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Abstract: Background: Pathogenic variants in the Polycystic Kidney Disease 2 (PKD2) gene are
associated with Autosomal Dominant Polycystic Kidney Disease (ADPKD) in approximately 30% of
cases. In recent years, the high-throughput sequencing techniques have significantly increased the
number of variants identified in affected patients. Here, we described the peculiar effect of a PKD2
splicing variant, the c.1717-2A>G, identified in an Italian male patient with ADPKD. This variant
led to the unusual and rare skipping of two consecutive exons, causing a large in-frame deletion.
Methods: The genetic evaluation of the patient was performed using the Next-Generation Sequencing
(NGS) assay Clinical Exome Solution® (SOPHiA Genetics). Bioinformatics analysis was performed
using the SOPHiA DDM platform (SOPHiA Genetics). Prediction of pathogenicity was carried out by
integrating several in silico tools. RNA evaluation was performed to test the effect of the variant on
the PKD2 splicing using a Reverse-Transcription PCR coupled with cDNA sequencing. Results: NGS
revealed the presence of the PKD2 c.1717-2A>G variant that lies in the canonical splice site of intron 7.
This rare variant was predicted to have a significant impact on the splicing, proved by the RNA-based
analysis. We identified the presence of a transcript characterised by the simultaneous skipping of
exons 8 and 9, with a retained reading frame and the merging of exons 7–10. Conclusions: We
described for the first time a dual-exon skip event related to the presence of a single-base substitution
in the PKD2 gene in an ADPKD-affected patient. We assumed that the molecular basis of such a rare
mechanism lies in the specific order of intron removal. The finding represents novel evidence of an
alternative and unusual splicing mechanism in the PKD2 gene, adding insights to the pathogenesis
of the ADPKD.

Keywords: autosomal dominant polycystic kidney disease; PKD2; splicing; next-generation sequencing;
exome sequencing
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1. Introduction

Autosomal Dominant Polycystic Kidney Disease (ADPKD) (OMIM# 173900) is con-
sidered the most prevalent monogenic nephropathy, with an estimated prevalence of
1:100–2500 individuals, and one of the most common inherited disorders [1–3]. ADPKD is
characterised by the development and expansion of multiple cysts scattered throughout
the kidney parenchyma. Over time, progressive loss of kidney function occurs, leading to
end-stage kidney disease during or after the sixth decade of life. Most individuals with
enlarged kidneys or decreased glomerular filtration rate (GFR) show hypertension, a very
common complication in ADPKD. Chronic pain, gross haematuria, cyst infection, and
nephrolithiasis are some of the complications that arise from cyst growth and expansion.
In addition, affected individuals might exhibit extrarenal manifestations, including hepatic
and pancreatic cysts, intracranial aneurysms, abdominal hernias, and cardiac valvular
lesions. Finally, complications due to the decrease in GFR can over time cause anaemia, sec-
ondary hyperparathyroidism, metabolic bone disease, inadequate nutrition, and increased
cardiovascular risk [4–7].

In 85% of cases where pathogenic genetic variants are found, ADPKD is the result
of mutations in Polycystic Kidney Disease 1 (PKD1, OMIM #601313) (70% of cases) and
Polycystic Kidney Disease 2 (PKD2, OMIM #613095) (30% of cases) genes [8,9]. Addi-
tionally, alterations of some other genes, such as GANAB (OMIM#104,160) and DNAJB11
(OMIM#611,341), could have an impact on the folding, maturation, and transport of PKD1
and PKD2 protein products, contributing to the development of cysts [10–12]. PKD1,
located on chromosome 16 (16p13.3), encodes for polycystin-1 (PC1), a large multido-
main glycoprotein containing an N-terminal extracellular region, multiple transmembrane
domains, and a cytoplasmic C-tail. PC1 is an integral membrane protein involved in
calcium permeable cation channel regulation and intracellular calcium homeostasis. PC1
is also involved in cell–cell/matrix interactions and may modulate G-protein-coupled
signal-transduction pathways [13,14]. PKD2, located on chromosome 4 (4q21), encodes
polycystin-2 (PC2), a multi-pass membrane protein belonging to the transient receptor
potential family of calcium-regulated cation channels. PC2 is involved in calcium transport
and calcium signalling in renal epithelial cells [15]. PC1 forms a complex with PC2 that
regulates multiple signalling pathways to maintain normal renal tubular structure and
function [16]. Both these proteins are located on the primary cilia for the transmission of
signalling from the external environment to the cell. Some evidence supports that PC1 and
PC2 inhibit cystogenesis in a dose-dependent way, and that cystogenesis occurs when the
concentration of PC1 or PC2 falls below a certain threshold [17,18].

Over recent years, the use of high-throughput sequencing techniques based on large-
scale parallel sequencing has rapidly increased the number of identified variants in ADPKD-
related genes. To date, more than 1400 different pathogenic and likely pathogenic variants
of PKD1 and PKD2 genes have been indexed in the ADPKD mutation database (https://
pkdb.mayo.edu/welcome, accessed on 15 June 2024). Approximately 300 disease-causing
variants have been reported in the PKD2 gene, where frameshift and nonsense variant types
were the most identified. Several splicing variants have also been described as pathogenic
or likely pathogenic (https://www.ncbi.nlm.nih.gov/clinvar, accessed on 15 June 2024).

In this study, we described an Italian patient affected by ADPKD carrying a peculiar
splicing variant in the PKD2 gene, the c.1717-2A>G identified through a clinical exome
sequencing strategy. Our molecular evaluation indicated that this single-base substitution,
lying in the canonical acceptor splice-site of intron 7, leads to the unusual skipping of the
two consecutive exons 8 and 9, causing an in-frame deletion of 100 amino acids.

