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Abstract 

Background: Molecular diagnosis of neurodevelopmental disorders (NDD) is mainly 

based on exome sequencing (ES), with a diagnostic yield ranging from 31% for isolated 

and 53% for syndromic NDD. As sequencing costs decrease, genome sequencing (GS) is 

gradually replacing ES for genome-wide molecular testing. As many variants detected by 

GS only are in deep intronic or non-coding regions, the interpretation of their impact may 

be difficult. Here, we showed that integrating RNA-Seq into the genome sequencing 

workflow can enhance the analysis of the molecular causes of NDD, especially structural 

variants, by providing valuable complementary information such as aberrant splicing, 

aberrant expression, and monoallelic expression. 
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Methods: We performed trio-GS on a cohort of 33 individuals with NDD for whom ES was 

inconclusive. RNA-Seq on skin fibroblasts was then performed in nine individuals for 

whom GS was inconclusive and optical genome mapping (OGM) was performed in two 

individuals with a structural variant (SV) of unknown significance. 

Results: We identified pathogenic or likely pathogenic variants in 16 individuals (48%) and 

six variants of uncertain significance. RNA-seq contributed to the interpretation in three 

individuals, and OGM helped to characterize two SVs. 

Conclusion: Our study confirmed that GS significantly improves the diagnostic 

performance of NDDs. However, most variants detectable by GS alone are structural or 

located in non-coding regions, which can pose challenges for interpretation. Integration of 

RNA-Seq data overcame this limitation by confirming the impact of variants at the 

transcriptional or regulatory level. This result paves the way for new routinely applicable 

diagnostic protocols. 

Key messages: 

WHAT IS ALREADY KNOWN ON THIS TOPIC: 

Genome sequencing has shown that it can outperform the standard diagnostic 

procedures for neurodevelopmental disorders. Routine implementation in diagnostic 

laboratories poses new challenges, particularly in the detection and interpretation of 

structural or non-coding variants.  

WHAT THIS STUDY ADDS: 
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 The application of complementary techniques, such as RNA-Seq and optical genome 

mapping, on a case-by-case basis, may help enhance the diagnostic yield of genome 

sequencing for complex or difficult-to-interpret cases.  

 

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR POLICY: 

Clinical RNA-Seq is a growing subject of research. However, its application in routine 

diagnostics has not yet been standardized. Our study provides novel insights into its 

gradual introduction, in association with genome sequencing. 

 

 

Introduction 
 

Neurodevelopmental disorders (NDD) are a group of behavioral and cognitive disorders 

that occur during the developmental period and involve significant difficulties in the 

acquisition and performance of specific intellectual, motor, language, or social functions 1. 

Among this disorders, intellectual disability have frequently been associated with 

monogenic causes. Owing to cumulative efforts to improve molecular diagnosis, more 

than 1400 causative genes have been identified 2,3. Although next-generation sequencing 

has significantly improved the diagnosis, most individuals still face many years of 

diagnostic odyssey. 

  

Currently, molecular diagnosis is mainly based on exome sequencing (ES), which is a cost-

effective technique with a diagnostic yield ranging from 31% for isolated NDD, and 53% 
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for syndromic NDD 4. Thus, the molecular cause is still not identified in most of the cases. 

Possible reasons for this high proportion of unexplained cases are the inability of ES to 

detect variants in deep intronic and non-coding regions or difficulties in detecting 

structural variants (SVs). Over the past decade, studies have shown that genome 

sequencing (GS) outperforms the standard ES + array-CGH procedure with GS-unique 

diagnostic yields ranging from 19% to 25% 5–8.  

 

Nevertheless, many variants detected in deep intronic or non-coding regions raise 

interpretation issues. Transcriptomic analysis can provide valuable complementary 

information to interpret noncoding variants, including aberrant splicing, aberrant 

expression, and monoallelic expression. To date, RNA-Seq studies have been particularly 

successful for neuromuscular disorders 9 for which appropriate tissue is accessible, with a 

diagnostic rate of up to 35%. Recent studies have shown an increased diagnostic rate of 

up to 17% after applying RNA-Seq to GS-negative individuals with diverse disorders 10. To 

our knowledge, this approach has rarely been specifically applied to a cohort of individuals 

with neurodevelopmental disorders11,12. 

