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Abstract: Retinitis pigmentosa (RP) is a heterogeneous inherited retinal disorder. Mutations in KIZ
cause autosomal recessive (AR) RP. We aimed to characterize the genotype, expression pattern, and
phenotype in a large cohort of KIZ cases. Sanger and whole exome sequencing were used to identify
the KIZ variants. Medical records were reviewed and analyzed. Thirty-one patients with biallelic
KIZ mutations were identified: 28 homozygous for c.226C>T (p.R76*), 2 compound heterozygous
for p.R76* and c.3G>A (p.M1?), and one homozygous for c.247C>T (p.R83*). c.226C>T is a founder
mutation among patients of Jewish descent. The clinical parameters were less severe in KIZ compared
to DHDDS and FAM161A cases. RT-PCR analysis in fibroblast cells revealed the presence of four
different transcripts in both WT and mutant samples with a lower percentage of the WT transcript
in patients. Sequence analysis identified an exonic sequence enhancer (ESE) that includes the c.226
position which is affected by the mutation. KIZ mutations are an uncommon cause of IRD worldwide
but are not rare among Ashkenazi Jews. Our data indicate that p.R76* affect an ESE which in turn
results in the pronounced skipping of exon 3. Therefore, RNA-based therapies might show low
efficacy since the mutant transcripts are spliced.

Keywords: clinical manifestation; exonic sequence enhancer; gene expression; retinal disease

1. Introduction

Inherited retinal diseases (IRDs) are a heterogenous group of ocular disorders char-
acterized by the degeneration and dysfunction of photoreceptor cells leading to vision
impairment. There are more than 50 major types of IRDs, among which retinitis pigmentosa
(RP, OMIM 268000) is considered one of the most genetically and clinically heterogeneous
diseases in humans [1–4]. Population-based analysis indicated that 1 in 4000 individuals
are affected by RP worldwide [5]. RP is characterized by significant variability among
patients [6–8], with many exhibiting the classic symptoms such as impaired dark adaptation
and night blindness during adolescence and loss of mid-peripheral visual field during
young adulthood, both attributed to rod dysfunction [9]. As the disease progresses, patients
suffer the loss of far peripheral vision, eventually developing tunnel vision, and ultimately
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experiencing the compromise of the central vision due to cone impairment in the later
stages of life [5].

The ocular phenotype of RP follows a Mendelian pattern of inheritance where 15–25%
are autosomal dominant, 35–50% are autosomal recessive (AR), and 7–15% are X-linked [10].
Pathogenic variants in over 60 genes are responsible for RP [1]. A unique group of genes that
are associated with IRDs are those encoding proteins that are involved in the morphogenesis
and function of the photoreceptor sensory cilia, a microtubule-based organelle coordinating
various cellular processes [11–13]. Pathogenic variants in cilia-related genes result in retinal
ciliopathies including Leber congenital amaurosis (LCA), RP, macular degeneration, cone-
dystrophy, and cone-rod dystrophy [14]. Among these genes, KIZ was reported in 2014
to cause ARRP due to biallelic pathogenic variants [15]. To date, only seven additional
publications reported biallelic KIZ mutations in IRD patients (Table S1) [16–24]. The most
commonly-reported KIZ pathogenic variant is c.226C>T (p.R76*), a nonsense mutation
leading to a premature termination codon (PTC) in exon 3. This variant has been reported in
18 patients with biallelic mutations, among whom seven subjects were previously included
in a comprehensive analysis of IRD cases reported by us [20]. The current study will
focus on further investigating this particular variant. For eight additional patients, clinical
analysis was reported [15,16,22], and is largely in-line with the phenotypic spectrum of
ARRP. The KIZ gene encodes the centrosomal protein kizuna that is expressed in the
primary cilia and functions by stabilizing as well as strengthening the pericentriolar region
prior to spindle formation, thus playing a vital role in cell cycle progression [25]. The human
KIZ gene shows high expression levels in the retina, while lower levels were detected in
the retinal pigment epithelium (RPE), fibroblast cell-lines, and white blood cells [15]. In
addition, transcriptomic analysis revealed the presence of the mouse ortholog (Plk1s1)
in rod photoreceptors and reduced Plkls1 expression was evident in a rd1 mouse model
exhibiting photoreceptor degeneration [15,17].

