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Abstract

Background 5'untranslated regions (5'UTRs) are essential modulators of protein translation. Predicting the impact
of 5'UTR variants is challenging and rarely performed in routine diagnostics. Here, we present a combined approach
of a comprehensive prioritization strategy and functional assays to evaluate 5'UTR variation in two large cohorts

of patients with inherited retinal diseases (IRDs).

Methods We performed an isoform-level re-analysis of retinal RNA-seq data to identify the protein-coding transcripts
of 378 IRD genes with highest expression in retina. We evaluated the coverage of their 5’UTRs by different whole
exome sequencing (WES) kits. The selected 5'UTRs were analyzed in whole genome sequencing (WGS) and WES data
from IRD sub-cohorts from the 100,000 Genomes Project (n = 2397 WGS) and an in-house database (n = 1682 WES),
respectively. Identified variants were annotated for 5’UTR-relevant features and classified into seven categories based
on their predicted functional consequence. We developed a variant prioritization strategy by integrating population
frequency, specific criteria for each category, and family and phenotypic data. A selection of candidate variants under-
went functional validation using diverse approaches.

Results Isoform-level re-quantification of retinal gene expression revealed 76 IRD genes with a non-canonical retina-
enriched isoform, of which 20 display a fully distinct 5'UTR compared to that of their canonical isoform. Depend-

ing on the probe design, 3-20% of IRD genes have 5'UTRs fully captured by WES. After analyzing these regions

in both cohorts, we prioritized 11 (likely) pathogenic variants in 10 genes (ARL3, MERTK, NDP, NMNAT1, NPHP4, PAX6,
PRPF31, PRPF4, RDH12, RD3), of which 7 were novel. Functional analyses further supported the pathogenicity of three
variants. Mis-splicing was demonstrated for the PRPF31:c.-9+1G>T variant. The MERTK:c-125G>A variant, overlapping
a transcriptional start site, was shown to significantly reduce both luciferase mRNA levels and activity. The RDH12:c -
123C>T variant was found in cis with the hypomorphic RDH12:c.701G>A (p.Arg234His) variant in 11 patients. This

"Marta del Pozo Valero and Manon Bouckaert are second co-authors.

*Correspondence:

Frauke Coppieters

frauke.coppieters@ugent.be

Full list of author information is available at the end of the article

©The Author(s) 2024, corrected publication 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0
International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes

were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a
credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13073-023-01277-1&domain=pdf
http://orcid.org/0000-0001-7224-0992

Duenas Rey et al. Genome Medicine (2024) 16:7

Page 2 of 21

5'UTR variant, predicted to introduce an upstream open reading frame, was shown to result in reduced RDH12 protein

but unaltered mRNA levels.

Conclusions This study demonstrates the importance of 5'UTR variants implicated in IRDs and provides a systematic
approach for 5'UTR annotation and validation that is applicable to other inherited diseases.

Keywords 5'untranslated region (5'UTR), Upstream open reading frame (UORF), Non-coding variation, Whole
genome sequencing (WGS), Whole exome sequencing (WES), In silico prioritization, Variant interpretation, Functional

studies, Inherited retinal disease (IRD)

Background

Among the numerous non-coding regulatory regions
found across the human genome, 5" untranslated regions
(5’'UTRs) are major determinants of post-transcriptional
control and translation efficiency [1, 2]. These regions,
with an average length of about 200 nucleotides in
humans, are located immediately upstream from pro-
tein-coding sequences and include the Kozak consensus
sequence around the AUG start codon [3]. 5’UTRs har-
bor numerous cis-regulatory elements such as internal
ribosomal entry sites (IRES) and upstream open reading
frames (uORFs), which can recruit scanning ribosomes
and initiate translation [4]. In particular, uORFs, defined
by an upstream start codon (UAUG) in-frame with a stop
codon preceding the end of the primary open reading
frame, can decrease downstream protein expression up
to 80% [5]. Furthermore, 5UTRs can serve as platforms
for the formation of secondary and tertiary mRNA struc-
tures like stem-loops, hairpins, and RNA G-quadruplexes
which further influence mRNA translation [6, 7]. Given
the critical importance of 5’UTRs as modulators of pro-
tein expression, genetic variation within these regions
can contribute to disease pathogenesis, as shown by
several examples in a wide range of inherited diseases
[8-11].

With the expanding implementation of massively par-
allel sequencing technologies in clinical practice, the rare
disease field has witnessed a true paradigm shift enabling
improved molecular diagnosis for many affected individ-
uals [12-15]. Despite these advancements, and although
this varies greatly across individuals with diverse clinical
indications, a significant fraction of cases with suspected
Mendelian disorders remains unsolved [12, 13, 16—18].

To date, 5’UTR variants are often not evaluated because
of the multiple challenges they entail. Firstly, detection
relies on inclusion of these non-coding regions in tar-
geted resequencing panels or whole genome sequencing,
which has been limited to date [19]. Secondly, interpreta-
tion of the effect is more difficult due to different mech-
anisms [8] and our relative lack of understanding of the
functional consequences of 5’UTR variants. Finally, func-
tional evidence is necessary to support their pathogenic-
ity and hence confirm the molecular diagnosis. Recently,

to close the annotation and interpretation gap, several in
silico tools [20-26] and guidelines [27] have been devel-
oped, although their specific applicability to the accurate
and comprehensive interpretation of the diverse patho-
genic mechanism of 5UTR variants is yet to be fully
established.

A clear instance of both the effectiveness and remain-
ing challenges of clinical large-scale genome analyses can
be found in inherited retinal diseases (IRDs) [28-31].
IRDs comprise a genetically and phenotypically diverse
constellation of visually debilitating conditions affect-
ing over 2 million people globally [32, 33]. With over
280 known disease genes [34], diverse modes of inherit-
ance [29], intersecting phenotypes [35, 36], and available
automated approaches to variant interpretation, estab-
lishing a genetic diagnosis in IRD patients can be chal-
lenging. Even after the use of unbiased approaches such
as whole exome (WES) and whole genome sequenc-
ing (WGS), up to 50% of cases remain unsolved [15, 28,
37-39], and hence without the possibility of potential
clinical intervention including gene therapy-based treat-
ments [40, 41].

Recent studies have revealed an important contribu-
tion of non-coding variation to IRDs, particularly with
the identification of deep-intronic mis-splicing variants
[39, 42-51]. Moreover, there is a growing body of evi-
dence supporting the emerging role of genetic variation
affecting cis-regulatory regions in the molecular patho-
genesis of IRDs [46, 49, 52—56]. However, thus far, only a
few 5’'UTR variants have been reported to be implicated
in ocular diseases, including IRDs [49, 53, 54, 57-59], but
no large-scale studies have been performed yet.

In this work, we conducted a systematic evaluation of
5’'UTR variation in IRD genes using WGS and WES data
derived from two IRD cohorts comprising 2417 partici-
pants of the 100,000 Genomes Project [12] and 1682 local
cases, respectively. Firstly, we obtained a comprehensive
selection of 5’UTRs of the most abundant canonical as
well as non-canonical protein-coding IRD gene isoforms
by performing transcript-level re-quantification of retinal
expression data. We then screened these regions for vari-
ants in both IRD cohorts and developed a prioritization
strategy to identify candidate pathogenic 5’'UTR variants.
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This allowed us to identify 11 potentially causative 5UTR
variants, 10 of which were found in unsolved cases. Func-
tional validation of the predicted pathogenetic mecha-
nism was performed for five of these, further supporting
the potential implication in disease for three variants.
Overall, we show that 5UTRs represent understudied
targets of non-coding variation that can provide novel
molecular diagnoses in IRDs and demonstrate the impor-
tance of reassessing these regions in existing exome and
genome sequencing data.

