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A B S T R A C T   

Recent studies suggest that transcript isoforms significantly overlap (approximately 60%) between brain tissue 
and Epstein–Barr virus-transformed lymphoblastoid cell lines (LCLs). Interestingly, 14 cohesion-related genes 
with variants that cause Cornelia de Lange Syndrome (CdLS) are highly expressed in the brain and LCLs. In this 
context, we first performed RNA sequencing of LCLs from 22 solved (with pathogenic variants) and 19 unsolved 
(with no confirmed variants) CdLS cases. Next, an RNA sequencing pipeline was developed using solved cases 
with two different methods: short variant analysis (for single-nucleotide and indel variants) and aberrant splicing 
detection analysis. Then, 19 unsolved cases were subsequently applied to our pipeline, and four pathogenic 
variants in NIPBL (one inframe deletion and three intronic variants) were newly identified. Two of three intronic 
variants were located at Alu elements in deep-intronic regions, creating cryptic exons. RNA sequencing with LCLs 
was useful for identifying hidden variants in exome-negative cases.   

1. Introduction 

Exome sequencing (ES) is a standard method for identifying the ge
netic causes of Mendelian disorders [1,2]; however, because its genetic 
solution rate is only 30%–40% [3], other approaches for finding path
ological variants should be considered. RNA sequencing (RNA-seq) is 

widely used to determine the sequences of all transcripts derived from 
target tissues, and it enables the identification of differentially expressed 
genes and alternative transcripts [4,5]. Furthermore, RNA-seq pipelines 
for detecting aberrant splicing events can identify deep-intronic variants 
that create a cryptic exon [6]. Thus, one advantage of RNA-seq analysis 
is that it allows the investigation of patient-specific (pathogenic) 
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transcripts. However, RNA-seq analysis of neurodevelopmental disor
ders is limited by difficulties in obtaining appropriate RNA derived from 
target neural tissues, such as brain. Fresard et al. showed that approxi
mately 70.6% of disease genes in the Online Mendelian Inheritance in 
Man (https://omim.org/) were expressed in whole blood, and their 
subsequent RNA-seq analysis for rare diseases using total RNA derived 
from patients’ whole blood yielded a diagnostic rate of approximately 
7.5% [7]. Recently, Rentas et al. showed that the expression of tran
scripts in brain tissue and human B-lymphoblastoid cell lines (LCLs) was 
positively correlated with 63% (4182/6628) shared isoforms [8]. Cor
nelia de Lange Syndrome (CdLS; MIM#122470) is a rare neuro
developmental disorder with dysmorphic features, and genes related to 
CdLS are highly expressed in brain tissue and LCLs [8]. Focusing on this 
feature, Rentas et al. reported the RNA-seq of a CdLS cohort and newly 
identified pathogenic variants associated with aberrant splicing events 
[8]. 

In this study, we performed RNA-seq of 41 CdLS probands previously 
analyzed by trio-based ES (22 solved and 19 unsolved). We developed a 
new RNA-seq pipeline for rare diseases using 22 solved CdLS cases as 
positive controls and demonstrated its advantages by identifying four 
new pathogenic variants from 19 CdLS cases that were previously un
solved by ES. 

2. Methods 

2.1. Subjects 

Our CdLS cohort consisted of 65 Brazilian patients and one Japanese 
patient. In total, 41 CdLS patients with available LCLs were selected for 
RNA-seq, including 22 cases that were genetically solved by ES and 19 
that were unsolved (Fig. 1, Table 1, and Supplementary Methods) [9]. 
The blood samples of Brazilian patients suspected of having CdLS by 
clinical geneticists based on clinical features were sent to us for genetic 
diagnosis through the cooperation of the Brazilian Association of Cor
nelia de Lange Syndrome (CdLS Brazil). One Japanese patient was 
recruited as a part of the Initiative on Rare and Undiagnosed Diseases 
project in Japan [10]. The clinical classification of CdLS [11] for the 19 
unsolved cases are presented in Table S1. The 22 solved cases harbored 

three nonsense, six frameshift, three inframe, five missense, and five 
possible splicing-related variants of genes previously reported as path
ogenic for CdLS and other syndromes resembling CdLS (Table 1). We 
also used the RNA-seq data of LCLs from 105 controls and whole blood 
from 10 controls in the Genotype-Tissue Expression (GTEx) Project [12]. 
We downloaded fastq files of LCLs (n = 105) and whole blood (n = 10) 
paired-end RNA-seq reads from GTEx via the Database of Genotypes and 
Phenotypes (dbGaP) (https://www.ncbi.nlm.nih.gov/gap/), accession 
phs000424.v8.p2.c1, that were sequenced on an Illumina HiSeq 2000 
system (Illumina, San Diego, CA, USA) with 76 bp paired-end reads. 
Permission for downloading the GTEx data was registered with dbGaP as 
OMB control number 0925–0670. 

This study was approved by the Institutional Review Boards of 
Yokohama City University, Faculty of Medicine, and the University of 
Sao Paulo, Faculty of Medicine. Written informed consent was obtained 
from patients or their guardians. 

2.2. ES 

ES was performed as previously described [13]. The flowchart of the 
ES analysis is shown in Fig. 1 and detailed methods are provided in 
Supplementary Methods. Briefly, proband-based exomes for single- 
nucleotide variants (SNVs) and small indels, and copy-number varia
tion analysis were used to detect genetic causes for known Mendelian 
disorders, including CdLS. When we could not detect any causative 
variants, we carried out trio-based ES [14]. 

