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Abstract 1 

More than half of cases with suspected genetic disorders remain unsolved by genetic analysis 2 

using short-read sequencing such as exome sequencing (ES) and genome sequencing (GS). 3 

RNA sequencing (RNA-seq) and long-read sequencing (LRS) are useful for interpretation of 4 

candidate variants and detection of structural variants containing repeat sequences, 5 

respectively. Recently, adaptive sampling on nanopore sequencers enables target LRS more 6 

easily. Here, we present a Japanese girl with premature chromatid separation (PCS)/mosaic 7 

variegated aneuploidy (MVA) syndrome. ES detected a known pathogenic maternal 8 

heterozygous variant (c.1402-5A>G) in intron 10 of BUB1B (NM_001211.6), a known 9 

responsive gene for PCS/MVA syndrome with autosomal recessive inheritance. Minigene 10 

splicing assay revealed that almost all transcripts from the c.1402-5G allele have mis-splicing 11 

with 4-bp insertion. GS could not detect another pathogenic variant, while RNA-seq revealed 12 

abnormal reads in intron 2. To extensively explore variants in intron 2, we performed adaptive 13 

sampling and identified a paternal 3.0 kb insertion. Consensus sequence of 16 reads spanning 14 

the insertion showed that the insertion consists of Alu and SVA elements. Realignment of 15 

RNA-seq reads to the new reference sequence containing the insertion revealed that 16 reads 16 

have 5’ splice site within the insertion and 3’ splice site at exon 3, demonstrating causal 17 

relationship between the insertion and aberrant splicing. In addition, immunoblotting showed 18 

severely diminished BUB1B protein level in patient derived cells. These data suggest that 19 

detection of transcriptomic abnormalities by RNA-seq can be a clue for identifying 20 

pathogenic variants, and determination of insert sequences is one of merits of LRS. 21 
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Introduction 1 

Premature chromatid separation (PCS; MIM #176430)/mosaic variegated aneuploidy (MVA; 2 

MIM #257300) syndrome is a rare autosomal recessive disorder characterized by PCS, and 3 

variety of mosaic aneuploidies, predominantly trisomies and monosomies, in at least 25% of 4 

cells in multiple different tissues [1]. Common clinical features of patients with PCS/MVA 5 

syndrome are growth retardation, intellectual disabilities, facial dysmorphism, microcephaly, 6 

Dandy-Walker complex, congenital cataract, and cancer predisposition (Wilms tumor, 7 

embryonal rhabdomyosarcoma, and leukemia) [2]. PCS/MVA syndrome is mostly caused by 8 

biallelic variants in BUB1B. Budding uninhibited by benzimidazole-related 1 (BubR1) 9 

encoded by BUB1B plays an important role in spindle assembly check point, a ubiquitous 10 

safety device that ensures the fidelity of chromosome segregation in mitosis [3, 4]. It has been 11 

suggested that BubR1 activity is decreased greater than 50% in the PCS syndrome [5]. 12 

Therefore, the use of antimitotic drugs which are commonly used for the chemotherapy for 13 

Wilms tumor, rhabdomyosarcoma, and leukemia may cause severe side effect [6]. In fact, 14 

Ochiai H et al. reported that uncontrollable clonic seizures of a PCS/MVA patient became 15 

generalized after chemotherapy with vincristine [7]. 16 

Exome sequencing (ES) and genome sequencing (GS), which utilize short-read sequencing 17 

(SRS), are commonly used sequencing applications that can accurately identify single-18 

nucleotide variants and small indels [8]. Variants in protein coding regions account for 85% of 19 

all known disease-causing variants, and ES can sequence almost all protein coding regions 20 

[9]. In theory, GS can detect the variants missed by ES, such as non-coding variants or 21 

structural variants (SVs). However, performing these SRS applications, success rate for 22 

detecting causal variants is 30-50% [8, 10, 11]. One of the reasons for the low success rate is 23 

that it is difficult to assess the pathogenicity of the candidate synonymous and non-coding 24 

variants. On this point, RNA sequencing (RNA-seq) can play an important role in the 25 



 4 

interpretation of variants detected by GS through measurement of gene expression and 1 

identification of alternative splicing [11]. In fact, RNA-seq for undiagnosed patients by ES or 2 

GS analysis has been shown to improve molecular diagnosis rates by 15-17% [12, 13]. On the 3 

other hand, some genes are expressed in a tissue-specific manner. While RNA-seq can be best 4 

performed using affected tissues, clinically accessible tissues such as whole blood, 5 

lymphoblastoid cell lines, dermal fibroblasts, and urine-derived cells are used alternatively 6 

[14, 15]. 7 

SRS often fails to accurately map sequence reads to repetitive regions of the genome, such 8 

as segmental duplications, tandem repeats, or low-complexity regions enriched for GC- or AT-9 

rich DNA [16]. These limitations may contribute to the limited diagnostic rate of patients with 10 

genetic diseases who undergo ES or GS. Recently, long-read sequencing (LRS) technologies 11 

have become more popular. LRS-based approaches can elucidate complex SVs for events >50 12 

bp in size, repeat expansions, and methylation differences that cannot be detected by SRS 13 

[17]. However, LRS has higher error rates than SRS, and genome-wide analysis with LRS 14 

remains expensive compared with SRS [18]. Oxford Nanopore Technologies is one of the 15 

LRS technologies, and can omit the time required for DNA amplification process because it 16 

sequences native DNA [18]. Adaptive sampling is a software-controlled targeted LRS method 17 

using nanopore technologies without prior sample enrichment [19, 20]. Adaptive sampling is 18 

a cost-efficient method for evaluating priority genes and regions using LRS. 19 

Here, we report a Japanese girl with PCS/MVA syndrome caused by compound 20 

heterozygous variants in BUB1B. A known pathogenic intronic variant was found in the 21 

maternal allele using ES. Another variant was suggested by RNA-seq, and adaptive sampling 22 

detected a 3.0 kb insertion. Realignment of RNA-seq reads to the new reference sequence 23 

containing the insertion demonstrated causal relationship between the insertion and aberrant 24 

splicing. 25 
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 1 

Subject and Methods 2 

Case presentation 3 

This three-year-old Japanese girl was born to nonconsanguineous parents after 38 weeks of 4 

gestation. There was no family history of tumor and neurodevelopmental disorders. Her birth 5 

weight, body length, and head circumference were 2032 g (-2.7 standard deviation (SD)), 44 6 

cm (-2.21 SD), and 27.5 cm (-4.01 SD), respectively. She had narrow forehead, 7 

hypertelorism, and micrognathia. Ophthalmologic examination showed no cataract. Brain 8 

magnetic resonance imaging (MRI) at three months of age showed hypoplasia of corpus 9 

callosum, simplified gyration, and cerebellar vermis hypoplasia, but there was no evidence of 10 

Dandy-Walker complex (Fig. 1A and B). She was diagnosed with West syndrome at six 11 

months of age, and referred to us in order to control West syndrome at eight months of age. 12 

She presented with muscular hypotonia, absent of smooth pursuit and fixation, and lack of 13 

head control. She needed tube feeding at 10 months of age because of feeding difficulties. At 14 

one year and three months of age, her parents noticed she had gross hematuria. Abdominal 15 

MRI detected not only solid cystic tumor of long diameter 54 mm in lower part of the left 16 

kidney with clear boundary, but also lobulated tumor in the urinary bladder (Fig. 1C and D). 17 

There was no evidence of metastasis. Since the renal tumor was strongly suspected Wilms 18 

tumor, complete left nephrectomy was done. The renal tumor was histologically and 19 

immunohistochemically diagnosed with Wilms tumor. The bladder tumor was biopsied by 20 

cystoscope at the time of nephrectomy. The bladder tumor turned out to be skeletal muscle 21 

tumor, not Wilms tumor: however, definitive diagnosis was not confirmed. The bladder tumor 22 

grew rapidly, and protruded from urethral meatus. Protruded tumor biopsy was carried out 23 

and the bladder tumor was diagnosed as embryonal rhabdomyosarcoma. Brain MRI at two 24 
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years and eight months of age showed delayed myelination (Fig. 1E and F). She was 1 

bedridden with intractable seizures. 2 

Standard cytogenetic analysis was performed on her blood samples. The result was 3 

46,XX[20]/47,XX,+6[1]/47,XX,+15[1]/47,XX,+18[1]/other [1], and 69.5% frequency of PCS 4 

(Fig. 1G). Above findings suggested PCS/MVA syndrome. 5 

 6 

Variant sequencing 7 

Genomic DNA was obtained from leukocytes of the patient and her parents. The patient’s 8 

