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Abstract  1 

Pseudo-exon inclusion caused by deep intronic variants is an important genetic cause 2 

for various disorders. Here, we present a case of a hypomyelinating leukodystrophy 3 

with developmental delay, intellectual disability, autism spectrum disorder and 4 

hypodontia, which are consistent with autosomal recessive POLR3-related 5 

leukodystrophy. Whole-exome sequencing identified only a heterozygous missense 6 

variant (c.1451G>A) in POLR3A. To explore possible involvement of a deep intronic 7 

variant in another allele, we performed whole-genome sequencing of the patient with 8 

variant annotation by SpliceAI, a deep learning-based splicing prediction tool. A deep 9 

intronic variant (c.645+312C>T) in POLR3A, which was predicted to cause inclusion of 10 

a pseudo-exon derived from an Alu element, was identified and confirmed by mRNA 11 

analysis. These results clearly showed that whole-genome sequencing, in combination 12 

with deep-learning based annotation tools such as SpliceAI, will bring us further 13 

benefits in detecting and evaluating possible pathogenic variants in deep intronic 14 

regions.  15 

 16 
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Introduction 1 

Whole-genome sequencing (WGS) has become widely used to detect pathogenic 2 

variants in clinically heterogeneous diseases because the costs of WGS have decreased 3 

[1]. A recent review described that deep intronic variants more than 100 base pairs from 4 

exon–intron boundaries may be causative for multiple diseases [2]. These deep intronic 5 

variants could activate cryptic (non-canonical) splice sites or alter splicing enhancer or 6 

silencer elements in introns; however, it is difficult to accurately predict the effects of 7 

these variants on RNA splicing [3]. Recently, bioinformatic splicing prediction tools 8 

that use a deep learning network, such as SpliceAI, have allowed accurate prediction of 9 

abnormal splicing caused by noncoding variants [4]. 10 

POLR3-related leukodystrophy is a rare autosomal recessive disease characterized by 11 

hypomyelination, hypodontia, and hypogonadotropic hypogonadism, and caused by 12 

biallelic variants in POLR3A- and POLR3B-encoding RNA polymerase III subunits [5]. 13 

Here, we report a first case of POLR3-related leukodystrophy caused by a combination 14 

of missense and deep intronic variants in POLR3A.  15 

Subject and Methods 16 

Case report 17 

A Japanese boy was born without asphyxia after 36 weeks of gestation. There was no 18 

family history of neurodevelopmental disorders. His birth weight, body length, and head 19 

circumference were 3130 g (2.0 standard deviation [SD]), 47.6 cm (0.46 SD), and 33.0 20 

cm (0.47 SD), respectively. Laryngomalacia was recognized at two weeks of age. He 21 

has had recurrent respiratory infections since he was 1 year of age. He was able to walk 22 
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independently at 1 year and 3 months of age, but could not go up and down the stairs 1 

until he was 3 years of age. Although he understood simple instructions by the time that 2 

he was 3 years of age, he still had no meaningful speech. At 3 years of age, he was 3 

diagnosed with autism spectrum disorder, intellectual disability and failure to thrive. On 4 

examination at 10 years of age, his height, weight, and head circumference were 128.0 5 

cm (−1.9 SD), 19.8 kg (−2.0 SD), and 50.2 cm (−2.1 SD), respectively. The each 6 

volume of both testes was 1–2 ml suggesting that he was prepubertal. Mild hypotonia 7 

and normal deep tendon reflexes were observed. No cerebellar features or 8 

extrapyramidal features were recognized. The gonadotropin releasing hormone 9 

stimulation test and the GH secretion stimulation test were normal. 10 

Orthopantomography revealed all second premolar defects. Brain magnetic resonance 11 

imaging (MRI) at 11 years of age showed diffuse hypomyelination, cerebellar atrophy 12 

and thinning of the corpus callosum (Figure 1).  13 

 14 

Variant screening 15 

This study was approved by the Institutional Review Board Committee at Jichi 16 

Medical School and Hamamatsu University School of Medicine. After receiving written 17 

informed consent, we performed case-only WES (whole-exome sequencing) and WGS. 18 

