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Abstract
Background and objectives  The evident genotype–phenotype correlation shown by the X-linked Alport syndrome warrants 
the assessment of the impact of identified gene variants on aberrant splicing. We previously reported that single nucleotide 
variants (SNVs) in the last nucleotide of exons in COL4A5 cause aberrant splicing. It is known that the nucleotides located 
2nd and 3rd to the last nucleotides of exons can also play an essential role in the first step of the splicing process. In this 
study, we aimed to investigate whether SNVs positioned 2nd or 3rd to the last nucleotide of exons in COL4A5 resulted in 
aberrant splicing.
Methods  We selected eight candidate variants: six from the Human Gene Variant Database Professional and two from our 
cohort. We performed an in-vitro splicing assay and reverse transcription-polymerase chain reaction (RT-PCR) for messenger 
RNA obtained from patients, if available.
Results  The candidate variants were initially classified into the following groups: three nonsense, two missense, and three 
synonymous variants. Splicing assays and RT-PCR for messenger RNA revealed that six of the eight variants caused aber-
rant splicing. Four variants, initially classified as non-truncating variants, were found to be truncating ones, which usually 
show relatively more severe phenotypes.
Conclusion  We revealed that exonic SNVs positioned 2nd or 3rd to the last nucleotide of exons in the COL4A5 were respon-
sible for aberrant splicing. The results of our study suggest that attention should be paid when interpreting the pathogenicity 
of exonic SNVs near the 5′ splice site.

Keywords  COL4A5 · Alport syndrome · Minigene assay · Aberrant splicing · Single nucleotide substitution · Inherited 
kidney disease

Introduction

Alport syndrome (AS) is an inherited renal disease charac-
terized by hematuria, proteinuria, progressive kidney dys-
function, and extrarenal manifestations such as hearing loss 
and ocular abnormalities. AS is caused by variants in the 
COL4A3 (OMIM, # 120,070), COL4A4 (OMIM, # 120,131), 
and COL4A5 (OMIM, # 303,630) genes encoding type IV 
collagen α3, α4 and α5 chains, respectively, which are the 
major components of the glomerular basement membrane 
[1–3]. Families with AS show X-linked, autosomal reces-
sive, or autosomal dominant inheritance patterns. Among 
them, X-linked AS (XLAS) is predominant and is caused by 
rare variants of COL4A5 on chromosome Xq22.
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It has been reported that male patients with XLAS show 
significant genotype–phenotype correlations; patients with 
nonsense variants show the most severe phenotype, those 
harboring missense variants show a mild phenotype and 
those with splicing variants present a moderate phenotype 
[4–8]. Moreover, among the splicing variants, in-frame 
variants show significantly milder phenotypes compared to 
frameshift variants [7–11]. Therefore, it is crucial to cor-
rectly interpret the pathogenicity of identified variants. 
Exonic single-nucleotide variants (SNVs) are generally clas-
sified as missense or nonsense. However, recent studies have 
revealed that exonic variants may cause aberrant splicing, 
even when they appear to be synonymous variants [12–16].

The splicing of nuclear precursor messenger RNA (pre-
mRNA) is an essential step in gene expression, carried out 
by sophisticated ribonucleoproteins called spliceosomes. 
The spliceosome recognizes splicing signals and catalyzes 
the removal of non-coding intronic sequences from pre-
mRNA, leading to the assembly of protein-coding sequences 
into mature mRNA [17–20]. Splicing signals are sequence-
specific elements located at exon–intron boundaries (splice 
sites), the polypyrimidine tract, and the branch point [20]. 
The 5′ splice site is characterized by a consensus sequence, 
which includes the last three bases of exons and the first six 
nucleotides of introns—MAG/GUR​AGU​ at the exon/intron 
junction (M is adenine or cytosine, r is cytosine or thymine) 
[20–22]. However, compared to intronic variants, the pos-
sible roles of the exonic SNVs located near exon–intron 
boundaries in mediating splicing defects tend to be over-
looked. We previously investigated the splicing effect of 
SNVs at the last nucleotide of exons in COL4A5, which 
revealed that as many as 85% of reported variants caused 
aberrant splicing [9]. Therefore, we hypothesized that SNVs 
positioned 2nd or 3rd to the last nucleotide of exons may 
also affect splicing. The aim of this study was to evaluate 
the splicing effect of exonic variants in COL4A5, positioned 
2nd or 3rd to the last nucleotide of each exon.

Materials and methods

Variant nomenclature

The variant nomenclature followed the guidelines speci-
fied by the Human Genome Variation Society (http://​
varno​men.​hgvs.​org) using the NCBI Reference Sequence 
NM_000495.5.