2.3. RNA-seq 

The overview of our RNA-seq pipeline is presented in Fig. S1. Briefly, 
the pipeline consists of short variant analysis, aberrant splicing detec
tion analysis, and differential gene expression analysis. 

2.3.1. RNA-seq and creating BAM files of the genome and transcriptome 
Total RNA was isolated from LCLs derived from all 41 probands using 

an RNEasy plus mini kit (Qiagen N.V., Hilden, Germany) according to 
the manufacturer’s protocol. All RNA samples satisfied the RNA integ
rity number cut-off of ≥ 9.5. After poly-A selection capture, a unique 

Fig. 1. Flowchart of the exome sequencing 
and subsequent RNA sequencing analysis 
pipeline developed in this study. 
A total of 66 Cornelia de Lange Syndrome 
(CdLS) families participated in this study. 
Proband- or Trio-based exome sequencing 
(ES) analyses identified 40 pathogenic vari
ants [single-nucleotide variants (SNVs) or 
small indels] and six copy-number variations 
(CNVs). Subsequent RNA sequencing (RNA- 
seq) was performed on the remaining 19 
probands that were unsolved by ES but with 
lymphoblastoid cell lines (LCLs) and 22 
probands solved by ES analysis as positive 
controls, resulting in the identification of 
four new pathogenic variants in the 19 un
solved CdLS cases. As a result, the total 
diagnostic rate was increased from 69.7% 
(46/66) to 75.8% (50/66). aAoi H et al. 
J. Hum. Genet. 64 (2019) 967–978.   
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Table 1 
Details of pathogenic variants in CdLS cases solved by exome sequencing and results of RNA sequencing analysis.   

Family 
ID 

Gene (accession 
number) 

Variant description Coordinates (hg19) Detection method and 
status 

Allele 
depth 

Total 
depth 

Clinical 
classification of 
CdLSa 

ACMG/AMP 
guidelinesb 

cDNA Amino acid change Short 
variant 

Aberrant 
splicing 

Nonsense 

CdLS43 NIPBL 
(NM_133433.4) 

c.826C > T p.Gln276* chr5:36972101 Detected – 27 70 Classic 
Pathogenic 
(PVS1, PS1, PS2, 
PM2, PP4) 

CdLS44 
NIPBL 
(NM_133433.4) c.190C > T p.Gln64* chr5:36955699 Detected – 25 52 Classic 

Pathogenic 
(PVS1, PS1, PS2, 
PM2, PP4) 

CdLS49 
ANKRD11 
(NM_013275.6) c.5434C > T p.Gln1812* chr16:89347516 Detected – 23 53 Non-classic 

Pathogenic 
(PVS1, PS2, PM2) 

Frameshift 

CdLS3 
NIPBL 
(NM_133433.4) c.6179dup p.His2060Glnfs*4 chr5:37044518 Detected – 5 39 Classic 

Pathogenic 
(PVS1, PS2, PM2, 
PP4) 

CdLS10 
NIPBL 
(NM_133433.4) c.5174delA p.Lys1725Serfs*17 chr5:37020719 Undetected – 0 21 Classic 

Pathogenic 
(PVS1, PM2, 
PP4) 

CdLS15 NIPBL 
(NM_133433.4) 

c.2479_2480del p.Arg827Glyfs*2 chr5:36985761–36,985,762 Detected – 10 45 Non-classic 
Pathogenic 
(PVS1, PS1, PS2, 
PM2, PP3) 

CdLS19 
NIPBL 
(NM_133433.4) c.1903_1904insA p.Ser635Tyrfs*3 chr5:36985185 Detected – 7 61 Classic 

Pathogenic 
(PVS1, PS2, PM2, 
PP3, PP4) 

CdLS23 
ANKRD11 
(NM_013275.6) c.3255_3256del p.Lys1086Glufs*15 chr16:89349694–89,349,695 Detected – 14 42 Molecular test 

Pathogenic 
(PVS1, PS1, PM2) 

CdLS27 NIPBL 
(NM_133433.4) 

c.5030_5031del p.Ile1677Serfs*21 chr5:37020576–37,020,577 Undetected – 1 65 Classic 
Pathogenic 
(PVS1, PS2, PM2, 
PP3, PP4) 

Inframe 

CdLS6 
EP300 
(NM_001429.4) c.7014_7028del p.His2338_Pro2342del chr22:41574724–41,574,738 Detected – 29 104 Non-classic 

Variant uncertain 
significance 
(PM2, PM4) 

CdLS35 NIPBL 
(NM_133433.4) 

c.6653_6655del p.Asn2218del chr5:37048661–37,048,663 Detected – 27 39 Classic 
Pathogenic (PS2, 
PM1, PM2, PM4, 
PP4) 

CdLS36 
SMARCA4 
(NM_001128849.3) 

c.2519_2542delinsGGA p.Ala840_Leu848delinsGlyIle chr19:11130280–11,130,303 Undetected – 0 130 Molecular test 
Pathogenic (PS2, 
PM1, PM2, PM4) 

Missense 

CdLS8 
NIPBL 
(NM_133433.4) c.6620 T > C p.Met2207Thr chr5:37048634 Detected – 43 102 Classic 

Likely 
pathogenic (PS2, 
PM2, PP3, PP4) 