DNA was captured using an xGen Exome Research Panel v2 kit (IDT, Carolville, IA), and 9 

sequenced with 76-base paired-end reads using Illumina NextSeq500 (Illumina, San Diego, 10 

CA). Data processing was performed as previously described [21]. GS of the patient was 11 

commissioned to BGI Japan Corp. (Kobe, Japan), using DNBSEQ (MGI TECH) with 150 bp 12 

paired-end reads. Sequenced reads were aligned to the GRCh38 reference genome using 13 

BWA-mem (version 0.7.17) with default parameters. Removal of duplicated reads and base 14 

quality recalibration were performed by GATK (version 4.1.9.0) using MarkDuplicatesSpark, 15 

BaseRecalibrator, and ApplyBQSR. Variants for each sample were identified with the 16 

HaplotypeCaller with GVCF mode, then jointly genotyped with 92 samples by Genotype 17 

GVCFs walker. Rare variants were defined as a minor allele frequency equal or less than 18 

0.005 in the following three databases: an in-house control exome database, 14KJPN 19 

(https://jmorp.megabank.tohoku.ac.jp/) [22], GEM-J WGA [23] and the gnomAD v3.1.1 20 

database (https://gnomad.broadinstitute.org/). SpliceAI, MMsplice, and Pangolin were 21 

performed to predict alterations in splicing [24-26]. 22 

 23 

Urine-derived cells (UDCs) isolation and culture 24 
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About 24~70 ml of fresh, clean-catch urine samples were collected from the patient and her 1 

parents. Each urine sample was centrifuged at 400 g for 10 min at room temperature to collect 2 

the exfoliated cells, and the supernatant was discarded. Then, 5 ml of washing buffer 3 

(Dulbecco’s phosphate-buffered saline buffer supplemented with 100 U/ml penicillin, 100 4 

μg/ml streptomycin, and 500 ng/ml amphotericin B) was added and centrifuged at 200 g for 5 

10 min at room temperature. UDCs were cultured as previously described [27]. One week 6 

later after plating, colonies of UDCs were identified, and continued to be cultured until the 7 

density reached 80-90%. Three weeks after incubation, total RNA was extracted from 8 

cultured cells that had been passaged twice. Unfortunately, culture of the father’s UDC was 9 

not successful even after several attempts. 10 

 11 

RNA analysis 12 

Our unpublished RNA-seq data showed that BUB1B expression was higher in UDCs than in 13 

peripheral blood mononuclear cells: average TPM (transcripts per million) is 17.9 in RNA-14 

seq data of 18 samples of UDCs but is 1.2 in 64 samples of peripheral blood mononuclear 15 

cells. Therefore, we used UDCs for RNA-seq. Total RNA was extracted using RNeasy Mini 16 

Kit (QIAGEN, Hilden, Germany). RNA-seq was commissioned to Novogene Japan Corp 17 

(Tokyo, Japan). Libraries were prepared by NEBNext Ultra Directional RNA Library Prep Kit 18 

and sequenced on DNBSEQ-T7 with 150 bp paired-end reads. After adaptor and quality 19 

trimming with Fastp (version 0.21.0), data analysis was performed according to the TOPMed 20 

RNA-seq pipelines (https://github.com/broadinstitute/gtex-21 

pipeline/blob/master/TOPMed_RNAseq_pipeline.md). Briefly, reads were aligned to 22 

GRCh38 reference with STAR v2.7.9a. Duplicated reads were removed by Picard v2.26.10 23 

(https://broadinstitute.github.io/picard/). Quantification of gene expression levels and QC 24 

metrics were performed with RNA-SeQC (version 2.3.6). For confirmation of aberrant 25 
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splicing, total RNA was subjected to reverse transcription (RT) using the PrimerScript RT 1 

reagent kit (TAKARA BIO, Kusatsu, Shiga, Japan) according to the manufacturer’s protocol, 2 

and used as template for RT-PCR. 3 

 4 

PCR and RT-PCR 5 

PCR was performed using KOD FX Neo (TOYOBO, Osaka, Japan) or AmpliTaq GoldTM 360 6 

Master Mix (Life technologies, Carlsbad, CA). RT-PCR was performed using KOD FX Neo 7 

(TOYOBO). The primers utilized are shown in Supplementary Table 1. PCR products were 8 

electrophoresed in 2% agarose gel and visualized with Midori Green direct (Nippon Genetics, 9 

Tokyo, Japan). The blunt end RT-PCR products containing exon 9-12 were added dA at 3’-10 

ends using TArget CloneTM -Plus- (TOYOBO), and cloned into TOPO vector using TOPO TA 11 

cloning kit (Life technologies) following the instructions provided by the manufacturer. 12 

 13 

Nanopore adaptive sequencing 14 

6 μg of DNA were fragmented using g-Tube (Covaris) by centrifugation at 10,000 g for 1 15 

minute. 1 μg of fragmented DNA was used for library preparation with the Ligation 16 

Sequencing Kit (SQK-LSK110) (Oxford Nanopore). Endprep and adapter ligation reactions 17 

were performed according to the manufacturer's instructions. A purified 15 µl library was 18 

used for sequencing. Sequencing was performed using Flow Cell (R9.4.1) (Oxford Nanopore) 19 

for 72 hours. Adaptive sampling was performed to enrich the target region with GridION X5 20 

Mk1 (Oxford Nanopore). Flow cell washes were performed every 24 hours using the Flow 21 

Cell Wash Kit (Oxford Nanopore). Basecalling was performed using Guppy 6.3.9 (Oxford 22 

Nanopore). The allele frequency of an identified insertion was examined using gnomAD SVs 23 

v2.1 (https://gnomad.broadinstitute.org/), 8.3KJPN-SV, based on short-read whole-genome 24 
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sequencing of 8300 Japanese individuals, and JSV1, based on long-read whole-genome 1 

sequencing of 222 Japanese individuals (https://jmorp.megabank.tohoku.ac.jp/). 2 

 3 

Minigene plasmid construction 4 

A DNA fragment containing exons 10-12 along with introns 10 and 11 was cloned into the 5 

pEGFP-N2 vector (Takara Clontech, Otsu, Japan) with addition of a kozak and ATG sequence 6 

to 5’ of exon 10 to express BUB1B (exons 10-12) fusion GFP. If the insert DNA fragment 7 

undergo correct splicing, GFP fluorescence should be observed. The wild-type and c.1402-8 

5A>G mutant DNA were confirmed by Sanger sequencing.  9 

 10 

Cell culture, transfection, and immunoblotting 11 

HEK293T cells were grown in Dulbecco’s minimum essential medium (Wako, Tokyo, Japan) 12 

supplemented with 10% fetal bovine serum, 100 units/mL penicillin and 100 μg/mL 13 

streptomycin (all from Wako) at 37 ºC in a 5% CO2 incubator. Cells in 6-well plate were 14 

transfected with 2 μg wild-type and c.1402-5A>G mutant minigene plasmids using 15 

polyethylenimine hydrochloride reagent (PEI MAX-40,000, Polysciences, Inc, Warrington, 16 

PA). At 24 hours post transfection, cells were washed with ice-cold PBS and lysed with RIPA 17 

lysis buffer (150 mM NaCl, 50 mM Tris HCl [pH 7.4], 1 mM EDTA. 1% NP40, 0.5% sodium 18 

deoxycholate, 0.1% SDS, 1xPhoshatase inhibitor, 1 mM PMSF) and then homogenized by 19 

Bioruptor sonicator (BM Equipment). Samples were separated by SDS-PAGE and analyzed 20 

by immunoblotting using anti-GFP (1:10000 dilution, MBL, Tokyo, Japan), anti-BUB1B 21 

(1:2000 dilution, GeneTex, Irvine, CA) and anti-GAPDH antibody. The secondary antibody 22 

against anti-GFP and anti-BUB1B antibodies were goat anti-rabbit antibody conjugated with 23 

horseradish peroxidase (1:10000 and 1:2000 dilution, respectively, Jackson ImmunoResearch 24 

Laboratories Inc., West Grove, PA), anti-GAPDH antibodies were goat anti-mouse antibody 25 
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conjugated with horseradish peroxidase (1:10000 dilution, Jackson ImmunoResearch 1 

Laboratories Inc.). The membrane was treated with Clarity Western blot ECL substrate 2 

(BioRad, Hercules, CA) and signals were captured using a Fusion FX imaging system (Fusion 3 

FX, Vilber, France). Quantification of band intensity was normalized to that of endogenous 4 

GAPDH using ImageJ software (NIH, Bethesda, MD). 5 

 6 

Immunofluorescence Microscopy 7 

HEK293T cells were grown as discribed above and transfection was also performed as 8 

discribed above. At 24 hours post transfection, GFP fluorescence was imaged using the 9 

