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Abstract

Purpose—We investigated the value of transcriptome sequencing (RNAseq) in ascertaining the 

consequence of DNA variants on RNA transcripts to improve the diagnostic rate from exome or 

genome sequencing for undiagnosed Mendelian diseases spanning a wide spectrum of clinical 

indications.

Methods—From 234 subjects referred to the Undiagnosed Diseases Network, University of 

California–Los Angeles clinical site between July 2014 and August 2018, 113 were enrolled for 

high likelihood of having rare undiagnosed, suspected genetic conditions despite thorough prior 

clinical evaluation. Exome or genome sequencing and RNAseq were performed, and RNAseq data 

was integrated with genome sequencing data for DNA variant interpretation genome-wide.

Results—The molecular diagnostic rate by exome or genome sequencing was 31%. Integration 

of RNAseq with genome sequencing resulted in an additional seven cases with clear diagnosis of a 

known genetic disease. Thus, the overall molecular diagnostic rate was 38%, and 18% of all 

genetic diagnoses returned required RNAseq to determine variant causality.

Conclusion—In this rare disease cohort with a wide spectrum of undiagnosed, suspected genetic 

conditions, RNAseq analysis increased the molecular diagnostic rate above that possible with 

genome sequencing analysis alone even without availability of the most appropriate tissue type to 

assess.

Keywords

transcriptome sequencing; genome sequencing; exome sequencing; undiagnosed rare Mendelian 
diseases; molecular diagnosis

INTRODUCTION

Clinical exome sequencing has become a routine test for the diagnosis of the extraordinarily 

heterogeneous set of rare Mendelian diseases. The diagnostic rate across diverse clinical 
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laboratories has remained consistently around 30%.1,2 Exome sequencing–negative cases 

likely remain unsolved because the causal variant(s) reside in a gene not yet associated with 

disease or is a type not readily detectable by exome sequencing.3,4 Such variants include 

structural variants (SVs), repeat expansions, and deep intronic variants. In theory, genome 

sequencing has the potential to capture most of the variants missed by exome sequencing. 

However, predicting the consequence of novel or rare noncoding variation is not always 

possible using genome sequencing alone. Therefore, the increase in diagnostic rate attributed 

to genome sequencing relative to exome sequencing is generally modest, largely due to 

detection of SVs, which, thus far, resolved about 3–7% of all such undiagnosed cases.5–7

Transcriptome sequencing (RNAseq) is commonly used for assessing differential expression 

in case–control studies and is a powerful tool to identify alternative splicing.8–10 Recent 

studies demonstrate RNAseq increases diagnostic yield when applied to specific cohorts of 

exome sequencing–negative patients with well-defined disease types, including muscle 

disease11,12 or disorders of mitochondrial dysfunction,13 for which relevant tissues (muscle 

and fibroblast, respectively) are easily obtainable. However, the diagnostic rates from these 

studies do not extrapolate well for the majority of cases commonly referred for clinical 

exome or genome sequencing, which are highly enriched for neurodevelopmental diseases.
1,2,14

As one of the clinical sites from the Undiagnosed Diseases Network (UDN) phase I 

program, a nationwide effort funded by the National Institutes of Health (NIH) established 

to characterize undiagnosed or previously unrecognized diseases, we pioneered applying 

RNAseq systematically to genome-negative cases with the goal of delivering a more 

comprehensive genetic testing method for identifying the molecular diagnosis for patients 

with a wide spectrum of presumed rare Mendelian diseases that have remained undiagnosed 

despite extensive testing. Our approach relies on first identifying all potentially causal DNA 

variants from genome sequencing data, coupled with a comprehensive search for alteration 

of messenger RNA (mRNA). Here, we report analysis from 138 affected participants and 

unaffected family members who were enrolled at the University of California–Los Angeles 

(UCLA) clinical site and determined the relative contribution of RNAseq to the diagnostic 

rate when integrated with genome sequencing in this cohort.