CdLS48 SMC1A 
(NM_006306.4) 

c.1487G > A p.Arg496His chrX:53436051 Detected – 132 352 Classic 
Pathogenic (PS1, 
PS2, PM1, PM2, 
PP3, PP4) 

CdLS52 
NIPBL 
(NM_133433.4) c.6027G > C p.Leu2009Phe chr5:37038759 Detected – 43 103 Non-classic 

Likely 
pathogenic (PS2, 
PM2, PP3) 

CdLS57 
NIPBL 
(NM_133433.4) 

c.6448C > G p.Leu2150Val chr5:37045649 Detected – 54 120 Non-classic 
Pathogenic (PS2, 
PM1, PM2, PM5, 
PP3) 

CdLS58 NIPBL 
(NM_133433.4) 

c.6893G > A p.Arg2298His chr5:37049342 Detected – 57 104 Molecular test 
Pathogenic (PS1, 
PS2, PM1, PM2, 
PP3) 

Splicing CdLS17 NIPBL 
(NM_133433.4) 

c.3121 + 1G > A p.Asp499_Lys1040del chr5:36986404 Detected Detected 2 2 Classic 

(continued on next page) 
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dual indexed library was created with an Illumina Truseq Stranded 
mRNA library kit (Illumina) and sequenced on an Illumina NovaSeq 
6000 system (Illumina) using 100 bp paired-end reads. The mean RNA- 
seq read pairs was 33.4 M. Our stranded mRNA library preparation 
protocol was similar to that of the GTEx project (https://www.ncbi.nlm. 
nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000424.v8.p2). 
After trimming with Trimmomatic-0.39, all the fastq files of the 41 CdLS 
samples and reference controls from GTEx registered on dbGAP were 
aligned to the human reference genome (GRCh37/hg19; https://www. 
ncbi.nlm.nih.gov/assembly/GCF_000001405.13/) and annotated with 
GENCODE v19 (https://www.gencodegenes.org/human/release_19. 
html) gene annotations using the STAR aligner (v2.5.4b). Two types of 
BAM files, one for the reference genome and one for the transcriptome, 
were created during this process. In the BAM files for the reference 
genome, each index was created using SAMtools 1.9 [15]. 

2.3.2. Principal component and correlation analyses of the RNA-seq data 
We analyzed BAM files with RSEM v1.3.3 [16] referring to the hg19 

reference genome to quantify gene expression [Fragments Per Kilobase 
of exon per Million mapped reads (FPKM)]. Principal component anal
ysis (PCA) was performed to compare gene expression patterns among 
GTEx-whole blood, GTEx-LCLs, and CdLS-LCLs. We focused on all the 
genes (n = 57,783), the neurodevelopmental Mendelian genes (NMGs) 
reported by Rentas et al. with a mean FPKM cut-off > 1 among all the 
samples (n = 1695) [8], and 53 CdLS genes (described in section 2.3.3). 
PCA was performed with prcomp in R v4.1.1. Correlations among the 
expressed genes (NMGs and 53 CdLS-related genes) were determined 
between GTEx-LCLs and CdLS-LCLs. The PCA, Pearson correlation co
efficient analysis, and scatterplot drawing were performed with R 
v4.1.1. We performed differential gene expression analysis between 
CdLS and controls using the RSEM results as described in Supplementary 
Methods. 

2.3.3. Calculation of coverage in coding regions in the RNA-seq data 
Sequencing coverage for CdLS cases was calculated using Dep

thOfCoverage (v3.8.1.0) in the Genome Analysis Toolkit (GATK). The 
mean RNA-seq read depths in the coding regions of CdLS-related se
quences in RefSeq (https://www.ncbi.nlm.nih.gov/refseq/) were from 
× 34.89 to × 56.75 (Table S2). 

2.3.4. Creating a CdLS-related gene list 
A CdLS-related gene list was created for the short variant analysis as 

described in section 2.3.5. The list contains three groups of genes: 1) 14 
cohesion-related genes with pathogenic variants found in CdLS and 
highly expressed in the brain and LCLs [8]; 2) 16 cohesin-related genes 
[17] with no report of disease-causing variants; and 3) 23 mSWI/SNF 
complex-related genes [18] (Table S3). These 53 genes had sufficient 
read depths (> × 10) in each sample (Table S4). In particular, the read 
depths of 14 cohesin-related genes (the first group) were reasonable, 
ranging from × 16.18 to × 212.58 (Table S5). 

2.3.5. Short variant (SNVs and indels) analysis of the RNA-seq data 
According to the GATK best practices for RNA-seq variant calling for 

the GATK (v4.0.4.0) pipeline, variant calls and subsequent annotation 
were run against the BAM files aligned to the reference genome by 
HaplotypeCaller (v4.0.4.0) and annotated with ANNOVAR (http://ann 
ovar.openbioinformatics.org/en/latest/), respectively [19]. Briefly, the 
BAM files were evaluated for their sequencing qualities using Markdu
plicate and SplitNCigarReads and recalibrated using BaseRecalibrator 
and ApplyBQSR with the default settings. Variant calling was performed 
using HaplotypeCaller. The called variants were filtered out by their 
quality scores with default settings and subsequently annotated with 
ANNOVAR together with our in-house exome data of 575 healthy Jap
anese controls [20]. Detected variants were evaluated using our filtering 
criteria (see section 3.2.1), and candidate variant lists were created for 
each individual. After the filtration, each variant was confirmed in the Ta
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patients together with the normal controls by manual inspection using 
the Integrated Genome Viewer (IGV) v2.11.4. 