ZOE™ Fluorescent Cell Imager (BioRad). 10 

 11 

Statistical analysis 12 

Immunoblot data are presented as mean ± standard deviation (SD). A two-tailed, unpaired 13 

student’s t-test was used to predict statistical significance of the comparison between 2 means 14 

for minigene assay data. 15 

 16 

Result 17 

ES identified a heterozygous c.1402-5A>G variant in intron 10 of BUB1B (NM_001211.6) 18 

(Fig. 2A). SpliceAI predicted gain of a new splice acceptor site at 1 bp downstream of the 19 

variant (Delta score was 1.00). This variant was absent in Genome Aggregation Database 20 

v3.1.2 (http://gnomad.broadinstitute.org/; accessed June 2023), but registered in ToMMo 21 

54KJPN Allele Frequency Panel (https://jmorp.megabank.tohoku.ac.jp/; v20230714) with 22 

allele frequency of 0.000028. This variant has been reported to be pathogenic [5, 7], and was 23 

also registered as disease causing in the Human Gene Mutation Database. Sanger sequencing 24 

revealed that this variant is transmitted from her mother (Fig. 2B). RT-PCR followed by 25 

http://gnomad.broadinstitute.org/
https://jmorp.megabank.tohoku.ac.jp/
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cloning of the PCR products confirmed that this variant disrupts canonical splice acceptor site 1 

and creates alternative splice acceptor site located 4 nucleotides upstream from the canonical 2 

splice site (Fig. 2A and C), resulting in generation of a premature stop codon 3 

(r.1401_1402insACAG, p.(Gln468ThrfsTer13)). Consistent with the fact that only 2 of 32 4 

clones showed mis-splicing, RNA-seq data showed only 5 reads with 4-bp insertion while 79 5 

normal splicing events were observed (Fig. 2D). To determine penetrance of mis-splicing 6 

caused by c.1402-5A>G variant, we performed minigene splicing assay. A DNA fragment of 7 

exons 10 to 12 of BUB1B was cloned into upstream of EGFP, resulting in GFP fluorescence if 8 

the transcripts from insert DNA undergo correct splicing (Fig. 2E). Although wild-type 9 

construct showed intense GFP signal similar to parental pEGFP plasmid, GFP fluorescence 10 

almost disappeared in the c.1402-5A>G mutant construct (Fig. 2F). RT-PCR analysis revealed 11 

that wild-type and mutant transcripts were almost same in size, but direct sequencing showed 12 

4-bp insertion in the mutant transcripts (Fig. 2G). Severely diminished BUB1B-GFP fusion 13 

protein level was confirmed by immunoblotting (Fig. 2H). These data indicate that c.1402-5G 14 

allele would cause 4-bp insert mis-splicing in almost all its transcripts. 15 

To search for another pathogenic BUB1B variant, we performed GS and RNA-seq using 16 

UDCs. Although GS identified a rare deep intronic variant (c.179+2319dup) in intron 2, the 17 

variant only added a seventh T (wild type sequence was 5’-AATTTTTTG-3’, mutant type 18 

sequence was 5’-AATTTTTTTG-3’) in a poly T tract. The variant is transmitted from her 19 

father, but not predicted to cause aberrant splicing by SpliceAI. However, coverage tracks of 20 

RNA-seq data in the integrative genomics viewer (IGV) revealed several abnormal reads in 21 

intron 2 of BUB1B, suggesting aberrant splicing (Fig. 3A). Therefore, we performed nanopore 22 

adaptive sampling to discover the variant which might not be detected by ES and GS. This 23 

approach successfully detected an approximately 3-kb insertion in repeat sequences in intron 24 

2 (Fig. 3A), where GS showed only 2 clipped reads at the insertion site. Consensus 25 
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sequencing of the insertion, which was made by lamassemble 1 

(https://gitlab.com/mcfrith/lamassemble) [28] using 16 reads spanning the insertion, was 3026 2 

bp in size (the insertion site is chr15:40168377-40168378 in the GRCh38 coordinate), and 3 

RepeatMasker (https://www.repeatmasker.org/) showed that the insertion consists of Alu 4 

elements (- strand) and SINE-VNTR-Alu (SVA) elements (+ strand). PCR targeting 3’ 5 

insertion breakpoint revealed that the insertion is transmitted from her father (Fig. 3B), 6 

supporting pathogenicity of this insertion. In addition, we found a 2867-bp insertion at an 7 

almost identical position (JSV1_hg38_INS.10950, chr15:40168376) in one out of 444 alleles 8 

in JSV1 database, which is a structural variant database based on long-read GS analyses of 9 

222 Japanese individuals. Because BLAST2 alignment between our consensus insertion 10 

sequences and the JSV1_hg38_INS.10950 sequences showed 85% identifies with 9% gaps 11 

(Supplementary Figure 1), we suppose that the insertion found in the patient and her father is 12 

identical with the JSV1_hg38_INS.10950 variant which is rare (allele frequency 0.0023). No 13 

structural variants in intron 2 of BUB1B have been registered in gnomAD SVs v2.1 and 14 

8.3KJPN-SV databases, both of which use short-read sequencing, suggesting that it is difficult 15 

to identify the insertion by short-read GS. To explore effect of the insertion on mRNA 16 

splicing, we realigned RNA-seq reads to the new reference sequence containing the insertion 17 

sequence. Sashimi plot revealed that two and seven reads have 5’ splice site at exon 2 and 3’ 18 

splice site within intron 2 (Fig. 4A). In addition, 16 reads have 5’ splice site within the 19 

insertion and 3’ splice site at exon 3 (Fig. 4A). This fact suggested that the 3.0 kb insertion 20 

caused aberrant splicing. RT-PCR using samples of patient and her mother confirmed that 21 

several aberrant transcripts including retention of intron 2 were observed only in the patient 22 

(Fig. 4B-D). 23 

Next, we estimated impact of two variants by analyzing RNA-seq data and BUB1B protein 24 

level. Although patient and her mother has a heterozygous variant 25 

https://gitlab.com/mcfrith/lamassemble
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(NM_001211.6:c.1046G>A) in exon 8, which is located in cis with the c.1402-5G allele (Fig. 1 

5A), only 10 % of reads having A allele (5 reads of A allele and 46 reads of G allele) in RNA-2 

seq data of the mother (Fig. 5B). This allele imbalance is consistent with the minigene data 3 

that shows almost all transcripts from the c.1402-5G allele undergo mis-splicing and nonsense 4 

mediated mRNA decay (NMD). On the other hand, A allele consisted of 26% of total reads 5 

(12 reads of A allele and 34 reads of G allele) in the patient. RT-PCR followed by Sanger 6 

sequencing confirmed this difference between patient and her mother (Fig. 5C). Improvement 7 

of allele imbalance in the patient indicated that the c.1046G allele containing the 3.0 kb 8 

insertion also suffered from NMD to some extent. In addition, immunoblotting using UDCs 9 

showed severely diminished BUB1B level compared with that of her mother and controls 10 

(Fig. 5D).  11 

 12 

Discussion 13 

In this study, we identified a heterozygous c.1402-5A>G variant on maternal allele by ES and 14 

the 3.0-kb insertion on paternal allele by adaptive sampling using LRS. By performing 15 

minigene assay and analyzing allele imbalance in RNA-seq data, we showed that the c.1402-16 

5G allele is almost null. In addition, realignment of RNA-seq reads against a new reference 17 

containing the insertion and comparison allele imbalance between the patient and her mother 18 

showed that transcripts from the 3.0 kb insertion allele showed mis-splicing and suffered from 19 

NMD to some extent. Finally, severely diminished BUB1B level was demonstrated in UDCs 20 

derived from the patient. These data indicated that both c.1402-5A>G variant and 3-kb 21 

insertion cause loss-of-function of BUB1B, resulting in PCS/MVA syndrome. 22 

Microcephaly and brain malformations were noted in this case. The patients with 23 

PCS/MVA syndrome have been reported to show several brain anomalies including 24 

hypoplasia of corpus callosum, simplified gyration, and cerebellar vermis hypoplasia [29]. 25 
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BubR1 plays an important role in primary cilium formation, and PCS/MVA syndrome was 1 

recently enclosed in the group of ciliopathies [30, 31]. A mouse study showed that nearly 2 

complete loss of Bubr1 results in rapid progression of mitosis and a reduced proportion of 3 

neural progenitors due to a failure of the mitotic checkpoint, resulting in microcephaly and 4 

failure of cortical development [32]. Interestingly, the brain MRI of our individual revealed 5 

hypomyelination, which has not been previously described in the patients with PCS/MVA 6 

syndrome. In a mouse study, BubR1 insufficiency restricted oligodendrocyte progenitor cell 7 

proliferation and oligodendrocyte formation, causing axonal hypomyelination in both brain 8 

and spinal cord [33]. Further investigations would be necessary to establish the causal 9 

relationship between BUB1B variants and hypomyelination.  10 

By LRS with nanopore technology, insertion of the transposable element including Alu and 11 