2. Materials and Methods
2.1. Patient

A 48-year-old Italian man came to the Kidney Outpatient Clinic of the Fondazione
Policlinico Universitario “A. Gemelli” for the first time in February 2022. The clinical
diagnosis of ADPKD was previously carried out at another medical centre, but no genetic
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analysis was offered although the proband’s mother and sister were also affected. The
man had no intracranial aneurysms on magnetic resonance imaging angiography and
no pancreatic cysts. He had some liver cysts on abdominal ultrasound and reported an
episode of post-traumatic cyst haemorrhage, for which he underwent embolisation. No
other medical conditions were referred other than hypertension. An abdomen computed
tomography for the determination of kidney volumes revealed the following: right 1325 cc,
left 1175 cc, and ht-TKV 1445 cc/m. On the biochemical tests, the following results were
shown: serum creatinine 1.39 mg/dL (reference range: 0.67–1.20 mg/dL), blood urea
nitrogen 21 mg/dL (reference range: 10–23 mg/dL), sodium 138 mmol/L (reference range:
135–145 mmol/L), potassium 3.8 mmol/L (reference range: 3.5–5.0 mmol/L), calcium
9.4 mg/dL (reference range: 8.7–10.3 mg/dL), estimated GFR (eGFR) 51 mL/min/1.73 m2

(Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) 2021 equation; reference
cut-off ≥90 mL/min/1.73 m2), urine specific gravity 1.017 (reference range: 1.003–1.035),
and proteinuria 150 mg/24 h (reference cut-off <150 mg/24 h). The patient was on therapy
with perindopril, indapamide, and amlodipine, and he was introducing 1.5 L of water
daily. We recommended him to discontinue indapamide to avoid the vasopressin-elevating
effect of the diuretic, increase hydration to 3 L per day, reduce the intake of animal protein
and salt, limit coffee to no more than 1 cup per day, and continue the home monitoring of
blood pressure.

To achieve a genetic diagnosis of ADPKD, the patient and his affected relatives were ad-
dressed to the Departmental Unit of Molecular and Genomic Diagnostics of the Fondazione
Policlinico Universitario “A. Gemelli” in April 2022 in order to perform the molecular
investigation. All procedures were made in accordance with the standards of the Ethics
Committee of Fondazione Policlinico Universitario “A. Gemelli” IRCCS of Rome. The
patient signed written informed consent before the genetic test and received counselling
before and after the results.

2.2. Molecular Analysis and In Silico Prediction

Genomic DNA was extracted starting from a peripheral blood draw with an automatic
procedure performed using the QIAmp DNA Mini kit on the Qiacube platform (Qiagen,
Milan, Italy) following the manufacturer’s indications. Quality checks of the extracted
DNA were obtained using the Qubit dsDNA BR fluorometric assays (Life Technologies,
Gaithersburg, MD, USA) for quantitation and the spectrophotometry NanoDrop® ND-1000
(Life Technologies, Gaithersburg, MD, USA) for purity evaluation. We adopted a Next-
Generation Sequencing (NGS) approach to analyse a panel of genes known to be associated
with cystic kidney disease using the Clinical Exome Solution®v3 kit (CES, SOPHiA Genetics,
Saint Sulpice, Switzerland).

The sequencing library was prepared starting from 100 ng of DNA. According to the
manufacturer’s protocol, DNA fragments were generated using an enzymatic fragmen-
tation step. The subsequent enzymatic steps (i.e., end-repair, A-tailing, and ligation to
Illumina adapters) were performed in order to produce an NGS library. A capture-based
target enrichment was carried out on pooled libraries. Quantitation of the final pool of
libraries was performed using the Qubit dsDNA HS fluorimetric assays (Life Technologies,
Gaithersburg, MD, USA). Quality control of fragment size was assessed using HS DNA
ScreenTape analysis (TapeStation system, Agilent Technologies, Palo Alto, CA, USA).

The sequencing protocol was performed in 151 × 151 paired-end reads mode on the
Illumina NextSeq550DX® instrument (Illumina, San Diego, CA, USA) according to manu-
facturer’s multiplexing. Output FastQ files were analysed by the Sophia DDM® platform
(Sophia Genetics, Saint Sulpice, Switzerland) to evaluate single-nucleotide variants (SNVs),
insertions and deletions (indels), and Copy Number Variants (CNVs). Bioinformatics
prediction of CNVs was performed by analysing the coverage levels of the target regions
across samples. Identified variants were interpreted in accordance with the American
College of Medical Genetics (ACMG) guidelines [19] and the main mutational and popula-
tion databases as ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/, accessed on 15 June
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2024), LOVD (https://databases.lovd.nl/shared/genes/PKD2, accessed on 15 June 2024),
ADPKD Variant Database (https://pkdb.mayo.edu/welcome, accessed on 15 June 2024),
and gnomADv4.0 (https://gnomad.broadinstitute.org/, accessed on 15 June 2024). The ef-
fect of the identified variant on the splicing process was assessed by using the MobyDetails
tool that collects several in silico platforms to allow a complete evaluation of the splicing
impairment [20]. Integrated prediction resulted in the following: MoBiDiC Prioritization
Algorithm (MPA), score 0–10 (high impact: 10) [21]; MaxEntScan (∆MaxEnt Var − ∆MaxEnt
WT < 0 for potential loss of donor/acceptor site) [22], dbscSNV ADA, and RF, score 0–1
(threshold ≥ 0.8 for impact) [23]; spliceAI Acceptor Gain (AG), Acceptor Loss (AL), Donor
Gain (DG), Donor Loss (DL), score 0–1 (thresholds ≥ 0.2|0.5|0.8 for impact) [24].