The current study includes clinical information on 31 RP patients harbouring biallelic
KIZ mutations, the most common of which is c.226C>T (p.R76*) identified in 58 of the
62 (93.5%) mutated alleles. In addition, through gene expression analysis conducted on skin
fibroblasts of WT individuals and patients carrying this mutation (c.226C>T), we provide
evidence suggesting a dual mutational mechanism that potentially impacts the efficiency
of RNA-based treatment modalities.

2. Materials and Methods

Please see Supplementary Materials for a full description of the methods used in
this study.

2.1. Recruitment and Clinical Analyses

Participants were recruited from Hadassah Medical Center, Tel Aviv Medical Cen-
ter, and Rambam Medical Center, Israel. Ethical approval was obtained at individual
Institutional Review Boards. The tenets of the Declaration of Helsinki were followed.
Participants provided written informed consent after receiving an explanation about the
study and its possible consequences before donating the blood sample. The ophthalmic
evaluation included a full ophthalmological examination, Goldmann perimetry (using
Humphrey or Octopus systems), full field electroretinography (FFERG) according to the
ISCEV standard [26] (using LKC or Diagnosys systems), colour vision testing using the
Ishihara 38-panel and Farnsworth–Munsell D-15 tests, and colour, autofluorescence and
OCT imaging using Optos Silverstone, Optos California, TOPCON, Eidon and Heidelberg
Spectralis systems. The clinical assessment of the KIZ patients encompassed visual acuity
(VA) testing (25 cases), refraction (12), visual fields (10), funduscopy (15), optical coherence
tomography (OCT-12), electroretinography (ERG-14), and electro-oculography (EOG-6).
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2.2. Statistical Analysis

A principal component analysis (PCA) of the clinical parameters was performed using
RStudio. PCA is a dimensionality reduction method that can translate n variables into n
orthogonal linear combinations of those variables. Those linear combinations preserve the
total variance. The first linear combination, PC1, is the linear combination with the greatest
sample variance among all n possible linear combinations. The second principal component
(PC2) is defined as the linear combination that accounts for a maximal proportion of the
remaining variance subject to being uncorrelated with the first principal component and so
on. In the current study, we analysed the following seven variables by PCA: disease onset
age, age of presentation, rod response, cone flicker amplitude, a-wave cone-rod response,
b-wave cone-rod response, and slope of best-corrected visual acuity (BCVA) with age. The
Tukey multiple comparisons of means analysis was used to examine the difference between
each group to all other groups in a pair-wise comparison.

2.3. Genetic Analyses

DNA was extracted by the Maxwell DNA purification kit (Promega, Madison, WI,
USA). Whole exome sequencing (WES) was performed on genomic DNA samples at Pronto
Diagnostics Inc. (Tel Aviv, Israel) using Agilent SureSelect Human All Exon V4 kit, Vari-
antyx Ltd. (Framingham, MA, USA) using Agilent SureSelect v6 on NovaSeq Illumina,
and 3 billion using IDT xGen Exome Research Panel V2. The alignment of the NGS fastq
files was performed using the Galaxy platform (https://galaxyproject.org, accessed on
18 June 2024). The reads were initially aligned to hg19 using HISAT2 aiming to identify
the transcripts present in the analysis, followed by Bowtie2 alignment to a custom-made
fasta reference file containing the different transcripts. BAM files were viewed by IGV
and the number of reads representing each transcript was tabulated. Variant files were
annotated using ANNOVAR according to the dbSNP database as well as using the Genoox
platform (https://franklin.genoox.com/, accessed on 18 June 2024) with the following
filtering steps: (1) Variants in known IRD genes that are located within homozygous regions
were analysed prior to any other analysis; (2) All variants in known IRD genes (based on
RetNet https://sph.uth.edu/retnet/, accessed on 18 June 2024) were analysed; (3) Variant
type: Missense, nonsense, splice-site, stop-loss, insertions, and deletions in the coding
region were included; (4) Variants with minor allele frequency (MAF) greater than 1.0%
in the gnomAD database (https://gnomad.broadinstitute.org, accessed on 18 June 2024)
were excluded; (5) The prediction of the possible effect of each variant was analysed by
3 prediction online programs SIFT (http://sift.jcvi.org/, accessed on 18 June 2024), Muta-
tionTaster (https://www.mutationtaster.org/, accessed on 18 June 2024), and PolyPhen2
(http://genetics.bwh.harvard.edu/pph2/, accessed on 18 June 2024). All the suspected
pathogenic variants were validated by Sanger sequencing of PCR products. The cDNA
was synthesized using the qPCRBIO cDNA Synthesis Kit (PCRBIOSYSTEMS). The RT-PCR
products were treated by ExoSAP and underwent library preparation for NGS based on
commercial recommendations (Illumina, San Diego, CA, USA).