The following variants were excluded from our list of 53 genes using 
a filtering process similar to the one we used for our ES analysis in an 
autosomal dominant fashion: 1) variants registered in the public data
bases and/or our in-house 575 Japanese healthy control database; 2) 
synonymous variants; 3) homozygous variants; 4) variants > 30 bp in 
length; and 5) splicing variants (Fig. S2). The remaining variants were 
evaluated for pathogenicity with our ES analysis pipeline (see Supple
mentary Methods) [13]. 

2.3.6. Aberrant splicing detection analysis of the RNA-seq data 
LeafCutterMD 0.2.9 (https://github.com/davidaknowles/leafcutte 

r/) was used to explore aberrant splicing events with BAM files for the 
reference genome of CdLS and controls [21,22]. The minimum coverage 
threshold and the maximum cluster length were used to detect all true 
positive aberrant splicing events (see section 3.4.2). The detected vari
ants were evaluated using SpliceAI [23] and confirmed by manual in
spection of Sashimi plots with IGV v2.11.4. Changes in the binding of 
proteins to transcripts caused by SNVs involved in aberrant splicing 
events were evaluated using SpliceAid2 [24]. 

2.4. Variant confirmation with both genomic DNA and cDNA 

Detected candidate variants were confirmed at genomic DNA and 
cDNA levels. For the genomic DNA, trio-based Sanger sequencing was 
performed to clarify familial segregations. Candidate variants involved 
in aberrant splicing events were confirmed by reverse transcription- 
polymerase chain reaction (RT-PCR) using total RNA extracted from 
proband-derived lymphoblastoid cells. RT-PCR products were Sanger 
sequenced to confirm the aberrant transcripts. For complicated splicing 
events, TA-cloning and subsequent Sanger sequencing were performed 
to obtain the precise alternative transcript sequences. The biological 
parentages were confirmed by trio-based ES analysis in all 19 ES- 
unsolved families. The detailed RNA extraction conditions, RT-PCR, 
and TA-cloning are described in Supplementary Methods. Primer se
quences are available on request. The locations of the primer sets on the 
DNA sequences are shown in Fig. S3. 

Fig. 2. Quality control and RNA sequencing analysis pipelines. 
(A, B) Principal component analysis (PCA) of gene expression profiles among Genotype-Tissue Expression sequencing project (GTEx)-blood, GTEx-EBV-transformed 
lymphoblastoid B cell lines (LCLs), and Cornelia de Lange Syndrome (CdLS)-LCLs. (A) Total gene expression profile (n = 57,783) and (B) neurodevelopmental 
Mendelian gene (NMG) expression profile (n = 1695). (C) Correlation between CdLS-LCLs and GTEx-LCLs for NMG expression (n = 1645). (D) Average number of 
variants for each filtering process in short variant and aberrant splicing detection analyses. Numbers in brackets indicate standard deviations (SDs). (E, F) Number of 
variants in each filtering step for CdLS57 (short variant analysis) (E, left panel) and for CdLS32 (aberrant splicing detection analysis) (F, left panel). Variants were 
narrowed down by including and excluding various variants. (E, right panel) Pathogenic variants of CdLS57 in RNA sequencing (RNA-seq) reads captured with the 
Integrated Genome Viewer (IGV). Red arrow indicates the variant position. The number of reads is given at the bottom (45%, 54/120). (F, right panel) Sashimi plot of 
aberrant splicing events producing premature termination of NIPBL in CdLS32 (red) and the same region in a healthy control (blue). Numbers indicate supporting 
exon junction reads. The black line indicates the splicing variant position. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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3. Results 

3.1. Correlation of gene expression among GTEx-blood, GTEx-LCLs, and 
CdLS-LCLs 

PCA was carried out among GTEx-blood, GTEx-LCLs, and CdLS-LCLs 
[12], and similarities in expression profiles of total genes (n = 57,783) 
and NMGs (n = 1695) were compared. Total gene and NMG expression 
profiles of GTEx-LCLs and CdLS-LCLs were similarly clustered in the 
PCA, indicating their similarity (Fig. 2A, B). The expression of NMGs (n 
= 1695) and the 53 CdLS-related genes showed a strong correlation 
between CdLS-LCLs and GTEx-LCLs (r = 0.935, p < 2.2 × 10− 16 and r =
0.969, p < 2.2 × 10− 16, respectively) (Figs. 2C and S4). The expression 
levels of NMGs in LCLs have been shown to have a positive correlation 
with those in brain tissue [8]. Thus, it seems reasonable to analyze our 
CdLS-LCL data compared with GTEx-LCL data for CdLS-related genes. 
The diagnosis of CdLS by RNA-seq using LCLs of patients has also been 
tested in a previous study [8]. 

3.2. Short variant analysis of RNA-seq data in 22 positive control cases 

Approximately 4.8 × 104 short variants found in one or more reads in 
one individual were detected by short variant analysis (Fig. 2D and 
Table S6). Most of these variants were extremely low in prevalence 
(found only in one or a few reads). It was difficult to determine whether 
these variants were errors or reduced reads due to variant effects, such 
as nonsense-mediated mRNA decay (NMD) (Table S5). Thus, we focused 
on 53 CdLS-related genes to exclude error calls and increase the accu
racy of short variant candidates. Moreover, frameshift variants > 30 bp 
in length were excluded from the candidates because these variants were 
undetected by previous ES analyses and manual ES inspection of IGV 
images (Fig. S5). 