Candidate variants

Candidate variants for this study were selected from the 
Human Gene Variant Database Professional (HGMD; 
accessed on November 2021). Among the 615 missense/

nonsense variants and a total of 221 splicing variants regis-
tered on HGMD as disease-causing, all six SNVs positioned 
2nd or 3rd to the last nucleotide of exons were selected for 
this study. Two novel variants from our cohort were also 
included; thus, eight variants were analyzed (Fig. 1).

Genetic analysis with next‑generation sequencing

Two novel variants were detected using next-generation 
sequencing (NGS). Genomic DNA was extracted from 
peripheral blood leukocytes obtained from patients and 
their family members using the Quick Gene Mini 80 system 
(Wako Pure Chemical Industries, Tokyo, Japan). Library 
preparation for NGS was conducted using the HaloPlex Tar-
get Enrichment System Kit (Agilent Technologies, Santa 
Clara, CA, USA) in accordance with the manufacturer’s 
instructions and then subjected to the MiSeq platform (Illu-
mina, San Diego, CA). Sequenced data were aligned to the 
reference human genome (GRCh37/Hg19) and analyzed 
with SureCall 4.0, a desktop application combining algo-
rithms for end-to-end NGS data analysis, from alignment to 
categorization of variants (Agilent Technologies).

Bioinformatic analysis and interpretation 
of pathogenicity of the variants

We used the computational prediction software SIFT 
(https://​sift.​bii.​astar.​edu.​sg/), PolyPhen-2 (http://​genet​ics.​
bwh.​harva​rd.​edu/​pph2/), Variant Taster (http://​www.​varia​
nttas​ter.​org/), and CADD (https://​cadd.​gs.​washi​ngton.​edu/​
snv) to classify the variants as pathogenic, likely patho-
genic, or uncertain significance, according to the guidelines 
of the American College of Medical Genetics and Genom-
ics (ACMG) [23]. To predict the strength of the splice sites, 
we used SpliceSiteFinder-like (http://​www.​inter​active-​bioso​

615 missense/nonsense variants 
221 splicing variants
registered on HGMD by November 2021

6 SNVs positioned at 3rd or 2nd to last nucleotide of exons 

8 SNVs positioned at 3rd or 2nd to last nucleotide of exons  

2 variants from our cohort

Fig. 1   Selection of the candidate variants for this study. From the dis-
ease database, Human Gene Variant Database Professional (HGMD), 
six exonic single nucleotide variants (SNVs) positioned 2nd or 3rd to 
the last nucleotide in COL4A5 were selected for this study. Two novel 
variants from our cohort were also included. Thus, a total of eight 
variants were analyzed

http://varnomen.hgvs.org
http://varnomen.hgvs.org
https://sift.bii.astar.edu.sg/
http://genetics.bwh.harvard.edu/pph2/
http://genetics.bwh.harvard.edu/pph2/
http://www.varianttaster.org/
http://www.varianttaster.org/
https://cadd.gs.washington.edu/snv
https://cadd.gs.washington.edu/snv
http://www.interactive-biosoftware.com
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ftware.​com), MaxEntScan (http://​holly​wood.​mit.​edu/​burge​
lab/​maxent/​Xmaxe​ntscan_​score​seq.​html), and NNSplice 
via the Alamut software v.2.11 (Interactive Biosftware, 
Rouen, France; http://​www.​inter​active-​bioso​ftware.​com) 
with default settings. Each tool was estimated to pre-
dict altered splicing when the change in splice site score 
was ≥ 10% (MaxEntScan) or ≥ 5% (SpliceSiteFinder-like and 
NNSplice) [24, 25]. Additionally, SpliceAI, a deep learning-
based tool to identify splice variants on a web-based inter-
face (https://​splic​eailo​okup.​broad​insti​tute.​org/), was used to 
assess the potential of splicing defects in the variants using 
a Δ Score > 0.2 as the cutoff [26].

Reverse transcription‑polymerase chain reaction 
(RT‑PCR) analysis for mRNA obtained from patient 
blood samples

For variants 2, 4 and 8, cDNA analysis was performed 
as patient blood samples were available. Total RNA was 
extracted from blood leukocytes using the RiboPure Blood 
Kit (Invitrogen, Carlsbad, CA, USA) and an RNA stabiliza-
tion agent (RNAlater, Invitrogen). Total RNA of 2 µg was 
converted to cDNA via reverse transcription with EcoDry 
Premix (Double Primed; Takara Bio Inc., Tokyo, Japan), and 
analyzed by PCR amplification.