2.4. Extraction of RNA and cDNA Synthesis

The total RNA was isolated from the confluent fibroblast cells using the RNeasy mini
kit (Qiagen, Hilden, Germany). Following RNA isolation, cDNA was synthesized using
the qScript™cDNA synthesis kit (Quantabio, Beverly, MA, USA). The total RNA was
also isolated from the WT mouse retina (C57B6/J, 1–2 months old) and WT sheep retina
(6 months old) that were placed in RNAlater until processing. The RNA was isolated using
a Trizol (TRI-reagent)-based RNA extraction method immediately followed by DNase
treatment (Thermofisher Scientific, Waltham, MA, USA) and the cDNA was synthesized
using the QuantaBio cDNA synthesis kit.

https://galaxyproject.org
https://franklin.genoox.com/
https://sph.uth.edu/retnet/
https://gnomad.broadinstitute.org
http://sift.jcvi.org/
https://www.mutationtaster.org/
http://genetics.bwh.harvard.edu/pph2/
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2.5. RT-PCR and Next Generation Sequencing (NGS)

The following primers were designed using Primer3 (https://bioinfo.ut.ee/primer3
-0.4.0/, accessed on 18 June 2024) to amplify the human KIZ fragment including exons
2 to 5 by RT-PCT: Forward primer-5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
aaagaagagattggacctgg-3′, Reverse primer-3′-GTCTCGTGGGCTCGGAGATGTGTATAAGA-
GACAG ggctatcttttgagcatagc-5′. The uppercase letters represent NGS adapters, and the
lowercase letters represent the KIZ specific sequence. The designed primer sequences were
linked to a universal adapter sequence to facilitate the indexing of each sample before NGS.
RT-PCR was carried out using 2X PCRBIO Taq mix red (PCR Biosystems, London, UK).
The products were loaded on an agarose gel to visualise the expression pattern of KIZ. In
addition, gel densitometry analysis was carried out using ImageJ software (Version number
1.53k). Further, the RT-PCR products were treated by ExoSAP followed by either Sanger
sequencing or library preparation for NGS that was based on commercial recommendations
(Illumina, San Diego, CA, USA). The single-reads (reads length of 150 bp) were sequenced
using Illumina NextSeq500 with an average of >100,000 reads per sample. Following
sequencing, the NGS fastq files were aligned using Usegalaxy (https://galaxyproject.
org, accessed on 18 June 2024). The files were uploaded to the program and initially
groomed using Fastq Groomer followed by Bowtie2 alignment to a custom-made fasta
reference file containing the different transcripts. The generated BAM files were viewed
by IGV and the number of reads representing each transcript was tabulated. Further, the
percentage of reads corresponding to each transcript was calculated. The following primer
pair was used to amplify both the mouse and sheep KIZ fragment (453 bp including the
NGS adapters) by RT-PCR: KIZ F-5′-AAAAGAAGAGATTGGACCTG-3′ and KIZ R-5′-
CAACAATCTTTATGGGCCGC-3′. The PGK (NM_008828.3) expression was used as an
endogenous control with the following primers: Pgk1-E3F-5′-GATCAAGGCTGCTGTTCCA
and Pgk1-E5R-5′-GCAGTCCCAAAAGCATCATT.