Methods

Re-analysis of retinal RNA-seq data and selection

of retina-enriched isoforms of IRD genes

We retrieved paired-end FASTQ files (GSE115828)
derived from human postmortem retina samples char-
acterized by Ratnapriya et al. (2019) [60]. Only samples
derived from donor retinas showing no features of age-
related macular degeneration were evaluated (n = 102,
51 females and 51 males, ages ranging from 55 to 94
years, average at 74). Transcripts were quantified through
pseudoalignment by Kallisto [61] (v.0.46.1) using default
parameters. Abundance estimates in transcripts per mil-
lion (TPM) for all annotated transcripts (Ensembl human
release 107) were retrieved. A custom R [62] (v.4.0.2)
script was used for annotating each transcript with its
corresponding gene and biotype and flagging them as
canonical and/or belonging to the Matched Annota-
tion from NCBI and EMBL-EBI (MANE) and MANE
Plus Clinical set (version 1.0) [63]. For each group of
isoforms belonging to each gene, we computed the aver-
age of abundance estimates across all samples and the
isoform exhibiting the highest average among its corre-
sponding group was deemed retina-enriched. This data-
set was further filtered by retaining only protein-coding
isoforms derived from selected genes, namely IRD genes
listed in either the Retinal disorders panel (v2.195) from
Genomics England PanelApp [64] or RetNet (https://sph.
uth.edu/retnet/) (Additional file 1: Table S1). Addition-
ally, we integrated cap analysis gene expression sequenc-
ing (CAGE-seq) data derived from fetal and adult retina
(FANTOMS5 [65] Robust Peak Set using an expression
RLE normalized threshold >1) to evaluate the confidence
of the annotated transcription start sites (TSS) of the
selected transcripts in retina.

To aid tiering of variants, the Genomics England Pan-
elApp [64] gene color-coded rating system was used:
genes with diagnostic-grade rating, borderline evidence
and research candidates were flagged with green, amber,
and red, respectively. To further assess the retina-enrich-
ment of specific isoforms, their loci were inspected using
an integration of multiple publicly available multi-omics
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datasets derived from human retina (Additional file 1:
Table S2).

Comparison of 5'UTRs of canonical and non-canonical
isoforms and selection of 5’'UTR variant search space

The exact genomic coordinates of the start and end posi-
tions of the 5’"UTRs of all genes were downloaded from
Ensembl biomart (Human Ensembl Genes 107, GRCh38.
p13) and filtered to only include the transcripts defined
above. We first assessed the number of exons composing
these 5UTRs to identify which IRD genes have spliced
5’'UTRs. For each IRD gene for which a retina-enriched
non-canonical isoform was identified, we compared the
canonical and non-canonical 5’UTRs and computed their
respective overlap. The calculated overlaps were then
used to classify these genes into three different catego-
ries, namely genes with transcripts displaying: (i) fully
distinct 5’'UTRSs, (ii) partly overlapping 5UTRs, and (iii)
fully overlapping 5’"UTRs.

For each 5’UTR exon of all selected transcripts, we
defined a near-splice region by including 25-bp intronic
sequence up- and downstream of its respective splice
donor and acceptor sites (excluding promoter and cod-
ing sequences). The resulting coordinates were anno-
tated with their corresponding transcript identifier and
gene name and stored into a sorted BED file (herein after
referred to as 5’UTR analysis file) for downstream variant
assessment.

Evaluation of 5'UTR capture by whole-exome sequencing

We assessed the performance of exome captures of the
selected 5’UTRs based on the designs provided by the
kits which were mostly used for the generation of our in-
house WES data, namely the SureSelect Human All Exon
V6 and SureSelect Human All Exon V7 (Agilent Tech-
nologies), as well as a selection of the most recent ver-
sions of commonly used kits from 4 different providers:
SureSelectXT Human All Exon V8 (Agilent Technolo-
gies), KAPA HyperExome V2 (Roche), Twist Exome 2.0
(Twist), and Illumina Exome Panel v1.2 (Illumina). BED
files containing the genomic coordinates of the capture
regions were downloaded from the corresponding design
catalogs and intersected with the coordinates of the
5’'UTRs of interest using bedtools intersect (v2.26.0) [66]
with default parameters. For uniformity, only the cap-
tured regions were used to compare between the differ-
ent designs. Additionally, for the SureSelect Human All
Exon V6 and SureSelect Human All Exon V7 kits (Agilent
Technologies), both the strict union of all regions covered
by baits and a version padded by +50bp extending into
intronic regions were considered for the intersections. A
custom Python (v.3.6.8) script was then used to compute
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for each IRD gene the length proportion (%) of its 5UTR
captured by these kits.

Search of 5'UTR variants in IRD genes submitted to ClinVar
The ClinVar database (ClinVar) was downloaded in a tab-
delimited format [67] directly from the FTP site (https://
ftp.ncbi.nlm.nih.gov/pub/clinvar/; version from 2023-
03-18) and pre-filtered to keep only entries from the
GRCh38.p13 build. The resulting file was further filtered
to retrieve variants located within the regions defined
in the S’"UTR analysis file. Large copy number gain/loss
variants extending into coding regions as well as variants
with a protein-altering or synonymous annotation for the
canonical transcript were removed from this analysis.

Patient cohorts

To assess the contribution of 5"UTR genomic varia-
tion to IRDs, individuals from two different cohorts
were selected for this study: (i) 2397 participants (2100
probands) from a sub-cohort of the Rare Disease arm
of the 100,000 Genomes Project (Genomics England—
GE—cohort) affected by posterior segment abnormalities
(Additional file 1: Table S3): more specifically, we created
this sub-cohort by accessing the GE 100,000 Genomes
dataset (version 16) and retrieving participants belonging
to the Normalised Disease Sub Group “Posterior segment
abnormalities” using the RLabKey API [68], (ii) a WES
dataset from 1682 IRD cases (1030 probands) that con-
sented to standard-of-care genetic testing at the Center
for Medical Genetics Ghent (CMGG cohort). In both
cases, sequencing data aligned to GRCh38 build were
included.

The 100,000 Genomes Project Protocol has ethical
approval from the HRA Committee East of England—
Cambridge South (REC Ref 14/EE/1112). This study
was registered with Genomics England within the Hear-
ing and sight domain under Research Registry Projects
465. This study was approved by the ethics committee
for Ghent University Hospital (B6702021000312) and
performed in accordance with the tenets of the Helsinki
Declaration and subsequent reviews.

Sequencing and variant analysis
We interrogated WGS and WES data from the two
cohorts described above to detect germline single-nucle-
otide variants (SN'Vs) and small insertions and deletions
(indels) overlapping the regions defined in the 5’UTR
analysis file. The sequencing and bioinformatic pipelines
used for processing genome data derived from the par-
ticipants of the GE cohort have been described previ-
ously [12].

Samples from the CMGG cohort were tested using
WES with the SureSelect Human All Exon V6, SureSelect
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Human All Exon V7 (Agilent Technologies) or HyperEx-
ome (Roche) enrichment kits and sequenced on HiSeq
3000 or NovaSeq 6000 instruments (paired-end 150
cycles) (Illumina). Reads were aligned to the human ref-
erence genome (GRCh38 build) with BWA (v0.7.15) [69]
and GATK HaplotypeCaller (v3.82) [70] was used for call-
ing SN'Vs and indels. Resulting variant call format (VCF)
files from both cohorts were subsequently parsed based
on the regions of interest using BCFtools (v1.9) [71]. Only
variants satisfying the filter criteria for sequencing depth
(DP>10) and genotype quality (GQ>15) were retrieved.

