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Purposk. Inherited retinal diseases are a group of clinically and genetically heterogeneous
disorders with approximately 270 genes involved. IMPG2 is associated with adult-onset
vitelliform macular dystrophy. Here, we investigated two unrelated patients with vitelli-
form macular dystrophy to identify the underlying genetic cause.

MerHoDSs. Whole-exome sequencing identified a putative causal complex allele consisting
of ¢.3023-15T>A and ¢.3023G>A (p.(Glyl008Asp)) in IMPG2 in both individuals. To
assess its effect, in vitro splice assays in HEK293T and further characterization in patient-
derived photoreceptor precursor cells (PPCs) were conducted.

Resurrs. The results of the midigene splice assays in HEK293T showed that the complex
allele causes a variety of splicing defects ranging from a small deletion to (multiple-)exon
skipping. This finding was further validated using patient-derived PPCs that showed a
significant increase of out-of-frame transcripts lacking one or multiple exons compared
to control-derived PPCs. Overall, control PPCs consistently showed low levels of aber-
rantly spliced IMPG2 transcripts that were highly elevated in patient-derived PPCs. These
differences were even more obvious upon inhibition of nonsense-mediated decay with
cycloheximide.

Concrusions. We report a heterozygous complex allele in IMPG2 causative for adult-
onset vitelliform macular dystrophy in two unrelated individuals with mild visual loss
and bilateral vitelliform lesions. The predicted causal missense mutation ¢.3023G>A,
located in the consensus splice acceptor site, enhances the splicing effect of the upstream
variant ¢.3023-15T>A, leading to the generation of aberrant transcripts that decrease the
full-length IMPG?2 levels. These results suggest a haploinsufficiency mechanism of action
and highlight the complementarity of using different models to functionally assesses
splicing defects.

Keywords: adult-onset vitelliform macular dystrophy, IMPG2, complex allele, non-
canonical splice site variant, in vitro splice assay, photoreceptor precursor cells, aberrant
splicing

nherited retinal diseases (IRDs) are a group of rare

genetic disorders that can lead to severe visual loss
or blindness. These IRDs display a broad range of clini-
cal and genetic heterogeneity!> with more than 270 asso-
ciated genes (https://sph.uth.edu/retnet/home.htm). Adult-
onset vitelliform macular dystrophy (VMD) (OMIM#616152)
is one of the most prevalent forms of inherited macular
dystrophy,® occurring 1 in 7400 to 8200 in Olmsted County,
Minnesota, USA; but the worldwide prevalence remains
unknown.? Patients with adult-onset VMD present with grad-
ual vision loss and/or metamorphopsia between the ages
of 30 and 50 years, or remain asymptomatic and do not
manifest significant visual impairment owing to incomplete
penetrance 3¢

The first identified genes associated with VMDs were
BEST1 and PRPH2, mainly causing autosomal-dominant
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juvenile VMD (OMIM#153700)"~° and autosomal-dominant
adult-onset VMD, respectively. The phenotype-genotype
association between VMDs and IMPG1'°"'? and IMPG2'!-13
have been described more recently. Pathogenic variants
in IMPG2 are responsible for autosomal recessive retini-
tis pigmentosa (RP)* and autosomal-dominant VMDs that
display incomplete penetrance and variable expression.>!?
The clinical symptoms of VMD caused by variants in IMPG2
are generally less severe compared with variants in IMPG1.!?
Mutations in IMPG1 and IMPG2 together underlie 8% of the
VMDs in which a pathogenic variant has not been identified
in BEST1 and PRPH2.!!

IMPG1 and IMPG2 encode two structurally simi-
lar glycoproteins synthesized by photoreceptors and are
major components of the interphotoreceptor matrix. The
interphotoreceptor matrix is a retina-specific extracellular
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matrix that surrounds the photoreceptor inner and outer
segments and plays an essential role in the interaction of
RPE and photoreceptors, amongst others, the exchange of
retinoids and nutrients of the visual cycle, photoreceptor
differentiation and maintenance, and the alignment of the
photoreceptor cells.!> ¥ In the absence of IMPG2, IMPG1
aggregates between the photoreceptor outer segment and
RPE. This accumulation of material inhibits a normal inter-
action between the RPE and photoreceptor outer segment
that is vital for normal functioning retina. In vivo stud-
ies in fish!” showed that cones seem to be more sensi-
tive to alteration of the interphotoreceptor matrix than rods,
which may explain the location of vitelliform lesions in the
macula.'?

To date, there are 82 pathogenic and likely pathogenic
variants that have been reported for IMPG2 in the LOVD
database (www.lovd.nl/IMPG?2), 12 of which affect a splice
site. Furthermore, 346 variants are recorded for IMPG2
in Clinvar, of which 42 variants are currently classi-
fied as pathogenic (http://www.ncbi.nlm.nih.gov/clinvar/
IMPG2). With the advancement of genetic therapies for
retinal diseases, identifying the molecular mechanism of
disease is crucial to design potential therapeutic approaches,
such as gene augmentation using viral vectors or antisense
oligonucleotide-based splicing modulation.?*:?!

