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Abstract

PRPF3] is ubiquitously expressed splicing factor and has an essential role in the pre-mRNA splicing in all tissues. However,
it is not clear how reduced expression of this general splicing factor leads to retinal restricted disease, retinitis pigmentosa
(RP). In this study, we used RNA interference and RNA-sequencing to mimic the PRPF3] haploinsufficiency in human
organotypic retinal cultures (HORCs). We examined the effects of PRPF31 deficiency on splicing by analyzing the
differential exon usages (DEUs) and intron retentions of the retinal transcriptome. Our results revealed that the PRPF31
deficiency causes mis-splicing of genes involved in RNA processing (PRPF3, PRPFS8, PRPF4, and PRPFI9) and
phototransduction (RHO, ROM1, FSCN2, GNAT2, and GNAT]) in the retina in the PRPF31 reduced samples. Mis-splicing
of genes implicated in phototransduction was associated with photoreceptor degeneration observed in RP patients. Our data
revealed that PRPF31 deficiency leads to the mis-splicing of a distinct subset of pre-mRNAs with a widespread effect on

phototransduction and RNA processing.

Introduction

Retinitis pigmentosa (RP) is a highly heterogeneous group of
retinal disorder, characterized by progressive degeneration of
rod photoreceptor cells with night blindness and then with
disease progression, cone photoreceptors become involved,
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and eventually lead to blindness [1]. To date, variants in more
than 70 genes are associated with RP (https:/sph.uth.edu/
retnet) [2]. Variants in PRPFs (pre-mRNA processing factors)
encoding genes represent the second most common cause for
autosomal dominant RP after variants in rhodopsin [3]. These
genes include PRPF3, PRPFS, PRPF4, PRPF31, PAP, and
SNRN2000, encoding for the core component of the U4/U6.
U5 tri-small nuclear ribonucleoproteins (snRNPs), that cata-
lyze pre-mRNA splicing [4, 5].

Pre-mRNA splicing generates diversity within eukaryotic
genes by differential exon usages (DEUs) and intron reten-
tions that increases the transcript variations of the genome
[6]. The retina is one of the fast metabolizing tissues in the
body that has a high request for adequate expression and
proper splicing of transcripts and uses its organo-specific
genes. Any dysregulation of alternative splicing has been
reported in RP patients [7, 8]. Furthermore, the correct
regulation of splicing for photoreceptor-specific transcripts is
essential for retinal maintenance and development.

Disease causing variants in PRPFs disrupt the splicesome
assembly and function, leading to defect splicing of retinal
specific genes or toxic function of proteins that initiate
photoreceptors apoptosis [4, 9, 10]. PRPFs splicing factors
are ubiquitously expressed in every cell type in the body,
but it is unknown how the deficiency of these general
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splicing factors can lead to the retinal specific disease
[11, 12]. PRPFs animal models have failed to provide
proper answers for the reason of the disease [13—15] and
retinal biopsies to assay photoreceptors directly are not an
ethically correct.

PRPF31 is a pivotal protein for the interaction between the
U4/U6 disnRNP and U5 snRNP and requires for pre-mRNA
splicing [16]. Reduction of the PRPF31 protein level was
identified in lymphoblastoid cells of RP patients indicating
that haploinsufficiency is the possible cause for RP11 [17-20].

Previously, we have reported the successful usage of the
human organotypic retinal cultures (HORCs) as a model for
RP11 disease [21]. In the present study, we applied RNA-
sequencing in the HORCs model to identify genes and
molecular pathways that are altered (via differential exon
usage and intron retention) in control and PRPF31 reduced
samples. Transcriptome analysis showed that the reduction
of PRPF31 caused mis-splicing of many genes, enriched in
phototransduction and splicing program indicating the
group of genes mediating the tissue-specific phenotype.

Materials and methods
Human organotypic retinal culture

Donor human eyes were obtained within the 24 h post-
mortem (2040 years old) from Iran Eye Bank (www.ira
neyebank.org) in compliance with the Declaration of Hel-
sinki. In this study, we used the retinal tissues from donors
who recorded their consent to donate their organs and tis-
sues in the Iranian society of organ donation. The retina was
isolated from the other parts of the globes, dissected and
placed into serum-free Dulbecco’s Modified Eagle Medium
(Gibco, Thermo Fisher Scientific, Waltham, MA), RGC-
side up and incubated at 37 °C in a humidified atmosphere
of 95% 0,/5% CO,.

RNA interference using siRNA

Pool siRNAs for PRPF31 (SC-62892, Lot#L.2807, Santa
Cruz, CA) and pool scramble siRNAs were reverse trans-
fected to reduce PRPF31 level in HORCs. Transfection was
performed based on the calcium phosphate protocol [22]
with some modifications [21]. The final concentration of
siRNA was 50 nM for each transfection.