 

Here, we performed trio GS on a cohort of 33 individuals with NDD for whom previous 

genetic analyses were negative, including array-CGH and ES. RNA-Seq was then 

performed in nine probands with inconclusive GS. We also characterized two SVs by 

optical genome mapping (OGM). Finally, we report interesting cases. 
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Methods 
 

Recruitment, Inclusion Criteria  

33 families from the University Hospitals of Western France (HUGO network) were 

recruited based on suspected neurodevelopmental disorders. Phenotypic data were 

collected as Human Phenotype Ontology (HPO) terms. All probands presented with 

syndromic or nonsyndromic moderate-to-severe intellectual disability or global 

developmental delay. Parents were asymptomatic. Individuals were excluded if a non-

genetic etiology was suspected or if a parent was symptomatic. The detailed clinical 

phenotypes are listed in Sup.Table 2. Informed consent for genetic analysis was obtained 

from the legal guardians according to the French law on bioethics and following the 

Helsinki Declaration. The study was approved by the ethics committee of Nantes 

University Hospital (number CCTIRS:14.556). Solo- or trio-ES and array-CGH have already 

been performed and were negative for each proband. RNA-seq was proposed to any 

individual for whom a variant of uncertain significance or no variant was identified after 

the GS. 

 

Genome sequencing variant calling and annotation 

Genome sequencing was performed on 33 trio at the French National Research Center for 

Human Genomics (CNRGH, Evry, France). Library generation was performed using DNA 

extracted from blood samples with TruSeq®DNA PCR-free kit (Illumina, San Diego, CA, 

USA). The genomes were sequenced on a HiSeq X5 (Illumina, San Diego, CA, USA) at a 

minimum mean depth of 30X. DNA sequences were mapped to the reference human 
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genome sequence (GRCh37) using bwa 0.7.12, and single nucleotide variants (SNVs) and 

small insertions/deletions (INDELs) were identified following GATK's best practices (v3.4). 

Copy number variations (CNVs), structural variants (SV), and short tandem repeats (STRs) 

were detected using a custom pipeline (https://gitlab.univ-nantes.fr/kriquin/sv-genome). 

Briefly, this pipeline combines algorithms with complementary calling methods and 

annotation tools. It is based on four algorithms: CNVs are detected using the read depth 

method GATK 4.1.4.1 (Broad Institute) with a sliding window of 1000 bp. SV are called by 

MANTA 1.6.0 (Illumina Inc.) 13 and DELLY 0.8.7 (European Molecular Biology Laboratory) 

14. Short tandem repeats were genotyped by Expansion Hunter de novo 0.9.0 (Illumina 

Inc.) 15 and de novo mobile element insertions were called in individuals negative after GS 

using MELT 2.2.2 16. All structural variants were annotated using AnnotSV 2.2 17 and a 

prioritization tag was assigned based on inheritance status, allelic frequency of the variant 

in databases and localization. Identified variants were classified using the ACMG standard 

for the interpretation of sequence variants 18. The degree of consanguinity was estimated 

using Automap 1.2 19. All SVs were confirmed by karyotyping, quantitative PCR, or optical 

genome mapping (OGM).  

 

Diagnostic yield calculations 

The overall diagnostic yield was determined as the proportion of probands in the cohort 

with a definitive molecular diagnosis. The GS-unique diagnostic yield was calculated as 

the percentage of probands in the cohort who received a conclusive molecular diagnosis 

that would have been unattainable solely through the reanalysis of ES data. 
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Optical genome mapping (OGM) 

High-molecular-weight DNA was extracted from frozen whole peripheral blood EDTA 

according to the manufacturer’s instructions (Bionano Genomics, San Diego, CA, USA). 

Labeled DNA was loaded onto a Saphyr chip for linearization and imaging on the Saphyr 

instrument. After checking QC metrics, the de novo assembly and variant annotation 

pipeline were run using Bionano Solve v.7.1 software at 80X coverage. Each optical 

genome map was compared with a reference genome map. SVs were visualized using 

Bionano Access software V7.1 and compared to an optical genome map dataset of 300 

human population control samples from apparently healthy individuals (provided by 

Bionano Genomics) to filter out common SVs and potential artifacts. 

Prediction tools 

The impact of missense mutations was predicted using Mobidetails 20. The effect of the 

mutation on protein stability was predicted using I-Mutant 3.0 21 and DUET 22. The 

parameters used were: T=25°C and pH = 7. The PDB accession number of the structure of 

the APP protein used was 4PWQ 23.  