MATERIALS AND METHODS

Study population

The study was approved by the National Human Genome Research Institute (NHGRI) 

central Institutional Review Board (IRB; registration number 00000014).15 From 234 

referrals, a total of 113 probands were accepted and evaluated at the UCLA clinical site 

during the first phase of UDN (July 2014 to August 2018). Twenty-five probands had 

similarly affected family members enrolled. Informed consent was obtained from all 

subjects participating in the study.
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DNA sequencing and analysis

The UCLA clinical site took a sequencing-first approach, where accepted cases first 

underwent exome or genome sequencing. Of the 113 cases enrolled with UDN clinical and 

genetic evaluation completed in phase I of the study, 29 cases underwent exome sequencing 

and 77 underwent genome sequencing as they had prior uninformative exome sequencing 

(exome-negative). Seven cases had prior sequencing and the data were obtained and 

reanalyzed in the UDN. If parental samples were available, both parents were sequenced 

simultaneously with the proband on the same platform.

Genomic DNA was extracted at the UCLA Molecular Pathology Laboratory from whole-

blood sample collected in EDTA tubes. For three patients, additional genomic DNA was 

extracted from cultured skin fibroblast cells (fibroblast) or muscle biopsies (muscle) to 

search for somatic mosaicism (Supplementary Materials and Methods). Exome and genome 

sequencing were performed at the UDN sequencing cores at the average depth of coverage 

of >150× and >50×, respectively. Analysis was performed by a custom-built pipeline 

developed at UCLA (Supplementary Materials and Methods).

RNA sequencing and analysis

Total RNA was extracted from whole blood, fibroblast, muscle, or bone marrow following 

standard protocols (Supplementary Materials and Methods). Library preparation and 

sequencing were performed at the UCLA sequencing core facilities to generate 50~100 

million 69~150 bp paired-end reads. Analysis was performed by a custom-built pipeline 

developed at UCLA (Supplementary Materials and Methods).

Variant interpretation for exome and genome sequencing

For single-nucleotide variants (SNVs) and small insertions and deletions (indels), common 

variants with minor allele frequency >1% in public databases were removed, as these are 

unlikely to be causal for a rare genetic disease. Remaining rare variants were categorized by 

their predicted consequence at the protein level, genic location, and inheritance pattern 

(Supplementary Materials and Methods). All variants were interpreted in the context of the 

patient’s phenotype.

Variant interpretation for genome sequencing and RNAseq

RNAseq data was used to determine the functional consequence at the transcript level for all 

rare synonymous, splice region, untranslated region (UTR), and deep intronic variants. 

RNAseq data for the entire family was loaded into Integrative Genomics Viewer (IGV)16 

and each variant position was inspected manually to search for splicing abnormalities 

creating a novel splice isoform. Only variants with at least five RNAseq reads spanning their 

genomic positions were considered. If no splicing abnormalities were observed spanning the 

two flanking exons, it was determined that there were no splicing abnormalities resulting 

from the genomic variant. Additionally, to rule out the possibility of the abnormal transcript 

undergoing nonsense-mediated decay (NMD), the presence of biallelic expression of the 

gene was assessed by examining allelic ratios for other heterozygous variants (determined 

by exome or genome sequencing) present in the same transcript. We also confirmed that 

there was no evidence of differential expression level, especially if there was no 

Lee et al. Page 4

Genet Med. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



heterozygous coding variant in the transcript to assess the allelic ratio. If the variant was 

inherited from a parent and/or shared with other family members, the RNAseq data from 

those could be used to observe the splicing and/or expression abnormalities from the same 

DNA variant and assess NMD. Splicing abnormalities were classified as exon skipping, 

inclusion of intronic pseudoexon, exon extension, exon retraction, and intron retention. 

When a splicing abnormality was observed, the genomic location of the new junction was 

searched in the splice junction database that was populated by importing the splice junction 

table output from STAR17 for 338 blood, 317 fibroblast, and 44 muscle RNAseq samples 

available from this and other internal studies. Junctions were separated into known 

(annotated according to GENCODE v19) or novel splice junctions. For each novel junction, 

we calculated (1) the number of individuals in which it was observed, and (2) the coverage 

ratio, defined as the number of spliced reads aligning to the novel junction divided by the 

sum of this and the number of reads aligning to an annotated junction with a common donor/

acceptor site. We used this information to determine both the rarity of a novel splice 

junction, in terms of both occurrence and quantitative effect. Even if a novel event was 

observed in multiple individuals within the database, if the coverage ratio was a significant 

outlier in the patient, it was considered a rare event and evaluated for disease relevance.

Genomic data board review

The clinical relevance of all rare variants was evaluated at the UCLA-UDN genomic data 

board meeting consisting of the entire UCLA clinical site team.