SVA was successfully identified. Transposable elements (LINE-1, Alu, SVA) can mobilize by 12 

a “copy-and-paste” mechanism. The elements are transcribed itself into RNA, reverse 13 

transcripted into cDNA, and reinserted into new genomic locations [34]. Because 14 

transposable elements are large DNA elements (hundreds to kilobases) and the human 15 

genome often contains many transposable elements with nearly identical sequences, it is often 16 

difficult to detect transposable element insertions from SRS data [35]. In this regard, LRS can 17 

generate sequences more than 10 kb, while SRS generate sequences less than 400 bp. LRS is 18 

expected to improve the detection of transposable element because transposable element 19 

sequences are generally smaller than 10 kb [36]. Although high error rate is one of the main 20 

drawbacks of nanopore technology, this problem is partially solved by increasing the 21 

coverage and by improving the final assembly quality by polishing [36]. Another drawback is 22 

the cost, but target sequence using adaptive sampling solve the problem by reducing per 23 

sample costs if sequence of selected genes or regions is sufficient [19]. Because we could 24 
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estimate presence of a variant in intron 2 of BUB1B by RNA-seq, this case is a good 1 

application for adaptive sampling. 2 

We realize that determination of inserted transposable element sequence is of great value. 3 

In fact, although we already obtained sequences of the insertion and flanking region by LRS, 4 

there are some difficulties to confirm insertion breakpoints by PCR, and we could not amplify 5 

5’ breakpoint in spite of several attempts. In addition, determination of inserted sequence 6 

enables us to make a new reference containing the insertion. Realignment of RNA-seq reads 7 

against the new reference successfully revealed aberrant transcripts that have 5’ splice site 8 

within the insertion and 3’ splice site at exon 3, demonstrating causal relationship between the 9 

insertion and aberrant splicing. 10 

In conclusion, RNA-seq suggested presence of a variant in intron 2 of BUB1B, and 11 

nanopore adaptive sequencing detected an intronic 3.0 kb insertion. Reanalysis of RNA-seq 12 

with the new reference containing the insertion uncovered aberrant splicing from the insertion 13 

to exon 3. This study suggests that multi-omics studies including RNA-seq and GS with 14 

especially LRS have great potential to uncover pathogenic variants in non-coding regions. 15 
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Figure legends 1 

Fig. 1. Representative clinical features of the patient. (A, B) Brain MRI performed at 3 2 

months of age. Sagittal (A) and coronal (B) T2-weighted image (T2WI) shows hypoplasia of 3 

cerebellar vermis and corpus callosum and simplified gyration, respectively. (C) Abdominal 4 

MRI at 1 year and 3 months of age. An enhanced axial fat-saturated T2WI shows solid cystic 5 

tumor in lower part of the left kidney is iso intensity as renal parenchyma. (D) Abdominal 6 

MRI at 1 year and 4 months of age. An enhanced coronal fat-saturated T1-weighted image 7 

(T1WI) shows lobulated tumor in the urinary bladder. Bladder dilatation and bladder 8 

hypertrophy is observed. Center of the tumor and margin of the lobulated region is enhanced. 9 

(E, F) Brain MRI performed at 2 years and 8 months of age. Both an axial T1WI (E) and 10 

T2WI (F) show delayed myelination. Brain atrophy, ventricular dilatation, hypoplasia of 11 

corpus callosum, and simplified gyration were also observed. (G) PCS (red arrow) was found 12 

in 69.5% of metaphases from cultured blood lymphocytes of the patient. Blue arrow was 13 

intact metaphases. 14 

 15 

Fig. 2. Detection of an intronic pathogenic variant in BUB1B. (A) Schematic presentation of 16 

aberrant splicing of BUB1B caused by c.1402-5A>G variant. Primers for RT-PCR in (C) are 17 

indicated by blue arrows. Aberrant splicing is indicated by red lines. (B) Sanger sequence 18 

with DNA showed the heterozygous c.1402-5A>G variant in the patient and her mother. (C) 19 

Sequence of cloned RT-PCR products. The mutant showed insertion of 4-nucleotides (ACAG) 20 

at the 5’ end of exon 11. Numbers in brackets indicate numbers of clones showing respective 21 

sequences per total clones. (D) Sashimi plot of RNA-seq data showing only 5 reads with 4-bp 22 

insertion in the patient. (E) Schematic representation of a minigene construct containing a 23 

genomic DNA from exon 10 to exon 12 with addition of ATG sequence to 5’ of exon 10. 24 

Exons and primers are shown by box with exon number, and arrows, respectively. (F) GFP 25 



 22 

fluorescence of minigene plasmids. GFP fluorescence almost disappeared in the c.1402-5A>G 1 

mutant construct. (G) RT-PCR using primers indicated in (E) showed wild-type and mutant 2 

transcripts were almost same in size, but direct sequencing showed 4-bp insertion (ACAG) in 3 

the mutant. (H) Immunoblotting showed severely diminished BUB1B-GFP fusion protein 4 

level (n=3). GFP intensity was normalized to that of GAPDH. WT, wild-type; MT, mutant. 5 

 6 

Fig. 3. Detection of a 3-kb insertion in BUB1B by nanopore sequencing. (A) Upper panel 7 

shows an IGV screenshot of RNA-seq, GS, and nanopore sequencing in the patient. Repeat 8 

sequences are shown as blue bars below exon intron structure. Blue arrows indicate abnormal 9 

reads of RNA-seq. Only nanopore sequencing shows a sharp increase of depth (red asterisk) 10 

accompanied by clipped reads and insertion spanning reads, clearly indicating an insertion. 11 

Lower panel shows an IGV screenshot of RNA-seq and GS in a control individual, and a 12 

nanopore sequencing data in GM24385 (SRR18363749 and SRR18363750) from the 13 

Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra). (B) Schematic presentation 14 

showing retrotransposon insertion in intron 2 of BUB1B. The insertion is flanked by target site 15 

duplication (TSD) and contains a CCCTCT repeat, an AluSg element, an AluSx element, an 16 

SVA_F element, and poly A. PCR targeting 3’ insertion breakpoint with primers indicated by 17 

green arrows could amplify 3’ breakpoint in the patient and her father, but shows a 18 

nonspecific band in the mother. 19 

 20 

Fig. 4. Summary of aberrant splicing caused by the retrotransposon insertion. (A) Sashimi 21 

plot of RNA-seq data realigned to new reference containing the insertion sequence. Numbers 22 

indicate supporting exon junction reads. The reads aligned on the 5' side of intron 2 are 23 

indicated by a blue arrow in the patient, suggesting intron retention. Location of the insertion 24 

is indicated by a thick red line. (B, C, D) Schematic presentation of aberrant splicing caused 25 



 23 

by the retrotransposon insertion. The red lines indicate aberrant splicing. The arrows indicate 1 

the positions of PCR primers (forward and reverse) utilized for the RT-PCR. These RT-PCR 2 

products were obtained only in patient’s cDNA and not in maternal or control cDNA. Major 3 

aberrant transcripts found in 16 reads by RNA-seq utilize a cryptic donor splice site within 4 

SVA_F element in the insertion (B). Minor aberrant transcripts with intron retention were 5 

confirmed (C). Another minor aberrant transcript with seven reads by RNA-seq utilize a 6 

cryptic acceptor site in intron 2 (D). 7 

 8 

Fig. 5. Allele imbalance and BUB1B protein level. (A) An IGV screenshot of nanopore 9 

sequencing in the patient. Red squares reveal two reads having both c.1046A and c.1402-5G or 10 

c.1046G and c.1402-5A. (B) An IGV screenshot focusing c.1046G>A variant using RNA-seq 11 

data of the patient and her mother, and GS of the patient. (C) Genomic DNA showed the 12 

heterozygous c.1046G>A variant in the patient and her mother. cDNA showed that G allele was 13 

exclusively expressed in the mother, but weak A allele expression was observed in the patient. 14 

(D) Immunoblotting using UDCs derived from the patient, her mother, and two controls. 15 