RNA-Sequencing 

RNA-Sequencing was performed on skin fibroblasts of nine individuals and one parent in 

two separate batches. The library was generated using NEBNext Ultra™ II Directional 

RNA Library Prep (New England Biolabs, Ipswich, MA, USA). RNA was sequenced using 

NextSeq 500 (Illumina, San Diego, CA, USA) with approximately 60-70 million reads per 
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sample. Reads were aligned using STAR 2.6.1d 24 in two pass-mode (GRCh37 release75, 

Gencode34) and duplicate marked with Picard (Broad Institute). Analysis of RNA-Seq data 

was performed using Drop 1.1.4 25. Aberrant expression was detected using OUTRIDER 26 

with external matrix of 127 samples (https://doi.org/10.5281/zenodo.7510845). Aberrant 

splicing was detected using FRASER 27 without external matrix. Splicing events were 

filtered as follows: pvalue ≤ 0.01, padjGene < 1, DeltaPsi ≤ -0.10 or DeltaPsi ≥ 0.10. 

Monoallelic expression was detected using the MAE module of Drop and filtered as 

follows: padj ≤ 0.05, cohort_freq ≤ 0.1, AFmax ≤ 0.01 28,29. We quantified the gene 

expression in whole blood, cultured fibroblasts, and cultured urine-derived stem cells (sup. 

Method) from donors without NDD. Using Kallisto 0.46.2 30 (Kallisto index: Ensembl 99; 

GRCh38), we generated TPM values for the expressed genes in each sample. Genes with 

TPM > 10 were considered well expressed 31. 

 

 

 

 

 

 

Results 
 
 
Cohort  
 
Our cohort was composed of 33 individuals, 19 of whom were female (57%). The median 

age was 12 years (range, 2–31 years). All individuals have syndromic or nonsyndromic 
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intellectual disability (ID) (HP:0001249) or global developmental delay (GDD) 

(HP:0001263). Clinical data are available in Sup.Table 2. All individuals had a previous 

negative array-CGH and ES (Trio-ES 26/33, Solo-ES for 7/33). GS with a minimum mean 

depth of 30X was performed for each parent–child trio. RNA-seq was then proposed to all 

individual for whom a variant of uncertain significance or no variant was identified by GS. 

Nine families accepted.  

 

Diagnostic yield 
 
We report a diagnosis in 16 individuals (16/33; 48%) (Table 1; Sup.Table 1; Figure 1). Seven 

de novo variants and one inherited variant were identified in genes associated with an 

autosomal dominant neurodevelopmental disorder (8/33; 24%). Five cases (5/33; 15%) 

were resolved through the identification of biallelic variants in genes associated with 

autosomal recessive inheritance. In addition, we identified a hemizygous pathogenic 

variant inherited from the mother in an X-linked gene in one male participant, and a de 

novo variant in an X-linked gene in two female participants. No candidate variants 

involving short tandem repeats or mobile element insertion were identified. 

 

 

SNV/INDELs: 

SNVs or INDELs supported a diagnosis in ten individuals (10/16; 62%). Of these, seven 

were identified thanks to the reanalysis effect. They were detected by ES but not 

classified as pathogenic at the time of analysis. Better support for pathogenicity, a recent 

publication of the genes involved, or additional investigations allowed us to revise this 
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classification. Among these variants, we reconsidered a maternally inherited nonsense 

variant in MN1. Indeed, the variant was identified as de novo in another affected individual 

32 with very similar dysmorphic facial features. After analysis in maternal grand-parents, 

the variant was found de novo in the mother. Although the variant appeared heterozygous 

in the blood, we suspected mosaicism in the healthy mother. Additionally, a low-level 

mosaic frameshift variant in NIPBL was identified through targeted NGS analysis of saliva 

following inconclusive GS and ES. Notably, two cases were resolved by SNVs in exons of 

H3-3A that were not covered by the kit at the time of ES. These cases may have been 

resolved by renewing ES. 

 

SV: 

Pathogenic or likely pathogenic SVs were identified in six individuals (6/16; 37%). One 

balanced event was identified, a de novo inversion with a breakpoint in FOXP1, as 

previously reported 33. The five others were CNVs that were too small to be detected by 

ES or Array-CGH. We also found 4 de novo SV of uncertain significance. Two were de novo 

balanced events with breakpoints in the intergenic regions and no genes directly involved. 