X‑chromosome inactivation analysis

As for variants 2 and 8, the samples used in the cDNA analy-
sis were obtained from female patients. Thus, we performed 
methylation-based X-chromosome inactivation analysis to 
interpret the results of the cDNA analysis. Genomic DNA 
(200 ng) was incubated overnight at 37 °C with or without 
25 units of Hpa II (New England BioLabs, Inc., Ipswich, 
MA) in a total volume of 20 µL. After deactivating enzymes 
at 80 °C for 30 min, the digested DNA was used to amplify 
the segment spanning the CAG repeats in the human andro-
gen receptor gene (HUMARA) and the extragenic GAAA 
repeats of the retinitis pigmentosa-2 (RP2) gene, respec-
tively. Skewing was defined as an XCI ratio ≧3:1. This defi-
nition has been used in previous studies [27].

Minigene splicing assay

The hybrid minigene splicing assay was constructed using 
the H492 vector, based on the mammalian expression vector 
pcDNA 3.0 (Invitrogen; Supplementary Fig. S1). Genomic 
DNA samples from healthy controls and patients were 
amplified to obtain DNA fragments, including exons and 
approximately 200 bp of introns adjacent to each targeted 
exon. The H492 vector was linearized either by PCR or with 
restriction enzymes (NheI and BamHI), and amplicons were 
subsequently cloned into the vector via in-fusion cloning to 

construct wild-type or mutant plasmids. If patient samples 
were unavailable, site-directed mutagenesis was performed 
using the PrimeSTAR Mutagenesis Basal Kit (Takara Bio 
Inc.). Each minigene was transfected into HEK293T cells 
using Lipofectamine 2000 (Invitrogen), following the man-
ufacturer’s instructions. The cells were then incubated for 
24 h, total RNA was extracted using the RNeasy Plus Mini 
Kit (QIAGEN, GmbH, Hilden, Germany), and it was then 
reverse-transcribed using EcoDry Premix (Double Primed; 
Takara Bio Inc.). RT-PCR was conducted with primers 
YH307 and YH308, which are homologous to H492 exons 
A and B, respectively. Amplicons were analyzed by elec-
trophoresis on a 1.5% agarose gel using the ϕX174-Hae III 
digest marker and direct sequencing. The sequences of prim-
ers used for the minigene splicing assay are described in 
Supplementary Table S1. Abnormal splicing was determined 
if any of the following criteria were met: (i) WT with only 
normal splicing and the variant with only aberrant splicing; 
(ii) WT with only normal splicing and the variant with both 
normal and aberrant splicing; or (iii) WT with both nor-
mal and aberrant splicing and the variant with only aberrant 
splicing.

Results

Three candidate variants were identified in the 3rd to the last 
nucleotide of the exon, whereas the others were located in 
the 2nd nucleotide (Table 1). To examine the genotype–phe-
notype correlation, clinical data from male patients only are 
included in Table 1. According to the ACMG guidelines, 
three variants (4, 6, and 7) were determined as pathogenic; 
however, we were uncertain about the others (Supplemen-
tary Table S2). The initial classification of the candidate 
variants was as follows: three nonsense, two missense, and 
three synonymous variants (Table 1). The minigene splicing 
assay revealed that exon skipping occurred in six variants 
(1, 2, 3, 5, 7 and 8; Table 1; Fig. 2). Among them, four vari-
ants, initially assessed as non-truncating, were revealed to 
be truncating transcripts (variants 2, 3, 5 and 8). Variant 7, 
initially assessed as a nonsense variant, generated both exon 
12 skipping and non-skipping transcripts. The remaining 
variants 4 and 6, whose initial classification was nonsense, 
showed normal splicing. Variants 2, 4 and 8 were subjected 
to RT-PCR for patients’ mRNA, and the results corroborated 
those of the minigene splicing assay (Supplementary Fig. 
S2). Variants 2 (A864.1) and 8 (A516.2) were from female 
patients. In general, transcript analysis of heterozygous 
female patients shows not only transcripts resulting from the 
mutant allele but also transcripts from the unaffected allele. 
If a normally spliced transcript does not carry the variant, 
the aberrantly spliced transcript is considered to be gener-
ated from a mutant allele and we can infer that the variant 

