

his 80s and had no visual symptoms. During the examination he was bilaterally 

pseudophakic and had a normal retinal examination with a vision of 20/25 OD and 20/40 

OS. Similarly, the mother, of the patient, 80 years old, reported no visual symptoms. During 

the examination she had a vision of 20/25 OD and 20/35 OS, was bilaterally pseudophakic, 

and was noted only to have mild age- related maculopathy bilaterally.
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Genetic analysis

WES and WGS Sequencing and analysis of variants—WES of the patient’s DNA 

(II:II) did not detect any potential causative variants segregating with the recessive disease 

but identified four rare heterozygous variants predicted to be damaging in known IRD genes 

USH2A, IFT140, MERTK and RHO. While the first three genes are implicated in recessive 

disease, the fourth one is involved in both dominant and recessive IRD (Table 1).

Whole genome sequencing (WGS) identified approximately 3 million variants in the 

proband. Filtering these variants as described previously (Chekuri et al., 2018) confirmed the 

presence of a novel heterozygous splice-site variant, c.1296+1G>A 

(NC_000002.11:g.112740571G>A) in MERTK, which was previously identified by WES 

analysis (Table 1). In addition, an additional novel heterozygous 731bp deletion (Chr2: 

112751488–112752218) that is predicted to result in an out-of-frame deletion of exon 9 in 

MERTK was observed (Fig-3).

Further analysis of rare (<0.0001) variants detected by WGS did not identify any rare 

variants that can be considered as potential causative mutations either in the coding region or 

the non-coding region of the IFT140 or USH2A genes.

Validation of the presence of potential causative variants and segregation 
analysis—To verify the presence of the c.1296+1G>A and c.1297_1451del variants in 

MERTK, we designed a set of primers flanking the sequence alterations for PCR and 

sequencing (Supp. Table S1) (Fig-3A). The presence of c.1296+1G>A in I-II and II-II was 

verified PCR using F1 and R1 primers (Supp. Table S1) followed by Sanger sequencing 

(data not shown). Amplification of genomic DNA with F2 and R2 will produce a 947 bp 

PCR product without the deletion and a 216 bp PCR product in the presence of the deletion. 

Analysis with these primers detected the 947 bp and 216 bp bands in I:I and II:II, whereas 

only the 947 bp PCR product was observed in I:II and II:I (Fig-3B). Agarose gel purification 

followed by Sanger sequencing of the shorter 216 bp PCR product confirmed the loss of 731 

bp encompassing exon 9 (Fig-3B & C). Further examination of the sequence flanking the 

deletion showed the presence of paralogous repeat sequences (GGTGG) on either side of 

deletion (Fig-3C). Both novel heterozygous variants detected in MERTK segregated with 

disease in the study pedigree (Fig-1).

Segregation analysis of the novel heterozygous p.Arg147Cys variant in RHO, a gene 

implicated in both dominant and recessive retinitis pigmentosa (RP), revealed the presence 

of this variant in the heterozygous state in the unaffected mother while it was absent in 

father and unaffected brother of the proband.

HiPSC and hiPSC-RPE characterization—The pluripotency of hiPSC lines from the 

proband (II:II) and unaffected parents (I:I and I:II) was confirmed using OCT4, Nanog, 

SSEA4 and SOX2 pluripotency markers (Fig-4 panel A to F). The RPE characteristic 

markers ZO1, MiTF and BEST markers were noted in hiPSC-RPE (Fig-4 panel G to I and 

Supp. Fig-S1). The TER measurement in the cultured proband and normal control hiPSC-

RPE revealed a TER of approximately 200 Ω.cm2 in both samples, which is within the range 

expected for normal human RPE (150 to 200 Ω.cm2) (Lukovic et al., 2015).
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Expression of MERTK transcript in hiPSC-RPE—The donor splice site variant and 

deletion variant observed in the proband is predicted to result in aberrant splicing at exon 8 

and absence of exon 9 respectively. To validate these mutations, the cDNA synthesized using 

RNA isolated from hiPSC derived RPE cells was amplified and sequenced (Fig-5A and 

primers F3, R3, F4, R4, F5 and R5 described in Supp. Table S1).