One was a complex event involving the duplication of FGF18 associated with an inverted 

insertion.  

 

Contribution of complementary techniques 
 
OGM: 

OGM helped in the characterization of two SVs. In the first case (P25), we suspected an 

inversion of 2.2Mb following a 500kb duplication at the TENM2/FGF18 locus. The OGM 
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showed an inverted insertion, rather than an inversion/duplication. In the second case 

(P24), GS detected a duplication in PUM1 with uncertainty in the breakpoint coordinates, 

and the OGM characterized this as an intragenic tandem duplication. 

RNA-Seq: 

We additionally collected skin biopsies from 10 individuals (nine probands and one parent) 

with inconclusive GS and performed RNA-Seq on cultured fibroblasts. We identified two 

cases with an abnormal splicing event caused by an intragenic CNV: skipping of two exons 

in CBX3 (P23) and an abnormal splicing event in PUM1 (P24). We also detected one sample 

with significant underexpression of the long non-coding RNA (lncRNA) CHASERR, which 

could be linked to de novo CNV. RNA-seq contributed to the diagnosis or interpretation of 

the variant in three individuals (3/9; 33%) (Sup Table 3). 

To evaluate the relevance of fibroblasts as a source of biological material for clinical RNA-

seq analysis, we quantified and compared gene expression levels among blood samples, 

fibroblasts, and an alternative cell type known as Urine Derived Stem Cells (USCs)  (sup. 

Method). We observed that approximately 60% of NDD-associated genes were expressed 

in fibroblasts with TPM>10 and 37% were expressed in blood. In addition, CBX3, PUM1 and 

CHASERR were expressed at a level that theoretically allowed their detection in blood 

samples (https://kriquin-univ-nantes.shinyapps.io/expression-rna-seq). Interestingly, 

USCs obtained by non-invasive means expressed approximately 63% of the NDD-

associated genes. This could make them an interesting alternative to the fibroblasts. 
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Case/Sex Type Gene Variant Transmission Interpretation ACMG  
Reason not  

reported by ES 
Technique 

applied 

P2/F 
SNV 
indel 

NIPBL 
NC_000005.9:g.37059021_37059022del 

(Mosaicism 11%) 
De novo 
[MOS] 

Solved 
[MIM :122470] 5 (PVS1, PS2, PM2) 

Mosacism  
Variant not found in 

blood 

GS  
Panel 

P4/M 
SNV 
indel 

H3-3A 
NC_000001.10 :g.226259121G>C 

NM_002107.7 :c.352G>C :p.(Val118Leu) 
De novo 

[HET] 
Solved 

[MIM:619720] 
5 (PP2, PS2, PM2, 

PP3, PM1) 
Exon  

not covered 
GS 

P5/M 
SNV 
indel 

MN1 
NC_000022.10 :g.28192754C>A 

NM_002430.3 :c.3778G>T :p.(Glu1260*) 

Inherited from 
mother 
[MOS] 

Solved  
[MIM :618774] 5 (PVS1,PS1,PM2) Nonconcordant  

segregation 
GS 

P6/F 
SNV 
indel 

H3-3A 
NC_000001.10:g.226259146A>G 

NM_002107.7:c.377A>G:p.(Gln126Arg) 
De novo 

[HET] 
Solved 

[MIM :619720] 
5 (PS2,PM1,PM2, 

PP2,PP3) 
Exon  

not covered 
GS 

P7/F 
SNV 
indel 

TFE3 
NC_000023.10:g.48895930A>G 

NM_006521.6:c.572T>C:p.(Leu191Pro) 
De novo 

[HET] 
Solved 

[MIM :301066] 
4 (PS2,PM1,PM2, 

PP3) 
Gene now linked to ID GS 

P9/F 
SNV 
indel 

BAP1 
NC_000003.11:g.52442077C>G 

NM_004656.4:c.272G>C:p.(Cys91Ser) 
De novo 

[HET] 
Solved 

[MIM :619762] 
5 (PS2,PM1,PM2, 

PM5,PP3) 

More  
support for  

pathogenicity 
GS 

P13/M 
SNV 
indel 

HACE1 

NC_000006.11:g.105232328_105232331del  
NM_020771.4:c.1439_1442del:p.(Val480Alafs*7) 

- 
NC_000006.11:g.105297081_105297084del 

NM_020771.4:c.259_262del:p.(Lys87Glufs*27) 

Autosomal  
recessive 

[COMP HET] 

Solved 
[MIM:616756] 

5 (PVS1,PM2,PM3) 
- 

5 (PVS1,PM2,PM3) 
Gene now linked to ID GS 

P15/F 
SNV 
indel 

INTS11 

NC_000001.10:g.1248089C>T 
NM_017871.6:c.1295-9G>A:p.? 