Western blot analysis

For western blot analysis, control and treated explants were
collected after 63h of transfection and proteins were
extracted using RIPA lysis buffer with a protease inhibitor

cocktail. The concentration of total protein was measured
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by Bradford assay using Bovine serum albumin as a protein
standard and 50 pg of each sample was analyzed by western
blot. All reactions were performed in biological triplicates.

RNA-sequencing and quality control

The transcriptome of control siRNA and PRPF31-reduced
HORCs were sequenced on an Illumina HiSeq4000 plat-
form, using 150 bp paired-end reads. We performed quality
control of raw Fastq files with FastQC software, and
Trimmomatic V 0.36 was used to trim adapter sequences
and eliminate all low-quality reads by the Phred score cut-
off 20. The clean reads were aligned to human genome
references 38 (hg38), using HISAT2 [23] with default
parameters for finding DEUs.

Identification of DEUs (differentially exon usages)

To identify genes with DEUs between the treated and
control samples, we used DEXSeq [24]. To run DEU ana-
lysis, we first quantified exon expression by performing
HTSeq-count tool on HISAT2 bam files against all human
exon annotation that were extracted from hg38 GTF file
(downloaded from Ensemble). In the next step, DEXSeq
was run in the modified version of DESeq2 package to find
the differentially expressed exons. Finally, extraction of the
exons, having adjusted P-value <0.01 and fold change >2,
was carried out for further investigations. For visualization
of RNA-sequencing results, we used the R program,
pheatmap package, and ggplot2 package. We estimated
transcript assembly with Cufflinks2 [25].

Analysis of differentially spliced genes

We used HISAT?2 splice junction to analysis differentially
spliced genes between control and treated samples.

Gene ontology analysis

The PANTHER website was used to generate gene ontol-
ogy (GO) annotation of DEUs. For GO analysis, all altered
exon usages and spliced genes were selected and used in
PANTHER website search engine. In order to find sig-
nificant GO terms, we just relied on the terms, enriched with
adjusted P-value <0.01. PANTHER adjustment method of
Benjamini-Hochberg was employed for this purpose.

Biological replication of differential alternative
splicing results via RT-PCR

Total RNA was extracted from control and treated samples
using RNA extraction kit (TAKARA, Japan) according to the
manufacturer’s instructions. The RNA concentration was
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measured using a NanoDrop ND-2000 spectrophotometer
(NanoDrop Technologies, USA). Total RNA (1pug) was
reverse transcribed using oligo dT to cDNA. Primers were
designed from the exon—intron boundary region using Pri-
mer3 (http://bioinfo.ut.ee/primer3-0.4.0/). For confirmation of
target-specificity of primers, Primer-BLAST was used
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primers are
listed in Supplementary Table 1. Intron retentions were ana-
lyzed by RT-PCR with 1 pg of the total RNA sample using
the cDNA reverse transcription kit (Applied Biosystems) and
Taq DNA polymerase (Bioflux) and gene-specific primers. A
different temperatures 68-55°C were used to amplify the
different transcripts. The PCR products were separated by
electrophoresis on 2% agarose gels, using safe stein nucleic
acid stein (Cinnagen) and imaging on a UV transilluminator
to visualize the bands. Distinct DNA bands were purified
using the Gel Extraction Kit (Cinnagen) and confirmed by
Sanger sequencing.

Statistical analysis

Differences between treated and control samples were
analyzed by students’ 7 test. All results were given as the
mean + standard deviation of three (n=3) independent
samples (in triplicate). Differences with P <0.01 were
considered statistically significant.

Results
PRPF31 reduction in HORCs

To analyze protein reduction in HORCs, after 63h of
transfection, western blot analysis was performed on the
proteins, extracted from control and treated samples and the
western blot analysis with ImageJ showed 60% reduction in
the expression of PRPF31 protein in treated samples (Fig. 1).

Transcriptome analysis of PRPF31 reduced HORC by
RNA-sequencing

RNA-sequencing was used to examine the genome-wide
effect of PRPF31 reduction on exon usage in HORCs.
Among ten samples for sequencing, only four samples (two
control and two treated samples) had a RNA integrity
number above 7 for analysis. therefore, we generated RNA-
sequencing from four control and PRPF3I reduced sam-
ples, using standard mRNA library preparation protocol
[26]. The libraries were sequenced using an Illumina Hiseq
4000 machine (Novogene Ltd., China). Eventually, we
generated ~280 million paired-end raw sequence reads of
150bp in length. After deleting low quality reads with
Trimmomatic, 50.8 and 52.7 million reads for control
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Fig. 1 PRPF31 protein is reduced after transfection a western blot
analysis of PRPF31 reduction, Tubulin loaded as a control, b plot
shows densitometry analysis of the corresponding protein blots by
Imagel, three independent experiments (n = 3) were done in triplicate,
*P<0.01

samples and 62.8 and 101.5 million reads remained for two
replicate analyses, respectively (Table 1). All clean reads
had the lengths of ~130-135 bp with Phred score >20. The
mapping rates were >93% of the clean reads mapped to the
reference genome and ~82-91% of reads showed a com-
plete match with the reference genome.