Variant annotation and prioritization

From each cohort, a file containing unique variants was
created and formatted so that it could be annotated with
the Ensembl Variant Effect Predictor [72] (VED, release
107). Apart from gene and transcript information, each
variant was annotated with frequency data retrieved
from gnomAD [73] (genomes, v3.1.2) allele frequencies,
splicing (dbscSNV [74], SpliceAl [23], MaxEntScan [75]),
pathogenicity predictions (EVE [76], CADD [77]), and
regulatory data [78] (all plugin versions corresponding
to VEP release 107). The recently developed UTRannota-
tor [20] tool was used to annotate variants that create or
disrupt uORFs. The classical [79] and retinal [80] Kozak
consensus sequences were considered altered when
variants were identified within the position range —1 to
—10 relative to the main AUG (canonical start codon).
In addition, nucleotide frequency plots correspond-
ing to the Kozak sequences of the retina-enriched and
not retina-enriched transcripts evaluated in this study
were generated with WebLogo [81] (v.3.7.12). Annota-
tion data tables containing predicted changes in transla-
tional efficiency [82] and secondary structure minimum
free energy affecting double-stranded RNA or G4 quad-
ruplex structures [83] were downloaded (Sutr [suter’]:
https://github.com/leklab/5utr) and queried for the vari-
ant positions using tabix [84] (v.1.7-2); further evaluation
of changes in mRNA secondary structure was performed
using the Ufold [85] (v.1.2), REDfold [86] (v1.14.alpha),
and MXfold2 [87] (v0.1.2) tools. To assess whether vari-
ants were located within TSS relevant to retinal gene
expression, we made use of the CAGE-seq data described
above. Translation initiation-related feature data from
the Human Internal Ribosome Entry Sites (IRES) Atlas
[88] was also queried to annotate variants found within
these regions involved in cap-independent translation
initiation.

Annotated 5’'UTR variants were classified into the fol-
lowing 7 categories: (i) introduction of an upstream start
codon creating an uORF (uAUG gained), (ii) change
in existing uOREF, (iii) alteration of classical or reti-
nal primary Kozak context, (iv) splicing, (v) change in
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translational efficiency (TE), (vi) change in secondary
structure minimum free energy, and (vii) overlapping a
retinal TSS and/or an IRES. Variants were first selected
when their minor allele frequency (MAF) was lower than
2% in all populations. We decided to use a less stringent
MATF threshold (typically set at less than 1% for rare
variants) in view of the high frequency of hypomorphic
and founder alleles reported for IRDs [33, 89, 90]. The
resulting variants were further filtered using specific
criteria for each category: (i) uAUG created in a strong
or moderate Kozak context, (ii) natural uAUG loss, (iii)
variant located in positions -3, -4, -5, -6, or -9, (iv) any
SpliceAl Delta Score (DS_AG, DS_AL, DS_DG, DS_DL)
higher than 0.2 for variants within +25bp of intron-exon
boundaries, following the original recommendation from
the developers and supported by benchmarking studies
[23, 91], (v) |log2FC|>0.5, corresponding to a ~1.5-fold
increase/reduction of translation with respect to the
wild-type allele, (vi) fold-change |FC| >1.5, correspond-
ing to a 1.5-fold increase/decrease of minimum free
energy compared to the wild-type allele (threshold set

2 Change in
(=} uAUG gain existing
'E uORF
5 5'UTR variant category
z
2 =1 [ m——
Minor Allele Frequency (MAF) }.‘.- gnomAD
1) [l VYV T
=
E Variant in
I: strong or Loss of
T 5'UTR variant consequence moderate natural
Kozak uAUG
context
= ‘ O
AR . .
oo m
8
£ Inheritance e
< pattern AD ‘
N ® ]
E
o
=] HERO)
= il %
o ® O m

Phenotype &

Page 5 of 21

to be higher than the average of all computed changes in
minimum free energy), and (vii) variant located within
a TSS or IRES. Variants for which the inheritance pat-
tern and phenotype of the patient were compatible with
the gene in which the 5’"UTR variant was identified were
selected as candidates. This prioritization procedure is
depicted in Fig. 1. For comparing the proportion of vari-
ants for each category between cohorts, the statistical
analysis was performed in R using the y” test. Finally, for
each candidate variant identified in unsolved cases, an
additional screening was performed to discard (likely)
pathogenic variants, both SNVs and structural variants
(SVs), in other IRD genes that could provide an alter-
native molecular diagnosis. For the cases from the GE
cohort in which the identified 5’UTR variant remained as
candidate, we requested to have a clinical collaboration
with Genomics England.

The pathogenicity of missense variants was assessed
using the ensemble predictor REVEL [92], a widely-used
meta-predictor that incorporates scores derived from
13 individual in silico tools, for which we employed the

Alteration

. Overlap
of primary - TE Secondary o
Kozak Splicing efficiency structure w'tlggss S/
context

A

eslss  § ==l @ %if i

<2% (in all studied populations)

Variant in

positions SpliceAl Delta Variant

-3,-4,-5, Score20.2  |I092FCI20.5  IFCI=1.5 within
-6, -9

Homozygous or compound heterozygous with (likely) pathogenic variant in gene linked to

recessive disease

Heterozygous or de novo variant in gene linked to dominant disease

Hemizygous variant in males

Evidence supporting plausible phenotypic match

Fig. 1 Functional annotation of 5'UTR variants, filtering, and prioritization strategy followed in this study. A combination of in silico tools (see
“Methods”) was used to annotate 5'UTR variants, which were then classified into 7 functional categories. For each of these categories, specific
criteria were established for prioritizing variants with a more likely functional impact (bottom). Only variants with a minor allele frequency (MAF)
<2% were further studied. The following information was then reviewed: inheritance pattern of the family (AR including sporadic cases; AD; XL)
and clinical features. For the selection of candidate variants, both had to be in agreement with the reported mode of inheritance and phenotype
associated with the gene in which the 5'UTR variant was found. AD autosomal dominant, AR autosomal recessive, FC fold change, IRES internal
ribosomal entry site, TE translational efficiency, TSS transcription start site, UAUG upstream AUG, uORF upstream open reading frame
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pathogenicity threshold ranges given by Pejaver et al.
(2022) [93].

Cell culture

ARPE-19 (ATCC, CRL-2302"™) and HEK-293T cells
(ATCC CRL-3216") cells were grown in either
DMEM:F12 (Gibco) medium supplemented with 10%
fetal bovine serum (Gibco), 1% penicillin-streptomycin
(Gibco), 1% non-essential amino acid solution (Gibco),
and 0.1% amphotericin B (Gibco) or Dulbecco’s minimal
essential medium (DMEM) with phenol red (Gibco), sup-
plemented with 10% fetal bovine serum (Gibco) and 1%
penicillin-streptomycin (Gibco), respectively. Cells were
cultured at 37°C and 5% CO, and tested for mycoplasma
contamination prior to use.

To perform functional studies of the identified 5’UTR
ARL3 variant, lymphocytes from affected carriers (n =
2) were isolated from EDTA blood using Lymphoprep
(STEMCELL technologies). For each sample, two cul-
tures were started in RPMI medium with 10% fetal
bovine serum and substituted with interleukin-2 and
phytohaemagglutinin. One of both cultures was treated
for 4 h with puromycin (200 pg/mL) prior to RNA extrac-
tion to suppress nonsense-mediated decay.

Cloning and mutagenesis

In order to evaluate the functional effect using dual
luciferase reporter assays of three selected 5UTRs vari-
ants (RDHI12:c.-123C>T, MERTK:c.-125G>A, PAX6:c.-
44T>C), we cloned the wild-type 5UTR of interest (IDT
gBlock) into a psiCHECK™-2 dual luciferase vector (Pro-
mega) using the Cold Fusion cloning kit (Sanbio BV). The
recombinant vectors were then amplified in One Shot
TOP10 Chemically Competent E. coli cells (Invitrogen)
and purified using the NucleoBond Xtra Midi kit (Filter
Service S.A). For the generation of the overexpression
construct to further assess the RDHI12:c.-123C>T vari-
ant, we designed a gBlocks " fragment comprising the
wild-type 5UTR and coding sequence (CDS) of RDHI12;
both sequences were modified to include downstream
Myc and FLAG in-frame tags to evaluate the transla-
tion of the uORF introduced by the RDHI12:c.-123C>T
variant and RDHI12 protein levels, respectively. These
fragments were then cloned into a pcDNA™3.1%) (Inv-
itrogen) vector by restriction-ligation cloning and the
recombinant vectors were amplified and purified as
described above. For all constructs, 5’"UTRs variants were
introduced using the Q5 Site-Directed Mutagenesis Kit
(NEB) using variant-specific primers designed with the
NEBaseChanger tool. The sequence of each insert was
confirmed by Sanger sequencing using the BigDye Ter-
minator v3.1 kit (Life Technologies) and/or long-read
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whole plasmid sequencing (Plasmidsaurus). A schematic
overview of these constructs is shown in Additional file 2:
Figure S1. All primer sequences can be found in Addi-
tional file 1: Table S4.