2.3. cDNA Analysis

Total RNA was extracted from 5 mL of peripheral blood using the blood total RNA pu-
rification kit (Qiagen, Milan, Italy) following the manufacturer’s protocol. RNA concentra-
tion was determined using Qubit 2.0 with the RNA High Sensitivity kit (Life Technologies,
Gaithersburg, MD, USA). Nucleic acid purity was assessed by Nanodrop (Life Technologies,
Gaithersburg, MD, USA), evaluating the ratio of the absorbance at 260 nm/280 nm and
260 nm/230 nm. The RNA integrity number was assessed with the Agilent RNA Screen-
Tape kit on a TapeStation 4200 automated electrophoresis system (Agilent Technologies,
Palo Alto, CA, USA). Double-strand cDNA was obtained from 100 ng of total RNA using
the PreAmp and Reverse Transcription kit (Fluidigm, Standard Biotools, San Francisco,
CA, USA). cDNA was then pre-amplified using oligonucleotides designed ad hoc for the
amplification of the PKD2 cDNA region encompassing exon 7 to the first 54 bp of exon 10.
Primer sequences consisted of forward 5′-TGTGCTGTCAGTGGTAGCTA-3′ and reverse
5′-CTCTGAAGTGAAATCTGACTTG-3′ (NM_000297.4). Unincorporated primers were
eliminated by an exonuclease I treatment at 37 ◦C for 30 min. In the final step, the pre-
amplified and exonuclease I-treated cDNA was diluted 1:20 and amplified by PCR with
the same primers used in the pre-amplification reaction. PCR reactions were evaluated on
2% of agarose gel and by means of an Agilent High Sensitivity DNA ScreenTape kit on a
TapeStation 4200 automated electrophoresis system (Agilent Technologies, Palo Alto, CA,
USA). According to the primer pair designs, the wild-type PCR product was expected to
be 529 bp long while that of the supposed alternative fragment, resulting from the exon 8
skipping, was assumed to be of 344 bp.

The obtained PCR products were purified by gel extraction with the PCR clean-
up gel extraction kit (Macherey-Nagel, Duren, Germany). Sequencing of the purified
PCR products was performed using a BigDye Terminator Cycle Sequencing Kit v3.1
(Life Technologies, Gaithersburg, MD, USA) on the ABI 3500 Genetic Analyzer (Life
Technologies, Gaithersburg, MD, USA). Results were analysed with the SeqScape v2.5
software package (Life Technologies, Gaithersburg, MD, USA) and the Chromas 2.5 tool
(https://technelysium.com.au/wp/, accessed on 15 June 2024) using NM_000297.4 as the
reference. The same cDNA analysis was performed using 10 blood samples of controls.

3. Results
3.1. Molecular Analysis and In Silico Prediction

The molecular analysis was performed only on the proband, while his relatives de-
clined the test. NGS identified the heterozygous splicing variant, c.1717-2A>G, in the
PKD2 gene. No additional variants or CNVs were detected in the analysed genes. The
PKD2 c.1717-2A>G variant, involving the canonical splice site of intron 7, is a rare alter-
ation not currently annotated in the main reference mutational databases and with an
unknown frequency in gnomAD and in other population databases. However, looking
to the ADPKD database (https://pkdb.mayo.edu/welcome), we identified an entry with
an interpretation as “pathogenic” performed by the database curators according to the
study of Audrézet et al. [25]. In the cited paper, authors identified the PKD2 c.1717-2A>G
variant in two ADPKD families in a comprehensive screening study of a large cohort of
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affected subjects [25]. Unfortunately, no experimental data are available regarding the
effect of the PKD2 variant on the splicing process. According to the findings of Audrézet
et al., the alteration was annotated in the ADPKD variant database as pathogenic with the
predicted frameshift effect p.(Leu573fs). Figure 1 shows the damaging output scores from
the bioinformatics prediction of pathogenicity of dbscSNV and spliceAI tools. Additionally,
the MPA tool calculated a score of 10 associated with the highest splice impact of the
variant, while MaxEntScan 3’ss variation resulted in −58.02% and a predicted loss of an
acceptor splice-site.
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Figure 1. Splicing predictor outputs. This figure shows the radar view of splicing predictors obtained
from Moby Details analysis (details in the text).

3.2. cDNA Analysis

From the analysis of cDNA amplification products, we obtained the electrophoretic
profiles reported in Figure 2. In Figure 2A, the control sample showed a single fragment
with an expected size of approximately 529 bp (the same result was obtained from all
controls). By contrast, the PCR products obtained from the patient consisted of two
fragments, one corresponding to the wild-type allele of approximately 529 bp and one of
255 bp (Figure 2B).
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Figure 2. Electrophoretic profiles of cDNA PCR products. This figure shows the electrophoretic
profiles obtained from the targeted amplification of cDNA from a control (single wild-type peak, (A))
and patient (B). The two peaks detected in the analysis of the patient’s cDNA indicated the presence
of a wild-type transcript and a mutated transcript (lacking exons 8 and 9), as an effect of the PKD2
c.1717-2A>G variant.
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Surprisingly, the latter PCR fragment was smaller than the expected fragment includ-
ing the sole putative exon 8 skipping (i.e., 344 bp) (Figure 3).
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Figure 3. Graphical representation of the PCR strategy adopted. This figure shows the schematic
representation of the PKD2 gene region involved in the splicing event and the expected PCR products,
according to primer design. The wild-type, exon 8 skipping, and exon 8 and 9 skipping fragment
lengths are reported.

Then, the smaller product was removed from the gel and sequenced, revealing the
simultaneous skipping of both exons 8 and 9 of the PKD2 gene, with a retained reading
frame and a merging of exons 7–10. This event causes the loss of 100 amino acids (Figure 4).
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4. Discussion

RNA splicing is a key post-transcriptional regulation process of gene expression and
allows the formation of mature messenger RNA (mRNA) from a precursor messenger
RNA (pre-mRNA) transcript [26]. In the molecular evaluation path of a patient affected
by ADPKD, we identified the single-base substitution c.1717-2A>G involving the acceptor
splice site within intron 7 of the PKD2 gene, causing the simultaneous skipping of the two
downstream exons 8 and 9. This outcome could be believed as an uncommon finding,
considering that variants involving canonical splice sites or adjacent regions generally lead
to the alteration of the splicing via single-exon skipping, short deletions, or insertions in
the mature mRNA [27,28]. To date, few examples of double-exon skipping, related to the
occurrence of a single-base substitution, have been reported in the literature [29–34].

We speculated that the molecular basis of the observed effect of the c.1717-2A>G
variant on the PKD2 transcript could follow the splicing model described by Takahara
et al. [34]. In this study, the authors reported that the order of intron removal influences
the splicing outcome, describing a mutation in the splicing acceptor site of intron 4 of the
COL5A1 gene that led to a simultaneous skip of exons 5 and 6. Moreover, the aberrant
splicing outcome differs depending on the splicing site type involved by the substitution
(i.e., acceptor or donor) [34].