Analysis for the presence of MERTK transcript without exon 9 in the proband and the father 

(I:I) was performed (Fig-5 B1). The wildtype MERTK transcript with exon 9 was present in 

the unaffected father but absent in the proband (Fig-5 B2). The cDNA sequence of the 

mutant allele confirmed the absence of exon 9 sequence in both the father (I:I) and proband 

(II:II) (Fig-3 C).

Analysis of the expression of the MERTK transcripts by qRT-PCR using primers (F4 and 

R4) (Supp. Table S1) that selectively amplify the mutant transcript without exon 9 detected 

significantly higher levels of transcript in the proband hiPSC-RPE compared with the levels 

in the father’s hiPSC-RPE heterozygous for the MERTK deletion variant (Fig-5 B3). While 

these findings demonstrate the presence of MERTK transcript without exon 9 in both I:I and 

II:II, the data also suggest that a disproportionate instability of the mutant transcripts (e.g. 

V1 >V2 >> WT in instability) is possibly contributing to the discrepancy in V2 expression.

The levels of total MERTK transcript measured by qRT-PCR using primers F3 and R3 that 

amplify both the wild type and mutant transcripts revealed significantly lower levels of 

expression of total MERTK (p=0.0003) in proband hiPSC-RPE compared to parental hiPSC-

RPE and normal control hiPSC-RPE (Fig-5 C). These data support the greater instability of 

the mutant MERTK transcripts relative to wildtype transcript.

The donor splice site variant observed in proband and mother could result in the skipping of 

exon 8 or more complex splicing changes, i.e. for example due to usage of a cryptic splice 

site. To examine the possible outcomes of the intron 8 donor splice site mutation, 

amplification of exons 6–10 using cDNA of the mother (I:II) and proband (II:II) with 

primers F5 and R5 was performed but did not detect the presence of the mutant transcript 

despite multiple attempts (data not shown). Failure to generate a PCR product could have 

been due to undetectable levels of the mutant transcript due to nonsense-mediated decay 

(NMD) or the inclusion of significantly large intronic sequence.

Expression of MERTK protein in hiPSC-RPE: Immunostaining of the hiPSC-RPE 

using antibodies raised against the 1–100 N-terminal amino acids of MERTK demonstrated 

the absence of MERTK protein in proband, II:II hiPSC-RPE (Fig-6 A1) whereas the 

MERTK signal localized to the apical side of polarized hiPSC RPE was observed in the 

control sample (Fig-6 A2). Similarly, western blot analysis of hiPSC and hiPSC-RPE lysate 

did not detect the presence of a band corresponding to wildtype MERTK (180 KD) (Fig-6 B 

and 6C) in the proband but did detect a band in the parental samples and an unaffected 

control. The mutant transcript without exon 9 is predicted to generate a protein of 434 amino 

acids with wildtype amino acid sequence between 1 to 432 amino acids (exons 1–8) and two 

additional in frame amino acids before premature termination (about 50kD). Since we were 

unable to determine the outcome of the intron 8 splice site variant by cDNA analysis, we 
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were unable to predict a size for the splice site mutant protein. Nevertheless, consistent with 

the immunocytochemistry data, Western blot analysis detected neither the deletion or splice 

site mutant MERTK proteins in the proband or parental samples (Fig-6 B and 6C). The 

absence or low abundance beyond the detection threshold of mutant protein reflects the low 

level of mutant transcript (Fig-5C). These findings demonstrate the loss of MERTK protein 

in patient hiPSC-RPE.

Phagocytosis assay in absence of MERTK in hiPSC-RPEs: MERTK is known for 

its important role in phagocytosis of photoreceptor outer segments (POS). To test the impact 

of MERTK mutations detected in the proband on RPE phagocytosis, hiPSC-RPE cells were 

fed FITC labeled POS. This analysis showed clear engulfment of FITC labeled POS by 

normal control hiPSC-RPE (Fig-6 D i & iii). Intracellular FITC labeled POS were detected 

either at minimal or negligible levels in patient hiPSC-RPE (Fig-6 D ii & iv). Quantification 

of the FITC signal in hiPSC-RPE showed a significantly reduced level of signal in proband 

hiPSC-RPE compared to control hiPSC-RPE (Fig-6F). These findings demonstrate a 

functional impact of the compound heterozygous MERTK mutations on RPE phagocytosis.