For the splicing minigene assay, a 284bp fragment of
the PRPF31 (NM_015629.3) 5’'UTR was amplified from
commercially available reference genomic DNA (Pro-
mega) using either wild-type or variant-specific primers
(Additional file 1: Table S4) using Phusion High Fidelity
DNA Polymerase (NEB) according to manufacturer’s rec-
ommendations. The wild-type and mutant PRPF31 frag-
ments were cloned into the SK3 plasmid (a derivative of
the pSpliceExpress minigene splice reporter vector, gifted
from Stefan Stamm, Addgene #32485) using the Gibson
method. Constructs were transformed into competent
bacteria, candidate colonies were cultured, and vector
DNA was isolated using the GenElute Plasmid Mini-
prep kit (Sigma). Sequences of the minigene vector con-
structs were verified using Sanger sequencing by Eurofins
Genomics.

Dual luciferase assays

ARPE-19 cells were seeded in a 24-well plate (Greiner
Bio-One BVBA) at a density of 50,000 cells/well in 1 mL
of medium without antibiotics to reach 70-90% conflu-
ence at transfection (18-24h after plating). Cells were
transfected at a 3:1 reagent to plasmid DNA ratio using
the TransIT-X2® Dynamic Delivery System (Mirus Bio)
according to the manufacturer’s instructions. After 24
h, cells were lysed, and luciferase activity was detected
using the Dual-Glo® Luciferase Assay System (Promega)
in a Glomax 96-Microplate Luminometer (Promega).
Each transfection was performed in triplicate and each
experiment was repeated at least three times to ensure
reproducibility. For each well, the ratio of Renilla lucif-
erase activity was normalized to Firefly luciferase activity.
A custom R (v4.3.0) script was used to evaluate the effect
of each variant on luciferase activity through a linear
mixed effects model (implemented in the /me4 package
[94]) having set the luciferase vector as fixed effect and
the biological replicate as random effect.

Splicing minigene assays

Human K562 cells (ATCC, CCL-243") were plated in
2ml RPMI-1640 (Sigma) supplemented with 10% fetal
bovine serum (Sigma) at approximately 80% confluency
in 6-well tissue culture plates (Corning) on the day of
transfection. Cells were transiently transfected with
2.5ug PRPF31 plasmid DNA using Lipofectamine 3000
(Invitrogen) following the manufacturer’s protocol and
incubated for 20-24 h at 37°C with 5% CO,,.
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RNA isolation

Total RNA was extracted using either the RNeasy Mini
kit® (Qiagen) (ARPE-19 and HEK-293T cells), TRI-
zol reagent (Invitrogen) (K562 cells), the Maxwell RSC
simply RNA kit (Promega) (cultured lymphocytes), or
the PAXgene Blood System kit (Qiagen) (whole blood)
according to the manufacturer’s instructions. Isolated
RNA was cleaned up using the RNeasy Mini RNA Iso-
lation Kit (Qiagen) and underwent either an on-column
DNA digestion step (K562 cells) or DNase treatment
(ArcticZymes, Tromsg, Norway) prior to cDNA synthesis
with the iScript cDNA Synthesis (Bio-Rad Laboratories),
the High Capacity RNA to cDNA (Applied Biosystems),
or the Superscript IV with random hexamers (Invitrogen)
kits according to supplier’s recommendations.

Quantitative polymerase chain reaction (qPCR)

For each cDNA sample, qPCR assays were prepared using
SsoAdvanced Universal SYBR Green Supermix (Bio-
Rad Laboratories) and run on LightCycler 480 System
(Roche). Data were analyzed with gbase+ [95] (CellCarta,
v.3.4) and normalized either to a set of housekeeping
genes (YWHAZ, HPRT1, HMBS, SDHA) or Firefly lucif-
erase for normalization of Renilla luciferase mRNA lev-
els. All primer sequences can be found in Additional
file 1: Table S4. Statistical analyses were performed in R
using the Wilcoxon rank sum test.

Reverse transcription PCR (RT-PCR)

RT-PCR reactions were performed with Phusion High
Fidelity DNA Polymerase (NEB) according to the manu-
facturer’s recommendations, using cDNA as a template
and primer pairs listed in Additional file 1: Table S4.
PCR products were visualized using agarose gel electro-
phoresis supplemented with SafeView nucleic acid stain
(NBS Biologicals) and a 1kb Plus ladder (NEB) as a size
standard. PCR products were purified using the PureLink
Quick Gel Extraction kit (Invitrogen) and sequenced by
Eurofins Genomics.

Overexpression and immunoblotting

To perform immunoblotting of RDH12 and the pre-
dicted peptide encoded by the uORF introduced by the
RDHI12:c.-123C>T variant, ARPE-19 cells were seeded
in 12-well plates (Greiner Bio-One BVBA) at a density
of 100,000 cells/well, allowed to settle overnight, and
then transfected with the wild-type and mutant RDHI2
overexpression vectors using the TransIT-X2® Dynamic
Delivery System (Mirus Bio) according to the manu-
facturer’s instructions. The pcDNATMB.l(” (Invitrogen)
backbone vector was transfected as negative control.
Four hours prior to RNA and protein isolation, cells were
treated with 10pM MG-132 proteasome inhibitor (Merck
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Life Science). For total protein extraction, cells were lysed
with RIPA Buffer (Sigma-Aldrich) including protease
inhibitory cocktail (Roche Diagnostics), phosphatase
inhibitory cocktail 2, and phosphatase inhibitory cocktail
3 (Sigma-Aldrich). Protein concentrations were meas-
ured using the Pierce™ BCA Protein Assay kit (Fisher
Scientific). After centrifugation and reduction with 1M
DTT (Sigma-Aldrich), protein lysates were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis using either NuPAGE ™ 4-12% Bis-Tris (RDH12 blot)
or Novex " 16% Tricine (uORF blot) Protein Gels (Fisher
Scientific) with a ladder (Precision Plus Protein All Blue
Standards, Bio-Rad Laboratories). Proteins were then
transferred to a nitrocellulose membrane using the iBlot
2 Dry Blotting System (Thermo Fisher Scientific). Mem-
branes were blocked for 2 h at room temperature in 2%
ECL"™ Blocking Agent (Cytiva Amersham) and incubated
at 4°C overnight with anti-FLAG (1:1000, F1804, Merck
Life Science) or anti-Myc (1:1000, ab9106, Abcam) pri-
mary antibodies. Membranes were subsequently incu-
bated for 2 h at room temperature with the appropriate
horseradish-peroxidase-conjugated secondary antibody
(1:2500, 7076S or 7074S, Cell Signaling Technologies)
and revealed with the SuperSignal ™ West Dura Extended
Duration Substrate (Fisher Scientific). Membranes were
scanned with an Amersham Imager 680 system (GE
Healthcare Life Sciences). Protein quantification was per-
formed by firstly stripping the membranes with Restore""
PLUS Western Blot Stripping Buffer (Thermo Scientific),
incubating them for 1 h at room temperature with a pri-
mary antibody against B-tubulin (1:2500, ab6046, Abcam)
and for 2 h with a horseradish-peroxidase-conjugated
secondary antibody (1:2500, 7074S, Cell Signaling Tech-
nologies). RDH12 (FLAG) signal intensity quantification
was achieved using ImageJ (NIH, v.1.50i) and normalized
to the amount of p-tubulin.

To further assess the translation of the peptide encoded
by the uORF introduced by the RDH12:c.-123C>T vari-
ant, transfected HEK-293T cells were lysed as previously
described, and protein lysates incubated at 4°C overnight
with Dynabeads Protein A (Thermo Fisher Scientific), to
which the anti-Myc primary antibody (1:1000, ab9106,
Abcam) was bound. Bound proteins were subsequently
eluted and subjected to anti-Myc Western Blot analysis
as described above. Statistical analyses were performed
in R using the Student’s ¢-test.