2.6. Exonic Splicing Enhancer Sequence (ESE) Analysis

Putative ESE sequences in exon 3 of the control sequence were identified using the
online program ESEfinder 3.0 (http://krainer01.cshl.edu/cgi-bin/tools/ESE3/esefinder.
cgi, accessed on 18 June 2024) [27]. Each predicted ESE sequence was recognized by a
Serine/Arginine-rich splicing factor (SRSF) and the tool provides a score for each suspected
ESE. Based on the inbuilt algorithm, the thresholds obtained for SRSF1, SRSF2, SRSF5, and
SRSF6 are 1.956, 2.38, 2.67, and 2.676 respectively. Predicted sequences holding a threshold
higher than the above-mentioned values are suggested to be a potential ESE sequence.
The present study has included only the highest scored ESE sequence including the c.226
position. In addition, the mutant sequence was also fed into the program to determine if
the mutation had an effect on the potential ESE by projecting a score below the threshold.

3. Results
3.1. Clinical Evaluation of KIZ Patient

Our cohort of IRD cases within the Israeli and Palestinian populations comprises
839 families affected by RP (with 1163 recruited patients). Using various genetic analysis
tools (such as Sanger sequencing of founder mutations, whole exome sequencing-WES, and
mutation panels), we identified 30 families with RP (Table 1 and Figure S1), including 31 RP
patients harbouring biallelic pathogenic variants in KIZ. In addition, we have identified
three other siblings affected by RP who have not yet been recruited to this study. The most
common mutation was c.226C>T (p.R76*) that we identified homozygously in 27 families
(28 patients) and heterozygously in two families (2 patients) in trans with c.3G>A (p.M1?).
Both mutations have been previously reported (Table S1). In addition, we identified one
index case who was homozygous for a novel variant, c.247C>T (p.R83*).

https://bioinfo.ut.ee/primer3-0.4.0/
https://bioinfo.ut.ee/primer3-0.4.0/
https://galaxyproject.org
https://galaxyproject.org
http://krainer01.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi
http://krainer01.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi
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Table 1. Detailed information regarding the 30 identified families with biallelic KIZ mutations.

Family Number Origin Consanguinity Mutation 1 Mutation 2 No. Affected
Recruited

No. Affected-Not
Recruited

MOL0289 Turkish Jew No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

MOL0336 NAJ 2:3 c.226C>T, p.R76* c.226C>T, p.R76* 1 0

MOL0445 NAJ No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

MOL0588 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 1

MOL0610 ASH 3:3 c.226C>T, p.R76* c.226C>T, p.R76* 1 0

MOL0845 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

MOL1015 ASH/Turkish Jew No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

MOL1156 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

MOL1236 AM 2:2 c.247C>T, p.R83* c.247C>T, p.R83* 1 0

MOL1329 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

MOL1440 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 2 0

MOL1523 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

MOL1605 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 1

MOL1621 ASH/Iraqi Jew No c.226C>T, p.R76* c.3G>A, p.M1? 1 1

MOL1663 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

MOL1684 ASH 3:3 c.226C>T, p.R76* c.226C>T, p.R76* 1 0

MOL1689 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

MOL1720 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

MOL1819 NAJ No c.226C>T, p.R76* c.3G>A, p.M1? 1 0

MOL2026 NAJ No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

TB240 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

TB244 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

TB338 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

TB675 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

TB711 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

TB736 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

TB928 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

TB980 NAJ No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

TB1044 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

TB1212 ASH No c.226C>T, p.R76* c.226C>T, p.R76* 1 0

NAJ—North-African Jews, ASH—Ashkenazi Jews, AM—Arab Muslim.

With an objective to study the retinal clinical features associated with KIZ-related
RP, we collected clinical data from 25 patients (Table S2). No consistent involvement of
organs other than the eye was identified in this cohort, suggesting that KIZ is associated
predominantly with nonsyndromic RP.