The patient’s DNA was captured using an xGen Exome Research Panel kit (IDT, 19 

Coralville IA), and sequenced on a NextSeq500 (Illumina, San Diego, CA) with 75-bp 20 

paired-end reads. WGS was commissioned to Macrogen Japan Corp. (Kyoto, Japan). 21 

Data processing, variant calling, annotation, and filtering were performed as described 22 

in the Supplementary methods. 23 
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Reverse transcription polymerase chain reaction 1 

Peripheral blood mononuclear cells (PBMCs) from the venous blood of the patient 2 

and one control were isolated by Lymphoprep (Axis-Shield, Oslo, Norway). Total RNA 3 

was extracted from the PBMC using a RNeasy Mini Kit (QIAGEN, Hilden, Germany), 4 

and subjected to reverse transcription using the PrimeScript RT reagent kit (TAKARA 5 

BIO, Kusatsu, Shiga, Japan) according to the manufacturer's protocol. We designed 6 

target specific primers for POLR3A on exon 5 and 6 (Figure 2B) to confirm aberrant 7 

splicing, and on exon 5 and 11 to estimate efficiency of pseudo-exon inclusion caused 8 

by the intronic variant (Supplemental Figure S1). TA cloning of PCR products was 9 

performed as described previously [6]. 10 

Results 11 

First, we searched for the candidate variants by WES and found one candidate variant 12 

c.1451G>A, p.(Arg484Gln) in POLR3A (NM_007055.3) (Figure 2A). This variant was 13 

found in one of the 251,270 alleles in gnomAD v2.1.1 14 

(http://gnomad.broadinstitute.org/; accessed April 2020) but was absent in ToMMo 15 

4.7KJPN Allele Frequency Panel (v20190826) [7]. In silico pathogenicity prediction 16 

tools suggested this variant to be deleterious (Supplemental Table S1). However, we 17 

could find neither the second candidate variant in the coding regions or adjacent introns 18 

nor the copy number variant in POLR3A by WES. Given the phenotypic similarity to 19 

POLR3-related leukodystrophy, we performed WGS to explore the involvement of 20 

non-coding variants and identified a deep intronic variant (c.645+312C>T), which was 21 

predicted to cause exonization of Alu element in intron 5 by SpliceAI (Figure 2A, B, 22 

and Table 1). Sanger sequencing confirmed that the c.1451G>A variant and the 23 
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c.645+312C>T variant were transmitted from his father and mother, respectively 1 

(Figure 2C). In RT-PCR, three different sized products were amplified in the patient 2 

(Figure 2D). The longest product was digested with T7 endonuclease I, indicating 3 

heteroduplex formation (Figure 2D) [8]. The mutant transcript had 129 nucleotide 4 

insertions between exons 5 and 6, which generated a premature stop codon at the 254th 5 

residue (p.Leu216Met*39) (Figure 2E). These findings suggested that these variants 6 

were likely to be pathogenic (Supplemental Table S2). To investigate what percentage 7 

of the transcripts from the maternal allele undergo pseudo-exon inclusion, we performed 8 

TA cloning of long RT-PCR products spanning the c.1451G>A variant site to 9 

distinguish paternal and maternal alleles. Three of 27 clones without pseudo-exon 10 

inclusion were derived from the maternal allele (Supplemental Figure S1). If we assume 11 

that the paternal and maternal alleles have the same expression level, it could be 12 

estimated that 87.5% (21 of 24) of transcripts from the maternal allele have splicing 13 

abnormalities. However, we also found that one of 7 clones with pseudo-exon inclusion 14 

was derived from the paternal allele (14.2%). If we assume that this aberrant transcript 15 

of the paternal allele is artificially generated by PCR-mediated recombination [9], same 16 

recombination could occur during amplification of normal transcript. 17 

Discussion 18 

Recent reports estimate that variants affecting splicing comprise about 10% of the 19 

pathogenic variants in rare genetic disorders [4]. Recently, deep learning as a class of 20 

machine learning methods has been widely used for genome analysis [10]. SpliceAI, a 21 

deep residual neural network, predicts splice junctions [4], is more accurate than other 22 

tools in predicting splicing abnormalities [11]. Therefore, detection of cryptic 23 
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(non-canonical) splicing events in the deep intronic region could improve by adopting 1 