Screening of RDH12: ¢.-123C>T variant

The RDH12:c.-123C>T 5'UTR variant was shared with
members of the European Retinal Disease Consor-
tium (ERDC: https://www.erdc.info/) to evaluate its
pathogenicity and identify additional carriers of the
RDHI12:c.701G>A (p.Arg234His) missense variant to
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confirm its cis-configuration. Primer sequences for PCR
and Sanger sequencing are listed in Additional file 1:
Table S4.

Results

Isoform-level re-quantification of retinal gene expression
reveals differential 5’'UTRs of IRD genes

To obtain a relevant selection of 5’UTRs for downstream
variant screening, we performed a transcript-level re-
analysis of RNA-seq data to identify protein-coding
non-canonical isoforms with relevant retinal expression,
i.e,, higher than its respective canonical isoform, to be
retained in addition to the canonical isoforms. A total
of 454 canonical and non-canonical transcripts belong-
ing to 378 IRD genes were thus selected (with maximum
of 2 isoforms per gene) (Additional file 1: Table S5),
from which their 5UTRs were retrieved, resulting in
638 genomic regions (Additional file 1: Table S6). Con-
sidering these 454 transcripts, the 5UTRs of approxi-
mately 62% of IRD genes (233/378) are only part of the
first coding exon while 33% of IRD genes (126/378) have
exclusively transcripts with spliced 5UTRs, i.e., their
5UTR comprise additional full non-coding exons. A
minor fraction (19/378) of genes has isoforms with both
spliced and non-spliced 5UTRs (Fig. 2A; Additional
file 1: Table S7). Of the 76 IRD genes for which a retina-
enriched non-canonical isoform was identified, 20 dis-
play a fully distinct 5UTR compared to the one of their
corresponding canonical isoforms (Fig. 2B; Additional
file 1: Table S8). For six of these, the non-canonical TSS
is further supported by CAGE-seq data derived from
both adult and fetal retina (Additional file 1: Table S5;
Additional file 2: Figure S2). Two remarkable exam-
ples are CRBI and RIMS?2, for which the non-canonical

1.00

Partly overlapping 5'UTRs

0.75

Fully overlapping 5'UTRs

0.50
Non-spliced 5'UTRs

[ Spliced 5'UTRs
0.25

0.00

Distinct 5’'UTRs
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isoforms (ENST00000681519.1: 48.38+14.97 TPM;
ENST00000436393.6: 41.58+12.35 TPM) were found to
be more abundant in retina compared to their respec-
tive canonical isoforms (ENST00000367400.8: 2.54+3.88
TPM; ENST00000696799.1: 12.19+3.85 TPM). These
findings were also supported by the integration of mul-
tiple multi-omics datasets derived from human retina
(Additional file 2: Figure S3; Additional file 1: Table S2).

A substantial fraction of 5'UTRs can be captured

by whole-exome sequencing

In view of the large volume of existing WES data, we
evaluated the performance of six recent and commonly
used commercial exome capture designs from four dif-
ferent providers on the selected 5’UTRs of IRD genes.
The kits considered in this analysis were found to dis-
play a variable performance with an average coverage of
the selected 5’UTRs ranging from 7% (Twist Exome 2.0)
to 39% (Illumina Exome Panel v1.2) (Fig. 3A; Additional
file 1: Table S9). Besides, the fraction of IRD genes with
5'UTRs fully captured ranged from 3% (10/378) to 20%
(73/378). Regarding the kits that were mostly used in-
house (SureSelect Human All Exon V6 and SureSelect
Human All Exon V7), although a slightly higher 5UTR
capture was observed for the kit with a higher amount
of probes (SureSelect Human All Exon V6) (Additional
file 2: Figure S4; Additional file 1: Table S10), we found
that approximately 15% of IRD genes (57/378) have the
selected 5'UTRs fully captured. This fraction increased
up to 39% (148/378) (Fig. 3B; Additional file 1:
Table S10) if a padded bait design, including all regions
that can be confidently genotyped, was considered.

0

10 20 30 40
# IRD Genes with alternative isoforms

Fig. 2 Characterization of 5'UTRs of IRD genes. A Representation of the proportion of IRD gene isoforms based on the structure of their 5UTRs. B
Classification of IRD genes with a retina-enriched isoform differing to the canonical one based on the comparison of their respective 5'UTRs
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Fig. 3 Evaluation of 5'UTR capture by whole-exome sequencing (WES). A Boxplots showing the capture performance (x-axis) of commonly

used commercial exome capture designs on the selected 5'UTRs. The kits that were mostly used for the generation of our in-house WES data are
highlighted in darker gray. B Histogram representing the portions of 5'UTRs (y-axis) of the selected IRD genes which are captured by the SureSelect
Human All Exon V6 kit (Agilent Technologies) considering a strict or a padded design (see “Methods”)

A retrospective analysis of 5'UTR variants reported in IRD
genes reveals a majority classified as variants of uncertain
significance (VUS)

A total of 1547 5’'UTR variants in IRD genes have been
submitted to the ClinVar database thus far (Additional
file 1: Table S11). All variants except four have been
clinically interpreted. Only 2% (31/1547) of the variants
have been classified as pathogenic or likely pathogenic,
of which 32% (10/31) and 16% (5/31) were found in the
PAX6 and NMNATI genes, respectively. On the other
hand, 34% (527/1547) of the 5’UTR variants have been
classified as benign or likely benign, of which no single
gene was found to account for more than 5% of these var-
iants. While 5% (81/1547) of the variants had conflicting
interpretations of pathogenicity, the largest fraction com-
prising 58% (904/1547) of all variants have been classified
as VUS.

Analysis of 5’'UTRs in WGS and WES data of two IRD cohorts
reveals rare and ultra-rare variants predicted to affect
5'UTR function

To systematically assess the contribution of 5’UTR
genomic variation to IRDs, we performed a vari-
ant analysis within the selected 638 genomic regions
in affected individuals from two different IRD sub-
cohorts, namely the GE (n = 2397 WGS) and CMGG (n
= 1682 WES) cohorts. We identified a total of 2898 and
381 distinct 5’UTR variants within the GE and CMGG
cohorts, respectively. The majority of these variants
(2637/2898 and 334/381) had a MAF lower than 2%

in all populations and a substantial fraction (506/2898
and 92/381) was found to be absent from all reference
population public databases. To aid the interpretation
of these 5’UTR variants, we classified them into seven
(non-mutually exclusive) categories according to their
in silico predicted functional consequences (Fig. 1). A
summarized overview of the number of variants that
remained after classification and category-specific fil-
tering can be found in Table 1. Out of the 1450 remain-
ing variants (Additional file 3: Dataset S1), 336 were
present in more than one category, with the majority
(230/336) predicted to both overlap a retinal TSS or an
IRES and change the secondary structure (Additional
file 1: Table S12). Of the remaining variants assigned
to a single category, the bulk corresponded to vari-
ants overlapping a retinal TSS or an IRES (761/1450;
221 -TSS-, 488 -IRES-, 52 -TSS & IRES-), followed by
variants with a predicted change in secondary structure
minimum free energy (237/1450). When comparing the
number of variants in each category between the two
cohorts, we observed statistically significant differences
in the number of variants overlapping a retinal TSS
and/or IRES, for which the proportion of variants was
higher for the WGS-based GE cohort compared to the
WES-based CMGG cohort (~55% and ~35% respec-
tively, p < 0.05). These differences are most likely due to
the expanded capture of regions including TSS allowed
by the use of WGS in the GE cohort. Additionally, it is
noteworthy that for the IRD genes with 5’UTRs harbor-
ing IRES (92/378), these elements were found to span
on average 61% of the 5’UTR and even its entire length
for certain genes (12/92) (Additional file 1: Table S13).
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Table 1 Summarized overview of the number of 5'UTR variants that remained after functional classification and filtering

GE cohort CMGG cohort Total %
UAUG gained 30 5 35 241
Change in existing UORF 17 1 18 124
Alteration of classical or retinal primary Kozak context 16 7 23 1.59
Splicing 29 10 39 2.69
Change in translational efficiency 1 0 1 0.07
Change in secondary structure minimum free energy 194 43 237 16.34
Overlapping a retinal transcription start site or an IRES 692 69 761 5248
> 1 category 276 60 336 23.17
Total 1255 195 1450