Variant classification and reporting

Variant classification was done as previously described2 and a molecular diagnosis was 

given only when the variants were classified as likely pathogenic or pathogenic according to 

current American College of Medical Genetics and Genomics (ACMG) sequence 

interpretation guidelines18 and consistent with the established mode of inheritance for a 

given gene and associated disease(s). All genomic variants were confirmed by Sanger 

sequencing at the UDN sequencing cores or UCLA Orphan Diseases Testing Center. All 

likely pathogenic splicing abnormalities were confirmed by reverse transcription polymerase 

chain reaction (RT-PCR) and/or complementary DNA (cDNA) sequencing (Table S1).

Clinical evaluation

Following sequence interpretation, patients and their family members were invited to UCLA 

for one to five days for the UDN clinical evaluation. Based on reported phenotype and 

identified variants of interest from sequencing, the UDN team utilized clinical laboratory 

studies, specialist consultations, and/or procedures to further detail the phenotype and 

identify diagnoses during their visit. Thirteen cases were deemed not appropriate for genetic 

analysis and not used in this study because their clinical indication at the time of the UDN 

clinical evaluation was not consistent with the information provided in the prior medical 

notes acquired before the enrollment.
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Diagnostic rate calculation and statistical analysis

A 95% confidence interval (CI) for the diagnostic rate, calculated as proportions assuming 

independence among participants, was calculated using the Wald method as implemented by 

QuickCalc.19 The diagnostic rate for RNAseq was calculated by counting the number of 

cases that were only diagnosable by integrating RNAseq data with genome sequencing data. 

Cases for which RNAseq was used as supporting evidence by allowing to observe the exact 

consequence at the transcript level were not included.

RESULTS

Study population characteristics

Of 100 probands deemed appropriate for genetic analysis, 79% (79/100) were ≤18 years of 

age at the time of enrollment (Table 1). Ninety percent (71/79) of children and 62% (13/21) 

of adults were sequenced as a trio with both parents available. There was a higher proportion 

of males among children (male: 48/79 [61%; 95% CI, 50–71%]) than adults (male: 9/21 

[43%; 95% CI, 24–63%]). Consistent with the statistics from the UDN at large,14 the most 

common primary symptoms were neurologic (47/100; 47%) and musculoskeletal or 

orthopedic (21/100; 21%). The most prevalent clinical indications were developmental delay 

overall (61/100; 61%) and among children (58/79; 73%), and muscle weakness (13/21; 

62%) among adults.

Diagnostic rate from exome and genome sequencing without RNAseq

Of 100 probands who received comprehensive genetic analysis after UDN clinical 

evaluation, 31 cases were diagnosed by exome or genome sequencing alone (Fig. 1, Table 

2). Twenty-three cases were diagnosed with SNVs or small indels within protein coding 

sequence, essential splice site locations, or a recurrent deep intronic location (exome = 9/26; 

genome = 14/74): 8 of the 14 genome cases were undiagnosed by prior exome sequencing 

because a novel disease gene was discovered after UDN enrollment. Of the remaining 60 

genome cases, 8 cases were diagnosed by SVs (13%; 95% CI, 7–24%): 1 case with mixed 

triploidy detected in fibroblast but not in blood, 1 with a repeat expansion, and 6 cases with 

SVs (deletions) of sizes 500 bp–200 kb. Of all 31 cases diagnosed by exome or genome 

sequencing, 61% (19/31) had de novo variants, 13% (4/31) had compound heterozygous 

variants, and 16% (5/31) had homozygous variants (Table S2).

Diagnostic rate from genome sequencing with RNAseq

RNAseq was performed on 48 families (91 samples, Fig. S1) who were genome sequencing-

negative after analysis of coding SNVs, small indels, and SVs (Fig. 1) and an additional 284 

samples to use as controls. By integrating RNAseq data with genome sequencing data, we 

were able to diagnose an additional seven cases (7/48; 15%; 95% CI, 7–27%, Table 2), 

increasing the overall molecular diagnostic rate to 38% (38/100; 95% CI, 29–48%). The 

genomic variants identified in these seven cases were splice region SNVs (+/−3 bp to +/−10 

bp region, n = 1), synonymous variants (n = 2), and deep intronic SNVs or SVs (n = 4) that 

caused alterations in RNA splicing: exon skipping (n = 2), inclusion of intronic pseudoexon 
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(n = 2), and intronic retention (n = 3) (Table 3). Critically, in all seven cases, the clinical 

significance of these DNA variants could not be determined without the use of RNAseq.