SpliceAI in WGS data analysis. In fact, SpliceAI predicted that the c.645+312C>T 2 

variant creates a new splice donor site leading to pseudo-exon inclusion by activating a 3 

pre-existing cryptic acceptor splice site. The cryptic acceptor splice site is predicted by 4 

other tools (NetGene2, ESEfinder, and Human Splicing Finder) in the wild-type 5 

sequence, but their prediction scores are not increased by the variant in two programs 6 

(Table 1). We also explored how many variants can be scored 0.2 or more. SpliceAI 7 

annotates variants within genes defined by an annotation file (grch38.txt) and does not 8 

annotate variants located in intergenic region. When we analyzed 141,609 variants 9 

within genes on chromosome 1, SpliceAI predicted 19 variants as high precision 10 

(Supplemental Table S3). Notably, intronic variants except for canonical splice sites 11 

account for 11 variants, suggesting potentials for detecting possible pathogenic intronic 12 

variants. 13 

Pseudo-exons often derive from transposable elements like Alu [12]. Exonization of a 14 

silent intronic Alu tends to occur predominantly from the right arm on their antisense 15 

orientation relative to the sense orientation [13, 14]. Indeed, the c.645+312C>T variant 16 

was located at the most frequently selected 5′ splice site in exonization of the inverted 17 

Alu sequence [14] (Figure 2B). Our data further support that deep intronic variants in 18 

the Alu sequence are important candidates for genetic disorders. 19 

In conclusion, we identified compound heterozygous POLR3A variants in exonic and 20 

deep intronic regions using WES and WGS. WGS is an important diagnostic tool in 21 

patients with only one variant found in autosomal recessive disease. 22 

 23 
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Figure legends 1 

Figure 1. Brain MRI findings at 11 years of age. 2 

(A–C) Axial T2-weighted images show a diffusely elevated signal in the white matter. 3 

Relative T2 hypointensity of the optic radiations (white arrow) and the ventrolateral 4 

thalamus (white arrowheads) are observed (B). The cerebellar white matter signal is 5 

mild T2 hyperintense; the dentate nucleus appears T2 hypointense (black arrowhead) 6 

(C). (D) Sagittal T2-weighted image shows atrophy of cerebellar vermis and 7 

hypoplastic corpus callosum. 8 

 9 

Figure 2. POLR3A variants in the patient and its effects on splicing. 10 

(A) Schematic presentation of the POLR3A gene (upper) and RPC1 protein structure 11 

encoded by POLR3A (lower). The POLR3A variants identified in our case are shown. 12 

The c.1451G>A variant is highly evolutionarily conserved. Multiple amino acid 13 

sequences of RPC1 were aligned using the ClustalW tool 14 

(http://www.genome.jp/tools/clustalw). (B) SpliceAI predicted that the c.645+312C>T 15 

variant created a novel donor splice site and activated an upstream acceptor splice site; 16 

this led to inclusion of a 129-nucleotide inverted Alu sequence in intron 5. RT‐PCR was 17 

performed using target‐specific primers designed at exons 5 and 6 (arrows). (C) Sanger 18 

sequencing of the POLR3A (NM_007055.3) show compound heterozygous variants. 19 

The c.1451G>A variant is inherited from the boy’s father, and the c.645+312C>T 20 

variant is from his mother. (D) cDNA amplicons of the patient and a healthy control 21 

showed three different‐sized PCR products in the patient sample. The upper product 22 

http://www.genome.jp/tools/clustalw
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was digested with T7 endonuclease I (T7EI), and digested fragment(s) could be 1 

observed as the lower band(s), indicating heteroduplex formation. (E) The sequence of 2 

wild and mutant amplicons clearly shows inclusion of a 129-nucleotide intronic 3 

sequence between exons 5 and 6 (dashed lines) as predicted by SpliceAI resulting in a 4 

premature stop codon.5 



13 

 

Table 1. Splicing predictions of the c.645+312C>T variant by SpliceAI and multiple bioinformatic splicing prediction tools.  