http://www.interactive-biosoftware.com
http://hollywood.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html
http://hollywood.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html
http://www.interactive-biosoftware.com
https://spliceailookup.broadinstitute.org/
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Fig. 2   Transcriptional analysis 
of splicing reporter minigene 
assay for the variants. The upper 
part of the figure shows each 
inserted fragment constructed 
with individual exons and flank-
ing introns. On the lower left, 
agarose gel electrophoresis of 
the RT-PCR product of mini-
gene transcripts in HEK293T 
cells is shown. The sizes of 
the DNA marker are indicated 
to the left of each image. A 
schematic representation of the 
splicing outcome is shown on 
the lower right. Exons are repre-
sented by boxes. All PCR prod-
ucts were verified by sequenc-
ing. A Variant 1 c.2145A > G 
showed exon 27 skipping. B 
Both variants 2 c.2394A > T 
and 3 c.2394A > G resulted in 
exon 29 skipping. C Variant 
4 c.4687C > T caused normal 
splicing. D Both variants 5 
c.4975A > G and 8 c.4974C > T 
caused exon 50 skipping. E 
Variant 6 c.544C > T produced 
exon 9 skipping. F Variant 7 
c.685A > T resulted in both 
exon 12 skipping and normal 
splicing
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produced only aberrantly spliced transcripts. Patient A864.1 
was a 5-year-old girl with overt proteinuria (1.5 g/gCr) and 
preserved kidney function (eGFR: 153 mL/min/1.73 m2). 
At the age of 3 years, she was diagnosed to have hematuria 
and proteinuria, which worsened after a streptococcal infec-
tion contracted at the age of 4 years. Patient A516.2 was a 
3-year-old girl who presented with hematuria and proteinu-
ria (0.95 g/gCr). Her kidney function was preserved (eGFR: 
152 mL/min/1.73 m2). She was noted to have hematuria and 
occasional macrohematuria at the age of 3 years.

X chromosome inactivation analysis revealed that A864.1 
showed a skewed X inactivation pattern, whereas A516.2 
showed a random X inactivation pattern (Supplementary 
Fig. S3).

Each sequence of the RT-PCR products generated from 
the minigene assay is shown in Supplementary Fig. S4. 
In-silico prediction of the strength of the splice site using 
the Alamut program correctly predicted all six aberrant 
splice sites (Table 1; bold figures met the prediction criteria 
described in the Methods section). SpliceAI correctly pre-
dicted five splicing defects (Table 1).

Discussion

In this study, we revealed that six out of eight exonic SNVs 
positioned 2nd or 3rd to the last nucleotide of exons in 
COL4A5 caused aberrant splicing. We previously reported 
that 17 out of 20 SNVs at the end of exons in COL4A5 
affected splicing [9]; therefore, 23 out of 28 (82%) disease-
causing SNVs of the three terminal nucleotides of exons 
cause splicing defects. To date, 30,191 (8.6%) out of 35,2731 
disease-causing variants have been assigned as splicing vari-
ants in HGMD (released in 2021.4). However, the reported 
number of splicing variants is likely underestimated. Sterne-
Weiler et al. reported that up to 25% of known missense and 
nonsense disease-causing variants alter the functional splic-
ing signals within exons [28]. The results from our study 
strongly suggest that care has to be taken when interpreting 
the pathogenicity of exonic SNVs near the 5′ splice site.

The results of the cDNA analysis for variants 2, 4, and 8, 
were consistent with those of the minigene assay. For vari-
ants 2 (A864.1) and 8 (A516.2), we performed methylation-
based X-chromosome inactivation analysis to interpret the 
results of the cDNA analysis because the samples used in the 
cDNA analysis were obtained from female patients. A864.1 
showed a skewed X inactivation pattern, whereas A516.2 
showed a random X inactivation pattern. Since the parents 
of A864.1 did not have the variant and it was a de-novo vari-
ant, it was impossible to determine whether the higher acti-
vated allele had the variant or not. However, cDNA analysis 
showed that despite the lower amplification efficiency, the 
normally spliced longer transcripts were amplified more than 

the shorter transcripts generated from the mutant alleles, 
which probably resulted from the skewed X chromosome 
inactivation. On the other hand, even though A516.2 showed 
a random X inactivation pattern, cDNA analysis showed 
only exon-skipped transcripts. It often occurs that only one 
transcript is detectable when using cDNA obtained from 
female patients, which results from the differences in PCR 
efficacy. Therefore, we detected only a short transcript gen-
erated from the mutant allele of patient A516.2.