Illustrative cases

A 2-year-old female with severe hypotonia, global developmental delay with cerebral 

atrophy, hypomyelination, and central volume loss of the cerebrum underwent trio genome 

sequencing and trio RNAseq from blood. A paternally inherited known pathogenic 

frameshift variant, previously identified by exome sequencing, was confirmed in SEPSECS 
(OMIM 613009), associated with autosomal recessive (AR) pontocerebellar hypoplasia, type 

2d (PCH2d, OMIM 613811).20 No pathogenic maternally inherited coding variant was 

observed by analysis of SNVs, indels, or SVs. However, there were maternally inherited rare 

synonymous (42 bp downstream from a splice acceptor site) and deep intronic variants in 

SEPSECS of unknown significance. From RNAseq, the 130-bp exon 7 containing the 

synonymous variant (p. Leu282=) was skipped in about half of the mRNAs leading to an 

unexpected frameshift and identification of the pathogenic allele (Fig. 2a, top). There were 

no transcripts with the synonymous variant, suggesting that exon skipping was occurring in 

most of the maternally inherited transcripts. Interestingly, the novel splice junction that joins 

exon 6 and exon 8 was detected in 25/695 additional unrelated samples without this variant, 

but at a much lower ratio compared with our proband and mother, suggesting that exon 7 

may be susceptible to low-level skipping (Fig. 2a, bottom). Conventionally, synonymous 

variants would not be considered for pathogenicity unless already proven to be pathogenic 

but transcript-level analysis is necessary to determine if more synonymous variants are 

indeed disease-causing as loss-of-function (LoF) variants.21 In this case, of 21 synonymous 

variants in AR disease genes that are expressed in blood or muscle, only this one in 

SEPSECS resulted in an observable splicing abnormality.

A 7-year-old male with progressive muscle weakness and elevated creatine kinase (highest 

at 1200) with muscle biopsy showing myopathic changes with mild to moderate myofiber 

size variation was enrolled with extensive prior negative genetic testing. Trio genome 

sequencing and trio RNAseq from blood and fibroblast were performed. Clinical evaluation 

of all coding variation was negative, so RNAseq was utilized to evaluate all rare noncoding 

variation. Within the known muscle disease genes (Table S3), compiled from commercially 

available gene panels for muscle diseases and Human Gene Mutation Database 

(HGMD)22,23 search, there were 2 de novo heterozygous, 8 homozygous, and 31 

hemizygous deep intronic variants. Additionally, there were 86 inherited deep intronic 

heterozygous variants in five autosomal recessive disease genes that were a good phenotypic 

match, with muscle weakness and myopathy reported as part of the reported phenotypic 

spectrum, and with one heterozygous coding variant in trans. Of 127 noncoding variants, 86 

had sufficient coverage to check for splicing abnormalities in blood or fibroblast. In both 

tissues, intron retention was observed surrounding a de novo 26-bp deep intronic deletion in 

LMNA (OMIM 150330). All of intron 6, which contained the 26-bp deletion (66 bp), was 

included in the transcript, predicted to insert 22 amino acids. LMNA is associated with 

multiple muscle diseases that are consistent with the patient’s phenotype,24,25 but the patient 

had some unique features, such as features of progeria and lipodystrophy, making suspicion 

of an LMNA-associated muscle disease difficult for the referring physician. There is no 
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similar in-frame insertion reported in the literature and this intron retention was not observed 

in any other sample within our internal database (Fig. 2b).

A 3-year-old male with global developmental delay with regression, seizures, and optic 

atrophy with negative extensive genetic workup was enrolled and underwent trio genome 

sequencing and trio RNAseq from whole-blood samples. There were no clinically significant 

variants that could explain the phenotype within the coding exons. Of 14 de novo, 15 

homozygous, 36 hemizygous deep intronic variants necessitating evaluation with RNAseq, 

18 were well expressed in blood, but no splicing abnormalities were detected. In addition, 

there were 64 inherited deep intronic heterozygous variants in 3 autosomal recessive disease 

genes that were a good phenotypic match, expressed in blood and with one heterozygous 

coding variant in trans. Compound heterozygous variants in SLC25A46 (OMIM 610826) 

were observed: a maternally inherited heterozygous missense variant and a paternally 

inherited heterozygous deletion located within intron 3, removing 114 bp of an Alu-repeat 

sequence. RNAseq showed presence of two different splicing abnormalities affecting more 

than half of total transcripts: (1) intron retention between 3’-end of exon 3 and 5’ end of the 

deletion and (2) inclusion of intronic pseudoexon upstream of the deleted region (Fig. 2c). 