Prediction tools 
Acceptor gain site Donor gain site 

Wild-type score Mutant score Wild-type score Mutant score 

SpliceAI N.A. 0.55 N.A. 0.77 

NetGene2 0.17 0.23 - Detected but its confidence 

score is 0.00 

ESEfinder 7.06220 7.06220 - 10.88050 

Human Splicing Finder 84.23 84.23 - 91.2 

SpliceAI predicts both acceptor and donor gains. SpliceAI scores were evaluated as 0.2 (high recall), 0.5 (recommended), and 0.8 (high precision). 

Other prediction tools predicted a donor gain site in mutant sequences. Acceptor gain is also predicted in the wild-type sequence suggesting a cryptic 

splice acceptor site, but their scores are not increased by the variant in two programs. NetGene2: http://www.cbs.dtu.dk/services/NetGene2/, ESE finder: 

http://krainer01.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home, Human Splicing Finder: http://www.umd.be/HSF/, N.A., not available. 
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Supplementary Methods 

In WES and WGS analysis, reads were aligned to the GRCh38 reference genome using BWA-

mem (Version 0.7.17) with default parameters. Duplicated reads were removed by Picard 

(Version 2.20.3), and local realignment and base quality recalibration were performed by 

GATK Version 3.8. Variants were identified with the GATK HaplotypeCaller, and raw variants 

were filtered out when their parameters met any of the following values: QD < 2.0, MQ < 40.0, 

FS > 60.0, MQRankSum < −12.5, and ReadPosRankSum < −8.0 for single nucleotide variants; 

and QD < 2.0, ReadPosRankSum < −20.0, and FS > 200.0 for insertion/deletions. Final variants 

were annotated with Annovar (Wang et al. 2010) for the predictive value of the functional 

impact of the coding variants and assessing allele frequency: an in-house database of 218 

control exomes, the Human genetic variation database (http://www.hgvd.genome.med.kyoto-

u.ac.jp/) (Higasa et al. 2016), 4.7KJPN (https://ijgvd.megabank.tohoku.ac.jp/) (Nagasaki et al. 

2015), and the gnomAD database (https://gnomad.broadinstitute.org/) (Lek et al. 2016). We 

defined “rare variants” as a minor allele frequency equal or less than 0.01 in the above four 

databases. Variant pathogenicity was predicted by SIFT, Polyphen-2, MutationTaster (Schwarz 

et al. 2014), CADD (Kircher et al. 2014) and M-CAP (Jagadeesh et al. 2016) (Table S1). 

Nucleotide conservation prediction was performed using GERP 

(http://mendel.stanford.edu/SidowLab/downloads/GERP/index.html) and PhastCons 

(http://compgen.cshl.edu/phast/). Splicing junction prediction was performed using SpliceAI 

(Jaganathan et al. 2019). Candidate variants were confirmed by Sanger sequencing using an 

ABI 3130xl Genetic Analyzer (Applied Biosystems, Foster City, CA). 
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Supplemental Figure S1 

 

Schematic representation of the cDNA sequences of the POLR3A from exon 5 to exon 11. RT-

PCR was performed using primers designed at exon 5 and 11 (arrows). PCR products were 

cloned, and transcripts were classified and counted. We identified four types of transcripts: 24 

transcripts with the c.1451G>A variant and no pseudo-exon (A), 1 transcript with the 

c.1451G>A variant and the pseudo-exon (B), 3 transcripts without the c.1451G>A variant and 

the pseudo-exon (C), and 6 transcripts with no c.1451G>A variant and the pseudo-exon (D). 