Patient A:ll-1

Patient B:ll-1
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Nowadays, the importance of non-coding regions
of the genome has become more evident and a
large number of splice site variants have been iden-
tified for IRD-associated genes.'*??"2> 1In this study,
we report the pathogenicity of the first heterozy-
gous complex allele, NC_000003.12(NM_016247.3):c.[3023-
15T>A;3023G>A], found in IMPG2 in two unrelated families
with adult-onset VMD.

METHODS

This study was conducted following the tenets of the Decla-
ration of Helsinki. Approval was obtained from the local
ethics committee of Radboud University Medical Center in
Nijmegen, the Netherlands, and written informed consent
was collected from all individuals described in this work.

Clinical Examination

Two unrelated individuals with adult-onset VMD were
clinically examined at the Radboud University Medical
Center in Nijmegen, the Netherlands (Fig. 1). The medi-
cal histories were assessed, and the individuals under-
went ophthalmic examinations, including best-corrected
visual acuity, slit lamp examination, and fundoscopy. Multi-
modal imaging included color fundus photographs captured

Ficure 1. Multimodal imaging of two patients with adult-onset vitelliform macular dystrophy, caused by the IMPG2 complex allele c.
[3023G>A;3023-15T>Al. (A-G) Imaging of the right (A-C) and left eye (D-G) of patient A:II-1 is shown. (A, D) Fundus photography shows
bilateral presence of yellowish vitelliform lesions. (B, E) Fundus autofluorescence images show a central circular lesion with hypo- and
hyperautofluorescent spots. (C, F) These correspond with the dome-shaped neuroepithelium detachment with residue vitelliform material
and RPE atrophy. (E, G) In the left eye, a second vitelliform lesion was seen adjacent to the superior arcade. The ‘G’ in image E depicts the
location of the lesion shown in image G. (H-O) Imaging of the right (H-J) and left eye (K-O) of patient B:II-1 is shown. (H, K) Fundus
photography shows bilateral presence of yellowish vitelliform lesions. (I, L) Fundus autofluorescence images show a central circular lesion
with hypo- and hyperautofluorescent spots. On spectral-domain optical coherence tomography vitelliform lesions were seen. The ‘N’ and
‘O’ in image L depict the location of the lesion shown in image N and O. (J) In the right eye, the lesion is in the vitelliform stage. The left
eye shows neurosensory retinal detachment with partial resorption of the vitelliform material. The remaining vitelliform material has shifted
inferiorly owing to gravity. (N, O) The superior and inferior sectional view of the vitelliform lesion are shown, respectively. Material has also

migrated to the inner foveal layers.
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using a Topcon TRC50IX retinal camera (Topcon Corpora-
tion, Tokyo, Japan), and spectral-domain optical coherence
tomography, and fundus autofluorescence using Spectralis
(Heidelberg Engineering, Heidelberg, Germany). An electro-
oculogram (EOG) was performed using Espion (Diagnosys
LLC, Lowell, MA) according to the standard of the Interna-
tional Society of Clinical Electrophysiology of Vision.’ An
Arden ratio of 1.85 or greater was considered normal.

Genetic Analysis

Genomic DNA was extracted from peripheral lymphocytes
according to standard protocols.?* Whole exome sequencing
was performed for both affected individuals at BGI-Europe
(Copenhagen, Denmark). In short, the exome was enriched
by using Agilent’s SureSelectXT Human all Exon V5 (Agilent
Technologies, Santa Clara, CA) and next-generation sequenc-
ing was performed by an Illumina HiSeq 4000 sequencer
(Illumina, Inc., San Diego, CA) to a mean sequence depth
of at least 75-fold. The Burrows-Wheeler Aligner was
applied to align reads to the human reference genome
(hg19). Nucleotide and copy number variant calling were
performed with the Genome Analysis Toolkit and CoNIFER
0.2.0, respectively.?’ Finally, variants were annotated using a
bespoke in-house annotation strategy.?*

Variant Prioritization

Only variants in visual impairment-associated genes were
assessed using the local diagnostic gene panel version DG-
2.11 (patient A:II-1) or DG-2.15 (patient B:II-1) containing
395 and 434 genes, respectively. Variant prioritization was
carried out based on a minor allele frequency of less than
1% in the EXAC,*® less than 5% in dbSNP, less than 1% in
an in-house database consisting of 15,576 mostly Caucasian
individuals, and less than 2% in an in-house database consist-
ing of 454 mostly Asian individuals.? Subsequently, all
coding and splice site variants (nucleotides -17 to -1 and
+1 to +6) were manually classified according to a five-class
system based on the American College of Medical Genetics—
Association for Molecular Pathology classification system.*®
Evaluating of prioritized variants is performed following the
practice guidelines by Wallis et al.3! An analysis of the puta-
tive effects on splicing is described in the Supplemental
Methods.