In our case, the PKD2 variant c.1717-2A>G involves the 5′ acceptor splice site of intron
7, and we can assume that the order of removal of introns 7-8-9 can explain the dual-exon
skipping. IVS8 (1715 bp) is smaller than IVS7 (3927 bp) and IVS9 (3802 bp), and, according
to the Takahara model, it could be rapidly removed in the mRNA processing with respect
to introns 7 and 9. This would result in the fusion of exons 8 and 9 that is successively
skipped as a “single-exon” as an effect of the PKD2 c.1717-2A>G variant.

From the RT-PCR analysis, we obtained a single aberrant product that seems to be
the major outcome of the altered PKD2 splicing pathway. However, we cannot rule out
the hypothesis that other alternative splicing products, subjected to nonsense-mediated
decay, can also be formed as an effect of the c.1717-2A>G mutation. Probably, the loss of
the second exon observed in our patient recreates an in-frame product that is the most
abundant but likely producing a non-functional protein. The PDK2 gene (4q21-q22) consists
of 15 exons (NM_000297.3) encoding for the integral membrane PC2 protein, a member
of the 6-transmembrane spanning transient receptor potential (TRP) ion channel family.
Particularly, PC2 is characterised by six transmembrane domains (S1-S6) and intracellular
N- and C-terminal regions. Exons 8 and 9 of the PDK2 gene are predicted to code for a
transmembrane core region of the channel (residues 573–673) and the lack of this region
affects the channel structure and function [35–38].

In Table 1, we collected the PKD2 splice-site variants currently reported in the main
mutational databases and literature. Splicing alterations spread throughout the gene
from IVS1 to IVS14, without hot spots or clustering regions. However, fewer studies
have investigated splicing effects caused by intronic/exonic variants as a pathogenesis of
ADPKD [39] and, to the best of our knowledge, this is the first evidence of a dual-exon
skipping event in the PKD2 gene.

Table 1. Splice site variants of PKD2 gene reported in the literature and in the main mutational databases.

Region cDNA Reference Sequence * Reference Mutational Database and Annotation

IVS1

c.595+2T>C [40] ClinVar (ID1068903—P)
c.595+1G>A [39] ClinVar (ID1072849—P)
c.595+1G>C [25] ClinVar (ID811939—P)

c.596-12_599del [9] ClinVar (ID2506174—P)
c.596-3A>G [25] N/A

c.596-3_596-2insTGS N/A LOVD (ID0000886426—LP)
c.596-1G>T N/A ClinVar (ID586315—P)
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Table 1. Cont.

Region cDNA Reference Sequence * Reference Mutational Database and Annotation

IVS2

c.709+1G>A [9] ClinVar (ID92797—P)
c.709+1G>T N/A ClinVar (ID972824—P)
c.710-2A>G [9] ClinVar (ID1285124—P)
c.710-1G>A N/A ClinVar (ID1255534—P)

EX3 c.843G>A N/A ADPKD (LP); ClinVar (ID1255690—VUS)
IVS3 c.843+1G>A [25] ClinVar (ID997217—P)
IVS3 c.843+1G>T N/A LOVD (ID0000089511—P)
IVS3 c.843+2T>C N/A ADPKD (P)
IVS3 c.843+3A>G N/A ADPKD (P)
IVS3 c.844-2A>G N/A ClinVar (ID997239—P)
IVS4 c.1094+1del N/A ClinVar (ID1699919—LP)
IVS4 c.1094+1G>A [41] ClinVar (ID280008—P)
IVS4 c.1094+1G>C [42] ClinVar (ID 997171—P)
IVS4 c.1094+2T>G [39] ADPKD (P)
IVS4 c.1094+3_+6del [39] ClinVar (ID434014—P)
IVS4 c.1095-2A>G [25] ClinVar (ID1916255—P)
IVS4 c.1095-1G>T N/A ClinVar (ID2445831—LP)
IVS4 c.1095-5A>G [40] ADPKD (P)
IVS5 c.1319+1G>A [43] ClinVar (ID430967—P)
IVS5 c.1319+1G>T [40] ADPKD (P)
IVS5 c.1320-2del N/A ClinVar (ID638001—P)
IVS5 c.1320-1G>A [25] ADPKD (P)
EX6 c.1480G>T [9,38] ADPKD (P)
IVS6 c.1548+1G>A N/A ClinVar (ID562283—P)
IVS6 c.1549-1G>A N/A ClinVar (ID972872—P)
EX7 c.1716G>A [44] ADPKD (P)
IVS7 c.1716+1T>A [25] ADPKD (P)
IVS7 c.1716+2T>A [45] ClinVar (ID997114—P)
IVS7 c.1717-3C>G [9] ADPKD (P)
IVS7 c.1717-2A>G [25]; this study ADPKD (P)
IVS7 c.1717-1G>A [46] ADPKD (P)
IVS8 c.1898+5G>A [40,46] ClinVar (ID448033—P)
IVS8 c.1898+1G>A [40] ADPKD (P)
IVS8 c.1899-2A>T N/A ClinVar (ID2443217—P)
EX9 c.2019G>A N/A ADPKD (P)
IVS9 c.2019+1G>A N/A ClinVar (ID477626—P)
IVS9 c.2019+2T>A [22] ADPKD (P)
IVS9 c.2019+1_2019+5del N/A ClinVar (ID829998—P)
IVS9 c.2020-2A>G N/A ClinVar (ID1973472—LP)
IVS9 c.2020-2_-1del [42,47] ADPKD (P)
IVS9 c.2020-2del N/A ClinVar (ID1328420—LP)