Differential exon usage of genes encoding mRNA
processing and phototransduction

To study PRPF31 deficiency on alternative splicing in
control and PRPF3] reduced samples, DEXSeq pipeline
was performed on the RNA transcriptome data. We
observed DEUs in at least one exon of the genes, involved in
pre-mRNA processing factors (PRPF4, PRPF3, PRPFS8, and
PRPF19) (Fig. 2a) and phototransduction genes (RHO,
GNATI, ROM1I, FSCN2, PDE6A, and PDE6B), as compared
with control in our study (Fig. 2b). We selected DEUs with
fold change >2 and <2 and adjusted p-value 0.01 to find
most significant DEUs. In this study, from 683,196 analyzed
exons, 3170 exons showed DEU (Supplementary Table 2).

Gene ontology and pathway analysis of DEUs
We performed Gene set enrichment analysis to identify
pathways and processes showing top DEUs. The results

show that the PRPF31 reduction was associated with
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Table 1 Summary of RNA-seq . -
results of reads Sample ID Sequencing platform Read length (bp) Sequencing depth (Reads)
Control-1 Illumina Hiseq 4000 150 bp 50855840
Treat-1 Ilumina Hiseq 4000 150 bp 101536788
Control-2 Illumina Hiseq 4000 150 bp 52752393
Treat-2 Ilumina Hiseq 4000 150 bp 62851720
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Fig. 2 DEU in genes, involved in phototransduction, and pre-mRNA
splicing between control and treated samples. a DEXseq analysis on
RNA-sequencing data displayed that PRPF31 reduction significantly
altered exon usage of PRPF3, PRPFS8, PRPF4, and PRPF19 involved

deregulation of many genes and pathways, including
another RNA processing factors such as PRPF4, PRPF3,
PRPF8, PRPFI9, photoreceptor cell development, photo-
transduction, and proteasome-mediated ubiquitin-dependent
protein catabolic process (Table 2).
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60897778

60890730 60894254 60901302 60904826

in pre-mRNA splicing. b DEU in RHO, FSCN2, ROMI, GNATI,
PDEG6A, and PDE6B genes involved in phototransduction, 63 h post
transfection. The exons, highlighted in purple, represent the significant
differential exon usage

Using PANTHER functional annotation tool, we
observed significant enrichment of cellular component
including axonal growth cone, photoreceptor cell cilium,
cytoplasmic ribonucleoprotein granule, and mitochondrial
outer membrane (Supplementary Table 3).
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Table 2 Biological process classification between control and treated
samples by PANTHER analysis

Biological process Fold P value
enrichment

mRNA processing 1.68 291E-02
Phototransduction 391 1.28E—03
Photoreceptor cell development 3.01 3.54E—-04
proteasome-mediated ubiquitin- 1.84 3.70E—-02
dependent protein catabolic process

regulation of GTPase activity 1.68 1.96E—02
negative regulation of transcription by  1.48 3.13E—-02

RNA polymerase II

Validation of intron retention in phototransduction
genes

To identify differences in splicing profiles, we performed
large-scale transcriptome analyses between control and treated
samples. To validate some of these findings, we performed
RT-PCR experiments in treated and control samples in the
key genes involved in phototransduction, in biological tripli-
cates. The RT-PCR analysis showed intron retention in RHO,
GNAT2, ROM1, FSCN2, and FSCNI genes (Fig. 3). These
data suggest that altered splicing in RP11 may be related to
disruption of specific biological processes that cause the
unique phenotypes observed in patients.

Discussion

The human PRPF31 protein is essential in the assembly and
stability of U4/U6.US tri-snRNPs. Disease causing variants in
this general splicing factor gene cause to RP11, retinal
restricted disease, and the basis of this specificity is not yet
clarified. Despite a lot of studies in immortalized cell lines and
animal models, there are no reports for PRPF31-related RP11
that define the altered splicing of phototransduction genes in
human retinal tissue. To obtain a more understanding of the
RP11 pathomechanism, we used siRNA to reduce PRPF31
protein in HORCs and analyzed transcriptome-wide changes
by RNA sequencing. Transcriptome analysis showed that the
altered splicing via differential exon usage and intron reten-
tion is more related to pre-mRNA splicing program and
phototransduction genes.

