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Abstract 

Background  Approximately 60% of rare disease cases remain unsolved after exome and genome sequencing (ES/
GS). Blood RNA sequencing (RNA-seq) complements DNA-level diagnosis by revealing the functional impact of vari-
ants on gene expression and splicing, but to what extent RNA-driven approaches offer diagnostic benefits across dif-
ferent scenarios—with and without pre-existing candidate variants—remains uncertain.

Methods  128 unrelated probands with suspected Mendelian disorders who had previously undergone ES/GS 
were recruited. A validation cohort (n = 7, with variants expected to alter RNA) and a test cohort (n = 121, includ-
ing 10 with variants of uncertain significance (VUS) and 111 with no previously identified candidate variants) were 
analyzed. Blood RNA-seq was performed, and aberrant splicing (AS) and aberrant expression (AE) were detected 
using the DROP pipeline. SpliceAI predictions were compared with RNA-seq results for splicing-related VUS variants, 
and pathogenicity was re-evaluated. AS/AE outliers were evaluated for diagnostic potential in cases without candi-
date variants. The feasibility of an RNA-driven approach was assessed by ranking causal variant-associated aberrant 
events.

Results  The pipeline correctly identified all expected AS/AE events in the validation cohort. In the test cohort 
with candidate VUS, RNA-seq provided a 60% (6/10) diagnostic uplift. Notably, SpliceAI predictions matched RNA-
seq observations perfectly only in 40% of these VUS. A 2.7% (3/111) diagnostic uplift was achieved in the test cohort 
with no prior candidates. Overall, target AS and AE events ranked among the top eight in 14 of the 16 diagnosed 
cases using a purely RNA-driven approach; however, two cases would have been missed without prior candidate 
identification from DNA sequencing.
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Introduction
Despite the increasing application of exome sequenc-
ing (ES) and genome sequencing (GS) to identify the 
molecular causes of rare diseases, a significant challenge 
remains: approximately 60% of cases remain unsolved 
[1, 2]. With the increasing ability to detect variants of 
complex types and in non-coding regions, the diagnostic 
gap exists in fully elucidating the functional significance 
of detected variants. Currently unsolved cases after ES/
GS can largely be attributed to: (i) variants of uncertain 
significance (VUS) in genes potentially related to patient 
phenotypes; (ii) lack of clear candidate variants. These 
challenges hinder clinical decision making and require 
complementary approaches.

To overcome the limitations of DNA-centric variant 
detection and interpretation, RNA sequencing (RNA-
seq) has emerged as a powerful complementary tool. By 
directly assessing the transcriptome, RNA-seq can reveal 
the functional consequences of both coding and non-
coding genetic variants on gene expression and splicing 
[3]. Aberrant RNA processing, including altered expres-
sion levels and splicing defects, is increasingly recognized 
as a key mechanism in genetic disorders [4]. Pioneering 
studies indicate that RNA-seq increases diagnostic rates 
by 8–36% over DNA sequencing alone, depending on 
the disease and tissue type [3, 5–9]. While tissue acces-
sibility can be a limiting factor for comprehensive RNA 
analysis, blood RNA-seq offers a feasible and minimally 
invasive approach. Blood RNA analysis has been utilized 
for both VUS assessment in the presence of candidate 
variants [10–12] and de novo discovery in the absence of 
candidate variants [13, 14]. However, the extent to which 
RNA-driven approaches offer diagnostic advantages in 
different scenarios—with and without pre-existing can-
didate variants—remains to be determined in order to 
guide appropriate clinical use.

In this study, we investigate the clinical value of blood 
RNA-seq in a cohort of rare disease patients with het-
erogeneous phenotypes who remain undiagnosed after 
ES or GS. Specifically, we aim to determine: (i) the addi-
tive diagnostic utility of blood RNA-seq in cases with 
pre-existing candidate variants, particularly splicing-
related VUS, and to which extent the RNA data refine 
variant interpretation and diagnostic outcomes; (ii) 

the diagnostic uplift and feasibility of a blood RNA-
driven approach in cases lacking prior candidate vari-
ants or genes, evaluating the recall of relevant variants 
and the practical workload for candidate identification. 
Our findings will delineate the preferred strategy to use 
blood RNA-seq – whether as an RNA-driven first-line 
approach or as an RNA-complementary strategy follow-
ing ES/GS—thus inform best practices for incorporating 
RNA-seq into the diagnostic flow for rare diseases.

Materials and methods
Study design and cohort recruitment
All individuals were referred and evaluated by clinicians 
from various specialties at Xinhua Hospital, Shang-
hai Jiao Tong University School of Medicine, Shanghai, 
China. This study was conducted in accordance with the 
principles of the Declaration of Helsinki. Approval was 
obtained from the Ethics Committee of Xinhua Hospi-
tal Affiliated to Shanghai Jiao Tong University School 
of Medicine (XHCC-C-2022–077-1). Written informed 
consent for RNA-seq testing and publication was 
obtained from the patients or their legal guardians.

The study design is shown in Fig.  1A. A total of 128 
unrelated probands with suspected Mendelian disorders 
were recruited for this study, all of whom had previously 
undergone ES or GS testing, including two cohorts: a 
validation cohort (n = 7, ES/GS solved, used for method 
and analysis validation) and a test cohort (n = 121, ES/GS 
unsolved cases). Detailed phenotypic information and 
previous ES or GS results are provided in Supplementary 
Table 1.