DISCUSSION

Whole genome analysis of a pedigree with a single affected member with early-onset retinal 

degeneration identified novel compound heterozygous variants including a donor splice site 

variant in intron 8 and a large deletion encompassing exon 9 of MERTK as the potential 

underlying cause of retinal degeneration. Besides these, a novel potentially pathogenic 

heterozygous missense variant c.439C>T, p.Arg147Cys in Rhodopsin was also detected. The 

impact of both MERTK variants and the Rhodopsin gene variant were unknown which 

propelled the need for further studies to determine the underlying cause of pathology in this 

patient.

Mutations in Rhodopsin and MERTK are both known to lead to IRD in patients and animal 

models (Dryja, Berson, Rao, & Oprian, 1993; Kijas et al., 2002; Lukovic et al., 2015; 

Rosenfeld et al., 1992; Vollrath et al., 2001). The proband in this study developed early-

onset retinal degeneration within the rod-cone dystrophy spectrum in the first decade with 

severely diminished ERG response by age 20 (Charbel Issa et al., 2009; Mackay et al., 

2010). This was accompanied by early-onset nyctalopia and reduced peripheral and central 

vision, consistent with retinitis pigmentosa (RP), a MERTK associated retinopathy 

(Shahzadi et al., 2010). Further, the macular atrophy phenotype observed in the proband is 

unusual for RP, however, it has been noted in a few patients with MERTK mutations 

(Mackay et al., 2010; McHenry et al., 2004). Contrary to the findings in the proband, 

patients with autosomal dominant Rhodopsin associated retinopathy commonly present with 

disease onset in their second to fourth decades (Andreasson, Ehinger, Abrahamson, & Fex, 

1992; Daiger et al., 2014; Rosenfeld et al., 1992; Sung, Davenport, & Nathans, 1993) and 

can present as a classical RP with bone spicules throughout the retina but may also present 

with sectoral RP (Berson, Rosner, Weigel-DiFranco, Dryja, & Sandberg, 2002). A rod-cone 

pattern is usually seen on ERG. The clinical phenotype in our case, the time course of 

disease onset and progression, and the macular changes were most consistent with a 

MERTK associated retinopathy.
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Heterozygous mutations in Rhodopsin are involved in causing dominant RP in a large 

number of patients (Dryja et al., 1993; Kijas et al., 2002). Segregation analysis of the 

heterozygous Rhodopsin variant c.439C>T revealed its presence in the unaffected mother 

with no retinal abnormalities at the age of 80. No family history of retinal dystrophy was 

noted particularly on mother’s side. In the gnomAD database, this Rho variant was listed in 

the heterozygous state in 56 unrelated individuals (MAF-0.00039) and one subject is 

homozygous for this variant. The absence of retinal abnormalities in the unaffected mother 

of the proband and the presence of this variant in 57 individuals listed in the gnomeAD 

database suggest a possible lack of association between the heterozygous c.439C>T 

Rhodopsin variant and the clinical phenotype of the proband.

MERTK, with potential causative mutations detected in the proband, is implicated in the 

pathology of autosomal recessive retinitis pigmentosa (RP) (Brea-Fernandez et al., 2008). 

Deletions from a few base pairs to 91 kb in MERTK have been reported in other patients 

with RP, providing further support for the involvement of MERTK in the retinal pathology 

observed in the proband (Evans et al., 2017; Liu et al., 2019; Ostergaard, Duno, Batbayli, 

Vilhelmsen, & Rosenberg, 2011; Tschernutter et al., 2006). MERTK, expressed in the RPE, 

plays a critical role in phagocytosis (Audo et al., 2018; Shelby et al., 2015) and in 

maintaining outer retinal homeostasis. Abnormal RPE phagocytosis results in a buildup of 

undigested POS leading to photoreceptor cell death and loss of vision (Audo et al., 2018; 

Lukovic et al., 2015).