Severely diminished BUB1B level was observed in the patient (n=2). 16 

 17 
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Abstract 1 

More than half of cases with suspected genetic disorders remain unsolved by genetic analysis 2 

using short-read sequencing such as exome sequencing (ES) and genome sequencing (GS). 3 

RNA sequencing (RNA-seq) and long-read sequencing (LRS) are useful for interpretation of 4 

candidate variants and detection of structural variants containing repeat sequences, 5 

respectively. Recently, adaptive sampling on nanopore sequencers enables target LRS more 6 

easily. Here, we present a Japanese girl with premature chromatid separation (PCS)/mosaic 7 

variegated aneuploidy (MVA) syndrome. ES detected a known pathogenic maternal 8 

heterozygous variant (c.1402-5A>G) in intron 10 of BUB1B (NM_001211.6), a known 9 

responsive gene for PCS/MVA syndrome with autosomal recessive inheritance. Minigene 10 

splicing assay revealed that almost all transcripts from the c.1402-5G allele have mis-splicing 11 

with 4-bp insertion. GS could not detect another pathogenic variant, while RNA-seq revealed 12 

abnormal reads in intron 2. To extensively explore variants in intron 2, we performed adaptive 13 

sampling and identified a paternal 3.0 kb insertion. Consensus sequence of 16 reads spanning 14 

the insertion showed that the insertion consists of Alu and SVA elements. Realignment of 15 

RNA-seq reads to the new reference sequence containing the insertion revealed that 16 reads 16 

have 5’ splice site within the insertion and 3’ splice site at exon 3, demonstrating causal 17 

relationship between the insertion and aberrant splicing. In addition, immunoblotting showed 18 

severely diminished BUB1B protein level in patient derived cells. These data suggest that 19 

detection of transcriptomic abnormalities by RNA-seq can be a clue for identifying 20 

pathogenic variants, and determination of insert sequences is one of merits of LRS. 21 

 22 
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Introduction 1 

Premature chromatid separation (PCS; MIM #176430)/mosaic variegated aneuploidy (MVA; 2 

MIM #257300) syndrome is a rare autosomal recessive disorder characterized by PCS, and 3 

variety of mosaic aneuploidies, predominantly trisomies and monosomies, in at least 25% of 4 

cells in multiple different tissues [1]. Common clinical features of patients with PCS/MVA 5 

syndrome are growth retardation, intellectual disabilities, facial dysmorphism, microcephaly, 6 

Dandy-Walker complex, congenital cataract, and cancer predisposition (Wilms tumor, 7 

embryonal rhabdomyosarcoma, and leukemia) [2]. PCS/MVA syndrome is mostly caused by 8 

biallelic variants in BUB1B. Budding uninhibited by benzimidazole-related 1 (BubR1) 9 

encoded by BUB1B plays an important role in spindle assembly check point, a ubiquitous 10 

safety device that ensures the fidelity of chromosome segregation in mitosis [3, 4]. It has been 11 

suggested that BubR1 activity is decreased greater than 50% in the PCS syndrome [5]. 12 

Therefore, the use of antimitotic drugs which are commonly used for the chemotherapy for 13 

Wilms tumor, rhabdomyosarcoma, and leukemia may cause severe side effect [6]. In fact, 14 

Ochiai H et al. reported that uncontrollable clonic seizures of a PCS/MVA patient became 15 

generalized after chemotherapy with vincristine [7]. 16 

Exome sequencing (ES) and genome sequencing (GS), which utilize short-read sequencing 17 

(SRS), are commonly used sequencing applications that can accurately identify single-18 

nucleotide variants and small indels [8]. Variants in protein coding regions account for 85% of 19 

all known disease-causing variants, and ES can sequence almost all protein coding regions 20 

[9]. In theory, GS can detect the variants missed by ES, such as non-coding variants or 21 

structural variants (SVs). However, performing these SRS applications, success rate for 22 

detecting causal variants is 30-50% [8, 10, 11]. One of the reasons for the low success rate is 23 

that it is difficult to assess the pathogenicity of the candidate synonymous and non-coding 24 

variants. On this point, RNA sequencing (RNA-seq) can play an important role in the 25 



 4 

interpretation of variants detected by GS through measurement of gene expression and 1 

identification of alternative splicing [11]. In fact, RNA-seq for undiagnosed patients by ES or 2 

GS analysis has been shown to improve molecular diagnosis rates by 15-17% [12, 13]. On the 3 

other hand, some genes are expressed in a tissue-specific manner. While RNA-seq can be best 4 

performed using affected tissues, clinically accessible tissues such as whole blood, 5 

lymphoblastoid cell lines, dermal fibroblasts, and urine-derived cells are used alternatively 6 

[14, 15]. 7 

SRS often fails to accurately map sequence reads to repetitive regions of the genome, such 8 

as segmental duplications, tandem repeats, or low-complexity regions enriched for GC- or AT-9 

rich DNA [16]. These limitations may contribute to the limited diagnostic rate of patients with 10 

genetic diseases who undergo ES or GS. Recently, long-read sequencing (LRS) technologies 11 

have become more popular. LRS-based approaches can elucidate complex SVs for events >50 12 

bp in size, repeat expansions, and methylation differences that cannot be detected by SRS 13 

[17]. However, LRS has higher error rates than SRS, and genome-wide analysis with LRS 14 

remains expensive compared with SRS [18]. Oxford Nanopore Technologies is one of the 15 

LRS technologies, and can omit the time required for DNA amplification process because it 16 

sequences native DNA [18]. Adaptive sampling is a software-controlled targeted LRS method 17 

using nanopore technologies without prior sample enrichment [19, 20]. Adaptive sampling is 18 

a cost-efficient method for evaluating priority genes and regions using LRS. 19 

Here, we report a Japanese girl with PCS/MVA syndrome caused by compound 20 

heterozygous variants in BUB1B. A known pathogenic intronic variant was found in the 21 

maternal allele using ES. Another variant was suggested by RNA-seq, and adaptive sampling 22 

detected a 3.0 kb insertion. Realignment of RNA-seq reads to the new reference sequence 23 

containing the insertion demonstrated causal relationship between the insertion and aberrant 24 

splicing. 25 
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 1 

Subject and Methods 2 

Case presentation 3 

This three-year-old Japanese girl was born to nonconsanguineous parents after 38 weeks of 4 

gestation. There was no family history of tumor and neurodevelopmental disorders. Her birth 5 

weight, body length, and head circumference were 2032 g (-2.7 standard deviation (SD)), 44 6 

cm (-2.21 SD), and 27.5 cm (-4.01 SD), respectively. She had narrow forehead, 7 

hypertelorism, and micrognathia. Ophthalmologic examination showed no cataract. Brain 8 

magnetic resonance imaging (MRI) at three months of age showed hypoplasia of corpus 9 

callosum, simplified gyration, and cerebellar vermis hypoplasia, but there was no evidence of 10 

Dandy-Walker complex (Fig. 1A and B). She was diagnosed with West syndrome at six 11 

months of age, and referred to us in order to control West syndrome at eight months of age. 12 

She presented with muscular hypotonia, absent of smooth pursuit and fixation, and lack of 13 

head control. She needed tube feeding at 10 months of age because of feeding difficulties. At 14 

one year and three months of age, her parents noticed she had gross hematuria. Abdominal 15 

MRI detected not only solid cystic tumor of long diameter 54 mm in lower part of the left 16 

kidney with clear boundary, but also lobulated tumor in the urinary bladder (Fig. 1C and D). 17 

There was no evidence of metastasis. Since the renal tumor was strongly suspected Wilms 18 

tumor, complete left nephrectomy was done. The renal tumor was histologically and 19 

immunohistochemically diagnosed with Wilms tumor. The bladder tumor was biopsied by 20 

cystoscope at the time of nephrectomy. The bladder tumor turned out to be skeletal muscle 21 

tumor, not Wilms tumor: however, definitive diagnosis was not confirmed. The bladder tumor 22 

grew rapidly, and protruded from urethral meatus. Protruded tumor biopsy was carried out 23 

and the bladder tumor was diagnosed as embryonal rhabdomyosarcoma. Brain MRI at two 24 
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years and eight months of age showed delayed myelination (Fig. 1E and F). She was 1 

bedridden with intractable seizures. 2 

Standard cytogenetic analysis was performed on her blood samples. The result was 3 

46,XX[20]/47,XX,+6[1]/47,XX,+15[1]/47,XX,+18[1]/other [1], and 69.5% frequency of PCS 4 

(Fig. 1G). Above findings suggested PCS/MVA syndrome. 5 

 6 

Variant sequencing 7 

Genomic DNA was obtained from leukocytes of the patient and her parents. The patient’s 8 