The validation cohort consisted of cases with variants 
deemed to alter splicing (n = 3, single nucleotide vari-
ants in canonical splice sites or with high confidence by 
SpliceAI prediction) or variants deemed to alter expres-
sion (n = 4, consisted of three copy number variations 
(CNVs, including an autosomal deletion, a deletion in 
chromosome X, a triplication) and one small indel vari-
ant triggering nonsense-mediated mRNA decay (NMD)). 
Variant information, aberrations detected by RNA-seq 
and altered production description of the validation 
cohort are listed in Supplementary Table 2.

The test cohort includes 10 cases with candidate splic-
ing VUS (“splicing VUS” cohort) and 111 cases without 

Conclusion  Blood RNA-seq is highly effective in refining the interpretation of splicing VUS, frequently leading 
to reclassification and diagnosis. Meanwhile, RNA-driven identification of causal variants shows a more modest yield 
in cases without prior candidates. This study supports an RNA-complementary approach as the preferred strategy 
for clinical utility.
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previously identified candidate variants (“No candidate 
variant” cohort) (Fig.  1A). Cases in the “splicing VUS” 
cohort were recruited from unsolved ES/GS cases meet-
ing the following criteria: (i) VUS were identified in genes 
associated with diseases consistent with the patient’s 
phenotype and inheritance pattern; (ii) variants poten-
tially affect splicing with a SpliceAI prediction score 
above 0.2 [15]; and (iii) the interrogated VUS was in a 
gene expressed in blood above a minimum level (TPM > 1 
in this study). The predicted mRNA consequence by 
SpliceAI was compared with RNA-seq results in this 
study. The pathogenicity of candidate VUS was reclas-
sified according to the ClinGen SVI Splicing Subgroup 
recommendations combining evidence from RNA-seq 
data [16], and the diagnostic outcome was re-evaluated. 
The “No candidate variant” cohort includes cases where 
ES/GS did not identify any variants considered explana-
tory for the patient’s phenotype, not even VUS. For this 
cohort, aberrant splicing (AS) and expression (AE) events 
in clinically relevant genes were identified in an RNA-
driven approach and then cross-referenced with DNA 
variants in corresponding genes (Fig. 1B). The diagnostic 
uplift rate was assessed, and the potential and feasibility 
of RNA-driven candidate identification in the test cohort 
was further evaluated.

The clinical indications of patients in the test cohort 
(n = 121) are shown in Fig.  1C, with the majority (79%) 
of patients manifesting neurodevelopmental disorders 

with or without comorbid conditions, and the remain-
ing 21% of patients manifesting neurological, skeletal 
muscular, metabolic, multiple congenital anomalies or 
other symptoms. Prior to RNA-seq, 60 samples under-
went GS (4 in “splicing VUS” cohort, 56 in “No candidate 
variant” cohort); and 61 samples underwent ES only (6 in 
“splicing VUS” cohort and 55 in “No candidate  variant” 
cohort). The composition of previous ES/GS results in 
the test cohort is shown in Fig. 1D.

RNA sequencing and data analysis
The RNA-seq workflow from sample collection to data 
analysis is shown in Fig. 1B. Whole blood was collected 
in a PAXgene Blood RNA tube (BD Biosciences), and 
total RNA was extracted using the PAXgene Blood RNA 
kit (Qiagen, Germany). Oligo dT-enriched mRNA was 
used for subsequent library preparation using the NEB-
Next Globin and rRNA Depletion Kit and NEBNext Ultra 
Directional RNA Library Prep Kit (NEB, Massachusetts, 
USA), followed by sequencing on the Novaseq 6000 
instrument (Illumina Inc., San Diego, CA, USA) with 150 
bp paired-end reads. About 100M reads were generated 
per sample. Reads were aligned to the GRCh37 release 
75 reference (to maintain consistency with the clinical 
laboratory exome/genome pipeline) using STAR V.2.7.9.a 
in two-pass mode [17]. Alignment files were utilized for 
outlier detection or visualized in the Integrative Genom-
ics Viewer software (https://​igv.​org/) [18]. Quality control 

A Validation cohort
(Cases with variants expected to alter RNA, n=7)

Test cohort
(ES/GS unsolved cases, n=121)

Q1: Prediction versus RNA-seq
Q2: Diagnostic outcome altered?

Splicing alteration
• Variants in canonical 

splice sites (n=3)

Expression alteration
• CNV del (n=2)
• CNV dup (n=1) 
• indel triggering NMD (n=1)

Validate filtering thresholds & analysis pipeline

Splicing VUS (n=10)
• SpliceAI prediction
• RNA-seq and variant interpretation

Q3: Diagnostic uplift rate?

No candidate variant (n=111)
• Aberrance identification 

based on AS and AE outliers

Q4: Potential and feasibility of RNA-driven identification 

C DClinical indications
(Test cohort, n=121)

Prior ES/GS results
(Test cohort, n=121)

Workflow
PAXgene tube-collected blood 

Total RNA

mRNA library + sequencing

Intersection with clinically relevant genes

Detection of AS and AE outliers

Diagnosis made with compatible 
phenotypes and inheritance at DNA level

B

Fig. 1  Overview of the study design, basic information about the test cohort, and RNA-seq workflow. A Study design and questions to be 
addressed. B RNA-seq workflow in this study. C Clinical indications of the test cohort. D Prior ES or GS results of the test cohort

https://igv.org/
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was performed with RSeQC [19]. Outlier detection was 
performed using DROP V.1.4.0 with the recommended 
settings for AE and AS detection [20], see Supplementary 
Table  3 for specific parameters. Detected events were 
processed using an in-house pipeline to annotate disease 
association and functional consequences.