3.2.1. Filtering criteria of short variant analysis with positive controls 
We evaluated whether our filtering criteria could effectively identify 

previously detected pathogenic variants in our positive controls. For 
example, 47,257 variants were detected in CdLS57, and the number of 
variants in CdLS-related genes was 348. Because the trio-based ES an
alyses were conducted previously, we searched for extremely rare de 
novo variants by RNA-seq analysis. Thus, the number of candidate 
variants was reduced to 246 (by excluding variants found in the control 
database), 244 (by excluding synonymous variants), 54 (by excluding 
homozygous variants), 37 (by excluding variants > 30 bp in length), and 
10 (by excluding splicing variants) (Fig. 2E). The pathogenic variant 
(NIPBL, NM_133433.4:c.6448C > G p.Leu2150Val) was easily found in 
the remaining 10 short variants. These variants were evaluated for their 
pathogenicity in our ES analysis pipeline [13] (see Supplementary 
Methods for details). The average number of variants in each inclusion 
and exclusion process in 22 positive controls was similar to that in 
CdLS57 (Table S6 and Fig. 2D, E). 

Through short variant filtering (Fig. S2), 14 variants (82.4%, 14/17) 
were detected in 17 positive controls harboring pathogenic variants (not 
splicing variants) (Table 1). The detection rates of variant types 
(nonsense, frameshift, inframe, and missense), were 100% (3/3), 66.7% 
(4/6), 66.7% (2/3), and 100% (5/5), respectively. 

3.2.2. Characteristics of positive controls undetected by RNA-seq 
Our RNA-seq pipeline did not detect three variants that were previ

ously confirmed by ES analysis: [CdLS10 (NIPBL, NM_133433.4: 
c.5174delA p.Lys1725Serfs*17), CdLS27 (NIPBL, NM_133433.4: 
c.5030_5031del p.Ile1677Serfs*21), and CdLS36 (SMARCA4, 
NM_001128849.3:c.2519_2542delinsGGA p.Ala840_Leu848delins
GlyIle)]. The number of mutant reads was zero or one in two of the three 
undetected variants in the RNA-seq data (CdLS10 and CdLS27), sug
gesting possible NMD effects (Fig. S6). ES analysis identified a 24 bp 
indel (inframe) in SMARCA4 in CdLS36 (Fig. S7A). However, short Ta
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variant analysis of RNA-seq data did not detect this variant even though 
it was a nontruncating variant. Furthermore, no reads containing this 
change were detected by manual inspection of IGV images without prior 
knowledge of this variant (Fig. S7B). Sequencing was performed on a 
NovaSeq 6000 system in both analyses, but the settings of read lengths 
were different: 150 bp paired-end reads in ES and 100 bp paired-end 
reads in RNA-seq. Thus, we assumed that the soft clip reads contain
ing this inframe indel were not effectively detected in the RNA-seq data, 
although slight coverage reduction in this region was recognized 

retrospectively (Fig. S7B). 
Only one splicing variant (CdLS17) was detected in the five positive 

controls with the short variant analysis (Table 1 and Fig. S8A). A de novo 
nonsynonymous variant (c.6343G > T) in NIPBL was detected in CdLS47 
by ES (Fig. S8B). This variant is located at the 3′ end of exon 36, possibly 
leading to a missense variant (p.Gly2115Cys, 23/73 reads) and exon 36 
skipping (p.Val2085Profs*5, 14/73 reads) (Fig. S8B). Exon 36 skipping 
likely contributed to the disease pathogenesis in CdLS47. Interestingly, 
short variant analysis did not detect this variant even though sufficient 

Fig. 3. RNA sequencing identified pathogenic variants in NIPBL missed by exome sequencing analysis. 
(A, B) Familial pedigrees and Sanger sequencing electropherograms of trio-based polymerase chain reaction (PCR) amplification with genomic DNA in CdLS61 and 
CdLS53. (C) Integrated Genome Viewer (IGV) image of sequencing reads showing the 3 bp deletion of CdLS61 and the same region of the control. From top to bottom, 
exome sequencing (ES) of a control, ES of CdLS61, RNA sequencing (RNA-seq) of CdLS61, and an enlarged view of RNA-seq of CdLS61. (A, C) Red horizontal bar 
indicates the 3 bp deletion in CdLS61. (D) Sashimi plot of exons 32 and 33 of NIPBL in CdLS53 (blue) and the same region in a healthy control (red) and in the UCSC 
genome browser. Numbers indicate supporting exon junction reads. The black line indicates the variant position. (E) Gel electrophoresis and (F) electropherograms of 
reverse transcription-polymerase chain reaction (RT-PCR) products using lymphoblastoid B cell lines (LCLs) derived from a normal control (CTL) and CdLS53 
cultured in media with or without dimethyl sulfoxide (DMSO) or cycloheximide (CHX). ACTB was used as an internal control. RT (− ), no reverse transcription; Ref, 
reference allele; Mut, mutant allele; NC, negative control. (F) Light green, light purple, and dark blue squares indicate the newly identified region (21 bp) extending 
from the 5′ end of exon 33, original exon 33, and exon 32, respectively. The dark blue and dark gray bars indicate the original exon 32 and the newly identified region 
(21 bp) as a part of aberrant exon 33 and a simple repeat region of (AT)n, respectively. The base marked in red font indicates the pathogenic variant of CdLS53. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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mutant reads (23/73) were mapped. The variant could result in either p. 
Gly2115Cys (normal splicing) or p.Val2085Profs*5 (exon 36 skipping), 
but abnormal skipping may have interfered with the appropriate map
ping of aberrant splicing reads to the reference genome. In contrast, 
aberrant splicing detection analysis detected all five pathogenic splicing 
variants, including CdLS47, in positive controls (see section 3.3). Thus, 
we did not focus on splicing events in the short variant analysis. 