CMGG Center for Medical Genetics Ghent, GE Genomics England, IRES internal ribosomal entry site, uORF upstream open reading frame

Systematic variant evaluation allows the prioritization
of candidate pathogenic 5’UTR variants
To enhance the likelihood of identifying potential patho-
genic 5’'UTR variants, we prioritized the ones with higher
predicted impact based on specific criteria for each cat-
egory (Fig. 1) and for which the inheritance patterns and
reported phenotypes fitted the genes in which the 5UTR
variants had been identified. The application of this pri-
oritization procedure is illustrated in Additional file 1:
Table S14. We prioritized 11 candidate pathogenic 5UTR
variants. Of these, 10 were found in unsolved cases and
7 have not been reported before. Of note, six of these
variants are covered by the WES approaches used in the
CMGG cohort. An overview of the genetic, phenotypic,
and in silico prediction details of these variants is shown
in Table 2. The pedigrees of these families including vari-
ant segregation are shown in Additional file 2: Figure S5.
Four of these variants were found to alter splicing in
genes linked to autosomal dominant (PRPF31), autoso-
mal recessive (NMNATI), and X-linked (NDP) disease.
The NDP:c.-70G>A and PRPF3I:c.-9+1G>A variants
have recently been described by Daich Varela et al. (2023)
[49]. In particular, the authors of this study also predicted
a deleterious effect on splicing for these variants, which
could not be functionally validated as it was not possi-
ble to obtain fresh samples from the patients for further
analysis. We identified a de novo variant (PRPF3I:c.-
9+1G>T) in the same 5UTR position of PRPF31 in a
sporadic case with rod-cone dystrophy in which bi-allelic
GRM6 variants had been identified, one of them reported
as likely benign (Additional file 1: Table S15). Variants in
GRMG6 cause autosomal recessive congenital stationary
night blindness [99], which is different from the clinical
diagnosis in this proband. The NMNATI:c.-57G>A vari-
ant was found in an individual with macular dystrophy
that carries in trans an extremely rare missense variant
(Table 2) for which in silico predictions (REVEL score =
0.797) support a pathogenic effect.

Changes in secondary structure were predicted for four
variants in genes linked to autosomal dominant (ARL3,
PAX6) and autosomal recessive (MERTK, RD3) disease
(Additional file 2: Figure S6). Given the inheritance pat-
tern and in silico predictions, a gain-of-function effect
was hypothesized for the ARL3:c.-88G>A and PAX6:c.-
44T>C variants. Both the MERTK:c.-125G>A and
RD3:c.-394G>A variants were identified in homozygous
state and found to overlap their respective TSS.

The introduction of an uORF was predicted for two
variants in the NPHP4 and RDHI12 genes. In contrast to
the uORF created by the RDHI12:c.-123C>T variant, the
one introduced by the NPHP4:c.-21C>T variant is out-
of-frame and overlaps the CDS. Although no segregation
could be established for this case with non-syndromic
rod-cone dystrophy, an ultra-rare missense NPHP4 vari-
ant of uncertain significance (REVEL score = 0.328) was
found exclusively in this individual (Table 2).

Only one variant in a gene linked to dominant dis-
ease (PRPF4) was predicted to affect the primary Kozak
consensus sequence. The PRPF4:c.-6C>T variant results
in a transition to a less frequent nucleotide at this posi-
tion within the Kozak consensus sequences derived from
the IRD gene isoforms selected in this study (Additional
file 2: Figure S7). This variant was found in a sporadic
case with rod-cone dystrophy and clinical signs of Bar-
det-Biedl syndrome in which 2 likely pathogenic vari-
ants have been identified in the IFT140 gene (Additional
file 1: Table S15); segregation analysis was not possible to
establish the phase of any of these alleles.

Downstream functional analyses support

the pathogenicity of the MERTK:c.-125G>A,
PRPF31:c.-9+1G>T, and RDH12:c.-123C>T variants

Five of the variants (ARL3:c.-88G>A, MERTK:c.-125G>A,
PAX6:c.-44T>C, PRPF31:c.-9+1G>T, RDHI12:c.-123C>T)
were selected for functional validation to showcase a rep-
resentative selection of different experimental approaches
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that can be used to validate 5’UTR variation. Depending
on the tissue-specific gene expression and availability of
patient material, we conducted either in vitro evaluation
in ARPE-19 (dual luciferase assays or overexpression) and
K562 cells (splicing minigene assays), or mRNA expres-
sion analysis in patient-derived material (whole blood or
lymphocyte cultures) (Fig. 4A).

The RDH12:c.-123C>T and MERTK:c.-125G>A vari-
ants were found to result in a significant decrease in
luciferase activity (Fig. 4B). To further elucidate the
underlying mechanism, Renilla mRNA expression
analysis was performed. Relative Remnilla luciferase
mRNA levels remain unchanged for RDH12:c.-123C>T,
whereas a significant decrease was observed for
MERTK:c.-125G>A (Fig. 4C), hence suggesting a trans-
lational and a transcriptional effect for these variants,
respectively.

Taking advantage of the expression of ARL3 and
PRPF31 in accessible tissues, we could interrogate
functionally the identified variants in these genes using
patient-derived material. In particular, we conducted
qPCR-based quantification of ARL3 mRNA abundance
in lymphocyte cDNA from the two affected siblings in
whom we identified the ARL3:c.-88G>A variant and
six healthy controls. No significant differences were
observed in ARL3 mRNA abundance between the
affected carriers and controls (Fig. 4D; Additional
file 2: Figure S8). Interestingly, ARL3 expression lev-
els were slightly higher in the patient samples derived
from the lymphocyte cultures treated with puromycin,
a translation inhibitor used to suppress nonsense-medi-
ated mRNA decay, compared to the corresponding
untreated samples and controls. Therefore, although
the ARL3:c.-88G>A variant was not predicted to affect
splicing, we also performed Sanger sequencing on
the cDNA derived from the puromycin-treated and
untreated patient lymphocyte cultures. Neither splic-
ing defects nor allele-specific expression were observed
(data not shown).

(See figure on next page.)
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Regarding the PRPF31:c.-9+1G>T variant, RT-PCR
on RNA isolated from patient and control human blood
and K562 cell lines revealed abnormal splicing patterns
for the patient compared to the control samples (Addi-
tional file 2: Figure S9A). In addition to the wild-type
transcript, the patient sample contained a smaller prod-
uct lacking the 3’end of exon 1. This is in line with the
SpliceAl in silico predictions suggesting activation of a
cryptic splice donor site at position -44 relative to the
variant (Additional file 3: Dataset S1). These findings
were also confirmed using an in vitro minigene splicing
assay (Additional file 2: Figure S9B). In view of the nega-
tive results obtained for the PAX6:c.-44T>C and ARL3:c.-
88G>A variants, the phenotypes of patients F9 and F10
were re-evaluated. Neither anterior segment abnormali-
ties nor other clinical presentations compatible with a
PAX6-related disease were observed in patient F9 or her
affected relatives. Regarding F10, re-evaluation of one of
the affected siblings revealed an acquired vascular ocular
condition instead of an IRD.

The RDH12:c.-123C>T 5’UTR variant is found always in cis
with the p.Arg234His hypomorphic allele and results
in reduced RDH12 protein levels
We identified the RDHI2:c.-123C>T variant in one
solved case from the GE cohort characterized by bi-allelic
RDHI12 coding variants (c.[701G>A];[c.735_743del],
p.[Arg234His]; [Cys245_Leu247del]). The 5UTR vari-
ant, reported as VUS in ClinVar, was found in cis with the
p.Arg234His allele (REVEL score = 0.555). Further evalua-
tion of this 5’UTR variant in 10 additional RDH2 bi-allelic
patients from 8 families carrying the p.Arg234His variant
revealed that the c¢.-123C>T and p.Arg234His variants
always form a complex allele (Additional file 1: Table S16).
This was also shown for 7 carriers of the p.Arg234His vari-
ant affected by other pathologies (data not shown).