These changes are predicted to disrupt the transcript by adding 1626 bp and 139 bp, 

respectively. SLC25A46 is associated with autosomal recessive neuropathy, hereditary motor 

and sensory, type VIB (OMIM 616505) with phenotypic variability from congenital lethal 

pontocerebellar hypoplasia to a milder form of optic atrophy with later-onset sensory 

neuropathy depending on the variant type and the degree of protein instability.26,27 The 

proband’s phenotype fit the more severe pontocerebellar hypoplasia form.

DISCUSSION

Here we report how RNAseq can be integrated with genome sequencing to interpret both 

exonic and intronic SNVs and SVs and significantly increase the molecular diagnostic rate 

for a wide spectrum of rare Mendelian diseases. To our knowledge, this is the first cohort 

study that has systematically applied RNAseq from multiple, readily available patient tissue 

sources, including fibroblast, muscle, and blood, to interpret genomic variants in a general 

patient population referred for clinical genetic testing, without preselection of cases by the 

primary symptoms or with a priori knowledge of the most appropriate tissue source for 

RNAseq. In our cohort of 48 consecutive cases that remained unsolved by genome 

sequencing alone, we were able to identify pathogenic DNA variants in 7 cases (15%; 95% 

CI, 7–27%) by observing the impact on mRNA as determined by rare, abnormal 

transcriptional events consistent with Mendelian inheritance, achieving an overall diagnostic 

rate of 38%. This increase is greater than the published diagnostic yield obtained by genome 

sequencing–SV5,6 or chromosomal microarray (CMA) alone,28 highlighting the significance 

of transcriptome sequencing in improving the diagnostic rate for rare Mendelian diseases. 

Even after removing the two cases that had strong a priori candidate genes (COL6A1 and 

DMD), the diagnostic rate augmentation due to RNAseq when combined with genome 

sequencing was 11% (5/46, 95% CI, 4–23%).

Although our cohort size is small, the contribution of RNAseq to the diagnostic rate of 33% 

achieved in the muscle disease cohort (4 of 12 cases, 95% CI: 14–61%, Table 2) was 
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consistent with prior diagnostic rates11,12 in similar patient populations that had muscle 

tissue on which to perform RNAseq, suggesting that the lower overall diagnostic rate in 

nonmuscle diseases within our cohort is due to use of blood or fibroblasts for observing gene 

expression. Of these four cases, because of the limited availability of tissue, two were 

diagnosed from muscle and two from fibroblast and blood (Table 3), which obviated the 

need to request muscle biopsy for diagnosis of a child. We note though that all four cases 

would have been diagnosed by muscle alone, three by fibroblast alone, and two by blood 

alone. Similarly for the neurology disease cohort, the three cases diagnosed (diagnostic rate 

12%, 95% CI: 3–31%, Table 2) were from two blood and one fibroblast (Table 3) but all 

three would have been diagnosed by fibroblast alone while two would have been diagnosed 

by blood alone. This is consistent with blood being the least informative tissue due to lower 

expression of genes involved in syndromic genetic disorders referred for clinical exome or 

genome sequencing11 (Supplementary Materials and Methods, Fig. S2) and is in line with a 

recent study that investigated the utility of RNAseq solely from blood to identify rare disease 

genes, reporting a 7.5% diagnostic rate (including three cases that, by our criteria, could 

have been diagnosed by exome or genome sequencing alone).29 We expect that of the 

remaining 41 undiagnosed cases, another few cases may receive diagnoses if we had access 

to muscle for the 3 muscle disease cases and fibroblast for the 7 neurology disease cases and 

accessing the most affected tissue or implementing transdifferentiation protocols to induce 

gene expression could further improve diagnostic yield. Other possible reasons for the 

remaining undiagnosed cases include the causal variant residing in a gene or noncoding 

RNA not yet associated with disease, not being readily detectable by short-read sequencing, 

or resulting in a more subtle isoform switch only in specific tissues that are not accessible.