The VA metrics collected in 26 KIZ subjects showed that most patients maintain
relatively good vision through the 6th decade of life. Up to the age of 50 years, all patients
but one had VA > 0.3 and two patients above the age of 60 years had VA > 0.6 (Table S2 and
Figure 1A). All patients exhibited unremarkable anterior segments and any cataractous
changes were mild: notably, the youngest patient with a cataract was 29 years old. In our
cohort, only two patients underwent cataract surgery, at the ages of 44 and 56 years. Data
on refractive error was available for 12 patients with variable values ranging from myopic
to hyperopic correction along with variable astigmatism (Table S2). Among our cohort, the
visual fields (n = 10) were affected relatively early in the course of the disease, and visual
field testing showed the progression from multiple scotomas to the severely restricted,
tunnel vision typical for advanced RP. Fundus findings ranged from very mild to a typical
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RP-like appearance (Figure 2). Seven patients had minimal funduscopic changes which
included subtle attenuation of the retinal vessels and fine mottling of the RPE. On fundus
autofluorescence (FAF) of these eyes, hypoautofluorescent spots and patches surrounding
the arcades along with a hyperautofluorescent ring in the macular area were noted. One
of the patients (MOL1605-1 in Figure 2) had a pigmented lesion, which appeared to be
not related to the rest of the findings, and the position close to the optic nerve seemed to
not affect the VA as well as the retinal architecture. Eight other patients exhibited retinal
findings consistent with RP, including bone spicule-like pigmentation, vessels attenuation,
and a waxy pallor of the optic disc. These changes were more easily discernible on FAF
imaging accompanied by a hyperautofluorescent ring in the macular region. OCT was
performed on 12 patients demonstrating a reduction in the outer nuclear layer (ONL)
thickness and a small island of ellipsoid zone (EZ) preservation in the fovea (Figure 2). Six
patients presented with an epiretinal membrane (ERM) which did not appear to affect their
vision. Two patients had cystoid macular oedema (CME) with a good response to carbonic
anhydrase inhibitors.
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Figure 1. Graphs showing the decline of visual acuity (A) and ERG responses (B–D) versus age 
(years) in KIZ patients. (A) Snellen visual acuity. The colours represent data collected from different Figure 1. Graphs showing the decline of visual acuity (A) and ERG responses (B–D) versus age
(years) in KIZ patients. (A) Snellen visual acuity. The colours represent data collected from different
patients. For some patients, only a single measurement of VA was available and is represented by a
single value, while for other patients, multiple measurements were available and were connected by
lines. (B) Cone photoreceptor function as measured in response to a white 30-Hz flicker stimulus
versus age (lower limit of normal cone 30-Hz flicker ERG amplitudes, 60 uV). (C) Dark-adapted rod
response. (D) Dark-adapted a-wave. Each point represents the average of both eyes versus age. Data
from cases with multiple data points are connected with a line. Data were collected from patients
with biallelic mutations in KIZ (green), MAK (red), DHDDS (grey), and FAM161A (yellow).
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Figure 2. Ultra-wide field pseudocolour, fundus autofluorescence (FAF), infra-red (IR), and optical 
coherent tomography (OCT) imaging in patients with retinitis pigmentosa (RP) resulting from KIZ 
mutations at different ages. See detailed description in the Supplementary Materials. The age is rep-
resented in years (y). 

Figure 2. Ultra-wide field pseudocolour, fundus autofluorescence (FAF), infra-red (IR), and optical
coherent tomography (OCT) imaging in patients with retinitis pigmentosa (RP) resulting from KIZ
mutations at different ages. See detailed description in the Supplementary Materials. The age is
represented in years (y).
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Full-field ERG (ffERG) was performed in 14 patients (Figure 1B–D), revealing a pattern
consistent with rod-cone dystrophy. Initially, at the first examination, most patients exhib-
ited measurable amplitudes which remained recordable even at the age of 75 years. Despite
the persistence of measurable amplitudes, there were observable alterations in the ERG
responses. Specifically, the cone flicker responses exhibited relatively preserved amplitudes
but delayed implicit times (Figure 1B), while the rod responses were either reduced or
completely extinguished (Figure 1C,D), consistent with the diagnosis of rod-cone dystrophy
in these patients.