The c.1297_1451del variant and the intron 8 donor splice site variant (c.1296+1G>A) in 

MERTK identified in the proband are predicted to result in loss of exon 9 and aberrant 

splicing of exon 8, respectively. The iPSC-RPE of the proband and parents with the splice 

site and deletion variants did not affect the viability or morphology in the dish, but our study 

demonstrate that these mutations cause a loss of MERTK protein and reduction in 

phagocytosis suggesting that in vivo these mutations impact the phagocytosis of 

photoreceptor outer segments by RPE leading to retinal degeneration.

Multiple approaches to treat retinal pathology due to mutations in MERTK have been 

reported. The Royal College of Surgeons (RCS) rat with Mertk mutation is a good model for 

MERTK associated retinopathy with loss of photoreceptors and abnormal RPE phagocytosis 

(D’Cruz et al., 2000; Vollrath et al., 2001). Sub-retinal injection of a recombinant 

replication-deficient adenovirus-encoding rat Mertk is observed to restore vision in this rat 

model (Vollrath et al., 2001). Additional approaches to treat MERTK associated retinal 

degeneration have also been reported to be potentially effective (Lorach et al., 2019). 

Recently, gene therapy to treat RPE65 associated retinal dystrophy has been approved by the 

FDA (Dias et al., 2018). Clinical trials for several other gene-based therapies for IRD are 

underway (Apte, 2018; Nidetz et al., 2020). Given these advances, identification of causative 

variants and determination of the impact of novel MERTK variants detected in the proband 

of this pedigree is of high significance for molecular diagnosis, family member counseling 

and facilitating medical decision making. Furthermore, patient-specific iPSC-RPE will serve 

as a valuable model system to evaluate therapeutic strategies.
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Fig.1. Segregation of MERTK mutations in a pedigree of European ancestry with retinal 
degeneration.
Two heterozygous mutations; c.1296+1G>A and Chr2:112751488–112752218 (731bp) 

deletion in MERTK, V1 and V2 respectively, segregated with retinal degeneration in this 

pedigree. WES and WGS data were obtained from individuals shown with asterisks.
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Fig.2. Near infra-red fundus images and full-field electroretinogram responses in the proband.
(A) Near infrared images and SD-OCT images from the eyes of the affected proband show 

loss of ellipsoid zone at the age of 43 years and retinal and RPE atrophy. A1-A2 images are 

from right eye (OD) and A3-A4 images are from the left eye (OS) (B) Scotopic and photopic 

responses at 0db and 30Hz flicker responses of the proband at age 43 years were 

unrecordable suggestive of severe loss rod and cone photoreceptor response.
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Fig.3. Validation of 731 bp MERTK deletion using gel electrophoresis and Sanger sequencing.
(A) Cartoon showing the genomic region involving the deletion. The 731 bp deletion 

(spanning part of intron 8, exon 9 and part of intron 9) are shown with a dotted line in red. 

Forward (F2) and reverse (R2) are the primers used for the amplification of genomic DNA. 

(B) Image of PCR products separated by gel electrophoresis: The presence of 947 bp PCR 

product in unaffected parents (I:I, I:II) and unaffected sibling (II:I). A 216 bp PCR product 

was noted in the father (I:I) and the affected individual (II:II). +Ve is the human genomic 

DNA positive control and -Ve is the negative control without any genomic DNA. (C) 
Schematic showing the deleted region and sequence tracing of the 216 bp PCR product 

covering the junction fragment and paralogous sequences flanking the deletion. The 

presence of paralogous repeats GGTGG (highlighted in green) flanking the deleted region is 

observed.
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Fig.4. Characterization of hiPSCs and hiPSC-RPE cells.
hiPSC lines were stained with (A). OCT4 (red); (B) Nanog (green); (D) SSEA4 (red) and 