Analysis of cases in splicing VUS cohort
DNA‑based splicing prediction
SpliceAI prediction was used (https://​splic​eailo​okup.​
broad​insti​tute.​org/), and a threshold of Δscore ≥ 0.2 
was used to predict AS [16]—described as “aberrance 
predicted”.

RNA‑based splicing analysis
Aberrant splicing (AS) involving junctions related to the 
VUS was considered "AS detected" if either of the follow-
ing criteria was met: (i) Based on the FRASER2 output, 
the event showed |Δψ|≥ 0.2 and a nominal p-value < 0.05. 
The nominal p-value was used here, rather than an 
adjusted p-value, because the strong prior evidence 
from the implicated VUS; (ii) Based on IGV inspection 
of splicing patterns around the VUS, at least 15 reads 
supported mis-splicing (threshold adapted from Aus-
tralasian Consortium for RNA Diagnostics) [10]. “Con-
sequence match” was defined as not only the detection 
of AS events, but also the concordance in the mRNA 
production—such as exon skipping or intron retention, 
or a mixture of both—between SpliceAI predictions and 
empirical observation in RNA-seq results.

RNA‑based expression analysis
For splicing VUS, aberrant expression (AE) detection was 
only considered when no AS was detected – since abnor-
mal junctions or transcripts may be efficiently removed 
by NMD, thereby masking splicing outliers. For VUS 
without detectable AS, the OUTRIDER module of DROP 
pipeline was used for expression analysis. Altered expres-
sion was defined by a p-value < 0.05, and fold change was 
reported to indicate the magnitude of dysregulation.

NMD prediction: “NMD triggering or escape” is based 
on the premature termination codon (PTC) not occur-
ring in the last exon or the 3′-most 50bp of the penulti-
mate exon, as applied in ACMG/AMP [21].

Refined variant interpretation after RNA‑seq
Variant pathogenicity was reinterpreted according to 
ClinGen SVI Splicing Subgroup recommendations 
[16] based on RNA-seq results. Determination of the 
PVS1(RNA) evidence code and its strength relied on: 
(i) the proportion of the aberrant transcript(s), derived 
from FRASER2 ΔΨ or IGV inspection and accounting 
for allelic balance; (ii) the predicted protein consequence 

(e.g., frameshift, truncation) based on the observed aber-
rant mRNA sequence(s). These two elements determined 
the applicability and assigned strength (Strong, Moder-
ate, or Supporting) of the PVS1(RNA) code.

Diagnostic outcome alteration
A change in diagnostic outcome was defined: “yes”—if 
the VUS was reclassified as likely pathogenic or patho-
genic in a gene that would cause the patient’s phenotype 
and the inheritance was compatible; “no”—if the patho-
genicity of the variant remained uncertain.

Analysis for cases in “No candidate variant” cohort
An RNA-driven approach was utilized for this cohort. We 
identified significant AS events (|Δψ|≥ 0.2, padj < 0.05) or 
AE events (p < 0.05) occurring within clinically relevant 
genes. The corresponding DNA sequencing data (ES/GS) 
for these specific genes was then inspected to identify 
potential underlying variants. These variants were sub-
sequently interpreted using standard diagnostic practices 
(ACMG/AMP guidelines).

Number and rank of aberrant events
The number of qualifying AS/AE events was counted 
by applying significance thresholds (AS: |Δψ|≥ 0.2, 
padj < 0.05; AE: p < 0.05; consistent with the RNA-driven 
approach in "No candidate variant" cohort) and then fil-
tering for those involving OMIM morbid genes. The rank 
of a target event was its position within the filtered list of 
respective samples when sorted by ascending p-value.

Results
Validation of the analysis pipeline and filtering thresholds 
with known RNA‑altering variants
To assess the effectiveness of the analysis pipeline and 
the filtering thresholds for AS or AE events, a set of sam-
ples harboring clinically relevant variants deemed to alter 
RNA splicing or expression were utilized (Supplemen-
tary Table 2). At the thresholds of |Δψ|≥ 0.2, padj < 0.05 
for AS events, AS associated with all three splicing vari-
ants were successfully identified using our outlier-based 
methods and annotation pipeline. At the p < 0.05 thresh-
old for AE events, our pipeline successfully identified 
the AE events associated with: (i) a heterozygous NMD-
triggering variant—a small indel in the SON gene—with 
p-value of 4.37E-06 (FC  =  0.73, z =  −4.77); (ii) a het-
erozygous deletion in the 16p13.11 region, with p-value 
of 1.24E-06 and 0.003 for the two OMIM morbid genes 
within this region—ABCC1 (FC = 0.56, z = −5.25) and 
NDE1 (FC = 0.62, z = −3.1), respectively; (iii) a triplica-
tion (four copies) of the 15q11.2 region, with p-value of 
2.42E-20 and 0.0002 for two OMIM morbid genes within 

https://spliceailookup.broadinstitute.org/
https://spliceailookup.broadinstitute.org/
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this region—UBE3A (FC =  2.01, z =  8.25) and HERC2 
(FC = 2.01, z = 3.34), respectively, and fold change almost 
exactly matched the copy number; and (iv) a heterozy-
gous deletion on the X chromosome involving CASK, 
with p-value of 0.009 (FC = 0.74), consistent with reduced 
expression of the mutant allele on the sex chromosome.