IVS9-EX10 c.2020-1_2020del N/A ClinVar (ID449307—LP)
IVS10 c.2118-2A>G N/A ADPKD (P)
IVS10 c.2118+1G>C N/A ClinVar (ID976823—P)
IVS10 c.2119-2A>G N/A ClinVar (ID974544—P)
IVS11 c.2240+1G>A [45] ClinVar (ID448034—P)
IVS11 c.2240+1G>T [41] ADPKD (P)
IVS11 c.2240+1G>C N/A ClinVar (ID872745—LP)
IVS11 c.2241-2A>G [9] ClinVar (ID562263—P)
IVS11 c.2241-1G>T [40] ADPKD (P)
IVS12 c.2358+1G>A [40] ClinVar (ID2664070—P)
IVS12 c.2358+1G>T N/A ClinVar (ID 2428817—P)
IVS12 c.2358+1G>C N/A ClinVar (ID1693454—P)
IVS13 c.2522+1_2522+2del N/A ClinVar (ID 975054—P)
IVS13 c.2522+1G>T N/A ClinVar (ID1806275—P)
IVS13 c.2523-1G>A [48] ClinVar (ID440150—P)
IVS14 c.2670+1G>A N/A LOVD (ID0000089601—P)
IVS14 c.2671-2A>G [40] ADPKD (P)

* PKD2 gene reference transcript NM_000297.3. N/A: Not Available; P: Pathogenic; LP: Likely Pathogenic.
ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/, accessed on 15 June 2024); ADPKD Variant Database (https:
//pkdb.mayo.edu/welcome).

https://www.ncbi.nlm.nih.gov/clinvar/
https://pkdb.mayo.edu/welcome
https://pkdb.mayo.edu/welcome
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5. Conclusions

ADPKD is a common and severe clinical condition leading to kidney failure and
cardiovascular disease in most affected individuals. Genetic evaluation has taken on an
increasingly central role in the diagnosis and in the familiar screening and monitoring.
Here, we have performed a comprehensive analysis of a rare PKD2 variant involving
the acceptor splice site of intron 7, reporting for the first time novel evidence related to
the alternative and rare splicing mechanisms in this gene. This study emphasises the
significance of assessing the effect of SNVs at the mRNA level in ADPKD by adding new
insights to the pathogenesis of the disease.

Author Contributions: Conceptualization, E.D.P. and P.C.; methodology, G.R., N.C., I.Z. and C.R.T.;
software, E.D.P. and P.C.; validation, P.M.F., A.M. and A.U.; data curation, E.D.P., G.R. and I.Z.;
writing—original draft preparation, E.D.P., G.R., N.C. and P.C.; writing—review and editing, P.M.F.
and C.R.T.; supervision, A.M., A.U. and P.M.F. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki. All procedures were in accordance with the ethical standards of the Ethics Committee
of “Fondazione Policlinico Uni-versitario A. Gemelli IRCCS” of Rome and not require an ethics
discussion being conducted as routine diagnostic procedure.

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: Data are available from the authors upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Lanktree, M.B.; Haghighi, A.; Guiard, E.; Iliuta, I.A.; Song, X.; Harris, P.C.; Paterson, A.D.; Pei, Y. Prevalence estimates of

polycystic kidney and liver disease by population sequencing. J. Am. Soc. Nephrol. 2018, 29, 2593–2600. [CrossRef]
2. Willey, C.J.; Blais, J.D.; Hall, A.K.; Krasa, H.B.; Makin, A.J.; Czerwiec, F.S. Prevalence of autosomal dominant polycystic kidney

disease in the European Union. Nephrol. Dial. Transplant. 2017, 32, 1356–1363. [CrossRef] [PubMed]
3. Elhassan, E.A.; O’Kelly, P.; Collins, K.E.; Teltsh, O.; Ciurli, F.; Murray, S.L.; Kennedy, C.; Madden, S.F.; Benson, K.A.; Cavalleri,

G.L.; et al. Familial Variability of Disease Severity in Adult Patients With ADPKD. Kidney Int. Rep. 2023, 9, 649–660. [CrossRef]
4. Cornec-Le Gall, E.; Alam, A.; Perrone, R.D. Autosomal dominant polycystic kidney disease. Lancet 2019, 393, 919–935. [CrossRef]
5. Ferraro, P.M.; Bargagli, M.; Faller, N.; Anderegg, M.A.; Huynh-Do, U.; Vogt, B.; Gambaro, G.; Fuster, D.G. The role of urinary

supersaturations for lithogenic salts in the progression of autosomal dominant polycystic kidney disease. J. Nephrol. 2023, 36,
1011–1018. [CrossRef] [PubMed]

6. Bargagli, M.; Ferraro, P.M.; Dhayat, N.; Anderegg, M.; Fuster, D. Effect of Tolvaptan Treatment on Acid-Base Homeostasis in
ADPKD Patients. Kidney Int. Rep. 2021, 6, 1749. [CrossRef]

7. Bargagli, M.; Vetsch, A.; Anderegg, M.A.; Dhayat, N.A.; Huynh-Do, U.; Faller, N.; Vogt, B.; Ferraro, P.M.; Fuster, D.G. Tolvaptan
treatment is associated with altered mineral metabolism parameters and increased bone mineral density in ADPKD patients.
Nephrol. Dial. Transplant. Off. Publ. Eur. Dial. Transpl. Assoc. Eur. Ren. Assoc. 2023, 38, 1645–1654. [CrossRef] [PubMed]

8. Cornec-Le Gall, E.; Torres, V.E.; Harris, P.C. Genetic complexity of autosomal dominant polycystic kidney and liver diseases. J.
Am. Soc. Nephrol. 2018, 29, 13–23. [CrossRef] [PubMed]

9. Veldhuisen, B.; Saris, J.J.; de Haij, S.; Hayashi, T.; Reynolds, D.M.; Mochizuki, T.; Elles, R.; Fossdal, R.; Bogdanova, N.; van Dijk,
M.A.; et al. A spectrum of mutations in the second gene for autosomal dominant polycystic kidney disease (PKD2). Am. J. Hum.
Genet. 1997, 61, 547–555. [CrossRef]

10. Besse, W.; Dong, K.; Choi, J.; Punia, S.; Fedeles, S.V.; Choi, M.; Gallagher, A.R.; Huang, E.B.; Gulati, A.; Knight, J.; et al. Isolated
polycystic liver disease genes define effectors of polycystin-1 function. J. Clin. Investig. 2017, 127, 1772–1785. [CrossRef]