As opposed to other studies that utilized RNAseq to search globally for an outlier in the 

transcriptome,11,13,29 our approach initiated from observed rare genomic variants. We 

surveyed each genomic variant to determine if there were any evidence of altered 

transcription. For each case, there were hundreds of rare genomic variants that required 

evaluation, most of which were benign. Even though all seven of the splice-altering DNA 

variants discovered in our cohort were detected with a positive score by at least one of the 

three splice-altering variant predictors we assessed, the algorithms were not highly specific, 

with all three generating high scores for the vast majority of DNA variants with no 

observation of splicing abnormality from RNAseq. In total, only 15 of 347 predicted splice-

altering DNA variants (4.3%) had any support from RNAseq data (Fig. S3). This indicates 

that the prediction methods can be useful for prioritizing variants but more high-throughput 

and sensitive methods with global search options remain essential. We find that the biggest 

analytical challenge lies in differentiating the splicing change that is characteristic of a 

pathogenic DNA variant from natural variation in splicing and noisy data, particularly within 

genes at low expression levels. Consistent with previous reports,13 for pathogenic transcript-

altering variants, we frequently observed the exact same noncanonical splice junctions in 

normal individuals (4/7 splicing abnormalities), albeit at much lower levels. This suggests 

that most pathogenic splicing alterations occur naturally at low levels within the 

transcriptome and are further induced in the presence of rare genomic variants. Thus, we 

cannot remove consideration of splicing abnormalities in affected individuals just because 

the same abnormalities are observed in normal individuals. We propose that a noncanonical 
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junction with minimum four independent reads at a (noncanonical junction coverage/total 

junction coverage) ratio of 0.2 or greater be used as a metric to differentiate a pathogenic 

splicing abnormality caused by a DNA variant from natural variation and/or noise. 

Generating independent libraries and sequencing data from the same or different tissues 

from the patient or from the carrier parents is particularly useful to augment evidence. For 

recessive disorders, a confirmatory testing showing that there are no or almost no normal 

transcripts present by generating full length or fully phased transcripts could be done if 

RNAseq data is not informative. However, since it is possible that residual normal transcripts 

can be present and modify the phenotype, RNAseq data must be interpreted in the context of 

a DNA variant and phenotypic information.

Finally, we note that RNAseq allows the determination of the exact consequence to the 

mRNA of essential splice site variants, which are otherwise indeterminant. Missense, 

synonymous, and loss-of-function (LoF) variants within the coding exons can affect splicing 

or expression level. For example, from exome or genome sequencing analysis, a missense 

variant can be ruled out despite the consistent phenotype because only LoF variants are 

reported to be disease-causing for the gene. However, if a variant predicted to be missense is 

affecting splicing, it is likely pathogenic and if the gene is expressed in one of the accessible 

tissues, RNAseq would be crucial for the diagnosis. Also, RNAseq can clarify if a LoF 

variant is undergoing or escaping NMD or if there is evidence of allele-specific expression 

that could be caused by imprinting, NMD, or a variant in the regulatory region that 

decreased the expression of one allele. Of the 38 diagnosed cases, 8 of them had 9 

pathogenic or likely pathogenic variants within or spanning the essential splice sites or 

spanning the untranslated region (UTR). Of the nine variants, five (55.6%) were in genes 

that are expressed in blood and/or fibroblast, allowing us to check the consequence at the 

transcript level (Supplementary Materials and Methods).

In this heterogeneous cohort of consecutive subjects with undiagnosed, suspected genetic 

conditions, RNAseq was essential in the evaluation of the potential pathogenic effect of 18% 

(7 of 38 cases, 95% CI: 8.9–33.7%) of all genomic variants that were ultimately deemed to 

be pathogenic from trio exome or genome sequencing. Thus, RNAseq data provided key 

information on the consequence of some DNA variants at the transcript level, leading to an 

increased diagnostic rate. As next-generation sequencing costs continue to decrease, genome 

sequencing, augmented with RNAseq, will emerge as a more comprehensive method of 

genome-wide genetic testing for complex, heterogeneous undiagnosed cases. An area of 

weakness is the inability to observe many genes of interest due to lack of expression in 

accessible tissues. Thus, an important parallel effort should be to improve ex vivo 

transdifferentiation of accessible cells (i.e., skin fibroblasts or blood mononuclear cells) to 

specific cell types to improve observation of genes more broadly by RNAseq. Further, 

improvements in the comprehensive search for modification of splicing and expression 