Diagnostic value of RNA‑seq in cases with splicing VUS
Comparison between SpliceAI prediction and empirical 
observation in RNA‑seq
The 10 candidate VUS in the test cohort were all pre-
dicted to be splice-altering based on SpliceAI (Table  1, 
Δscore ≥ 0.2). These variants were located in the 5’ UTR 
exon or intron 1 splice region (n = 3, potentially alter-
ing transcript start), coding region (n = 1, with mis-
sense effect), deep intron (n = 1, over 1kb from the exon 
boundary), splice region (n = 4, within 20bp of exon 

boundaries), and intron region near splice sites (n = 1, 
51bp from the exon boundary). The location of the vari-
ants and the “consequence match” between predicted and 
empirical RNA production are shown in Fig. 2A, B.

The predicted consequences of 40% of the variants 
(R095, R111, R146, R155) match perfectly with RNA-
seq, 30% (R072, R087, R097) match partially and the 
remaining 30% (R003, R044, R142) do not match at all 
(Fig.  2A, B). Details of the consequences predicted by 
SpliceAI and observed by RNA-seq were summarized 
in Table 1. “Perfect match” is exemplified by the variant 
c.3429 + 51A > G (POLR3A) in R095—the prediction 
is consistent with the empirical observation of a 50nt 
elongation of exon 26 (Supplementary Fig.  1). “Partial 
match” is exemplified by the variant c.2730 + 4A > G 
(CHD8) in R072—while exon 13 skipping is predicted 
by SpliceAI, intron 12 retention was also observed in 
RNA-seq (Fig.  2C). “Not match” is exemplified by the 

A

B C D

Deep intron
R097: ALG13, c.383+1067G>A

Coding region
R003: KPTN, c.863G>A

Intron near splice region
R095: POLR3A, c.3429+51A>G

Splice region
R072: CHD8, c.2730+4A>G
R111: PHKA2, c.2597+6T>C
R142: ECHS1, c.870+5G>A
R155: USP9X, c.7432-15A>G

Intron 1 splice region 
R146: POLR3A, c.44+5G>C

5’ UTR splice region
R044: MMAA, c.-66+2T>C
R087: PIGA, c.-63+1G>A

SpliceAI prediction versus RNA-seq result
Perfect match / Partial match / Not match

Diagnostic outcomePathogenicity Interpretation G

AS predicted 
by SpliceAI

Consequence
comparison

Consequence comparison: partial match
SpliceAI prediction: E13 skipping
RNA-seq: I12 retention, E13 skipping

E12E13

R072

Control

E14
CHD8

E13 skipping

I12 retention

E11E15

Consequence comparison: not match
SpliceAI prediction: E9 skipping
RNA-seq: I9 retention

E9E10

R003

Control

E8
KPTN

I9 retention

n=10

E Expression in relation to NMDF

n=10 n=7

Fig. 2  Value of RNA-seq on unsolved cases with VUS. A The location of variants and comparison of predictions with RNA-seq results. B The 
percentage of splice donor and/or acceptor alterations predicted by SpliceAI and the degree of concordance between SpliceAI prediction 
and RNA-seq. C, D Sashimi plot of RNA-seq showing consequence partial or not match between SpliceAI prediction and RNA-seq. E The alteration 
of pathogenicity interpretation for candidate VUS. F The alteration of diagnostic outcomes for cases with candidate splicing VUS. G mRNA 
expression in relation to NMD
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variant c.863G > A (KPTN) in R003—with this cod-
ing variant at the exon boundary, exon 9 skipping was 
predicted but not supported by any RNA-seq reads, 
instead intron 9 retention was observed (Fig. 2D).

RNA‑seq altered variant interpretation and diagnostic 
outcome
With the empirical evidence from RNA-seq experi-
ment, 60% of VUS were reclassified (of the ten can-
didate VUS, three were reclassified as pathogenic, 
three were reclassified as likely pathogenic, and the 
other four remained as uncertain significance (Fig. 2E, 
Table 1) according to the guideline by the ClinGen SVI 
Splicing Subgroup [16]. This reclassification of variants 
eventually changed the diagnostic outcome—molecular 
diagnosis was achieved in all six cases with reclassified 
variants, resulting in a 60% diagnostic uplift (Fig.  2F, 
Table 1). Two examples are described below:

VUS reclassified as  pathogenic: case diagnosed  R072 
was a 14-month-old boy with macrosomia, hypotonia, 
fine motor/gross motor/language developmental delay, 
intellectual disability. A de novo heterozygous variant 
c.2730 + 4A > G of CHD8 (associated with intellectual 
developmental disorder with autism and macrocephaly, 
autosomal dominant, OMIM#615,032) was identified. 
Significant AS of r.2486_2487ins2486 + 1_2487-1 (intron 
12 retention) and r.2487_2730del (exon 13 skipping) and 
were detected by RNA-seq (Δψ = -0.5, p = 0.0002, Table 1, 
Fig. 2C, Supplementary Fig. 1). With almost half reduc-
tion (based on Δψ) of the normal junctions, the pro-
portion of altered transcripts associated with this het-
erozygous variant allele was considered complete. These 
altered transcripts correspond to the protein alterations 
p.(Gln830*) and p.(Gln830Aspfs*13), respectively. Both 
alterations are presumed to trigger NMD, and expres-
sion analysis did show a mild but significant reduction 
(FC = 0.85, p = 0.003), consistent with haplo-insufficiency 
mechanism of CHD8-related disease etiology. The vari-
ant was reclassified as pathogenic with evidence codes 
PVS1(RNA) + PS2_Moderate + PM2_Supporting.

VUS reclassified as  likely pathogenic: case diag-
nosed  R003 was a five-year-old girl with mental retar-
dation, speech impairment and diabetes mellitus type 1. 
A homozygous missense variant c.863G > A on KPTN 
(associated with intellectual developmental disorder, 
autosomal recessive 41, OMIM#615,637) was identi-
fied. A significant AS of intron 9 retention r.[863g > a; 
863_864ins863 + 1_864-1] was detected by RNA-seq 
(Δψ = -0.91, considered near completely aberrant for bi-
alleles, p = 2.64E-17), corresponding to the protein altera-

tion p.(Arg288Glnfs*2) (Table 1, Fig. 2D, Supplementary 
Fig.  1). The variant was reclassified as likely pathogenic 
with evidence codes PVS1_Strong (RNA) + PM2_Sup-
porting + PM3_Supporting. No candidate variant associ-
ated with diabetes mellitus was identified.

RNA expression in relation to NMD triggering or escape
Based on the mis-splicing revealed by RNA-seq, seven 
variants in the candidate VUS pool were associated with 
altered splicing leading to PTC. Of these seven vari-
ants, five were presumed to trigger NMD (R003, R072, 
R095, R097, R111), and two were presumed to escape 
NMD (R111 and R155, PTC located in the last exon). 
Whether potential NMD-triggering or escape events 
could be reflected by expression alteration was assessed. 
In more than half cases (72%, representing 5/7 cases), 
the observed expression of corresponding gene was not 
straightforwardly consistent with predicted NMD status. 
Specifically, four cases harboring variants presumed to 
trigger NMD lacked statistically significant AE, while one 
case with a variant presumed to escape NMD showed 
significant AE in the respective gene. (Table 1, Fig. 2G), 
suggesting AE may not be a reliable metric for NMD 
status.

Diagnostic value of RNA‑seq in cases without candidate 
variants
Diagnostic yield in the “No candidate variant” cohort
In the test cohort of 111 cases without candidate vari-
ants, three cases were eventually diagnosed with patho-
genic variants associated with AE or AS events identified 
by RNA-seq, including two cases with AS and one case 
with AE (Table 2), resulting in a 2.7% increase in diagno-
sis in this cohort.

R020 was an eight-year-old girl with mental retarda-
tion, abnormal gait, prominent forehead, hepatosple-
nomegaly and multiple other anomalies. A significant 
AS of exon 3–4 skipping was identified in HGSNAT 
(associated with Mucopolysaccharidosis type IIIC, AR, 
OMIM #252,930) by RNA-seq (Δψ = -0.57, p = 2.86E-08, 
padj = 0.009) (Fig.  3A). The altered mRNA of HGSNAT 
was r.235_493del, corresponding to the protein produc-
tion p.(Cys79Leufs*2). The exon 3–4 deletion in trans 
with a missense was further validated by GS. The reason 
for the prior ES-negative result was due to a failed CNV 
calling of this 4.3kb deletion based on ES data.

R022 was an eight-year-old girl with mental retarda-
tion, speech developmental delay, triangular face, low 
ear position, and feeding difficulties in early childhood. 
AS with multiple abnormal junctions was identified 
in DDX3X (associated with Intellectual developmen-
tal disorder, X-linked syndromic, Snijders Blok type, 
XLD/XLR, OMIM #300958) by RNA-seq (Δψ = -0.22, 
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padj = 1.39E-08). The abnormal junctions potentially lead 
to exon 15 skipping (16.4%), truncation (2.9%), and elon-
gation (1.3%) (Fig. 3B). The alteration of DDX3X mRNA 
include r.1616_1769del, r.1616_1687del, and r.1616_162
1delins1616-71_1616-13, corresponding to the protein 
alteration p.(Gly539Valfs*79), p.(Gly539_Glu562del), and 
p.(Leu540Lysfs*2). The proportion of DDX3X transcripts 
containing the aberrant splice junction is approximately 
20% (Fig. 3B), which is lower than the expected 50% for a 
heterozygous variant and is consistent with skewed inac-
tivation of the X chromosome. The de novo small dele-
tion c.1616-12_1621del was further validated by GS. The 
reason for the prior ES-negative result was due to poor 
coverage of the ES in this exon boundary and failed vari-
ant calling of this 15bp deletion.