DNA was captured using an xGen Exome Research Panel v2 kit (IDT, Carolville, IA), and 9 

sequenced with 76-base paired-end reads using Illumina NextSeq500 (Illumina, San Diego, 10 

CA). Data processing was performed as previously described [21]. GS of the patient was 11 

commissioned to BGI Japan Corp. (Kobe, Japan), using DNBSEQ (MGI TECH) with 150 bp 12 

paired-end reads. Sequenced reads were aligned to the GRCh38 reference genome using 13 

BWA-mem (version 0.7.17) with default parameters. Removal of duplicated reads and base 14 

quality recalibration were performed by GATK (version 4.1.9.0) using MarkDuplicatesSpark, 15 

BaseRecalibrator, and ApplyBQSR. Variants for each sample were identified with the 16 

HaplotypeCaller with GVCF mode, then jointly genotyped with 92 samples by Genotype 17 

GVCFs walker. Rare variants were defined as a minor allele frequency equal or less than 18 

0.005 in the following three databases: an in-house control exome database, 14KJPN 19 

(https://jmorp.megabank.tohoku.ac.jp/) [22], GEM-J WGA [23] and the gnomAD v3.1.1 20 

database (https://gnomad.broadinstitute.org/). SpliceAI, MMsplice, and Pangolin were 21 

performed to predict alterations in splicing [24-26]. 22 

 23 

Urine-derived cells (UDCs) isolation and culture 24 

https://jmorp.megabank.tohoku.ac.jp/
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About 24~70 ml of fresh, clean-catch urine samples were collected from the patient and her 1 

parents. Each urine sample was centrifuged at 400 g for 10 min at room temperature to collect 2 

the exfoliated cells, and the supernatant was discarded. Then, 5 ml of washing buffer 3 

(Dulbecco’s phosphate-buffered saline buffer supplemented with 100 U/ml penicillin, 100 4 

μg/ml streptomycin, and 500 ng/ml amphotericin B) was added and centrifuged at 200 g for 5 

10 min at room temperature. UDCs were cultured as previously described [27]. One week 6 

later after plating, colonies of UDCs were identified, and continued to be cultured until the 7 

density reached 80-90%. Three weeks after incubation, total RNA was extracted from 8 

cultured cells that had been passaged twice. Unfortunately, culture of the father’s UDC was 9 

not successful even after several attempts. 10 

 11 

RNA analysis 12 

Our unpublished RNA-seq data showed that BUB1B expression was higher in UDCs than in 13 

peripheral blood mononuclear cells: average TPM (transcripts per million) is 17.9 in RNA-14 

seq data of 18 samples of UDCs but is 1.2 in 64 samples of peripheral blood mononuclear 15 

cells. Therefore, we used UDCs for RNA-seq. Total RNA was extracted using RNeasy Mini 16 

Kit (QIAGEN, Hilden, Germany). RNA-seq was commissioned to Novogene Japan Corp 17 

(Tokyo, Japan). Libraries were prepared by NEBNext Ultra Directional RNA Library Prep Kit 18 

and sequenced on DNBSEQ-T7 with 150 bp paired-end reads. After adaptor and quality 19 

trimming with Fastp (version 0.21.0), data analysis was performed according to the TOPMed 20 

RNA-seq pipelines (https://github.com/broadinstitute/gtex-21 

pipeline/blob/master/TOPMed_RNAseq_pipeline.md). Briefly, reads were aligned to 22 

GRCh38 reference with STAR v2.7.9a. Duplicated reads were removed by Picard v2.26.10 23 

(https://broadinstitute.github.io/picard/). Quantification of gene expression levels and QC 24 

metrics were performed with RNA-SeQC (version 2.3.6). For confirmation of aberrant 25 



 8 

splicing, total RNA was subjected to reverse transcription (RT) using the PrimerScript RT 1 

reagent kit (TAKARA BIO, Kusatsu, Shiga, Japan) according to the manufacturer’s protocol, 2 

and used as template for RT-PCR. 3 

 4 

PCR and RT-PCR 5 

PCR was performed using KOD FX Neo (TOYOBO, Osaka, Japan) or AmpliTaq GoldTM 360 6 

Master Mix (Life technologies, Carlsbad, CA). RT-PCR was performed using KOD FX Neo 7 

(TOYOBO). The primers utilized are shown in Supplementary Table 1. PCR products were 8 

electrophoresed in 2% agarose gel and visualized with Midori Green direct (Nippon Genetics, 9 

Tokyo, Japan). The blunt end RT-PCR products containing exon 9-12 were added dA at 3’-10 

ends using TArget CloneTM -Plus- (TOYOBO), and cloned into TOPO vector using TOPO TA 11 

cloning kit (Life technologies) following the instructions provided by the manufacturer. 12 

 13 

Nanopore adaptive sequencing 14 

6 μg of DNA were fragmented using g-Tube (Covaris) by centrifugation at 10,000 g for 1 15 

minute. 1 μg of fragmented DNA was used for library preparation with the Ligation 16 

Sequencing Kit (SQK-LSK110) (Oxford Nanopore). Endprep and adapter ligation reactions 17 

were performed according to the manufacturer's instructions. A purified 15 µl library was 18 

used for sequencing. Sequencing was performed using Flow Cell (R9.4.1) (Oxford Nanopore) 19 

for 72 hours. Adaptive sampling was performed to enrich the target region with GridION X5 20 

Mk1 (Oxford Nanopore). Flow cell washes were performed every 24 hours using the Flow 21 

Cell Wash Kit (Oxford Nanopore). Basecalling was performed using Guppy 6.3.9 (Oxford 22 

Nanopore). The allele frequency of an identified insertion was examined using gnomAD SVs 23 

v2.1 (https://gnomad.broadinstitute.org/), 8.3KJPN-SV, based on short-read whole-genome 24 
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sequencing of 8300 Japanese individuals, and JSV1, based on long-read whole-genome 1 

sequencing of 222 Japanese individuals (https://jmorp.megabank.tohoku.ac.jp/). 2 

 3 

Minigene plasmid construction 4 

A DNA fragment containing exons 10-12 along with introns 10 and 11 was cloned into the 5 

pEGFP-N2 vector (Takara Clontech, Otsu, Japan) with addition of a kozak and ATG sequence 6 

to 5’ of exon 10 to express BUB1B (exons 10-12) fusion GFP. If the insert DNA fragment 7 

undergo correct splicing, GFP fluorescence should be observed. The wild-type and c.1402-8 

5A>G mutant DNA were confirmed by Sanger sequencing.  9 

 10 

Cell culture, transfection, and immunoblotting 11 

HEK293T cells were grown in Dulbecco’s minimum essential medium (Wako, Tokyo, Japan) 12 

supplemented with 10% fetal bovine serum, 100 units/mL penicillin and 100 μg/mL 13 

streptomycin (all from Wako) at 37 ºC in a 5% CO2 incubator. Cells in 6-well plate were 14 

transfected with 2 μg wild-type and c.1402-5A>G mutant minigene plasmids using 15 

polyethylenimine hydrochloride reagent (PEI MAX-40,000, Polysciences, Inc, Warrington, 16 

PA). At 24 hours post transfection, cells were washed with ice-cold PBS and lysed with RIPA 17 

lysis buffer (150 mM NaCl, 50 mM Tris HCl [pH 7.4], 1 mM EDTA. 1% NP40, 0.5% sodium 18 

deoxycholate, 0.1% SDS, 1xPhoshatase inhibitor, 1 mM PMSF) and then homogenized by 19 

Bioruptor sonicator (BM Equipment). Samples were separated by SDS-PAGE and analyzed 20 

by immunoblotting using anti-GFP (1:10000 dilution, MBL, Tokyo, Japan), anti-BUB1B 21 

(1:2000 dilution, GeneTex, Irvine, CA) and anti-GAPDH antibody. The secondary antibody 22 

against anti-GFP and anti-BUB1B antibodies were goat anti-rabbit antibody conjugated with 23 

horseradish peroxidase (1:10000 and 1:2000 dilution, respectively, Jackson ImmunoResearch 24 

Laboratories Inc., West Grove, PA), anti-GAPDH antibodies were goat anti-mouse antibody 25 
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conjugated with horseradish peroxidase (1:10000 dilution, Jackson ImmunoResearch 1 

Laboratories Inc.). The membrane was treated with Clarity Western blot ECL substrate 2 

(BioRad, Hercules, CA) and signals were captured using a Fusion FX imaging system (Fusion 3 

FX, Vilber, France). Quantification of band intensity was normalized to that of endogenous 4 