11. Cornec-Le Gall, E.; Olson, R.J.; Besse, W.; Heyer, C.M.; Gainullin, V.G.; Smith, J.M.; Audrézet, M.P.; Hopp, K.; Porath, B.; Shi, B.;
et al. Monoallelic mutations to DNAJB11 cause atypical Autosomal-Dominant polycystic kidney disease. Am. J. Hum. Genet. 2018,
102, 832–844. [CrossRef]

12. Porath, B.; Gainullin, V.G.; Cornec-Le Gall, E.; Dillinger, E.K.; Heyer, C.M.; Hopp, K.; Edwards, M.E.; Madsen, C.D.; Mauritz, S.R.;
Banks, C.J.; et al. Mutations in GANAB, encoding the glucosidase IIα subunit, cause Autosomal-Dominant polycystic kidney and
liver disease. Am. J. Hum. Genet. 2016, 98, 1193–1207. [CrossRef]

13. The European Polycystic Kidney Disease Consortium. The polycystic kidney disease 1 gene encodes a 14 kb transcript and lies
within a duplicated region on chromosome 16. The European Polycystic Kidney Disease Consortium. Cell 1994, 78, 725.

https://doi.org/10.1681/ASN.2018050493
https://doi.org/10.1093/ndt/gfw240
https://www.ncbi.nlm.nih.gov/pubmed/27325254
https://doi.org/10.1016/j.ekir.2023.12.002
https://doi.org/10.1016/S0140-6736(18)32782-X
https://doi.org/10.1007/s40620-022-01540-5
https://www.ncbi.nlm.nih.gov/pubmed/36528688
https://doi.org/10.1016/j.ekir.2021.04.012
https://doi.org/10.1093/ndt/gfac298
https://www.ncbi.nlm.nih.gov/pubmed/36309473
https://doi.org/10.1681/ASN.2017050483
https://www.ncbi.nlm.nih.gov/pubmed/29038287
https://doi.org/10.1086/515497
https://doi.org/10.1172/JCI90129
https://doi.org/10.1016/j.ajhg.2018.03.013
https://doi.org/10.1016/j.ajhg.2016.05.004


J. Clin. Med. 2024, 13, 4682 10 of 11

14. Hughes, J.; Ward, C.J.; Peral, B.; Aspinwall, R.; Clark, K.; San Millán, J.L.; Gamble, V.; Harris, P.C. The polycystic kidney disease 1
(PKD1) gene encodes a novel protein with multiple cell recognition domains. Nat. Genet. 1995, 10, 151–160. [CrossRef] [PubMed]

15. Mochizuki, T.; Wu, G.; Hayashi, T.; Xenophontos, S.L.; Veldhuisen, B.; Saris, J.J.; Reynolds, D.M.; Cai, Y.; Gabow, P.A.; Pierides,
A.; et al. PKD2, a gene for polycystic kidney disease that encodes an integral membrane protein. Science 1996, 272, 1339–1342.
[CrossRef] [PubMed]

16. Song, X.; Di Giovanni, V.; He, N.; Wang, K.; Ingram, A.; Rosenblum, N.D.; Pei, Y. Systems biology of autosomal dominant
polycystic kidney disease (ADPKD): Computational identification of gene expression pathways and integrated regulatory
networks. Hum. Mol. Genet. 2009, 18, 2328–2343. [CrossRef] [PubMed]

17. Hopp, K.; Ward, C.J.; Hommerding, C.J.; Nasr, S.H.; Tuan, H.F.; Gainullin, V.G.; Rossetti, S.; Torres, V.E.; Harris, P.C. Functional
polycystin-1 dosage governs autosomal dominant polycystic kidney disease severity. J. Clin. Investig. 2012, 122, 4257–4273.
[CrossRef] [PubMed]

18. Leeuwen, I.S.L.V.; Dauwerse, J.G.; Baelde, H.J.; Leonhard, W.N.; van de Wal, A.; Ward, C.J.; Verbeek, S.; DeRuiter, M.C.; Breuning,
M.H.; de Heer, E.; et al. Lowering of PKD1 expression is sufficient to cause polycystic kidney disease. Hum. Mol. Genet. 2004,
13, 3069–3077. [CrossRef]

19. Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.; et al. ACMG
Laboratory Quality Assurance Committee. Standards and guidelines for the interpretation of sequence variants: A joint consensus
recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet.
Med. 2015, 17, 405–424. [CrossRef]

20. Baux, D.; Van Goethem, C.; Ardouin, O.; Guignard, T.; Bergougnoux, A.; Koenig, M.; Roux, A.F. Correction: MobiDetails: Online
DNA variants interpretation. Eur. J. Hum. Genet. 2021, 29, 361, Erratum in Eur. J. Hum. Genet. 2021, 29, 356–360. [CrossRef]

21. Yauy, K.; Baux, D.; Pegeot, H.; Van Goethem, C.; Mathieu, C.; Guignard, T.; Juntas Morales, R.; Lacourt, D.; Krahn, M.; Lehtokari,
V.-L.; et al. MoBiDiC Prioritization Algorithm, a Free, Accessible, and Efficient Pipeline for Single-Nucleotide Variant Annotation
and Prioritization for Next-Generation Sequencing Routine Molecular Diagnosis. J. Mol. Diagn. 2018, 20, 465–473. [CrossRef]
[PubMed]

22. Yeo, G.; Burge, C.B. Maximum entropy modeling of short sequence motifs with applications to RNA splicing signals. J. Comput.
Biol. 2004, 11, 377–394. [CrossRef] [PubMed]

23. Jian, X.; Boerwinkle, E.; Liu, X. In silico prediction of splice-altering single nucleotide variants in the human genome. Nucleic
Acids Res. 2014, 42, 13534–13544. [CrossRef]