R126 was a six-year-old boy with intellectual disabil-
ity, language and motor developmental delay. Signifi-
cantly decreased mRNA expression of MBD5 (associated 
with Intellectual developmental disorder, X-linked 99, 
XLD/XLR, OMIM #156200) was identified by RNA-seq 
(FC = 0.42, z = −  7.02, p = 2.52E−10, padj = 4.09E−05). 
The de novo deletion of a non-coding region affect-
ing the promoter and 5’ UTR was further validated by 
chromosomal microarray analysis. The reason for the 

prior ES-negative result was due to lack of coverage in 
this non-coding region. This case has been described in 
detail with implications from optical genome mapping in 
another study [11].

Potential and feasibility of an RNA‑driven approach 
regardless of pre‑existing information on candidate variants
One question that remains for clinical practice is whether 
an RNA-driven approach is effective and feasible, regard-
less of pre-existing information on candidate variants. 
To assess the potential and feasibility of the RNA-driven 
approach, the ranking of target AS and AE events in final 
diagnosed cases (both in the validation cohort and in the 
test cohort with or without candidate variants) was eval-
uated based on our analysis pipeline (see Methods for 
detailed ranking algorithm and Supplementary Table 4). 
In the 10 cases diagnosed with splice-altering variants 
(Fig. 3C), the target AS events were ranked in the top 2 
in 8 cases (80%, including 6 cases with a top 1 ranking), 
but were not called in the other two cases (20%, padj did 
not pass the filtering threshold). In the 6 cases diagnosed 
with expression-altering variants, the target AE events 
were ranked in the top 3 in 5 cases (83%) and top 8 in all 
cases (Fig. 3D).

A

C E

B

HGSNAT

Target AS rank AS and AE events number

Control

R020

E2 E5E3-4

E3-4 skipping

Control

R022

DDX3X
E16E15E14

E15 skipping
E15 truncation

E15 elongation

Target AE rankD

NA NA

E14 E15 E16

E14 E16E15

E15 elongation

E15 skipping

E14 E16E
15

E15 truncation

E14 E16E15

Control

E3-4 skipping

E2 E4E3

Control

E5

E2 E4E3 E5
13

20
= 65%

Fraction of 
abnormal junctions 

Fraction of 
abnormal junctions 

984
= 16.4%

984
= 1.3%

984
= 2.9%

*

Fig. 3  Additive value of RNA-seq on unsolved cases with negative result from ES. A, B Left: Sashimi plot of RNA-seq showing abnormal junctions. 
Right: Pattern plot of exon junctions and the fraction of abnormal junctions. The exons 3–4 deletion in HGSNAT of patient R020 is indicated by a red 
dotted box, and the indel variant in DDX3X of patient R022 is indicated by a red asterisk. C The ranking of target AS events in FRASER (|Δψ|≥ 0.2, 
padj < 0.05) for cases diagnosed with variants affecting splicing. D The ranking of target AE events in OUTRIDER (p < 0.05) for cases diagnosed 
with variants affecting gene expression. E Number of AS (|Δψ|≥ 0.2, padj < 0.05) and AE (p < 0.05) events in OMIM morbid genes for the entire cohort 
of 128 individuals
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The number of potential candidates for further review-
ing based on the RNA-driven approach was also assessed. 
For aberrations passing the filtering thresholds and 
involving OMIM morbid genes, the median number of 
candidate AS events was 1 (range: 0–85, Q1 = 0, Q3 = 3), 
and the median number of candidate AE events for 
OMIM morbid genes was 118.5 (range: 0–476, Q1 = 85, 
Q3 = 161). The distribution of the number of AS and AE 
events in OMIM morbid genes for the entire cohort of 
128 individuals is shown in Fig. 3E.

Discussion
Diagnostic uplift by RNA‑seq
In this study, we evaluated the additive value of RNA-
seq in ES/GS unsolved cases and found a 60% diagnostic 
yield in cases with splicing VUS (6/10) and a 2.7% yield in 
cases without candidate variants (3/111), culminating in 
an overall yield of 7.4% (9/121) for the entire cohort. The 
diagnostic rate in the test cohort with candidate splicing 
VUS is similar to previous studies using RNA diagnostics 
in clinically accessible samples, which reclassified 75% 
of putative splicing variants [10]. The overall diagnostic 
yield of RNA analysis in previous studies was 7.5–34% 
[5–8, 13, 14, 22]. Variations in diagnostic yields across 
studies can be attributed to differences in cohort com-
position, particularly the proportion of cases with pre-
existing uncertain splicing variants or indicated genes, as 
well as the source tissues used for analysis. For instance, a 
recent study utilizing blood RNA-seq in a similar setting 
reported a diagnostic rate of 7.3% (4 out of 55 cases) in 
individuals without pre-existing candidates, compared to 
a diagnostic rate of 35% (18 out of 51 cases) in those with 
splicing VUS [13]. While reporting practices vary, these 
findings highlight that cohort composition remains a key 
determinant of the overall diagnostic yield reported in 
RNA-seq studies.

RNA analysis refines interpretation of candidate splice 
variants
Most splice variants outside the classic donor/acceptor 
sites have been classified as VUS based on DNA-level evi-
dence alone. The precise nature of the mRNA product—
the exact sequence, the presence or absence of a PTC, 
and the specific coding regions affected—is essential for 
determining pathogenicity. While SpliceAI is superior at 
predicting whether a variant alters splicing (a binary yes 
or no prediction) [15], it does not accurately predict the 
final mRNA product. Furthermore, the proportion of 
altered transcripts, a critical factor in current interpre-
tation guidelines (e.g. distinguishing between complete 
and incomplete mis-splicing) [10], is not provided by 
SpliceAI. The proportion of aberrant transcripts may also 
implicate disease severity. For example, a hemizygous 

variant of USP9X that only partially affects splicing in 
a male patient (R155) could explain the patient’s rela-
tively moderate phenotypes, similar to those observed in 
female patients [23].