GAPDH using ImageJ software (NIH, Bethesda, MD). 5 

 6 

Immunofluorescence Microscopy 7 

HEK293T cells were grown as discribed above and transfection was also performed as 8 

discribed above. At 24 hours post transfection, GFP fluorescence was imaged using the 9 

ZOE™ Fluorescent Cell Imager (BioRad). 10 

 11 

Statistical analysis 12 

Immunoblot data are presented as mean ± standard deviation (SD). A two-tailed, unpaired 13 

student’s t-test was used to predict statistical significance of the comparison between 2 means 14 

for minigene assay data. 15 

 16 

Result 17 

ES identified a heterozygous c.1402-5A>G variant in intron 10 of BUB1B (NM_001211.6) 18 

(Fig. 2A). SpliceAI predicted gain of a new splice acceptor site at 1 bp downstream of the 19 

variant (Delta score was 1.00). This variant was absent in Genome Aggregation Database 20 

v3.1.2 (http://gnomad.broadinstitute.org/; accessed June 2023), but registered in ToMMo 21 

54KJPN Allele Frequency Panel (https://jmorp.megabank.tohoku.ac.jp/; v20230714) with 22 

allele frequency of 0.000028. This variant has been reported to be pathogenic [5, 7], and was 23 

also registered as disease causing in the Human Gene Mutation Database. Sanger sequencing 24 

revealed that this variant is transmitted from her mother (Fig. 2B). RT-PCR followed by 25 

http://gnomad.broadinstitute.org/
https://jmorp.megabank.tohoku.ac.jp/
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cloning of the PCR products confirmed that this variant disrupts canonical splice acceptor site 1 

and creates alternative splice acceptor site located 4 nucleotides upstream from the canonical 2 

splice site (Fig. 2A and C), resulting in generation of a premature stop codon 3 

(r.1401_1402insACAG, p.(Gln468ThrfsTer13)). Consistent with the fact that only 2 of 32 4 

clones showed mis-splicing, RNA-seq data showed only 5 reads with 4-bp insertion while 79 5 

normal splicing events were observed (Fig. 2D). To determine penetrance of mis-splicing 6 

caused by c.1402-5A>G variant, we performed minigene splicing assay. A DNA fragment of 7 

exons 10 to 12 of BUB1B was cloned into upstream of EGFP, resulting in GFP fluorescence if 8 

the transcripts from insert DNA undergo correct splicing (Fig. 2E). Although wild-type 9 

construct showed intense GFP signal similar to parental pEGFP plasmid, GFP fluorescence 10 

almost disappeared in the c.1402-5A>G mutant construct (Fig. 2F). RT-PCR analysis revealed 11 

that wild-type and mutant transcripts were almost same in size, but direct sequencing showed 12 

4-bp insertion in the mutant transcripts (Fig. 2G). Severely diminished BUB1B-GFP fusion 13 

protein level was confirmed by immunoblotting (Fig. 2H). These data indicate that c.1402-5G 14 

allele would cause 4-bp insert mis-splicing in almost all its transcripts. 15 

To search for another pathogenic BUB1B variant, we performed GS and RNA-seq using 16 

UDCs. Although GS identified a rare deep intronic variant (c.179+2319dup) in intron 2, the 17 

variant only added a seventh T (wild type sequence was 5’-AATTTTTTG-3’, mutant type 18 

sequence was 5’-AATTTTTTTG-3’) in a poly T tract. The variant is transmitted from her 19 

father, but not predicted to cause aberrant splicing by SpliceAI. However, coverage tracks of 20 

RNA-seq data in the integrative genomics viewer (IGV) revealed several abnormal reads in 21 

intron 2 of BUB1B, suggesting aberrant splicing (Fig. 3A). Therefore, we performed nanopore 22 

adaptive sampling to discover the variant which might not be detected by ES and GS. This 23 

approach successfully detected an approximately 3-kb insertion in repeat sequences in intron 24 

2 (Fig. 3A), where GS showed only 2 clipped reads at the insertion site. Consensus 25 
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sequencing of the insertion, which was made by lamassemble 1 

(https://gitlab.com/mcfrith/lamassemble) [28] using 16 reads spanning the insertion, was 3026 2 

bp in size (the insertion site is chr15:40168377-40168378 in the GRCh38 coordinate), and 3 

RepeatMasker (https://www.repeatmasker.org/) showed that the insertion consists of Alu 4 

elements (- strand) and SINE-VNTR-Alu (SVA) elements (+ strand). PCR targeting 3’ 5 

insertion breakpoint revealed that the insertion is transmitted from her father (Fig. 3B), 6 

supporting pathogenicity of this insertion. In addition, we found a 2867-bp insertion at an 7 

almost identical position (JSV1_hg38_INS.10950, chr15:40168376) in one out of 444 alleles 8 

in JSV1 database, which is a structural variant database based on long-read GS analyses of 9 

222 Japanese individuals. Because BLAST2 alignment between our consensus insertion 10 

sequences and the JSV1_hg38_INS.10950 sequences showed 85% identifies with 9% gaps 11 

(Supplementary Figure 1), we suppose that the insertion found in the patient and her father is 12 

identical with the JSV1_hg38_INS.10950 variant which is rare (allele frequency 0.0023). No 13 

structural variants in intron 2 of BUB1B have been registered in gnomAD SVs v2.1 and 14 

8.3KJPN-SV databases, both of which use short-read sequencing, suggesting that it is difficult 15 

to identify the insertion by short-read GS. To explore effect of the insertion on mRNA 16 

splicing, we realigned RNA-seq reads to the new reference sequence containing the insertion 17 

sequence. Sashimi plot revealed that two and seven reads have 5’ splice site at exon 2 and 3’ 18 

splice site within intron 2 (Fig. 4A). In addition, 16 reads have 5’ splice site within the 19 

insertion and 3’ splice site at exon 3 (Fig. 4A). This fact suggested that the 3.0 kb insertion 20 

caused aberrant splicing. RT-PCR using samples of patient and her mother confirmed that 21 

several aberrant transcripts including retention of intron 2 were observed only in the patient 22 

(Fig. 4B-D). 23 

Next, we estimated impact of two variants by analyzing RNA-seq data and BUB1B protein 24 

level. Although patient and her mother has a heterozygous variant 25 

https://gitlab.com/mcfrith/lamassemble
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(NM_001211.6:c.1046G>A) in exon 8, which is located in cis with the c.1402-5G allele (Fig. 1 

5A), only 10 % of reads having A allele (5 reads of A allele and 46 reads of G allele) in RNA-2 

seq data of the mother (Fig. 5B). This allele imbalance is consistent with the minigene data 3 

that shows almost all transcripts from the c.1402-5G allele undergo mis-splicing and nonsense 4 

mediated mRNA decay (NMD). On the other hand, A allele consisted of 26% of total reads 5 

(12 reads of A allele and 34 reads of G allele) in the patient. RT-PCR followed by Sanger 6 

sequencing confirmed this difference between patient and her mother (Fig. 5C). Improvement 7 

of allele imbalance in the patient indicated that the c.1046G allele containing the 3.0 kb 8 

insertion also suffered from NMD to some extent. In addition, immunoblotting using UDCs 9 

showed severely diminished BUB1B level compared with that of her mother and controls 10 

(Fig. 5D).  11 

 12 

Discussion 13 

In this study, we identified a heterozygous c.1402-5A>G variant on maternal allele by ES and 14 

the 3.0-kb insertion on paternal allele by adaptive sampling using LRS. By performing 15 

minigene assay and analyzing allele imbalance in RNA-seq data, we showed that the c.1402-16 

5G allele is almost null. In addition, realignment of RNA-seq reads against a new reference 17 

containing the insertion and comparison allele imbalance between the patient and her mother 18 

showed that transcripts from the 3.0 kb insertion allele showed mis-splicing and suffered from 19 

NMD to some extent. Finally, severely diminished BUB1B level was demonstrated in UDCs 20 

derived from the patient. These data indicated that both c.1402-5A>G variant and 3-kb 21 

insertion cause loss-of-function of BUB1B, resulting in PCS/MVA syndrome. 22 

Microcephaly and brain malformations were noted in this case. The patients with 23 

PCS/MVA syndrome have been reported to show several brain anomalies including 24 

hypoplasia of corpus callosum, simplified gyration, and cerebellar vermis hypoplasia [29]. 25 