To derive insight on the similarity between KIZ-related RP and other prevalent vari-
ants, we performed a comparative analysis. Pairwise t-test analysis comparing VA and ERG
responses of patients with KIZ mutations to previously described cases harbouring muta-
tions in DHDDS, FAM161A, or MAK [28,29], revealed that KIZ patients have on average
higher cone and mixed ERG responses, while the MAK group showed higher age of onset
and better VA compared to the other three groups (Figure S2). We subsequently performed
a principal component analysis (PCA) on the following clinical variables: disease onset age,
age of presentation, rod response, cone flicker amplitude, a-wave and b-wave cone-rod
responses, and the slope of best-corrected VA (BCVA) with age. The sample variances and
the variable coefficient of PC1–7 are shown in Tables S3 and S4. The analysis revealed
that PC1 accounts for 67.3% of the variability whereas PC2 explains only 12.9% of the
remaining variability. The subsequent principal components (PC3–PC7) accounted for a
variability ranging between 0.3% to 8.9%. Therefore, we used PC1 values as a measure
of disease severity to compare between four gene-based groups (Figure 3). There were
discernible differences in the PCA1 scores between 2 groups; patients with mutations in
DHDDS and FAM161A exhibited lower PCA1 scores, indicative of a more severe retinal
disease compared to patients with mutations in KIZ and MAK. EOG was performed in
6 patients, showing a reduced Arden ratio to values that were lower than those expected
by the amplitudes of the ffERG in five out of the six cases (Figure S3).
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as indicating a more severe disease. Post hoc analysis comparing each pair of genes, showing a signif-
icant difference between MAK and DHDDS (p-value = 0.017), KIZ and FAM161A (p-value = 0.018),
MAK and FAM161A (p-value = 0.002). * represents p-values between 0.01 and 0.05; ** represents a
p-value < 0.01.

3.2. Characterization of the Expression Pattern of KIZ in Patient-Derived Skin Fibroblasts

The KIZ gene generates one major transcript encompassing all the coding exons,
alongside six minor transcripts primarily characterized by the exclusion of specific exons
(Table S5). RT-PCR analysis of RNA isolated from primary fibroblast cell cultures of four
control subjects and three patients homozygous for KIZ-c.226C>T revealed the presence
of four different products (Figure 4A,B). Aiming to identify the corresponding KIZ tran-
scripts, we performed both Sanger sequencing and NGS-based sequencing that revealed
the following: Transcript 1—the full-length canonical transcript that includes all exons
that are flanked by the designed set of primer (exons 2–5), Transcript 2—skipping of exon
3 and inclusion of an alternative exon within intron 3, Transcript 3—skipping of exon 3,
and Transcript 4—skipping of both exons 3 and 4. We subsequently used gel densitometry
analysis as well as NGS analysis to measure the intensity of each band and the coverage
of each transcript as a measure of the expression level (Figure 4C,D). Surprisingly, both
analyses revealed lower expression of Transcript 1 in patients compared to controls. On
the other hand, a higher expression level was evident for transcripts 3 and 4 (Table S5 and
Figure 4C,D).

Hence, pronounced skipping of exon 3 which carries the pathogenic nonsense variant
was evident in patients compared to healthy controls. This observation indicates that the
variant may disrupt the normal splicing mechanism. It should be noted here that transcripts
2–4, in which exon 3 is skipped, are out of frame.

3.3. Identification of Exonic Splicing Enhancer (ESE) Sequences in KIZ-Exon 3

ESEs are discrete purine-rich sequences of 6–8 bps located within an exon. These short
sequences facilitate exon definition by assisting in the recruitment of splicing factors to
the adjacent intron. Changes in the ESE sequence due to mutations may affect the splicing
mechanism [30]. We hypothesized that the KIZ nonsense variant might have disrupted a
potential ESE leading to pronounced exon skipping in patients.

The analysis of exon 3 sequence using ESEfinder revealed a 7 bp sequence that is
recognized by Serine/Arginine-rich Splicing Factor 5 (SRSF5) and includes the c.226th
position (Figure 4E,F), with a higher score for the control sequence (ATACTCG-4.411)
compared to the mutant sequence (ATACTTG-2.694). The data indicates that the nonsense
variant in KIZ might affect this ESE sequence, resulting in the pronounced skipping of exon
3, as identified in primary fibroblasts of patients.