Our results revealed a critical limitation of current 
DNA-based prediction: approximately 60% of SpliceAI-
predicted alterations did not perfectly match RNA-seq-
observed outcomes (i.e., a partial match or a complete 
mismatch). Variant classification factors in the functional 
impact of the predicted mRNA consequence—specifi-
cally the strength of evidence code PS1 and PVS1 hinges 
on the functional impact—which could ultimately influ-
ence diagnostic conclusions [16]. In our study, the dis-
crepancies between SpliceAI and RNA-seq outcome 
(“partial match” and “mismatch”) primarily arose from 
inaccurate predictions of the combined effects on accep-
tor and donor sites, leading to differences in observed 
outcomes, such as exon skipping versus intron retention.

In clinical practice, reverse transcription polymerase 
chain reaction (RT-PCR) has traditionally been used to 
validate splicing events when a specific alteration is sus-
pected [10, 12]. RT-PCR is highly targeted, cost-effective, 
and feasible for genes with low expression in accessible 
tissues. However, its utility is inherently limited by its 
dependence on prior knowledge of potential splicing 
events for primer design. In contrast, RNA-seq offers a 
hypothesis-free approach that captures the full spec-
trum of splicing events without primer bias. Given our 
observations of discordance between computational pre-
dictions (e.g., SpliceAI) and observed RNA outcomes, 
RNA-seq should be advocated as the preferred strategy 
whenever gene expression is sufficient to support its use, 
thereby improving the accuracy of splicing characteriza-
tion and ultimately improving diagnostic outcomes.

Observed expression in relation to NMD
NMD is a surveillance system that degrades mRNAs 
containing a PTC and plays an important role in protein 
homeostasis and disease. The expression levels observed 
in this study do not correlate perfectly with the presumed 
NMD trigger or escape (according to the rule that NMD 
would occur unless the PTC is located in the first exon, 
the last exon or in the last 50bp of the penultimate exon) 
[21]. Variability in NMD efficacy may arise from factors 
such as the exon sequence downstream of the PTC, the 
PTC-to-intron distance, and the number of introns flank-
ing the PTC [24]. According to the previous study pro-
viding genome-wide predictions of NMD efficacy, NMD 
efficacy is highly variable across genes: only in 17% of 
human genes, > 75% of the coding regions allow NMD to 
be fully triggered when a PTC occurs; whereas in 36% of 
genes, > 75% of the coding sequence allows partial NMD 
evasion [25, 26]. Additionally, NMD activity observed 
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in blood RNA may not fully capture the tissue-specific 
regulatory dynamics of mRNA surveillance. Therefore, 
when FRASER2 or IGV unambiguously reveals an AS 
event, we rely solely on PTC location-dependent NMD 
prediction and do not consider AE data—because NMD 
efficiency and tissue specificity can vary, making AE an 
unreliable triage metric in this context. Conversely, effi-
cient NMD can eliminate abnormal transcripts, pre-
venting AS outliers from being detected. If no splice 
aberration is observed, we then examine AE and interpret 
the fold-change in expression in light of the known dis-
ease mechanism (e.g., haploinsufficiency). The workflow 
for variant reinterpretation based on RNA-seq results is 
shown (Fig. 4).

RNA‑driven versus RNA‑complementary approach: which 
is preferred strategy?
The preferred timing of RNA-seq test relative to ES, GS, 
and other genomic technologies (e.g., optical genome 
mapping, long-read sequencing) remains an open ques-
tion. While the benefits of RNA analysis are widely rec-
ognized, the key decision lies in the choice between an 
RNA-driven and an RNA-complementary approach. An 
RNA-driven approach prioritizes the identification of 
candidate genes by RNA-seq, followed by targeted testing 
at the DNA level to investigate variants within the can-
didate genes. The feasibility of this strategy depends on 
the ability of RNA-seq to identify a manageable number 

of candidate genes or regions with sufficient sensitivity. 
Conversely, an RNA-complementary approach typi-
cally involves RNA-seq in conjunction with or following 
genome-scale DNA testing, primarily to interpret the 
functional consequences of variants identified by DNA-
based methods.

To evaluate the feasibility of an RNA-driven approach, 
we assessed the ranking of AS and AE events detected by 
RNA-seq in all diagnosed cases within our cohort. In the 
three cases solved without pre-existing candidate VUS 
(the “No candidate variant” cohort), the causative AS 
or AE events were among the top three ranked outliers. 
Similarly, in the validation cohort, the aberrant events 
associated with the known pathogenic variants were 
ranked in the top three in six out of seven cases (with one 
sample, R008, ranked eighth; Supplementary Table 4). A 
critical measure of the RNA-driven approach is its abil-
ity to identify cases with VUSs without relying on prior 
candidate VUS variants. This measure could implicate 
the potential utility of RNA-seq before comprehensive 
genome-scale testing (e.g., WGS, optical genome map-
ping, or long-read sequencing). Our results showed that 
four out of six cases with pre-existing candidate vari-
ants could have been identified based on RNA-driven 
approach. However, two cases would have been missed 
(33%), suggesting that an RNA-driven approach, while 
valuable, may not be fully comprehensive.