24. De Sainte Agathe, J.M.; Filser, M.; Isidor, B.; Besnard, T.; Gueguen, P.; Perrin, A.; Van Goethem, C.; Verebi, C.; Masingue, M.;
Rendu, J.; et al. SpliceAI-visual: A free online tool to improve SpliceAI splicing variant interpretation. Hum. Genom. 2023, 17, 7.
[CrossRef]

25. Audrézet, M.P.; Cornec-Le Gall, E.; Chen, J.M.; Redon, S.; Quéré, I.; Creff, J.; Bénech, C.; Maestri, S.; Le Meur, Y.; Férec, C.
Autosomal dominant polycystic kidney disease: Comprehensive mutation analysis of PKD1 and PKD2 in 700 unrelated patients.
Hum. Mutat. 2012, 33, 1239–1250. [CrossRef]

26. Bonnal, S.C.; López-Oreja, I.; Valcárcel, J. Roles and mechanisms of alternative splicing in cancer—Implications for care. Nat. Rev.
Clin. Oncol. 2020, 17, 457–474. [CrossRef] [PubMed]

27. Yeo, G.; Hoon, S.; Venkatesh, B.; Burge, C.B. Variation in sequence and organization of splicing regulatory elements in vertebrate
genes. Proc. Natl. Acad. Sci. USA 2004, 101, 15700–15705. [CrossRef]

28. Berget, S.M. Exon recognition in vertebrate splicing. J. Biol. Chem. 1995, 270, 2411–2414. [CrossRef] [PubMed]
29. Yamada, K.; Fukao, T.; Zhang, G.; Sakurai, S.; Ruiter, J.P.; Wanders, R.J.; Kondo, N. Single-base substitution at the last nucleotide

of exon 6 (c.671G>A), resulting in the skipping of exon 6, and exons 6 and 7 in human succinyl-CoA:3-ketoacid CoA transferase
(SCOT) gene. Mol. Genet. Metab. 2007, 90, 291–297. [CrossRef]

30. Schneider, S.; Wildhardt, G.; Ludwig, R.; Royer-Pokora, B. Exon skipping due to a mutation in a donor splice site in the WT-1
gene is associated with Wilms’ tumor and severe genital malformations. Hum. Genet. 1993, 91, 599–604. [CrossRef]

31. Hayashida, Y.; Mitsubuchi, H.; Indo, Y.; Ohta, K.; Endo, F.; Wada, Y.; Matsuda, I. Deficiency of the E1b subunit in the branched-
chain a-keto acid dehydrogenase complex due to a single base substitution of the intron 5, resulting in two alternatively spliced
mRNAs in a patient with maple syrup urine disease. Biochim. Biophys. Acta 1994, 1225, 317–325. [CrossRef]

32. Haire, R.N.; Ohta, Y.; Strong, S.J.; Litman, R.T.; Liu, Y.; Prchal, J.T.; Cooper, M.D.; Litman, G.W. Unusual patterns of exon skipping
in Bruton tyrosine kinase are associated with mutations involving the intron 17 3′ splice site. Am. J. Hum. Genet. 1997, 60, 798–807.
[PubMed]

33. Fang, L.J.; Simard, M.J.; Vidaud, D.; Assouline, B.; Lemieux, B.; Vidaud, M.; Chabot, B.; Thirion, J.P. A novel mutation in
the neurofibromatosis type 1 (NF1) gene promotes skipping of two exons by preventing exon definition. J. Mol. Biol. 2001,
307, 1261–1270. [CrossRef]

34. Takahara, K.; Schwarze, U.; Imamura, Y.; Hoffman, G.G.; Toriello, H.; Smith, L.T.; Byers, P.H.; Greenspan, D.S. Order of intron
removal influences multiple splice outcomes, including a two-exon skip, in a COL5A1 acceptor-site mutation that results in
abnormal Pro-a1(V) N-Propeptides and Ehlers-Danlos Syndrome Type I. Am. J. Hum. Genet. 2002, 71, 451–465. [CrossRef]

35. Shen, P.S.; Yang, X.; DeCaen, P.G.; Liu, X.; Bulkley, D.; Clapham, D.E.; Cao, E. The Structure of the Polycystic Kidney Disease
Channel PKD2 in Lipid Nanodiscs. Cell 2016, 167, 763–773.e11. [CrossRef]

https://doi.org/10.1038/ng0695-151
https://www.ncbi.nlm.nih.gov/pubmed/7663510
https://doi.org/10.1126/science.272.5266.1339
https://www.ncbi.nlm.nih.gov/pubmed/8650545
https://doi.org/10.1093/hmg/ddp165
https://www.ncbi.nlm.nih.gov/pubmed/19346236
https://doi.org/10.1172/JCI64313
https://www.ncbi.nlm.nih.gov/pubmed/23064367
https://doi.org/10.1093/hmg/ddh336
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/s41431-020-00789-3
https://doi.org/10.1016/j.jmoldx.2018.03.009
https://www.ncbi.nlm.nih.gov/pubmed/29689380
https://doi.org/10.1089/1066527041410418
https://www.ncbi.nlm.nih.gov/pubmed/15285897
https://doi.org/10.1093/nar/gku1206
https://doi.org/10.1186/s40246-023-00451-1
https://doi.org/10.1002/humu.22103
https://doi.org/10.1038/s41571-020-0350-x
https://www.ncbi.nlm.nih.gov/pubmed/32303702
https://doi.org/10.1073/pnas.0404901101
https://doi.org/10.1074/jbc.270.6.2411
https://www.ncbi.nlm.nih.gov/pubmed/7852296
https://doi.org/10.1016/j.ymgme.2006.10.010
https://doi.org/10.1007/BF00205087
https://doi.org/10.1016/0925-4439(94)90013-2
https://www.ncbi.nlm.nih.gov/pubmed/9106525
https://doi.org/10.1006/jmbi.2001.4561
https://doi.org/10.1086/342099
https://doi.org/10.1016/j.cell.2016.09.048


J. Clin. Med. 2024, 13, 4682 11 of 11

36. Hackmann, K.; Markoff, A.; Qian, F.; Bogdanova, N.; Germino, G.G.; Pennekamp, P.; Dworniczak, B.; Horst, J.; Gerkem, V. A
splice form of polycystin-2, lacking exon 7, does not interact with polycystin-1. Hum. Mol. Genet. 2005, 14, 3249–3262. [CrossRef]