For analyzing the PRPF31 protein deficiency in the
retina, we used DEU and intron retention analysis to study
the alternative splicing in HORC. DEU produces different
products of functional genes from a single genomic locus,
which induces the diversity of gene products, encoded by
the genome. In this study, amongst the 683,196 analyzed
exons, 3170 exons showed DEU. For example, we observed
DEUs in the RHO, ROM1, FSCN2, GNATI, PDE6A, and
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Fig. 3 Gel electrophoresis of RT-PCR biological replication of dif-
ferential alternative splicing events between control and treated sam-
ples. Gel electrophoresis showed intron retention in RHO, GNAT2,
ROM1, GNATI, and FSCN2 in PRPF3I reduced samples. Data are
representative of at least three independent experiments
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PDE6B genes, involved in phototransduction and other
PRPFs families (PRPF3, PRPF4, PRPF8, and PRPFI9)
involved in pre-mRNA splicing. Also, several pathways,
including RNA processing, regulation of GTPase activity,
and photoreceptor cell development were deregulated in
PRPF31 reduced samples. Indeed, we found that PRPF31
reduction causes intron retention in several phototransduc-
tion genes such as RHO, ROM1, FSCN2, and GNAT1.

One of the most affected altered splicing genes is rho-
dopsin. Rhodopsin forms over 90% of the proteins in the
disc membranes of the rod photoreceptors and is necessary
for low-light vision [27]. Proper production of the RHO is
essential for the precise function of photoreceptors and any
mis-splicing can cause to retinal degeneration [28]. Also,
there was altered splicing of several components of PDE6
(phosphodiesterase 6) complex which controls intracellular
cGMP levels by hydrolyzing ¢cGMP in response to light
activation and has an important role in the phototransduction
[29]. Degeneration of photoreceptors is identified in a
mouse model Pde6a variants. These variants alter the
catalytic activity of PDE6A that is required for the pre-
servation of PDEGB levels in the retina [30]. Disease
causing variants in the PDE6B and PDE6B cause autosomal
recessive RP [31].

In addition, we observed altered splicing in GNATI,
FSCN2, and ROM1. GNATI has an essential role in photo-
transduction and encodes the o subunit of the rod transducin
protein [32]. Mouse model gnatl knockout showed a loss of
rod photoreceptors function [33]. FSCN2 encodes a member
of the fascin protein family members and has an important
role in morphogenesis of photoreceptors outer segments [34].
FSCN2*? and FSCN2*/2 mice showed progressive degen-
eration of photoreceptors outer segment [35].

Also, our results showed the altered splicing of PRPFs
genes suggest the capability of splicesome to maintain
homeostasis of its distinct component.

To date, a few PRPF31 related RP11 studies have been
reported from zebrafish [14] and Prpf31*~ mice model
[36]. Mice model of Prpf31*~ did not display any degen-
eration in photoreceptors, but revealed alteration in retinal
pigment epithelium. Microarray analysis of zebrafish model
of Prpf31 knockdown showed altered splicing of retinal
specific genes (gnatl, rx1, crxl, and rx3), consistent with
the results of our HORC model. However, it should be
considered that the PRPF31 deficiency leads to retinal-
specific phenotype in human [37]. Therefore, there is an
increasing demand for the characterization of the human
transcriptome. Buskin et al., have investigated the cellular
pathology and splicing program of RPE and retinal orga-
noids derived from RP11 patients and observed that the
PRPF31 deficiency disrupts the splicing program restricted
to the retinal cells [38]. Also, Wickramasinghe et al., study
has shown that the PRPF8 depletion in breast

adenocarcinoma led to altered splicing of introns with weak
5’ splice sites [39]. Disruption of the splicing program raises
the questions relating to the functional effects of the altered
splicing isoforms in the retina. Importantly, our tran-
scriptomics analysis suggests that the retinal specific genes
associated with the phototransduction are the most affected
retinal genes in PRPF31-related RP11samples.

The retina is one of the fast metabolizing tissues and
expresses the high volumes of spliceosomal snRNPs and
processes the largest volume of pre-mRNA [7-9]. So, any
alteration of splicing factors can be problematic for highly
demanding photoreceptor cells.

Variants in PRPFs affect all splicing in the transcriptome,
but retinal specific genes seem to be more susceptible than
to the reduction of general splicing factors. However, retinal
mis-spliced transcripts have not yet reported and more
studies are necessary for comparing splicing in normal
retina and patients. Also, photoreceptors are in postmitotic
stage and any mis-spliced transcripts may collect in the
tissue over time leading to increased cell death.

Our study recruited four samples and although this is a
small number for performing comprehensive analysis, our
results provided guidelines about the splicing program in the
RP11 patients’ retina. Also, our transcriptome analysis does
not investigate the consequence of mis-spliced transcripts at
the protein level and more analysis is required in the
proteome level.

In conclusion, our findings confirm the role of PRPF31
for proper splicing of genes involved in phototransduction
and its role in the core spliceosome that is required in
regulating the pre-mRNA processing.
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