3.4. Characterization of KIZ Expression in Normal Mice and Sheep Retina

Aiming to characterize the expression of KIZ in the retina, we performed RT-PCR
analysis on RNA isolated from normal mice (n = 6) and sheep retina (n = 1). We observed
only two different transcripts: Transcript 1 corresponds to the full-length canonical tran-
script and Transcript 2 in which exon 4 is skipped (Figure S4A). NGS analysis revealed a
similar expression level of both transcripts (Figure S4B,C). In addition, a small proportion
of transcripts (only 0.10%) in which exon 3 is skipped was observed in the mouse retina
by NGS (Figure S4D). Therefore, the expression pattern obtained in the mouse and sheep
retina is very different from the one obtained in human fibroblast cells.
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Figure 4. Expression of KIZ in human fibroblast cells. (A) Schematic structure of the human KIZ gene
indicating exons that are relevant for the current analysis. The location of the c.226C>T mutation is
highlighted. (B) RT-PCR agarose gel analysis of primary fibroblast cells from four controls (C1–C4)
and three KIZ patients (P1-P3). DNA marker is denoted by “M” and negative control by NTC
(no template control). Following NGS and Sanger sequencing of the PCR products, the identity
of each fragment was determined as schematically depicted on the right. (C,D) Gel densitometry
(C) and NGS-based analysis (D) of transcripts 1, 3, and 4. Although Transcript 2 was evident in both
Sanger and NGS analyses, its expression level was extremely low in all samples and therefore it was



Genes 2024, 15, 804 11 of 15

excluded from this analysis. (E,F) Exonic sequence enhancer (ESE) analysis of WT (E) and the
c.226C>T mutant allele (F) of KIZ Exon 3. The binding site and score of the SRSF5 protein are shown
above the sequence and its putative binding site is shown in yellow. The sequence information of
each PCR product can be found in Supplementary Materials.

3.5. Analysis of Cilia Generation and Length in Controls and Patients

To examine the functional effect of the KIZ-c.226C>T mutation on the cilia, we im-
munostained the primary fibroblast cells from one control subject and two patients targeting
pericentrin and acetylated-α-tubulin. We found that 97.4 ± 3.6% and 96.9 ± 0.9% of cells
(n = 100 in each sample) were ciliated in controls and patients, respectively. In addition,
the mean ciliary length was measured to be 4.6 ± 0.9 µm and 4.3 ± 0.1 µm in control and
patients, respectively (Figure S5). No significant difference was evident in these parameters.

4. Discussion

KIZ mutations are an uncommon cause of IRDs on a global scale, but they are notably
more prevalent among individuals of Ashkenazi Jewish descent, with a carrier rate of
1 in 79 individuals for the p.R76* mutation according to the gnomAD database [31]. This
prevalence accounts for the occurrence of the disease in non-consanguineous families. In
a previous study, we estimated that 4090 individuals worldwide harbour biallelic KIZ
mutations, with the majority attributable to the p.R76* variant that is particularly prevalent
among individuals of Latino descent [32]. With the inclusion of the current study, a
total of 51 biallelic KIZ cases associated with ARRP have been reported in the scientific
literature, the majority of whom are (31 cases) residing in Israel. Therefore, the current
study represents, to the best of our knowledge, the largest cohort of KIZ-related ARRP
cases reported to date.

All subjects with biallelic KIZ mutations were diagnosed with RP but displayed
clinical variability in the age of onset and disease progression, similar to the variability
reported for other ARRP genes [28,29]. Compared to RP associated with DHDDS or MAK
mutations, patients with KIZ-related IRD presented with milder clinical features, although
early-onset severe RP was noted in previous studies [22]. The retinal manifestations of
KIZ patients are often subtle and may be missed on routine clinical examination; hence, it
should be noted that all patients exhibited retinal changes that were readily identifiable on
fundus autofluorescence.

Our data suggest that individuals with RP exhibiting either mild or typical retinal
abnormalities along with visual field defects displayed a pattern of rod dysfunction ex-
ceeding cone dysfunction on a ffERG. This characteristic feature was accompanied by an
EOG Arden ratio below the expected level. Hence, patients who belong to Ashkenazi
or North-African Jewish ancestry may potentially carry biallelic KIZ mutation(s) as the
underlying cause of their disease.