37. Hateboer, N.; Veldhuisen, B.; Peters, D.; Breuning, M.H.; San-Millán, J.L.; Bogdanova, N.; Coto, E.; van Dijk, M.A.; Afzal, A.R.;
Jaffery, S.; et al. Location of mutations within the PKD2 gene influences clinical outcome. Kidney Int. 2000, 57, 1444–1451.
[CrossRef] [PubMed]

38. Liu, X.; Shi, X.; Xin, Q.; Liu, Z.; Pan, F.; Qiao, D.; Chen, M.; Zhang, Y.; Guo, W.; Li, C.; et al. Identified eleven exon variants in
PKD1 and PKD2 genes that altered RNA splicing by minigene assay. BMC Genom. 2023, 24, 407. [CrossRef] [PubMed]

39. Magistroni, R.; He, N.; Wang, K.; Andrew, R.; Johnson, A.; Gabow, P.; Dicks, E.; Parfrey, P.; Torra, R.; San-Millan, J.L.; et al.
Genotype-renal function correlation in type 2 autosomal dominant polycystic kidney disease. J. Am. Soc. Nephrol. JASN 2003,
14, 1164–1174. [CrossRef]

40. Rossetti, S.; Consugar, M.B.; Chapman, A.B.; Torres, V.E.; Guay-Woodford, L.M.; Grantham, J.J.; Bennett, W.M.; Meyers, C.M.;
Walker, D.L.; Bae, K.; et al. Comprehensive molecular diagnostics in autosomal dominant polycystic kidney disease. J. Am. Soc.
Nephrol. JASN 2007, 18, 2143–2160. [CrossRef]

41. Chung, W.; Kim, H.; Hwang, Y.H.; Kim, S.Y.; Ko, A.R.; Ro, H.; Lee, K.B.; Lee, J.S.; Oh, K.H.; Ahn, C. PKD2 gene mutation analysis
in Korean autosomal dominant polycystic kidney disease patients using two-dimensional gene scanning. Clin. Genet. 2006,
70, 502–508. [CrossRef]

42. Yu, C.; Yang, Y.; Zou, L.; Hu, Z.; Li, J.; Liu, Y.; Ma, Y.; Ma, M.; Su, D.; Zhang, S. Identification of novel mutations in Chinese Hans
with autosomal dominant polycystic kidney disease. BMC Med. Genet. 2011, 12, 164. [CrossRef]

43. Torra, R.; Badenas, C.; Pérez-Oller, L.; Luis, J.; Millán, S.; Nicolau, C.; Oppenheimer, F.; Milà, M.; Darnell, A. Increased prevalence
of polycystic kidney disease type 2 among elderly polycystic patients. Am. J. Kidney Dis. Off. J. Natl. Kidney Found. 2000,
36, 728–734. [CrossRef]

44. Zhang, S.; Mei, C.; Zhang, D.; Dai, B.; Tang, B.; Sun, T.; Zhao, H.; Zhou, Y.; Li, L.; Wu, Y. Mutation Analysis of Autosomal
Dominant Polycystic Kidney Disease Genes in Han Chinese. Nephron Exp. Nephrol. 2005, 100, e63–e76. [CrossRef]

45. Tan, Y.C.; Blumenfeld, J.; Michaeel, A.; Donahue, S.; Balina, M.; Parker, T.; Levine, D.; Rennert, H. Aberrant PKD2 splicing due to
a presumed novel missense mutation in autosomal-dominant polycystic kidney disease. Clin. Genet. 2011, 80, 287–292. [CrossRef]

46. Garcia-Gonzalez, M.A.; Jones, J.G.; Allen, S.K.; Palatucci, C.M.; Batish, S.D.; Seltzer, W.K.; Lan, Z.; Allen, E.; Qian, F.; Lens, X.M.;
et al. Evaluating the clinical utility of a molecular genetic test for polycystic kidney disease. Mol. Genet. Metab. 2007, 92, 160–167.
[CrossRef]

47. Hoefele, J.; Mayer, K.; Scholz, M.; Klein, H.G. Novel PKD1 and PKD2 mutations in autosomal dominant polycystic kidney disease
(ADPKD). Nephrol. Dial. Transplant. Off. Publ. Eur. Dial. Transpl. Assoc. Eur. Ren. Assoc. 2011, 26, 2181–2188. [CrossRef]

48. Irazabal, M.V.; Huston, J.; Kubly, V.; Rossetti, S.; Sundsbak, J.L.; Hogan, M.C.; Harris, P.C.; Brown, R.D.; Torres, V.E. Extended
follow-up of unruptured intracranial aneurysms detected by presymptomatic screening in patients with autosomal dominant
polycystic kidney disease. Clin. J. Am. Soc. Nephrol. CJASN 2011, 6, 1274–1285. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/hmg/ddi356
https://doi.org/10.1046/j.1523-1755.2000.00989.x
https://www.ncbi.nlm.nih.gov/pubmed/10760080
https://doi.org/10.1186/s12864-023-09444-9
https://www.ncbi.nlm.nih.gov/pubmed/37468838
https://doi.org/10.1097/01.ASN.0000061774.90975.25
https://doi.org/10.1681/ASN.2006121387
https://doi.org/10.1111/j.1399-0004.2006.00721.x
https://doi.org/10.1186/1471-2350-12-164
https://doi.org/10.1053/ajkd.2000.17619
https://doi.org/10.1159/000084572
https://doi.org/10.1111/j.1399-0004.2010.01555.x
https://doi.org/10.1016/j.ymgme.2007.05.004
https://doi.org/10.1093/ndt/gfq720
https://doi.org/10.2215/CJN.09731110

	Introduction 
	Materials and Methods 
	Patient 
	Molecular Analysis and In Silico Prediction 
	cDNA Analysis 

	Results 
	Molecular Analysis and In Silico Prediction 
	cDNA Analysis 

	Discussion 
	Conclusions 
	References