In Vitro Splice Assays

The functional analysis of the putative causal splice site vari-
ants, ¢.3023-15T>A and ¢.3023G>A in IMPG2 was carried
out using midigene splice assays. Two different but over-
lapping constructs were designed to cover the IMPG2 gene
according to a previously described protocol.*® The first
wild-type (WT) and mutant constructs (midigene 14-15,
MG14-15) consist of a 10.4-kb insert including exons 14 to
15 encompassing the 9.7-kb intron 14, and the second WT
and mutant constructs (MG15-18) containing a 4.8-kb insert
including exons 15 to 18. Both genomic regions of interest
were amplified respectively, using primers that contain attB1
and attB2 tags at their 5’ ends to facilitate Gateway cloning
(Table S1). Transfections were conducted in triplicate and
PCR in duplicate to represent biological and technical repli-
cates, respectively. Details on the midigenes are provided in
the Supplementary Methods.
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Induced Pluripotent Stem Cell (iPSC)
Differentiation Into Photoreceptor Precursor
Cells (PPCs)

The generation of the patient-derived iPSC line from blood
samples was performed by the Stem Cell Technology Center
of the Radboud University Medical Center as described
in previous publications.>>=3” One patient (patient B:II-1)
harboring the complex allele c.[3023-15T>A;3023G>A] in
IMPG2 and one control line were used to obtain PPCs as
previously described®-%:38 (see Supplementary Methods).
Two wells for each cell line were differentiated in each repli-
cate. At day 29, one of the wells was treated with 100 pg/mL
of cycloheximide solution (CHX, Sigma-Aldrich) (CHX+
condition), and the other well was kept non-treated (CHX~-
condition). The following day (Supplementary Fig. S3), cells
were rinsed with PBS, scraped, and harvested for RNA
analysis. All differentiation experiments were performed in
duplicate.

Quantitative PCR and Reverse Transcriptase
(RT)-PCR Studies in PPCs

RNA isolation of the iPSC (day 0) and PPC cells (day 30)
was performed as described above. One microgram of total
RNA was used for cDNA synthesis using SuperScript VILO
Master Mix (ThermoFisher Scientific, Waltham, MA) accord-
ing to the manufacturer’s protocol. A quantitative PCR anal-
ysis was conducted with the GoTaq Real-Time Quantitative
PCR Master kit (Promega, Madison, WI) and samples were
processed in an Applied Biosystem QuantStudio 5 Digital
system. The expression levels of eight PPC markers and one
housekeeping gene (GUSB) were studied for assessing the
differentiation level. The complete list of primers is provided
in Table S2. Each sample was normalized against the expres-
sion of the housekeeping gene and compared with iPSC (day
0) using the 2742 method.*

For RT-PCR, 50 ng cDNA were used for the amplifica-
tion of exons 14 to 15 or exons 14 to 18. The RT-PCR
was performed under the same conditions listed previously.
The analysis of the transcripts was conducted by Sanger
sequencing. The percentage estimation of each transcript
was calculated using both FIJI software and the TapeSta-
tion system, as described in the Supplementary Methods.
Primers are listed in Table S3. In addition, RNA from different
control or IRD-differentiated (non—-IMPG2-associated) PPCs
used in previous or current studies in the group was used
for cDNA synthesis and RT-PCR analysis (PPC1-6) were used
as extra controls to evaluate the levels of aberrant IMPG2
splicing.33-3°

Statistical Studies

Data related to the different spliced transcripts are repre-
sented as the mean =+ standard deviation and analyzed
using GraphPad Prism 10 software (GraphPad, San Diego,
CA). To assess differences between the control and patient
PPCs lines with the CHX- treatment or with CHX+ treat-
ment conditions were compared by one-way ANOVA test
followed by Bonferroni correction. The same test was used
to compare control CHX- and patient CHX- conditions with
respect to the MG4-15 minigenes. A P value of 0.05 or less
was considered statistically significant.
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REsuLTs
Clinical Description

Two unrelated individuals of Dutch ancestry were referred
to our center and were examined (Table). Patient A:II-1, a
50-year-old man, presented with complaints of slowly wors-
ening mild metamorphopsia and mild visual loss symptoms,
starting from the age of 40. He was in good general health
and had no other ocular conditions or complaints. His best-
corrected visual acuity was at the first visit 0.9 and 0.7
(Snellen decimals) for the left and right eyes, respectively.
Amsler chart assessment revealed mild central metamor-
phopsia in the left eye. The EOG showed a normal Arden
ratio (3.02 in the right eye, 3.04 in the left eye). Patient
B:1I-1, a 52-year-old man, presented with slow progressive
visual loss for years and difficulty with driving at night. He
was also in good general health and had no other ocular
complaints. Based on the patient’s history, the left eye was
presumed to be amblyopic. Family history was negative.
The best-corrected visual acuity was 0.9 and 0.6 (Snellen
decimals) for the right and left eyes, respectively. The EOG
showed a normal Arden ratio (2.2 in the right eye, 2.3 in the
left eye).