The genetic analysis conducted in this study revealed two unexpected findings. First,
we identified four transcripts generated by KIZ in WT primary fibroblast cells, three of
which are out-of-frame due to exon skipping. In one of these transcripts, exon 3, harbouring
the c.226C>T nonsense variant, is skipped. Interestingly, the skipping of exon 3 was
found to be enhanced in homozygous patients. This led us to hypothesize not only that
c.226C>T introduces a nonsense mutation but might also affect a potential ESE sequence
that is recognized by a SRSF. We therefore predict that the c.226C>T variant acts in a dual
mutational mechanism, causing the extra skipping of exon 3 (creating a frameshift) and
introducing a PTC in a normally spliced transcript. Variants that affect ESEs are difficult
to identify [33,34] and only one such variant, c.624G>A in BEST1, that is predicted to
be a silent variant, has been reported thus far [35]. The effect of this variant on ESEs
was studied by sequence analysis and the effect on splicing was investigated using a
splicing assay. Since KIZ is expressed in fibroblasts, we examined the natural expression
pattern of KIZ in WT and mutant primary cells. Such dual mechanisms of mutations
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might have important implications for developing mutation-specific therapeutic modalities.
Translation readthrough is currently being studied and developed as a potential therapy
for nonsense mutations that cause a variety of inherited diseases, either by readthrough
drugs such as ataluren [36–38] or by suppressor tRNAs [39,40]. Both methods rely on a
substantial number of available transcripts; however, two mechanisms might limit this
amount—the nonsense mediated mRNA decay (NMD) that degrades transcripts bearing
a PTC [41,42] and the ESE-affecting nonsense mutations, such as KIZ-c.226C>T, leading
to aberrant splicing. While NMD does not seem to affect KIZ transcripts in fibroblasts
(and potentially in the retina), the effect of c.226C>T on splicing might limit the number
of transcripts for readthrough drugs. RNA editing, which is another mutation-specific
therapy that is based on the adenosine deaminases acting on RNA (ADAR) enzyme [43],
is usually performed at the pre-mRNA stage [44] and is therefore less affected by NMD;
however, editing levels reported thus far for this mutation are relatively low and need to
be improved before being considered as a potential therapy [45]. As such, the most suitable
therapeutical approach for KIZ is currently gene augmentation therapy [46–48], which has
not yet been developed for this particular gene.

One of the primary functional assays used to assess the efficacy of readthrough for
nonsense mutations in ciliary proteins involves observing the ability of starved mutant
fibroblast cells to develop cilia both before and after undergoing readthrough treatment [49].
This approach has been well-established for other retinal proteins that are localized to the
photoreceptor cilia, such as USH2A [38], RPGR [50], RP2 [51], and FAM161A [49]. Although
KIZ is a known ciliary protein [15], we could not determine any effect of the c.226C>T
variant on the ciliary growth of mutant fibroblast cells, in agreement with previous results
reported for other KIZ mutations [17]. Therefore, ciliary growth cannot serve as a functional
assay for assessing KIZ recovery.

A major limitation of the current study, and similarly other studies on retinal diseases,
is the type of cells used to understand disease mechanism. Although fibroblast cells that
were generated from patient skin biopsies are the most accessible biological material that
could be retrieved to understand the pathogenesis of the studied mutation, it does not
mimic a precise retinal microenvironment. In addition, a previous study also reported that
fibroblasts from patients carrying such truncating mutations is not a suitable system to
understand the biology behind the molecular defects in this gene [17] such as expression,
protein localization, and functional analyses. Retinal organoids generated from patient-
derived iPSCs is likely to be a more suitable model and a reliable alternative to understand
the mutation mechanism and to carry out other functional analyses. Similar information
might also be obtained from either knockout or knockin mouse models of KIZ that are
currently unavailable. In addition to the above, our study requires molecular and functional
assays to confirm the effect of the mutation on an ESE sequence.

In conclusion, we present the largest cohort of biallelic KIZ cases reported to date. The
31 individuals we recruited were all diagnosed with ARRP of varying severity, which on
average was slightly greater compared to cases associated with MAK mutations, but milder
than the phenotype observed in cases linked to DHDDS and FAM161A mutations. The
predominantly identified mutation is c.226C>T that acts as a nonsense mutation as well as
an ESE-affecting mutation.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/genes15060804/s1, Figure S1: Pedigrees of KIZ-related families; Figure S2:
Comparison of clinical parameters by two-sided t-test; Figure S3: EOG versus ERG data; Figure S4:
RT-PCR analysis of normal mice and sheep retina; Figure S5: Ciliary analysis of c.226C>T fibroblasts;
Table S1: Reported mutations in KIZ; Table S2: Clinical information of patients will biallelic KIZ
pathogenic variants; Table S3: The seven principal components sample variances obtained in this
study; Table S4: The variable coefficient in each of the seven principal component; Table S5: KIZ
transcript information.
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