Table S1. Candidate POLR3A variants identified by WES and WGS 

Chr Gene Variant Origin gnomAD SIFT 
PP2 

HVAR 

CADD 

phred 
M-CAP GERP 

Mutation 

Taster 

10 POLR3A NM_007055.3:c.1451G>A,p.(Arg484Gln) paternal 0.000003980 0.001 0.935 29.7 0.1270 5.69 1 

10 POLR3A NM_007055.3:c.645+312C>T maternal − N.A. N.A. 5.845 N.A. N.A. N.A. 

gnomAD (the Genome Aggregation Database): http://gnomad.broadinstitute.org/, SIFT (Sorting Intolerant From Tolerant): http://sift.jcvi.org/, Polyphen-

2 Hum Var: http://genetics.bwh.harvard.edu/pph2/, CADD (Combined Annotation–Dependent Depletion): http://cadd.gs.washington.edu/score, M-CAP 

(Mendelian Clinically Applicable Pathogenicity): http://bejerano.stanford.edu/mcap/index.html, GERP (Genomic Evolutionary Rate Profiling): 

http://mendel.stanford.edu/SidowLab/downloads/gerp/, MutationTaster: http://www.mutationtaster.org/. N.A., not available. 
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http://sift.jcvi.org/
http://genetics.bwh.harvard.edu/pph2/
http://cadd.gs.washington.edu/score
http://bejerano.stanford.edu/mcap/index.html
http://mendel.stanford.edu/SidowLab/downloads/gerp/
http://www.mutationtaster.org/


Table S2. Variant classification following the ACMG guideline 

Gene Variant 
Evidence of pathogenicity 

Classification 
Very strong Strong Moderate Supporting 

POLR3A c.1451G>A,p.(Arg484Gln) Not applicable Not applicable PM2, PM3 PP2, PP3 Likely pathogenic 

POLR3A c.645+312C>T PSV1 Not applicable PM2 Not applicable Likely pathogenic 

PSV1: Null variant (nonsense, frameshift, canonical ±1 or 2 splice sites, initiation codon, single or multiexon deletion) in a gene where loss of function is 

a known mechanism of disease. 

PS2: De novo (both maternity and paternity confirmed) in a patient with the disease and no family history. 

PM2: Absent from controls (or at extremely low frequency if recessive) in the Exome Sequencing Project, 1000 Genomes Project, or Exome Aggregation 

Consortium. 

PM3: For recessive disorders, detected in trans with a pathogenic variant. 

PP2: Missense variant in a gene that has a low rate of benign missense variation and in which missense variants are a common mechanism of disease. 

PP3: Multiple lines of computational evidence support a deleterious effect on the gene or gene product (e.g., conservation, evolutionary, splicing impact). 

  



Table S3. Numbers of variants predicted to affect splicing in chromosome 1 by SpliceAI  

 

    High precision (>=0.8) 

 Total variants 
High recall 

(>=0.2) 

Recommended 

(>=0.5) 
Total 

Canonical 

splice sites 
Intronic 

Exonic  

including UTRs 

All variants 141,609 383 44 19 5 11 3 

Rare variants 2,500 10 1* 1 1* 0 0 

 

Notes: 

#1 SpliceAI only annotates variants within genes defined by the gene annotation file 
(https://github.com/Illumina/SpliceAI/blob/master/spliceai/annotations/grch38.txt). Thus we selected variants within these regions in chromosome 1, 

then performed SpliceAI analysis (version 1.3.1). 

#2 Numbers of variants showing scores above each threshold in either acceptor gain, acceptor loss, donor gain, and donor loss were counted. 

#3 All the canonical splice site variants were predicted as "High precision". 

#4 See supplementary methods for filtering criteria of rare variants. 

*This rare canonical variant (NM_001010969:c.898-1G>A) was the only variant that had score >=0.5. 

https://github.com/Illumina/SpliceAI/blob/master/spliceai/annotations/grch38.txt