- 
NC_000001.10:g.1248275T>C 

NM_017871.6:c.1186A>G:p.(Lys396Glu) 

Autosomal  
recessive 

[COMP HET] 
Solved 34 

4 (PM2,PM3,PP3, 
PP4) 

- 
4 (PS3,PM2,PP3) 

More  
support for  

pathogenicity 
GS 

P17/F 
SNV 
indel 

TMEM147 

NC_000019.9:g.36036812_36036830del 
NM_032635.4:c.100_118del:p.(Lys34Serfs*33) 

- 
NC_000019.9:g.36038077C>G 

NM_032635.4:c.486C>G:p.(Tyr162*) 

Autosomal  
recessive 

[COMP HET] 

Solved 
[MIM:613585] 

5  (PVS1,PM2,PM3) 
- 

5 (PVS1,PM2,PM3) 

More  
support for  

pathogenicity 
GS 
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P28/M 
SNV 
indel 

FITM2 

NC_000020.10:g.42935539A>C  
NM_001080472.4:c.515T>G:p.(Val172Gly) 

- 
NC_000020.10:g.42935585A>C 

NM_001080472.4:c.469T>G:p.(Phe157Val) 

Autosomal  
recessive 

[COMP HET] 

Solved 
[MIM :618635] 

4 (PM1,PM2,PP3 
PP4)  

- 
4  (PM1,PM2,PP3, 

PP4) 

Gene now linked to ID GS 

P1/F SV FOXP1 
NC_000003.11:g.68954396_71064931inv 

NM_001244813.1:c.570-127_*2054002inv 
De novo 

[HET] 
Solved 5 (PVS1,PS2,PM2) 

Copy neutral  
inversion not 

detected by ES 
GS 

P10/F SV RSPRY1 
NC_000016.9:g.57230856_57252612del 
NM_133368.1:c.-155-7560_901+1665del 

Autosomal  
recessive 

[HOM] 

Solved 
[MIM :616723] 

5 (PVS1,PM2,PM3) Not detected GS 

P14/F SV STEEP1 
NC_000023.10:g.118673832_118675628del 

NM_022101.3:c.514-245_607-80del 
De novo 

[HET] 
Solved 

[MIM : 301013] 4 (PVS1,PS2) Not detected GS 

P24/F SV PUM1 
NC_000001.10:g.3140901_31422000dup 

NM_001020658.1:c.2856+974_3435+489dup 
De novo 

[HET] 
Solved 4 (PS2,PM1,PM2) Not detected 

GS  
RNA-seq 

OGM 

P27/M SV SLC6A8 
NC_000023.10:g.152957273_152958417del 

NM_001142805.1:c.645-157_778-79del 

Inherited  
from mother 

[HEM] 

Solved 
[MIM :300352] 

5 (PVS1,PS3,PM2) Not detected GS 

P32/M SV CHASERR NC_000015.9:g.93422237_93430600del 
De novo 

[HET] 
Solved N/A Non coding gene 

GS  
RNA-seq 

 
Table 1: Variants identified in this study. ACMG classe and evidence categories are determined following ACMG/AMP Standards and Guidelines. HOM: Homozygous; HEM: Hemizygous; HET: Heterozygous; 
COMP HET: Compound heterozygous; MOS: Mosaicism. NC_000001.10:g.31409001_31422000dup 
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Case reports 
 
 
Individual P19 - Homozygous VUS in APP 
 
This case involved a male presenting with severe ID, lack of language, abnormal behavior, 

autism, and epilepsy. Parents are related (their fathers are half-brothers). A homozygous 

variant inherited from healthy heterozygous parents was identified in the APP gene 

NM_000484.4:c.(440A>G) p.(His147Arg). This variant is located on chromosome 21 in a 

7.08 Mb region with 99.96% homozygosity (Sup.figure 1). No other homozygous 

candidate variants have been identified in this region.  