Here, we report the first patient who is homozygous
for the RDHI2: c.[-123C>T];[701G>A] complex allele
(Additional file 1: Table S16). Compared to other patients

Fig. 4 Functional evaluation of candidate pathogenic 5'UTR variants in the ARL3, MERTK, PAX6, and RDH12 genes. A Various approaches were

used for functionally evaluating candidate variants, including in vitro studies (dual luciferase reporter assays and overexpression) and experiments
with clinically-accessible tissues (expression analysis in patient-derived lymphocytes). B Results from the luciferase assays for the MERTK:c-125G>A,
PAX6:c.-44T>C, and RDH12:c.-123C>T variants. The bar plot shows, for each variant, the fold change (FC) of the luciferase reporter level relative

to the level of their corresponding wild-type (WT) construct luciferase vector (FC = 1). The RDH12:c.-123C>T and MERTK: c-125G>A variants resulted
in significant (p < 0.001) decrease in luciferase activity (~92% and ~99%, respectively). C Relative Renilla luciferase mRNA levels were significantly
decreased (~42%, p<0.01) for the MERTK:.c-125G>A variant while they remain the same for the RDH12:c-123C>T variant when normalized

to mRNA of Firefly luciferase and compared to their corresponding wild-type (WT) construct luciferase vectors. D gPCR quantification of ARL3
mRNA abundance in lymphocyte cDNA of two affected siblings carrying the ARL3:c-88G>A novel variant and six healthy controls. No significant
differences were observed in ARL3 mRNA abundance between the affected carriers and controls. Data presented as the mean of biological
replicates within each group + their corresponding standard deviation. E-F Using an overexpression setting, the RDH12:c-123C>T variant

was shown to result in E unaltered mRNA levels but F significantly reduced (~73%, p < 0.01) RDH12 protein levels



Duenas Rey et al. Genome Medicine (2024) 16:7 Page 14 of 21

luciferase activity N
5UTR Renilla /> (RDH72, MERTK, pr6) . Lymphocyte culture
o8 I
/" "\
Firefly \* luciferase mRNA
. QLS fresh blood
Dual luciferase relative abundance e
assay (RDH12, MERTK) P
ARPE-19 cell culture
\> UORF PORF A
Western blot RNA RT-PCR mRNA expression analysis
Overexpression ]
P (RDH12) (PRPF31) (ARL3)
1.00 ==
2.00 2.00 *
*
g 5
075 8 . 2
0 150 9 150 .
2 3 :
I T . ]
< <
O 050 Z : Z T
s % 1.00 T € 1.00 l
2 : g ;
k] ' - s
o ©
0.25 & 0.50 & 050
0.00 —e——f— ﬂ 0.00 0.00
MERTK PAX6 RDH12 MERTK MERTK RDH12 RDH12 ARL3 ARL3 ARL3
c-125G>A  c-44C>T  c-123C>T wT c-125G>A wT 6-123C>T Wt .-88G>A .-88G>A
(Puromycin-treated)
*
E . F —
.‘, . 1.20 :
f = c
% 1.00 l % T
2 kDa RDH12:WT RDH12:c.-123C>T g J
il ’ i o.80
< 37 c o
4 — . — RDH12 o
4 5
x pLg— a
2 050 o
= 50 s et — — — —— — — B-tubulin K
S T 040
o ©
0.00 0.00
RDH12 RDH12 RDH12 RDH12
wT 6-123C>T wWT -123C>T

Fig.4 (See legend on previous page.)

carrying the 5’UTR variant in trans with a null RDHI2  decade of life, foveal sparing maculopathy with a circum-
allele [100], patient F21 presents with a milder pheno- scribed area of atrophy within the vascular arcades, with-
type (mild decreased acuity (20/25 OD and OS) in fourth  out a nasal component.



Duenas Rey et al. Genome Medicine (2024) 16:7

The ¢.-123C>T variant is predicted to introduce an
uAUG into a strong Kozak consensus sequence that is
in-frame with a stop codon located 75 nucleotides down-
stream in the 5’UTR. In view of the results obtained in
the luciferase assays and the predicted uORF-introduc-
ing effect of the 5’'UTR variant, we further inspected
the potentially exclusive effect at the translational level
by assessing RDH12 mRNA abundance and protein lev-
els in an overexpression setting. Although we could not
confirm translation of the 25-amino-acid-long peptide
predicted to be encoded by the uORF by co-immuno-
precipitation (data not shown), we observed unaltered
mRNA but significantly (p < 0.05) reduced RDH12 pro-
tein levels, thereby providing further evidence for a post-
transcriptional or translational effect (Fig. 4E, F) which
was already suggested by the mRNA evaluation in the
luciferase assays.

Discussion

Given the emerging role of non-coding variation under-
lying IRDs [46, 49, 52-55] and the essential regulatory
function of 5UTRs [2, 6], we set out to evaluate their
contribution to this heterogeneous group of disorders
by analyzing, systematically annotating, filtering, and
prioritizing 5'UTR variants in two large IRD cohorts in
combination with different experimental approaches for
functional validation.

Thus far, only a few studies have implicated 5UTR
variation in the molecular pathogenesis of IRD cases
[49, 53, 54]. Our retrospective analysis of 5'UTR vari-
ants in IRD genes listed in the ClinVar database [67]
revealed that as many as 58% of all variants have been
classified as VUS. A large fraction of the underrep-
resentation of (likely) pathogenic 5'UTR variants in
clinical databases can be explained by their exclusion
from downstream tiering pipelines, which prioritize
variants with protein-altering consequences and hence
neglect the potential impact of 5"UTR variants [101].
Furthermore, the identification of these variants is not
always feasible by means of commercial exome enrich-
ment platforms, in particular when variants are found
within 5’UTR exons that are not part of or proximal to
the first protein-coding exon [19]. Here, we show that
the enriched 5’"UTR fraction is highly dependent on the
WES capture kit used and ranges from 7 to 39%. Over-
all, as previous studies have also argued [102-104], our
analysis underscores the diagnostic value of re-ana-
lyzing exome data, in which causative variants might
already be present but previously disregarded.

Furthermore, the identification of the genetic defects
underlying IRDs is greatly impacted by the inherent
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complexity of the retinal transcriptional landscape.
Variants in retina-enriched isoforms and tissue-specific
mis-splicing have been shown to be important molecu-
lar mechanisms underpinning disease pathogenesis and
phenotypic heterogeneity [105-109]. As gene isoforms
can display differential 5’UTRs that can result in differ-
ential translational efficiencies [110], we performed a
transcript-level re-analysis of retinal expression data to
obtain a relevant selection of 5UTRs of IRD genes for
downstream variant analysis. We identified 76 IRD genes
with alternative isoforms exhibiting retinal expression
levels higher than their respective canonical isoforms, of
which 20 displayed a fully distinct 5’UTR. This analysis
also found the recently identified photoreceptor-specific
non-canonical CRBI isoform, which bears a unique
5UTR exon [111]. Similarly, we confirmed the retinal
enrichment of an alternative RIMS2 isoform containing
an unconventional 5UTR exon, which has been shown
to be photoreceptor-specific and functionally conserved
in mouse (Del Pozo-Valero et al., unpublished data). By
revealing that a significant fraction of IRD genes express
alternative retinal isoforms, our analysis highlights the
importance of isoform-aware variant annotation for ade-
quate interpretation.

To aid the assessment of 5’UTR variant pathogenic-
ity, in silico tools have recently been developed, with an
emphasis put on uORF-perturbing variants [20, 26]. A
systematic characterization of this class of 5'UTR variants
showed that they are subject to strong negative selection,
which could even be equivalent to that observed against
missense variants [11]. However, thus far, these tools do
not provide comprehensive annotations of all possible
effects 5’"UTR variants can exert [8]. Here, we designed
an integrative annotation of 5’'UTR-informative features
and built a prioritization strategy combining family and
phenotypic data to increase the probability of identify-
ing potential pathogenic 5UTR variants. Although we
performed these analyses in IRD cohorts, the features
evaluated and the methods presented in this study can be
extrapolated and applied in any setting involving clinical
interpretation of 5’UTR variation.