3.3. Investigating the precise settings of LeafCutterMD with positive CdLS 
controls 

To clarify the precise coverage threshold, we investigated the num
ber of mutant reads by manual inspection of IGV images in each positive 
control (Fig. S8). Among the five positive controls, CdLS60 had the 
smallest number of mutant reads, which was two (Fig. S8E). Therefore, 
the minimum coverage threshold was set to 1. To accommodate genes 
with long intron lengths, the distance to detect splicing changes was set 
to 500,000 bp, the upper limit. When clusters were analyzed using these 
settings, 48,047 clusters were found. Focusing on the 53 CdLS-related 

Fig. 4. Cryptic exon of NIPBL newly identified by RNA sequencing in CdLS40. 
(A) Familial pedigree (left) and electropherograms (right) of trio-based Sanger sequencing. The red arrow and font indicate the pathogenic variant. (B) Sashimi plot 
of exons 4 and 5 of NIPBL in CdLS40 (blue) and a control (red) and the same region in the UCSC genome browser. Numbers indicate supporting exon junction reads. 
Gray bars indicate repetitive sequences detected by RepeatMasker. The red arrow indicates the variant position. (C) Electropherograms of Sanger sequencing and (D) 
gel electrophoresis of reverse transcription-polymerase chain reaction (RT-PCR) products of lymphoblastoid B cell lines (LCLs) derived from a normal control (CTL) 
and CdLS40 cultured in media with or without dimethyl sulfoxide (DMSO) or cycloheximide (CHX). ACTB was used as an internal control. RT (− ), no reverse 
transcription. Ref, reference allele; Mut, mutant allele; NC, negative control. (C, E) Light green, dark blue, and light purple squares indicate a 90 bp cryptic exon in 
intron 4, and original exons 4 and 5, respectively. The dark gray bar indicates an Alu element. The red arrows and base marked in red font indicates the de novo 
pathogenic variant of CdLS40. (E) Schematic representation of exon 4, cryptic exon in intron 4, and exon 5. (F) Association between pre-mRNA and RNA-binding 
proteins located at intron 4, including an identified cryptic exon in CdLS40. The conditions between wild-type (WT) and mutant (MT) pre-mRNA associated with the 
RNA-binding proteins heterogeneous nuclear ribonucleoprotein (hnRNAP) C (yellow boxes) and Sam68-like mammalian protein 2 (SLM-2) and SRC associated in 
mitosis of 68 kDa (Sam68) (light pale blue boxes) are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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genes, 357 clusters were found in 48,047 clusters. Furthermore, the 
average number of clusters with p-values < 0.05 was 13.9 [standard 
deviation (SD) 3.1] (Fig. 2D). For CdLS32, 15 out of 357 clusters met the 
conditions with p-values < 0.05 (Fig. 2F). Subsequent manual inspection 
of IGV images of each candidate cluster detected a disease-causing 
splicing event (NIPBL, NM_133433.4:c.7410 + 4A > G p.Lys2422_
Glu2470del) (Fig. 2F). The remaining four positive cases were also 
confirmed by this threshold, and disease-causing splicing events were 

detected in all of them (Table S7 and Fig. S8). These settings were used 
for the 19 unsolved cases (Fig. S9). 

3.4. Pathogenic variants detected from 19 unsolved probands in this study 

Four pathogenic variants in NIPBL (one inframe deletion and three 
intronic variants) were detected by our pipeline in 19 unsolved probands 
(Table 2). Clinical information of four of these cases is presented in 

Fig. 5. Cryptic exon in NIPBL newly identified by RNA sequencing in CdLS65. 
(A) Familial pedigree (left) and electropherograms (right) of trio-based Sanger sequencing. The red arrow and font indicate the pathogenic variant. (B) Sashimi plot at 
exons 21 and 22 of NIPBL in CdLS65 (blue) and a control (red) and the same region in the UCSC genome browser. Numbers indicate supporting exon junction reads. 
Gray bars indicate repetitive sequences detected by RepeatMasker. Red arrow indicates the pathogenic variant position. (C) Electropherograms of Sanger sequencing 
and (D) gel electrophoresis of reverse transcription-polymerase chain reaction (RT-PCR) products of lymphoblastoid B cell lines (LCLs) derived from a disease-free 
control (CTL) and CdLS65 cultured in media with or without dimethyl sulfoxide (DMSO) or cycloheximide (CHX). ACTB was used as an internal control. RT (− ), no 
reverse transcription. Ref, reference allele; Mut, mutant allele; NC, negative control. (C, E) Light green, dark blue, and light purple squares indicate a 117 bp cryptic 
exon in intron 21, and original exons 21 and 22, respectively. The dark gray bar indicates an Alu element. The red arrows and base marked in red font indicate the de 
novo pathogenic variants in NIPBL for CdLS65. (E) Schematic representation of exon 21, a cryptic exon in intron 21, and exon 22. (F) Association between pre-mRNA 
and RNA-binding proteins located at intron 21. The conditions between wild-type (WT) and mutant (MT) pre-mRNA associated with the RNA-binding proteins 
heterogeneous nuclear ribonucleoprotein (hnRNP) K (yellow boxes), muscleblind-like Protein 1 (MBLN1) (light blue boxes), and Hu antigen B, TIAT-cell intracellular 
antigen 1 (TIA-1), and TIA1-related/like protein (TIAL-1) (light orange boxes) are shown. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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Fig. S10 and Table S8. 