 14 

BubR1 plays an important role in primary cilium formation, and PCS/MVA syndrome was 1 

recently enclosed in the group of ciliopathies [30, 31]. A mouse study showed that nearly 2 

complete loss of Bubr1 results in rapid progression of mitosis and a reduced proportion of 3 

neural progenitors due to a failure of the mitotic checkpoint, resulting in microcephaly and 4 

failure of cortical development [32]. Interestingly, the brain MRI of our individual revealed 5 

hypomyelination, which has not been previously described in the patients with PCS/MVA 6 

syndrome. In a mouse study, BubR1 insufficiency restricted oligodendrocyte progenitor cell 7 

proliferation and oligodendrocyte formation, causing axonal hypomyelination in both brain 8 

and spinal cord [33]. Further investigations would be necessary to establish the causal 9 

relationship between BUB1B variants and hypomyelination.  10 

By LRS with nanopore technology, insertion of the transposable element including Alu and 11 

SVA was successfully identified. Transposable elements (LINE-1, Alu, SVA) can mobilize by 12 

a “copy-and-paste” mechanism. The elements are transcribed itself into RNA, reverse 13 

transcripted into cDNA, and reinserted into new genomic locations [34]. Because 14 

transposable elements are large DNA elements (hundreds to kilobases) and the human 15 

genome often contains many transposable elements with nearly identical sequences, it is often 16 

difficult to detect transposable element insertions from SRS data [35]. In this regard, LRS can 17 

generate sequences more than 10 kb, while SRS generate sequences less than 400 bp. LRS is 18 

expected to improve the detection of transposable element because transposable element 19 

sequences are generally smaller than 10 kb [36]. Although high error rate is one of the main 20 

drawbacks of nanopore technology, this problem is partially solved by increasing the 21 

coverage and by improving the final assembly quality by polishing [36]. Another drawback is 22 

the cost, but target sequence using adaptive sampling solve the problem by reducing per 23 

sample costs if sequence of selected genes or regions is sufficient [19]. Because we could 24 
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estimate presence of a variant in intron 2 of BUB1B by RNA-seq, this case is a good 1 

application for adaptive sampling. 2 

We realize that determination of inserted transposable element sequence is of great value. 3 

In fact, although we already obtained sequences of the insertion and flanking region by LRS, 4 

there are some difficulties to confirm insertion breakpoints by PCR, and we could not amplify 5 

5’ breakpoint in spite of several attempts. In addition, determination of inserted sequence 6 

enables us to make a new reference containing the insertion. Realignment of RNA-seq reads 7 

against the new reference successfully revealed aberrant transcripts that have 5’ splice site 8 

within the insertion and 3’ splice site at exon 3, demonstrating causal relationship between the 9 

insertion and aberrant splicing. 10 

In conclusion, RNA-seq suggested presence of a variant in intron 2 of BUB1B, and 11 

nanopore adaptive sequencing detected an intronic 3.0 kb insertion. Reanalysis of RNA-seq 12 

with the new reference containing the insertion uncovered aberrant splicing from the insertion 13 

to exon 3. This study suggests that multi-omics studies including RNA-seq and GS with 14 

especially LRS have great potential to uncover pathogenic variants in non-coding regions. 15 
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Figure legends 1 

Fig. 1. Representative clinical features of the patient. (A, B) Brain MRI performed at 3 2 

months of age. Sagittal (A) and coronal (B) T2-weighted image (T2WI) shows hypoplasia of 3 

cerebellar vermis and corpus callosum and simplified gyration, respectively. (C) Abdominal 4 

MRI at 1 year and 3 months of age. An enhanced axial fat-saturated T2WI shows solid cystic 5 

tumor in lower part of the left kidney is iso intensity as renal parenchyma. (D) Abdominal 6 

MRI at 1 year and 4 months of age. An enhanced coronal fat-saturated T1-weighted image 7 

(T1WI) shows lobulated tumor in the urinary bladder. Bladder dilatation and bladder 8 

hypertrophy is observed. Center of the tumor and margin of the lobulated region is enhanced. 9 

(E, F) Brain MRI performed at 2 years and 8 months of age. Both an axial T1WI (E) and 10 

T2WI (F) show delayed myelination. Brain atrophy, ventricular dilatation, hypoplasia of 11 

corpus callosum, and simplified gyration were also observed. (G) PCS (red arrow) was found 12 

in 69.5% of metaphases from cultured blood lymphocytes of the patient. Blue arrow was 13 

intact metaphases. 14 

 15 

Fig. 2. Detection of an intronic pathogenic variant in BUB1B. (A) Schematic presentation of 16 

aberrant splicing of BUB1B caused by c.1402-5A>G variant. Primers for RT-PCR in (C) are 17 

indicated by blue arrows. Aberrant splicing is indicated by red lines. (B) Sanger sequence 18 

with DNA showed the heterozygous c.1402-5A>G variant in the patient and her mother. (C) 19 

Sequence of cloned RT-PCR products. The mutant showed insertion of 4-nucleotides (ACAG) 20 

at the 5’ end of exon 11. Numbers in brackets indicate numbers of clones showing respective 21 

sequences per total clones. (D) Sashimi plot of RNA-seq data showing only 5 reads with 4-bp 22 

insertion in the patient. (E) Schematic representation of a minigene construct containing a 23 

genomic DNA from exon 10 to exon 12 with addition of ATG sequence to 5’ of exon 10. 24 

Exons and primers are shown by box with exon number, and arrows, respectively. (F) GFP 25 



 22 

fluorescence of minigene plasmids. GFP fluorescence almost disappeared in the c.1402-5A>G 1 

mutant construct. (G) RT-PCR using primers indicated in (E) showed wild-type and mutant 2 

transcripts were almost same in size, but direct sequencing showed 4-bp insertion (ACAG) in 3 

the mutant. (H) Immunoblotting showed severely diminished BUB1B-GFP fusion protein 4 

level (n=3). GFP intensity was normalized to that of GAPDH. WT, wild-type; MT, mutant. 5 

 6 

Fig. 3. Detection of a 3-kb insertion in BUB1B by nanopore sequencing. (A) Upper panel 7 

shows an IGV screenshot of RNA-seq, GS, and nanopore sequencing in the patient. Repeat 8 

sequences are shown as blue bars below exon intron structure. Blue arrows indicate abnormal 9 

reads of RNA-seq. Only nanopore sequencing shows a sharp increase of depth (red asterisk) 10 

accompanied by clipped reads and insertion spanning reads, clearly indicating an insertion. 11 

Lower panel shows an IGV screenshot of RNA-seq and GS in a control individual, and a 12 

nanopore sequencing data in GM24385 (SRR18363749 and SRR18363750) from the 13 

Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra). (B) Schematic presentation 14 

showing retrotransposon insertion in intron 2 of BUB1B. The insertion is flanked by target site 15 

duplication (TSD) and contains a CCCTCT repeat, an AluSg element, an AluSx element, an 16 

SVA_F element, and poly A. PCR targeting 3’ insertion breakpoint with primers indicated by 17 

green arrows could amplify 3’ breakpoint in the patient and her father, but shows a 18 

nonspecific band in the mother. 19 

 20 

Fig. 4. Summary of aberrant splicing caused by the retrotransposon insertion. (A) Sashimi 21 

plot of RNA-seq data realigned to new reference containing the insertion sequence. Numbers 22 

indicate supporting exon junction reads. The reads aligned on the 5' side of intron 2 are 23 

indicated by a blue arrow in the patient, suggesting intron retention. Location of the insertion 24 

is indicated by a thick red line. (B, C, D) Schematic presentation of aberrant splicing caused 25 



 23 

by the retrotransposon insertion. The red lines indicate aberrant splicing. The arrows indicate 1 

the positions of PCR primers (forward and reverse) utilized for the RT-PCR. These RT-PCR 2 

products were obtained only in patient’s cDNA and not in maternal or control cDNA. Major 3 

aberrant transcripts found in 16 reads by RNA-seq utilize a cryptic donor splice site within 4 

SVA_F element in the insertion (B). Minor aberrant transcripts with intron retention were 5 

confirmed (C). Another minor aberrant transcript with seven reads by RNA-seq utilize a 6 

cryptic acceptor site in intron 2 (D). 7 

 8 

Fig. 5. Allele imbalance and BUB1B protein level. (A) An IGV screenshot of nanopore 9 

sequencing in the patient. Red squares reveal two reads having both c.1046A and c.1402-5G or 10 

c.1046G and c.1402-5A. (B) An IGV screenshot focusing c.1046G>A variant using RNA-seq 11 

data of the patient and her mother, and GS of the patient. (C) Genomic DNA showed the 12 

heterozygous c.1046G>A variant in the patient and her mother. cDNA showed that G allele was 13 

exclusively expressed in the mother, but weak A allele expression was observed in the patient. 14 

(D) Immunoblotting using UDCs derived from the patient, her mother, and two controls. 15 

Severely diminished BUB1B level was observed in the patient (n=2). 16 
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