Ophthalmoscopy revealed the bilateral presence of
yellowish foveal lesions (Fig. 1). On spectral-domain opti-
cal coherence tomography, the lesions presented as dome-
shaped central elevations of the neuroepithelium with
disruption of the ellipsoid zone and RPE atrophy in both
patients. In patient B:II-1, the dome was filled with a hyper-
reflective material. In patient A:II-1, the vitelliform mate-
rial was mostly absorbed, leaving an empty cavity. In both
patients, the size of the subfoveal lesions increased slightly
during a follow-up of 2 years. Fundus autofluorescence
imaging demonstrated central circular lesions with hyperaut-
ofluorescent spots corresponding with the vitelliform mate-
rial, and hypoautofluorescence in areas where the material
was resorbed.

Molecular Genetic Findings

After variant prioritization and analysis of the coding and
splice site regions, we identified two heterozygous vari-
ants in cis in IMPG2 (NG_028284.1) in both probands,
¢c.3023G>A (p.(Gly1008Asp)), and ¢.3023-15T>A (p.(?),
which where verified with Sanger sequencing to be present
in cis in the parents as well (Fig. 2). Variant ¢.3023G>A
had a total allele frequency of 0.000004003 in gnomAD
(1/249,796 alleles; allele frequency of 0.000008915 in the
European non-Finnish population, i.e. 1/ 112,174 alleles)
and a PhyloP score of 7.44 (range, —14.1_06.4; predicted
pathogenic >2.7)," a CADD_PHRED score of 34 (range,
1_99; predicted pathogenic >15),*' and a Grantham score
of 94 (range, 215; predicted pathogenic >80).4> Additionally,
the in silico missense prediction tools SIFT and Mutation-
Taster considered this variant as “Deleterious” and “Disease-
causing,” respectively. Because the variant was located in
the noncanonical SAS, its effect on splicing was also eval-
uated using splice site prediction algorithms embedded in
Alamut version 2.10. In the presence of this variant, all five
splice prediction scores showed a reduction for the strength
of the SAS of exon 15 (Supplementary Fig. S1A, Supplemen-
tary Table S4). Moreover, the SpliceAl algorithm predicted a
loss of the SAS and SDS of exon 15 with delta scores of 0.25
and 0.03, respectively (Table S5).

Clinical Characteristics of Two Unrelated Patients With the Novel Complex IMPG2 Allele ¢.[3023G>A;3023-15T>A]

TABLE.

EOG
(Arden
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Visual

Ratio)

Refraction Error

Acuity

Lens

LE

RE

Amsler Chart Assessment

Ophthalmoscopy Results

Status

LE

RE

LE

RE

Age (y) Initial Symptom

Patient Gender

3.04

3.02

RE: no metamorphopsia.

LE: mild central

Vital and well-demarcated

Clear

§+0.50 C-0.25 x 65 S+0.50 C-0.25 x 65

09 0.7

Metamorphopsia

50

A:Il-1

optic disc. Vitelliform

metamorphosia

lesion in the macula, no

drusen. No abnormalities

in the periphery.
Vital and well-demarcated

2.3

2.2

No metamorphopsia

Clear

S+1.50 C-2.5 x 175

$+0.75 C-1.00 x 5

0.6

Visual loss, difficult 0.9

M 52

B:1I-1

optic disc. Vitelliform

driving at night

lesion in the macula, no

drusen. No abnormalities

in the periphery.

LE, left eye; M, male; EOG, electro-oculogram; RE, right eye.
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Ficure 2. Pedigrees of two unrelated affected individuals and
segregation analysis of the complex IMPG2 allele. The arrow indi-
cates the proband in each family. Individual A:I-1, who carries the
complex allele, has no vision impairment but does show abnor-
malities in imaging. Individual B:I-1 carries the same allele, but is
asymptomatic owing to incomplete penetrance.

Variant ¢.3023-15T>A has an allele frequency of
0.000004016 in gnomAD (1/248,992 alleles; allele frequency
of 0.000008967 in European non-Finnish population). Based
on the aforementioned splice site prediction algorithms, not
only did the c.3023-15T>A weaken the nearby SAS, it also
favored the use of an alternative SAS at position c.3023-14
(Supplementary Fig. S1B, Table S4), which is also predicted
by SpliceAl with a delta score of 0.37. Furthermore, the
SpliceAl algorithm predicted a loss of the SAS and SDS of
exon 15 with delta scores of 0.47 and 0.12, respectively
(Table S5). Finally, the Alamut prediction scores for the
combination of both variants in cis also indicated a decrease
in SAS scores in exon 15 together with the creation of a new
cryptic SDS at the position ¢.3023-14 (Fig. 3A). The segre-
gation analysis confirmed that in both families, the mutant
alleles in probands were inherited from one of the parents in
a heterozygous state. No putative pathogenic variants were
detected in BEST1 and PRPH?2 in both probands.