3.4.1. Pathogenic variant detected by short variant analysis 
One known inframe deletion [25] was detected by short variant 

analysis in one unsolved case (CdLS61, NM_133433.4:c.6653_6655del p. 
Asn2218del) (Fig. 3A, C). 

3.4.2. Pathogenic variants detected by aberrant splicing detection analysis 
The aberrant splicing detection analysis identified three disease- 

causing splicing variants in NIPBL. A de novo variant (NM_133433.4: 
c.5863-21 T > G p.Leu1954Asnfs*8) was identified 21 bp upstream of 
the 5′ end of canonical exon 33 in CdLS53, and subsequent RT-PCR 
confirmed a cryptic acceptor site creating new exon 33 (Fig. 3B, D–F). 
This variant (c.5863-21 T > G) was located at simple repeat (TA)n (by 
RepeatMasker), and an exon–intron junction was newly created because 
of an ATAT to AGAT change. Furthermore, the new exon 33 contained a 
20 bp upstream intronic region (Fig. 3D, F). The remaining two variants 
were identified in the deep-intronic region of intron 4 (CdLS40, 
NM_133433.4:c.359-1508 T > G p.Gly120Alafs*5) and intron 21 
(CdLS65, NM_133433.4:c.4560 + 1965G > T p.Ile1521Glyfs*13). RT- 
PCR revealed cryptic exon inclusions (a 90 bp region in intron 4 and a 
117 bp region in intron 21) in each intron (Figs. 4 and 5). Those elec
tropherograms showed moderate to slight recovery of the mutant reads 
under the inhibition of NMD by cycloheximide treatment. These results 
demonstrate that all three de novo variants induced a premature 
termination codon, leading to NMD (Figs. 3E–F, 4C–E, 5C–E, and 
Fig. S11). 

3.4.3. Changes in binding proteins around deep-intronic variants creating 
cryptic exons 

De novo variants of CdLS40 and CdLS65 were not directly correlated 
to acceptor or donor site formation (Figs. 4E and 5E). Because these two 
variants were located in Alu elements (Figs. 4E–F and 5E–F), we first 
evaluated the loss of heterogeneous nuclear ribonucleoprotein (hnRNP) 
C-mediated prevention of Alu exonization using SpliceAid2 [26]. How
ever, there were no differences in hnRNP C binding efficiency in these 
cryptic exon regions between wild-type and mutant alleles (Figs. 4F and 
5F). The recognition sites of the following RNA-binding proteins were 
affected by the de novo variants in CdLS40 and CdLS65: the losses of 
SRC associated in mitosis of 68kDa (Sam68) and Sam68-like mamma
lian protein 2 (SLM-2) in CdLS40, losses of muscleblind-like splicing 
regulator 1 (MBNL1) and hnRNP K in CdLS65, and gains of Hu antigen B, 
T-cell intracellular antigen 1 (TIA-1), and TIA1-related/like protein 
(TIAL-1) in CdLS65 (Figs. 4F and 5F). 

Sam68 and SLM-2 are classified as STAR family proteins, which link 
signal transduction to post-transcriptional gene regulation [27]. In 
particular, Sam68 binds close to splice sites and regulates splicing by 
synergizing or competing with other splicing factors, such as U2AF2, 
hnRNP, and U170k [27,28]. TIAL-1 and TIA-1 were reported to act as 
regulators of transcription and pre-mRNA splicing and be involved in 
cell proliferation, apoptosis, embryogenesis, inflammation, and tumor 
suppression [29]. Although the types of predicted binding proteins 
altered by variants were different between CdLS40 and CdLS65, the 
variants were speculated to disrupt a protective mechanism preventing 
abnormal splicing of the Alu elements by affecting the binding of these 
proteins to the aberrant allele in these two cases. Thus, these data may 
suggest that the two de novo variants are strongly involved in the 
aberrant splicing. 

3.5. Use of RNA-seq in short variant analysis 

Regarding short variant analysis, trio-based ES analysis of CdLS61 
did not identify a de novo 3 bp deletion in NIPBL (NM_133433.4: 
c.6653_6655del p.Asn2218del). Evaluation of the read depth at the 
inframe deletion (chr5:37048661–37,048,663) and entire exon 39 
revealed an extremely decreased number of mapped reads in exon 39 

compared with the numbers in the neighboring exons (38 and 40) 
regardless of the 37.5% GC ratio (not high) in exon 39 (Fig. 3C). Only six 
reads (the number of wild and aberrant alleles: 2 and 4, respectively) 
were mapped at the variant position. However, coverage of the NIPBL 
gene in the RNA-seq data was sufficient (32.41 ×) but less than that in ES 
(41.3 ×), suggesting the capture inefficiency of this particular region in 
the ES analysis (Fig. 3C). 