The recent progress in high-throughput sequencing tech-
nologies have generated in-silico prediction tools. In our 
study, six variants (1, 2, 3, 5, 7 and 8) met the criteria of 
the altered splicing score described in the Methods, result-
ing in all six variants causing aberrant splicing. SpliceAI 
accurately predicted aberrant splicing in five of these vari-
ants (2, 3, 5, 7, and 8), but could not predict the alterna-
tive splicing of variant 4 (synonymous variant). Although 
SpliceAI reportedly outperforms other in-silico prediction 
tools [29, 30], Riepe et al. reported that SpliceSiteFinder-
like was found to perform better on near-splice site variants 
[31]. Thus, we propose that it would be better to combine 
these tools to predict alternative splicing precisely.

Alternative splicing is classified into five types: intron 
retention, alternative 5′ splice site, alternative 3′ splice site, 
exon skipping, and mutually exclusive exons (in which 
only one of two or more candidate exons is spliced into the 
mature mRNA isoform) [32, 33]. Kurmangaliyev et al. com-
prehensively analyzed splicing variants and compared the 
characteristics of skipped exons (S-exons) and exons utiliz-
ing cryptic sites (C-exons) [34]. They reported that S-exons 
were significantly shorter than C-exons (median lengths 
were 114 nt and 136 nt, respectively), but there was no sig-
nificant difference in the scores of the authentic 5′ splice 
sites between S-exons and C-exons [34]. In our recent study, 
all six variants resulting in splicing alteration showed exon 
skipping, despite no correlation between exon length and 
splicing. Although in-silico tools are reliable in predicting 
the possibility of aberrant splicing, it is impossible to thor-
oughly evaluate the type of alternative splicing caused by 
the identified variants.

Several studies have revealed that male patients with 
XLAS show a straightforward genotype–phenotype cor-
relation. Bekheirnia et al. reported that the average age at 
onset of end-stage kidney disease (ESKD) in XLAS males 
was 37 years for those with missense variants, 28 years for 
those with splice-site variants and 25 years for those with 
truncating variants [6]. In addition, we previously reported 
that XLAS patients harboring truncating splicing abnor-
malities have significantly poorer renal prognoses than 
those with non-truncating splicing abnormalities [10]. In 
this study, the minigene splicing assay revealed that vari-
ant 7 (initially assessed as a nonsense variant) generated 
both exon 12 skipping and non-skipping transcripts. Exon 
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12 consists of 42 bp (multiples of 3) nucleotides; thus 
exon 12 skipping results in an in-frame deletion. It is well 
known that male XLAS patients harboring in-frame dele-
tions reach ESRD later than those with frameshift variants 
[5]. According to a report on variant 7, a male patient 
showed a relatively mild phenotype, not having developed 
ESKD at the age of 26. This suggests that splicing defects 
cause in-frame deletions in a certain part of transcripts, 
which may reduce the severity of the disease. For variant 
8, initially classified as a synonymous variant, both cDNA 
analysis and the minigene splicing assay showed exon 50 
skipping, which resulted in a truncating variant. Male 
patients harboring this variant develop ESKD between 15 
and 20 years of age, which is consistent with the cDNA 
analysis and minigene assay results. Thus, it is critical to 
determine whether these variants result in truncated or 
non-truncated transcripts to predict kidney prognosis.

A recent innovation called “exon skipping therapy” was 
developed using single-stranded antisense oligonucleo-
tides (ASOs). In XLAS, ASO therapy targeting exon 21 in 
COL4A5 significantly improved the clinical phenotypes of a 
mouse model of AS, suggesting that exon skipping may rep-
resent a promising therapeutic approach for treating severe 
male XLAS cases [35]. Thus, understanding the impact on 
transcripts generated from identified variants is becoming 
more clinically essential. In this context, the minigene splic-
ing assay helps confirm the effect of variants on splicing, 
especially for genes with a genotype–phenotype correlation 
similar to that of COL4A5.

Our study had some limitations. First, the number of 
mutations verified in this study was limited because there 
were a total of six eligible mutations, even though all vari-
ants registered in the HGMD were tallied. Therefore, fur-
ther investigations targeting other exons of COL4A5 or even 
other COL4A genes should be continuously examined. 
Second, limited clinical information is available for some 
reported variants. Therefore, the association between splic-
ing abnormalities and the clinical course has not been fully 
verified. Third, we could not perform an RT-PCR analysis 
of mRNA obtained from patients for all variants, as most 
variants were not included in our cohort.

Conclusion

We revealed that exonic SNVs positioned 2nd or 3rd to the 
last nucleotide of the exon in COL4A5 could cause aberrant 
splicing. The results of this study suggest that we should 
pay attention when interpreting the pathogenicity of exonic 
SNVs near the 5′ splice site.
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