To assess the pathogenicity of the single variants
¢c.3023G>A or ¢.3023-15T>A, and of the combined vari-
ants ¢.[3023G>A;3023-15T>A] in IMPG2, midigene splice
assays were carried out using WT and mutant midigenes.
Because the genomic context of a variant plays a significant
role in the splicing process, we aimed to design constructs
containing at least exons 14, 15, and 16.3> However, the
genomic region encompassing these three exons and flank-
ing intronic sequences (12.8 kb) exceeded the Gateway-
cloning capacity (<12 kb).>* Therefore, we used two differ-
ent midigene constructs, one containing exons 14 and
15 (MG14-15) and another one containing exons 15 to
18 (MG15-18). After RNA isolation and RT-PCR analy-
sis of the MG14-15_WT, we detected the predicted 391-
nt fragment containing IMPG2 WT mRNA. Despite the
predicted splicing effect in Alamut and SpliceAl algorithms
for ¢.3023G>A, MG14-15_3023A did not show a splicing
defect in HEK293T cells. Transfection of MG14-15_3023-
15A and MG14-15_3023-15A;3023A revealed an additional
mRNA fragment of 343 nt. This mutant fragment corre-
sponded with an in-frame 48-nt deletion of IMPG2 exon 15
(p.(Gly1008_Ser1023del)), which starts in a SAS located at
position ¢.3071 (Fig. 3A). The WT and mutant mRNA frag-
ments in the MG14-15_3023-15A were calculated to consti-
tute 90.8% and 9.2% of the RNA products, respectively,
whereas the WT and mutant fragments of MG14-15_3023-
15A;3023A were present in 18.3% and 81.7% of the RNA
products, respectively (Fig. 3B).
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For the MG15-18_WT construct, an IMPG2 WT mRNA
fragment of 778 nt was detected, which represented 52.9%
of the total RNA product. In addition, we observed a 589-
nt fragment (30.1%) and a 378-nt fragment (15.8%) corre-
sponding with exon 16 skipping (p.(Arg1078_Ser1141del))
and exons 16 and 17 skipping (p.(Cys1079Lysfs*4)) of
IMPG2 mRNA, respectively. Furthermore, a 169-nt frag-
ment (1.3%) corresponding with the skipping of exons
15 to 17 was detected resulting in an in-frame deletion
(p.(Leu935_Glul21ldel)). MG15-18_3023A showed a simi-
lar RNA pattern as the MG15-18_WT vector, i.e., 50.2% WT,
28.6% exon 16 skipping, and 20.7% exons 16 and 17 skip-
ping products (Fig. 3C, Supplementary Fig. S4)

MG15-18_3023-15A transcript analysis showed that the
WT fragment accounted for 57.3% of the total transcripts.
Additionally, there was a 730-nt fragment (9.7%; Supple-
mentary Fig. S2) corresponding with a 48-nt deletion of
exon 15, a 589-nt fragment (9.1%) corresponding with exon
16 skipping, and a 169-nt fragment (16.1%) corresponding
with the skipping from exons 15 to 17. Besides these, we
observed two minor residual 541-nt fragment (1.4%) and
330-nt (3.2%) fragments corresponding with the skipping
of the 48-nt shorter exon 15 and the exon 16 or showed
the skipping of exons 16 and 17, respectively. The MG15-
18_3023-15A;3023A construct resulted in the same splicing
events in which 11.5% corresponded with the WT fragment,
21.8% with the deletion of 48-nt of exon 15 transcript, and
49.6% showed the skipping of exons 15, 16, and 17; the
remaining transcripts together constituted 17.1% of all prod-
ucts (Fig. 3C, Supplementary Fig. S4).

To validate the splicing defects observed in midigenes
in the full RNA context and eventually design a thera-
peutic strategy to modulate splicing, we generated iPSCs
from patient B:II-1. Interestingly, the quantification of the
splicing analysis revealed that the 48-nt in-frame deletion
was not as prominent in patient-derived PPCs as it was
observed in the midigene MG14-15 system (Fig. 4A). This
finding, together with the results from transcript analysis on
MG15-18 midigene constructs, prompted us to study a larger
genetic context from exons 14 to 18 to elucidate whether
other splicing events were taking place. The amplification
of this region showed clear and consistent low levels of full-
length IMPG?2 transcript. In contrast, several spliced tran-
scripts were observed, among which the joint skipping of
exon 15 and exon 16 was the most prominent (Fig. 4B). The
deletion of these two exons is out of frame and, therefore, it
is expected that the transcript will be degraded by nonsense-
mediated decay. Indeed, we could confirm that this spliced
transcript was detected at higher levels upon CHX treat-
ment (a 3x increase). In addition, this splicing event was
detected at low levels in control PPCs (9.2% and 4.3% in the
CHX- and CHX+ conditions, respectively). In-frame skip-
ping of exon 16 was detected in both control and patient
PPCs, whereas the 48-nt in-frame deletion and the skip-
ping of exons 15, 16, and 17 together was mainly observed
in patient PPCs and seem to be absent in the control PPC
(Figs. 4B, 4C).