across the genome are needed to further improve diagnostic sensitivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Molecular diagnostic rate in the 113 Undiagnosed Diseases Network-University of 
California–Los Angeles (UDN-UCLA) clinical site cohort enrolled between July 2014 and August 
2018.
aDetermined not appropriate for UDN genetic study after clinical evaluation. bSingle-

nucleotide variant (SNV)/small indel variants within coding exons (includes essential splice 

site (+/−2 bp) variants) that are predicted to be nonsynonymous or loss-of-function: of the 23 

probands, 9 were diagnosed with exome sequencing (35%; includes 1 proband who was 

diagnosed with a recurrent deep intronic pathogenic variant in COL6A1) and 14 with 

genome sequencing (19%). cExome-negative cases were removed from further analysis for 

this study due to the lack of DNA sequencing data in the noncoding genomic region. dSV: 

Structural variants affecting coding exons (includes mixed triploidy and repeat expansion). 
eVariants that are synonymous or in untranslated region (UTR). fVariants within +/−3 to +/

−10 bp from the exon-intron boundaries. ES exome sequencing, GS genome sequencing.

Lee et al. Page 13

Genet Med. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Sashimi plots and noncanonical junction coverage ratio plots.
a SEPSECS exon skipping. b LMNA intron retention. c SLC25A46 intron retention and 

intronic pseudoexon inclusion. For the sashimi plots, the exon coverage and the splice 

junctions for the family members carrying the genomic variant are in red, for the family 

members not carrying the genomic variant are in blue, and for the unrelated individuals not 

carrying the genomic variant are in gray. Canonical exons and the genomic variants are 

shown above the respective sashimi plots with the exon number and the transcription 

direction indicated. For the noncanonical junction coverage ratio plots, the x-axis is the total 

number of reads at the junction (sum of canonical and noncanonical junctions) and the y-

axis is the noncanonical junction coverage ratio (noncanonical junction coverage/total 

junction coverage). Family members carrying the noncanonical junctions are noted by P 

(proband), M (mother), or F (father) in respective color of the tissues observed and unrelated 

individuals carrying the noncanonical junctions are noted in dots in respective color of the 

tissues observed (blue: blood; yellow: fibroblast; red: muscle). Below each plot is a violin 

plot showing the coverage distribution from all samples at each junction for different tissues 

(FB fibroblast, SM muscle, WB blood).
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Table 1

Demographic characteristics and primary symptoms of all study participants

All probands Pediatric probands
a

Adult probands
a

Total 100 79 21

Male 57 (57%) 48 (61%) 9 (43%)

Female 43 (43%) 31 (39%) 12 (57%)

ES or GS nontrio sequencing 16 (16%) 8 (10%) 8 (38%)

ES or GS trio sequencing 84 (84%) 71 (90%) 13 (62%)

Primary symptoms
b

 Neurology 47 (47%) 37 (47%) 10 (48%)

 Musculoskeletal and orthopedics 21 (21%) 13 (17%) 8 (38%)

 Multiple congenital anomalies 10 (10%) 10 (13%) 0 (0%)

 Gastroenterology 7 (7%) 5 (7%) 2 (10%)

 Endocrinology 4 (4%) 4 (6%) 0 (0%)

 Dermatology 3 (3%) 3 (4%) 0 (0%)

 Allergies and disorders of the immune system 2 (2%) 2 (3%) 0 (0%)

 Infectious diseases 2 (2%) 2 (3%) 0 (0%)

 Cardiology and vascular conditions 2 (2%) 2 (3%) 0 (0%)

 Rheumatology 1 (1%) 0 (0%) 1 (5%)

 Pulmonology 1 (1%) 1 (1%) 0 (0%)

ES exome sequencing, GS genome sequencing.

a
Pediatric probands were ≤18 year old and adult probands were >18 year old at the time of enrollment.

b
Neurology: disorders of the nervous system, including brain and spinal cord; musculoskeletal and orthopedics: structural and functional disorders 

of muscles, bones, and joints; multiple congenital anomalies: multiple pediatric disorders; gastroenterology: disorder of the stomach and intestines; 
endocrinology: disorder of the endocrine glands and hormones; dermatology: skin diseases and disorders; allergies and disorders of the immune 
system; infectious diseases; cardiology and vascular conditions: heart, artery, vein, and lymph disorders; rheumatology: immune disorders of the 
joints, muscles, and ligaments; pulmonology: lung disorders and diseases.
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