Exome sequencing-unsolved patients

Splicing VUS
(i) Concordant with phenotype and inheritance

(ii) SpliceAI score ≥ 0.2

No candidate variant

Genome sequencing

Noncoding VUS 
(promoter/UTR/intron/intergenic) involving 

disease-associated genes
(i) Concordant with phenotype and inheritance

(ii) Expression in blood meeting TPM > 1

No candidate variant

RNA-seq driven candidate identification:
AS by FRASER2 (padj < 0.05)
AE by OUTRIDER (p < 0.05)

AS detected on VUS-related gene? 
Based on FRASER2 (p < 0.05) or 

IGV visual inspection

Yes
RT-PCR or RNA-seq 

with transdifferentiated 
tissues 

No

AE detected on VUS-related genes?
Based on OUTRIDER (p < 0.05)

(iii) Expression in blood meeting laboratory 
adapted criteria (TPM > 1 in this study)?

Refine variant interpretation based on ClinGen SVI Splicing 
Subgroup recommendation with evidence of observed impact 

and ΔΨ for completeness of AS

Refine variant interpretation based 
on altered expression and disease 

mechanism

Candidate AS or 
AE identified

No candidate AS 
or AE identified

(i) Cross-reference with DNA 
variants in relevant genes

(ii) Finalize diagnosis

(i) Calculate ΔΨ, considering 
allelic proportion (het/hemi/hom)
(ii) Impact based on observed 

aberrant events

No

Yes

RNA-seq RNA-seq

RNA-seq

Negative

Fold change concordant with 
haploinsufficiency or triplosensitivity?

Fig. 4  The proposed workflow for conducting RNA-seq and integrating the results into variant curation process
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In our study, the three cases (R020, R022, R126) 
resolved by RNA-seq in the “No candidate variant” 
cohort were all ES-negative due to lack of coverage or 
failed variant calling (see Table 2, “Reasons for negative 
finding in prior testing”). While performance can vary 
between ES capture and pipelines, the inherent diffi-
culties in reliably detecting small CNVs and variants in 
poorly covered noncoding regions remain universal chal-
lenges for exome sequencing. However, all these three 
cases could have been solved by GS, which provides more 
uniform coverage and includes non-coding regions [27]. 
No additional diagnoses were made by RNA-seq in the 
GS-negative cases. Three cases (R072, R095, R142) with 
VUS identified by GS (all intron variants) were reclassi-
fied as pathogenic or likely pathogenic based on RNA-
seq data, leading to a definitive molecular diagnosis. In 
this regard, the RNA-complementary approach would be 
favored within the current diagnostic paradigm. The pro-
posed workflow for conducting RNA-seq and integrat-
ing the results into variant curation process is shown in 
Fig. 4.

Limitations of this study
Whole blood is one of the most accessible tissues in 
the clinical setting, but a significant number of OMIM 
genes have low expression levels in blood. Blood expres-
sion of OMIM genes varies considerably across dis-
ease categories, potentially introducing bias into studies 
such as ours, depending on the specific cases referred 
to. Advances in the transdifferentiation approach hold 
great promise for future RNA diagnostics using clinically 
accessible tissues [6].

Another limitation is the lack of a widely accepted 
pipeline and metrics for RNA-seq analysis in diagnos-
tic settings. Our study used the commonly used DROP 
pipeline, but without validation against other algorithms, 
which may limit the comprehensiveness of the results. 
Furthermore, this study prioritizes clinical utility, focus-
ing on its relevance to diagnostic outcomes, rather than 
providing a comprehensive assessment of analytical per-
formance. Consequently, validation with a larger cohort 
or extensive optimization of pipelines and thresholds are 
beyond the scope of this work. The thresholds applied 
were derived from published studies and adjusted or 
confirmed empirically with our validation cohort. Spe-
cifically, the cutoff for AE analysis – FDR corrected 
padj < 0.05 was used in literature [7]. However, this may 
be overly stringent, failing to identify 4 out of 5 known 
positive samples in our validation cohort (details in Sup-
plementary Table  2). We therefore employed a p < 0.05 
threshold which successfully recovered all true positives 
in our validation set. This choice of p-value is aligned by 
a recent study which demonstrated substantially higher 

sensitivity of p < 0.05 for AE detection compared to FDR 
corrected thresholds [28]. We acknowledge this thresh-
old selection could influence the overall results with 
relaxed statistical stringency. For readers interested in a 
deeper exploration of analytical considerations pertinent 
to clinical RNA-seq validation, we refer them to a recent 
study that comprehensively addresses these aspects [28].

Conclusions
These findings underscore the utility of blood RNA-seq 
to improve diagnostic outcomes in an ES/GS-unsolved 
rare disease cohort. Our results demonstrate high efficacy 
of RNA-seq in the presence of splicing VUS; although 
solving "No candidate variant" cases via an RNA-driven 
approach is feasible, it remains inherently challenging. 
We therefore advocate the use of RNA-seq to comple-
ment ES/GS investigations in rare disease diagnostics.
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