The PPC characterization showed that both cell lines were
differentiated toward photoreceptor precursor fate. Based
on the expression levels of several markers, the patient PPCs
were more differentiated compared with controls (Supple-
mentary Fig. S5). To validate that the splicing events were
not explained by a differential stage of differentiation, we
analyzed the same region using the RNA of six other
PPCs derived from control and non-IMPGZ2-associated IRD
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Ficure 3. HEK293T cell splice assay results for variants ¢.3023-15T>A, ¢.3023G>A, and ¢.[3023-15T>A;3023G>A] in IMPG2. (A) Schematic
representation of the IMPG2 gene and enlargement of the intron 14-exon 15 boundary sequence in the WT and ¢.[3023-15T>A;3023G>A]
variant. The SpliceSiteFinder-like (SSFL, range 0-100) and Human Splicing Finder (HSF, range 0-100) scores for the splice acceptor site are
indicated below each sequence. The green triangles indicate the position of the splice acceptor site in WT and mutant sequences. The two
red “a” nucleotides highlight the ¢.3023-15T>A and ¢.3023G>A variants in the mutant sequence. The red numbers represent the altered
scores for the mutant compared with the WT sequence. (B, C) Schematic representation of the mutant pCI-NEO-RHO vector, containing exon
14-15 (B) and exon 15-18 (C) of IMPG?2 flanked by RHO exon 3 and 5, which was used to transfect HEK293T cells with WT and mutant

and 16 as well as the skipping of exons 15, 16, and 17
were mainly observed in patient PPCs, with a minor pres-
ence in the other six lines and the control; the 48-nt in-frame

individuals from local previous and ongoing studies.?*~% In
all cell lines, we were able to detect skipping of exon 16,
as shown previously. In contrast, the skipping of exons 15
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constructs, respectively. The gel images of RT-PCR products in MG14-15 (B) and MG15-18 (C) are shown. The MG14-15 WT and c.3023A
constructs reveal the 391-nt WT and p.(Gly1l008Asp) fragments. Similarly, in the MG15-18 WT and c.3023A constructs, the 778-nt fragments
corresponding to WT and p.(Glyl008Asp) fragments were observed. Three additional fragments were observed in MG15-18_WT and MG15-
18_3023A constructs. The larger one corresponds with exon 16 skipping and the middle one corresponds with exons 16/17 skipping, and
the smaller fragment corresponds with exons 16/17/18 skipping. In RT-PCR products resulting from the transfection of constructs carrying
¢.3023-15A and ¢.3023-15A;3023A in MG14-15 and MG15-18, one main additional fragment was observed which corresponds to a 343-nt (B)
or 730-nt (C) fragment representing a 48-nt deletion of exon 15. In addition, two fragments were only detected in the MG15-18 constructs
(C) carrying the ¢.3023-15A and ¢.3023-15A;3023A corresponding with a 541-nt and 330-nt transcript. These fragments harbor the 48-nt
deletion of exon 15 together with the exon 16 skipping and exons 16/17 skipping, respectively. For the MG15-18_¢.3023-15A construct, the
589-nt fragment was also observed that corresponds with exon 16 skipping. RT-PCR analysis of RHO exon 5 was performed as a control for
efficient transfection. The right panel indicates the quantification of each fragment in all eight midigenes obtained by TapeStation system.
The asterisks indicate the heteroduplex fragments. HSF, Human Splicing Finder; Mut, mutant; nt, nucleotide; SSFL, SpliceSiteFinder-like.

deletion was exclusively found in the patient PPCs (Supple-
mentary Fig. S6).

DiscussION

In this study, we described two unrelated individuals
with adult-onset VMD owing to a novel complex allele
in the IMPG2 gene, that is, the heterozygous c.3023G>A
(p.(Gly1008Asp)) variant in cis with ¢.3023-15T>A. Only
in the presence of the ¢.3023G>A variant, the 3023-15T>A
variant causes a strong splicing defect observed in midigene
splice assay. The combination of both variants showed multi-
ple splicing events in patient-derived PPCs.

Phenotype

The affected individuals (A:II-1 and B:II-1) presented with
symptoms of mild visual loss and in patient A:II-1 also
mild metamorphopsia, in the fourth decade with normal
EOG Arden ratios. Imaging revealed the bilateral pres-
ence of foveal exudative neuroepithelium detachments,
similar to vitelliform lesions seen in the classic Best
disease caused by BEST1 pathogenic variants. Classic BEST1-
associated vitelliform lesions are, however, generally larger
and present usually in the juvenile age,® while cases carry-
ing pathogenic IMPG2 variants present with onset after the
fourth decade.!’~!3 The EOG is notably normal as opposed
to abnormal or subnormal Arden ratio found in patients
with Best disease. Our clinical findings are in line with
previous reports of the VMD phenotype caused by IMPG2
variants.!=13 Persons carrying IMPG2 variants can remain
asymptomatic,ié’44 as it was the case for the father (A:I-1)
of patient A:1I-1, who carried the same complex allele and
had the same phenotype on imaging, although reported to
be asymptomatic (Supplementary Fig. S7). The father (B:I-1)
of patient B:II-1 carried the pathogenic allele, but was clin-
ically unaffected. This finding could suggest two possible
scenarios: the presentation of IMPG2-associated autosomal-
dominant inheritance with incomplete penetrance or a
haploinsufficiency inheritance.