We also compared the read depth of exon 39 and capture kits of ES 
among CdLS61, her parents, and disease-free controls (Fig. S12 and 
Table S9). Interestingly, the read depth of exon 39, entire NIPBL gene 
coverage, and mean coverage of ES for CdLS61, her parents, and a 
normal control sequenced with the same capture kit [SureSelect Human 
All Exon V6 (58 Mb) system; Agilent Technologies, Santa Clara, CA, 
USA], were similar (Fig. S12 and Table S9). However, the read depth of 
other normal controls sequenced with another capture kit (Twist 
Comprehensive Exome Panel; Twist Bioscience, South San Francisco, 
CA, USA) only showed a slight decrease in the read coverage of exon 39 
compared with that of exon 40 (Fig. S12 and Table S9). Considering 
these results, the read depth reductions in exon 39 may be due to limi
tations of the capture kit. 

Next, NIPBL expression (FPKM) was compared among CdLS groups 
based on the different types of variants and the control group (Fig. S13). 
NIPBL expression in CdLS patients with loss-of-function variants 
(nonsense, frameshift, and splicing related to NMD) [1779.1 (mean) ±
285.9 (SD) FPKM] was significantly reduced compared with NIPBL 
expression in the control group [2407.2 (mean) ± 546.0 (SD) FPKM] (p- 
value = 3.8e− 0.6). Additionally, NIPBL expression was slightly different 
between the CdLS group with missense or inframe variants [2201.1 
(mean) ± 223.3 (SD) FPKM] and the control group (p-value = 0.02). 
Because significant differences of gene expression were detected for 
different variant types, these results indicate that RNA-seq could detect 
short variants in the coding regions in cases in which expression was 
reasonably preserved. 

4. Discussion 

In this study, we first created an RNA-seq pipeline for determining 
disease-causing variants, including the detection of short coding vari
ants and aberrant splicing events, in rare Mendelian disorders using the 
RNA-seq data of LCLs from our 22 CdLS cases with pathogenic variants 
solved by ES (as positive controls) and 106 healthy controls in the GTEx 
Biobank. RNA-seq data were also helpful for confirming the status of 
transcripts of candidate genes by screening cDNA reads using the IGV. 

Short variant analysis was unable to detect splicing variants, 
including one seemingly missense but actual splicing variant in CdLS47 
(1/5, Table 1). Thus, different methods were selected for 1) short variant 
analysis to detect SNVs and short indels and 2) aberrant splicing events. 
One of the most significant challenges in the short variant analysis was 
several error calls in the pipeline. To address this issue, a gene list 
compatible with the diseases of patients should be provided. With such a 
list, we could easily narrow down candidate variants. Moreover, NMD 
might prevent variant detection, potentially diminishing aberrant reads 
with truncating variants. In cases with pathogenic variants detected by 
either ES or RNA-seq, the technical limitation may weigh more on the 
biological experiment (such as DNA read length). For example, in 
CdLS36, the reason for failing to detect the variant was an insufficient 
DNA read length of the sequencer, and in CdLS61, it was the insufficient 
read coverage in exon 39 of NIPBL by the Agilent capture kit (Table S9). 
Detection was improved by using the Twist Comprehensive Exome Panel 
kit, which provided generally uniform read depths per gene and/or re
gion (Table S9). Thus, some ES-negative cases were solved by subse
quent genome-based analysis. 

We next investigated 19 unsolved cases using our RNA-seq pipelines 
and found four previously unidentified disease-causing variants in four 
unsolved cases. Regarding CdLS61, short variant analysis detected a 
pathogenic variant even where low read coverage was found in ES. 
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Aberrant splicing detection analysis found de novo pathogenic variants 
associated with aberrant splicing events and or creating a cryptic exon in 
deep intronic regions. Because all four variants were located in the 
NIPBL gene, we re-investigated the remaining 52 CdLS-related genes to 
identify newly created cryptic exons in NIPBL, but no other variants 
were found. Some variants in Alu elements are known to be associated 
with cryptic exon formation in several genes [30,31]. Mendelian 
disease-related genes with many Alu elements within their gene bodies 
may be good targets for aberrant splicing detection in the future. 
Therefore, RNA-seq by trio-based ES provides a plausible approach in 
unsolved CdLS cases and other diseases. 

In cancers with somatic variants, differentially expressed genes 
involved in development and metastasis have been identified by RNA- 
seq analyses [32–34]. However, Rentas et al. reported that they could 
not identify pathogenic variants in germline diseases if the expression of 
target genes was significantly different between the disease group and 
the control group [8]. As expected, we did not find any pathogenic 
variants in differentially expressed genes (such as RAD21, SMC1A, and 
SMARCA4) in our CdLS cohort (Fig. S14). 

Recently, Pozojevic et al. reported that mosaic variants were iden
tified using buccal swabs in CdLS cases in which pathogenic variants 
could not be detected by Sanger sequencing of DNA derived from pe
ripheral blood leukocytes [35]. Thus, to identify pathogenic variants in 
the remaining 16 unsolved CdLS cases, ES analysis using buccal mucosal 
DNA or short- or long-read whole genome sequencing of the unanalyzed 
regions by ES should be considered. 

5. Conclusion 

In summary, by developing the RNA-seq pipeline, four pathogenic 
variants were newly identified by RNA-seq of 19 CdLS cases that were 
unsolved using ES analysis. As a result, the total diagnostic rate was 
increased from 69.7% (46/66) to 75.8% (50/66). Thus, we concluded 
that RNA-seq of LCLs was useful to determine hidden variants in ES- 
negative CdLS cases and is applicable to other Mendelian disorders. 
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