(E) SOX2 (green) antibodies. The merged images of A, B and D, E are shown in C and F 

respectively. RPE markers (G) ZO1 (green) and (H) the helix-loop-helix leucine zipper 

transcription factor MiTF (red) and (I) BEST1 localized to the basal side of hiPSC-RPE are 

shown. All figures are scaled to 50μm.
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Fig.5. Expression profile of MERTK transcript in hiPSC-RPE.
(A) Cartoon showing the positions of the two mutations in MERTK cDNA: aberrant splicing 

of exon 8 indicated with a dashed line (exons are not to scale) and a deletion of exon 9 

indicated by a dotted arrow between exons 8 and 10. F3 and R3 represent the primers used 

to amplify an upstream region common to both wildtype and mutant transcripts and listed in 

Table 1. F4 and R4 represent the primers used for RT-PCR to selectively amplify the exon 9 

deletion mutant transcript. (B1) The sequence of mutant MERTK cDNA isolated from the 

II:II and I:I hiPSC-RPE amplified with primers F4 and R5 showed deletion of exon 9. (B2) 
Sequence of wildtype MERTK transcript, including the presence of exon 9 sequence found 

only in I:I. The dotted line indicates the sequence of exon 9 that is not shown in the figure. 

(B3) Analysis of the relative expression of mutant MERTK transcript with the exon 9 

deletion is significantly higher (P=0.0003) in the proband (II:II) compared to father (I:I) and 

control hiPSC-RPE. (C) Relative expression of total MERTK transcript in the proband 

hiPSC-RPE was significantly lower (P=0.0003) than in parental hiPSC-RPE and control.
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Fig.6. MERTK protein expression in hiPSCs and hiPSC-RPE cells.
(A1) Immunocytochemistry 3D and 2D images of hiPSC-RPE from the proband (II:II) show 

that MERTK (red) is not detectable; hiPSC-RPE are labeled with tight junction marker ZO-1 

(green). (A2) In the control sample, MERTK (red) is localized apically in polarized hiPSC-

RPE. ZO1 staining in green is seen in both affected II:II and the control. (B) Western blot 

analysis of lysates of hiPSC. Lanes 1–3: prepared in non-reducing buffer while the lysates 

loaded in lanes 6–9 are prepared in reducing buffer. The presence of an immunopositive 

band corresponding to wild type MERTK was detected in I:I and I:II, but not in the proband, 

II:II under both conditions. (C) Western blot analysis of hiPSC-RPE lysates with MERTK 

antibodies. The presence of wildtype MERTK was detected in I:I and I:II, but not in the 
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lysate of hiPSC-RPE of the proband. ACTB was used as loading control. (D) Fig. i and ii are 

scaled to 10μm. hiPSC-RPE of (i and iii) control and proband (ii and iv) fed with FITC 

labeled photoreceptor outer segments (green). Cells were stained with phallodin (red). POS 

engulfed by hiPSC-RPE (green) are seen in i and iii, whereas these were absent or negligible 

in ii and iv suggestive of a severe deficiency in phagocytosis. Fig. iii and iv were taken at 

20X magnification and scale bar is 200μm. (F) The number of intracellular FITC labeled 

POS was found to be significantly low in hiPSC-RPE of the proband II:I (P<0.0001) 

compared to hiPSC-RPE of the control.
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Table 1:

Heterozygous variants detected by WES in IRD associated genes.

Gene Chr Position rsID REF ALT gnomAD cDNA Protein PolyPhen2

USH2A chr1 215802242 rs111033269 C T 0.003298 c.15433G>A p.Val5145Ile Possibly damaging

IFT140 chr16 1657140 rs372148301 A G  N/A c.128T>C p.Val43Ala Probably damaging

MERTK chr2 112740571 rs774577413 G A 0.00003186 c.1296+1G>A  N/A  N/A

RHO chr3 129249796 rs200165530 C T 0.0001732 c.439C>T p.Arg147Cys Probably damaging

Abbreviation: Chr: Chromosome; REF: Reference allele; ALT: Alternative allele; N/A: Not available..
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