Pathogenic variants in IMPG2 are also associated with
RP (OMIM#268000), a retinal disorder that is distinct from
VMD. However, it still has to be elucidated why certain vari-
ants cause VMD and others RP. To date, no clear associa-
tion between the severity of a pathogenic variant and the
described phenotype has been reported. In a recent study,
the authors described a pathogenic variant in IMPG1, which
led to different phenotypes, even within families.'® Such
findings emphasize the role of modifiers for IMPG1 and
IMPG2-associated diseases that remain to be identified.

Genotype

We reported the complex allele, c.[3023-15T>A;3023G>A]
identified in IMPG2, r.[3023_3422del,3023g>2a,3023_3633dell;
p-[Gly1008Valfs'17,Gly1008Asp,Asp1009Asnfs ' 14] wherein
the variant ¢.3023G>A enhances the splicing defect of
c.3023-15T>A, responsible for adult-onset VMD in two
unrelated individuals.

Both individual variants have been observed in one indi-
vidual in gnomAD. However, it could not be determined
yet if this is the same individual; co-occurrence can only be
determined for coding variants in gnomAD. The c.3023G>A
variant has been reported previously by Brandl et al.!> The
variant was classified as likely pathogenic owing to a damag-
ing PhyloP, CADD-PHRED, and Grantham score. The pres-
ence of the ¢.3023-15T>A variant, and thus the complex
allele, was validated upon request for this patient (personal
communication (10 March 2021) Prof. H. Stohr and Prof
U. Kellner). This confirmation emphasizes the importance
of complex allele identification, which may be overlooked
when only one of two variants in cis are reported as the
cause of the disease while the combination of both variants
is pathogenic.

Complex alleles may harbor several variants in cis,
where these may or may not collectively contribute to a
pathogenic effect. Complex alleles have frequently been
reported in the ABCA4 gene, causing Stargardt disease®~4®
and were reported in the PRPH2 gene in a case of RP
with macular dystrophy.*’ The identification of complex alle-
les is important because they have diagnostic, prognostic,
and therapeutic consequences. Additional mutations in cis
might be missed when mutational scanning protocols stop
when two mutations are found in frans in the autosomal-
recessive conditions. The identification of complex alleles
can genetically explain unsolved cases who carry variants
with unknown significance.

Initially, we hypothesized that the ¢.3023-15T>A or the
¢.[3023-15T>A;3023G>A] variants would lead to a 13-nt
exon elongation owing to the cryptic SAS at position ¢.3023-
14 as suggested by the Alamut and SpliceAl prediction algo-
rithms. After transcript analysis of cells transfected with
MG14-15 and MG15-18 carrying the ¢.3023-15T>A or the
¢.[3023-15T>A;3023G>A] variants, a 48-nt deletion of the
5' part of exon 15 was observed. This in-frame deletion of
the first 16 amino acids of exon 15 from glycine 1008 to
serine 1023 would affect the epithelium growth factor (EGF)-
like-2 domain in IMPG2 protein. However, the analysis of
the splicing effect using a larger construct (MG15-18) as
well as the analyses using patient-derived PPCs confirmed
that this splicing event was only present in a minority of
the transcripts. In contrast, two other out-of-frame spliced
transcripts were confirmed in patient-derived PPCs, which
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E FiGure 4. IMPG?2 transcript analysis in PPCs. (A) Analysis of transcripts amplified from exon 14 to exon 15 between control- (CON) and

patient (PAT)-derived PPCs and two MG constructs: WT and ¢.[3023-15T>A;3023G>A] (MUT). The left panel shows a representative RT-PCR
gel picture. The bar chart on the right represents the semiquantification of the percentage of each transcript as mean + standard deviation.
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The PPC lines were evaluated with cycloheximide treatment (CHX+) and without cycloheximide treatment (CHX-). The experiment was
performed in duplicate. For the statistical analysis, CON CHX- was compared with MG14-15 WT and PAT CHX- was compared with MG14-
15 MUT using a one-way ANOVA test. Statistical significance is indicated as **** P < 0.0001 using one-way ANOVA test. (B) Analysis
of transcripts amplified from exon 14 to exon 18 between CON and PAT PPCs. The left panel shows a representative RT-PCR gel. The
right upper panel represents the semiquantification of the percentage of each identified transcript as mean + standard deviation. The
right lower panel represents the percentage of full-length transcript (WT) and the sum of all spliced transcripts. The PPC lines were
evaluated with cycloheximide treatment (CHX+) and without cycloheximide treatment (CHX-). The experiment was performed in duplicate.
Statistical analysis was performed by comparing CON and PAT CHX-untreated conditions and CON and PAT CHX-treated conditions. Statistical
significance is indicated as ** P < 0.01 using one-way ANOVA test. For the final RNA and protein annotation, only the fragments with >10%
of total RNA were included. (C) Summary of the different transcripts detected in (A) and (B). The number of each transcript is indicated on
the left side of the referred the band. (4) indicates weak expression and (++) indicates high expression. bp, base pair.