We prioritized 11 candidate pathogenic 5’UTR vari-
ants. The great majority of these variants (7/11) have
not been reported before, most likely due to their
exclusion from routine prioritization pipelines and
subsequent clinical interpretation [101]. These 11 vari-
ants were assigned to 5 of the 7 categories we defined
to classify their potential functional consequences, thus
reflecting the diversity in predicted functional effect.
Of note, the majority (4/11) was predicted to have
an effect on splicing which, in line with our analysis
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revealing that almost one third of all IRD genes have
their 5’UTRs spliced, supports that these regions are
also susceptible to disease-causing splicing defects. In
this regard, we cannot rule out other potential spliceo-
genic 5’"UTR variants not covered in this study, such
as those affecting splicing regulatory elements [112]
or those located further from the defined near-splice
sites. Notably, we also provided a set of filtered anno-
tated 5’"UTR variants with in silico predictions pointing
to a pathogenic effect that were not prioritized as can-
didates due to inconsistent genotypes or phenotypes in
the patients evaluated. Therefore, we cannot dismiss
the possibility that these variants can have a patho-
genic effect when present in the right context, e.g., in
trans with a second pathogenic allele in a gene linked
to recessive disease. Additionally, we cannot discard
that other 5’UTR variants identified in these patients
might also affect 5’UTR function through mechanisms
that were not included in the proposed strategy, such as
the disruption of DNA/RNA binding protein motifs or
other transcription regulatory elements found within
these regions [113].

Given the particular importance of providing func-
tional evidence to support the pathogenicity of variants
located within non-coding regions, we evaluated the
predicted functional consequence of five candidate vari-
ants. Despite the extreme rarity and disease co-segrega-
tion of the PAX6:c.-44T>C variant, which was predicted
to affect its secondary structure, both the lack of func-
tional evidence and the unusual phenotype established
upon clinical re-evaluation indicate that this variant is
not explaining the phenotype. Although predictions did
not point to a splicing effect, aberrant splicing cannot be
ruled out using our luciferase approach.

Likewise, we could not confirm the predicted effect
of the ARL3:c.-88G>A variant using accessible patient-
derived material. The sibling of the proband was con-
sidered not affected by an IRD during the course of this
study, indicating that the variant is either not causa-
tive, incompletely penetrant, or simply a recessive allele.
Interestingly, a phenotype similar to that of the proband
has been associated with a pathogenic variant in this
gene [114], which could suggest that this variant exerts
a retina-specific effect that cannot be evaluated with the
current experimental setting. Besides, although our pre-
dictions did not point to a post-transcriptional effect for
this variant, we cannot rule out this possibility. Never-
theless, it is important to note that in this case, both sib-
lings have been studied by WES, but were not tested for
known deep-intronic and structural variants. Therefore,
and given the eventual lack of disease co-segregation,
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before proceeding with further functional characteriza-
tion of the ARL3:c.-88G>A variant, WGS could be per-
formed to confirm or rule out such variants. Altogether,
these results highlight the need and potential limitations
of experimental assays to validate the functionality of
non-coding variants.

The wuse of patient-derived material, however,
allowed us to support the splicing defect exerted by
the PRPF31:c.-9+1G>T variant, which had also been
reported by Liu et al. (2008) [98]. Here, this de novo vari-
ant provided a molecular diagnosis in accordance with
the clinical presentation in a patient with previous incon-
clusive genetic testing results.

We could provide another novel molecular diagnosis
in a patient with severe early-onset retinal dystrophy that
remained unsolved after WGS screening. This individ-
ual was found to be homozygous for the extremely rare
¢.-125G>A variant in MERTK. This variant is an exam-
ple of the 336 variants that were assigned to more than
one functional category. In particular, as a large fraction
of these variants, both a change in the secondary struc-
ture and an overlap with a transcription start site were
predicted. Interestingly, these sites have been shown to
exhibit a high propensity to form stable secondary struc-
tures [115], which could explain the overrepresented
combination of these two categories that support an
effect at the transcriptional level. Indeed, a drastic reduc-
tion of luciferase activity accompanied by decreased
relative Renilla luciferase mRNA levels confirmed the
hypothesized transcriptional effect of the variant, which
is consistent with a loss of function of MERTK. To our
knowledge, this is the first reported disease-causing
5'UTR variant in MERTK.

One of the candidate pathogenic 5UTR variants was
found in a case solved with bi-allelic RDH12 coding vari-
ants, namely the p.Arg234His hypomorphic missense
[97, 100, 116] and the p.Cys245_Leu247del in-frame vari-
ants. The identified c.-123C>T 5’'UTR variant was found
in cis with p.Arg234His, both in this case as well as in
10 additional RDH12 bi-allelic patients screened for this
5’'UTR variant, with one of them being homozygous for
this complex allele. The pathogenicity of p.Arg234His has
been questioned in view of functional assays revealing
RDH12 protein levels and catalytic activity comparable
to the wild-type or polymorphic alleles, respectively [96].
We therefore hypothesized a pathogenic effect exerted
by the RDHI12:c.-123C>T variant as part of this complex
allele. This 5’UTR variant was predicted to introduce an
upstream start codon (UAUG) into a strong Kozak con-
sensus, thereby creating an uORF. Given that ribosomes
would first encounter and start translating from this
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Fig. 5 Proposed pathogenetic mechanism of the RDH12: c[-123C>T];[701G>A] complex allele. Graphical representation of the RDH12 wild-type
allele (top) and the RDH12 complex allele harboring the c.701G>A (p.Arg234His) and the c.-123C>T variants (bottom). The 5'UTR variant
introduces an upstream start codon into a strong Kozak sequence which can be recognized by ribosomes. Either initiation or active translation
of the introduced upstream open reading frame (UORF) results in lower translational efficiency of the primary open reading frame (pORF). As
aresult, there is a decreased level of RDH12 protein with the arginine-to-histidine amino acid substitution at position 234 (blue point)

gained uAUG, we hypothesized that this variant would
decrease normal RDH12 translation and thus result in
lower protein levels. Furthermore, this variant has been
argued to affect the function of an alternative promoter
of RDH12 based on the observed decreased activity in a
luciferase reporter assay [52]. Importantly, this experi-
mental setup did not include comparison between mRNA
levels and luciferase protein activity and was therefore
unable to pinpoint at which level the effect occurs. Here,
using a dual luciferase assay with the 5"UTR instead of
the genomic sequence, followed by downstream evalua-
tion at both the mRNA and protein level, we confirmed
the hypothesized uORF-mediated effect. We tested this
hypothesis further using an overexpression setting and
demonstrated unaltered mRNA but significantly reduced
RDHI12 protein levels, hence confirming the translational
effect of RDHI12:c.-123C>T variant. Although we could
not obtain experimental evidence supporting the transla-
tion of the uORF-encoded peptide, which might suggest
its instability, we cannot rule out alternative mechanisms
such as ribosome stalling [9]. However, further stud-
ies are needed to confirm this hypothesis. Overall, our
results indicate that not p.Arg234His alone, but rather
the combination of p.Arg234His and c.-123C>T, or even
c.-123C>T by itself, is disease-causing (Fig. 5).

Conclusions

5UTRs are essential modulators of post-transcrip-
tional and translational control. Even though they can
be captured by WES to a large extent, variants within
these regions are typically overlooked in both research
and routine clinical settings, mainly due to their chal-
lenging interpretation. In this study, we developed a

systematic strategy to comprehensively annotate and
prioritize 5’UTR variants in IRD genes. This strategy
combined with functional studies allowed us to pinpoint
5’UTR variants providing either novel molecular diag-
noses or the full picture explaining the pathogenicity
of previously reported hypomorphic variants. Overall,
in this study, we highlight the importance of multi-lay-
ered annotation and validation of non-coding variation
potentially underlying disease and provide a 5UTR
interpretation approach that could be extrapolated to
other rare diseases.
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