were detected at low levels in the WT PPCs. The skipping
of exons 15 and 16, and the skipping of exons 15, 16,
and 17, produce out-of-frame transcripts that are suscepti-
ble to nonsense-mediated decay. Nevertheless, if a truncated
protein would be synthesized the skipping of these exons
would disrupt either an EGF-like-2 domain or the trans-
membrane domain.’? The EGF-like-2 domain is involved in
the structural stability of the IMPG2 protein through intra-
chain disulfide bonding.>® Our data show that the transcript
lacking exons 15 and 16 is degraded by nonsense-mediated
decay; its presence was observed three times more in the
CHX-treated patient PPCs compared with the untreated
PPCs. In addition, the skipping of exon 16, which leads to an
in-frame transcript from arginine 1078 to serine 1141, was
detected in both control and patient PPCs. The deletion of
this exon could lead to partial disruption of the EGF-like-2
domain. Furthermore, it also affects two potential hyaluronic
acid binding sites that allow for the interaction of heparin
and chondroitin sulfates, which participate in retinal devel-
opment and function.’’>*> However, the significance and
possible function of this transcript remain to be resolved.
In this work, we studied a putative effect on splicing
caused by the complex allele c.[3023-15T>A;3023G>A] in
the IMPG2 gene by employing midigenes. This artificial
system has a size restriction for the insert. This limitation
hampered the cloning of all relevant exons and introns into
one construct, leading to the loss of the relevant genetic
context for both the MG14-15 as well as the MG15-18
construct. As a consequence, the MG14-15 constructs only
enabled the detection of the deletion of 48-nt of exon 15 as
a main splice event. The MG15-18 constructs, which allowed
us to study a larger genetic context, showed similar splice
events as those observed in patient-derived PPCs. However,
these MG15-18 constructs also detected two transcripts that
likely represent artifacts from the midigene system. These
541-nt and 330-nt transcripts showed the 48-nt shorter exon
15 and exon 16 skipping, as well as the skipping of exon
16 and 17, respectively, which remained undetected in the
patient-derived PPCs. In addition, the most prominent effect
in patient-derived PPCs (the skipping of exons 15 and 16)
was not detected in the midigene system owing to the
aforementioned limited cloning capacity (Fig. 3C; Fig. 4 and
Supplementary Fig. S6). In addition, the overexpression of
the plasmid and the high abundance of different transcripts
leads to heteroduplexes or unspecific transcripts (Fig. 3B
and C). Moreover, midigenes were transfected in non-retinal
cells (HEK293T), which offer great transfection efficiencies,
although they lack the retinal molecular environment. When
using PPCs, our results clearly determined that the main
effect of the complex allele is the increase of skipping of
exons 15 and 16. This transcript showed a 15-fold increase
in patient-derived PPCs compared with control PPCs and

six other PPCs in the presence of CHX (Supplementary
Fig. S40).

The amount of each transcript was assessed by quan-
tifying each fragment in duplicate using independent
experiments using both Fiji software and the TapeStation
system. The first one was measured manually, and the latter
was automatically determined by the TapeStation software.
Both systems showed similar trends and the same conclu-
sions would have been drawn (Supplementary Figs. S7 and
$8). However, the TapeStation seemed to be more sensitive
and accurate, in particular for smaller sized fragments,
which could be overlooked by Fiji if they are faint on the
electrophoresis gel owing to long runs to better separate
the larger bands. In control and non-IMPG2-associated IRD
PPCs, a consistent and robust 22.4% to 36.5% of spliced
IMPG?2 transcripts is observed. Interestingly, in the patient-
derived PPCs, which are cells heterozygous for this complex
allele, the spliced IMPG2 accounted for up to 83.7% of
the total IMPG2 in the presence of CHX. Therefore, only
a small percentage of WT transcript remains. Although
the actual effects of the complex allele on the protein
content are not defined by these experiments, our results
support the hypothesis of a haploinsufficiency, in which
the remaining levels of full-length IMPG2 transcripts may
determine the severity of the disease, and thereby explain
the incomplete penetrance observed in these families. In
addition, semiquantitative analyses by, for example, Western
blot, could confirm this hypothesis. Unfortunately, the lack
of reliable antibodies for Western blot, together with the
unavailability to material of other carriers, complicates these
type of studies.

In conclusion, we identified a novel complex allele
c.[3023G>A;3023-15T>A] in IMPG2 causing adult-onset
VMD as observed in two unrelated families. We demon-
strated the effect of ¢.3023G> A together with ¢.3023-15T>A
on splicing both in the midigene system and patient-derived
PPCs. The identification of complex alleles is essential
owing to their diagnostic, prognostic, and therapeutic
consequences. Furthermore, the use of patient-derived
PPCs was crucial to assess the mechanism of disease,
highlighting the importance of patient-derived material and
the relevance of using complementary models to validate
splicing defects. This point is particularly true in those cases
in which it is not possible to clone the complete region of
interest in a midigene.
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