 

APP is a ubiquitous cell-surface receptor capable of dimerization. The most studied 

isoform is the 695 amino acid protein which is expressed at the surface of neurons. It has 

been observed that APP dimerization at the neuron membrane participates in neurite 

growth, neuronal adhesion, axonogenesis, and synaptogenesis. Mutations have been 

identified in the Aβ domain and are associated with early-onset Alzheimer’s disease, but 

few damaging variants outside this domain have been documented. However, it is 

interesting to note that a homozygous nonsense variant NM_000484.3:c.1075C>T 

p.(Arg359*) associated with decreased somatic growth, microcephaly, hypotonia, 

developmental delay, thinning of the corpus callosum, and seizures has already been 

reported 35.  

 

Nine in silico prediction tools classified this variant as damaging. Furthermore, the 

algorithms for predicting the impact on the stability of protein, I-Mutant and DUET, both 
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predicted a strong decrease in the stability of the H147R mutated protein (respectively 

∆∆G = -0.75 Kcal/mol; ∆∆G = -1.07 Kcal/mol).  

 

Histidine 147 is located in the CuBD subdomain of the E1 domain (Figure 2). It is one of the 

histidines involved in the chelation of copper ions. Copper binding to histidine 147 induces 

histidine-bridging between APP molecules. Previous experimental studies have shown the 

impact of His147 mutations or CuBD deletion on APP dimerization and processed 

fragment secretion levels. Collectively, these elements make this variant an interesting 

candidate for further functional studies. 

 

Individual P14 - Deletion in STEEP1 
 
 
This case involved a female presenting with severe GDD, no language, and axial 

hypotonia. MRI showed a slight widening of the pericerebral space. The SNP array showed 

a 6q22.33 deletion inherited from the father. Using GS we identified a de novo 1.7kb 

deletion of STEEP1 (CXorf56) on chromosome X. This deletion in-frame spans exon 6 and 

parts of its flanking intronic sequences NM_022101.3:c.514-245_607-80del (Sup.figure 2). 

According to the ENCODE ChIP-seq assay 36, H3K4me1 and H3K2Ac histone mark 

enrichment in this region suggests the presence of regulatory elements in the vicinity of 

this deletion. The absence of this SV in the gnomAD database (gnomAD SVs v2.1) and the 

pLI score of 0.95, support its pathogenicity. Moreover, STEEP1 loss of function has been 

associated with ID in several families. In these studies, male phenotypes were described as 

mild or severe ID with additional features such as epilepsy, abnormal gait, or abnormal 
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reflexes. In females, penetrance is incomplete, and expressivity is variable. Reported 

female cases showed non-syndromic mild intellectual disabilities and asymptomatic 

carriers, depending on the skewed X-inactivation pattern 37,38. According to the ACMG 

guidelines, this case was classified as solved. 

Individual P32 - Deletion in CHASERR lncRNA 

This individual is a male presenting with GDD and facial dysmorphism. Clinical 

examination revealed widely spaced eyes, anteverted nares, a long philtrum, axial 

hypotonia, peripheral hypertonia, bilateral optic atrophy, recurrent unexplained fevers, 

and dystonic movements. At 33 months, he could not sit and did not speak, had recurrent 

unexplained fevers, and dystonic movements. Brain MRI at one month was normal, but 

MRI at four years showed global dysmyelination, thinning of the corpus callosum, reduced 

brainstem volume, cortical atrophy, and ventriculomegaly.  

By GS we identified a de novo heterozygous deletion 

NC_000015.9:g.93422237_93430600del. This deletion was also detected by RNA-Seq 

(Figure 3). CHASERR is located approximately 1.5kb upstream of CHD2, whose 

haploinsufficiency has already been implicated in developmental and epileptic 

encephalopathy (MIM:615369). However, the deletion does not cover the CHD2 promoter 

and the individual's phenotype is not consistent with the loss of expression of this gene. 

The regulatory role of Chaserr in Chd2 expression has been previously reported in a mouse 

model. The absence of Chaserr results in a significant increase in Chd2 expression at both 
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the mRNA and protein levels, subsequently causing transcriptional interference 39. 

Therefore, a deleterious mechanism by the overexpression of CHD2 was suspected. RNA-

Seq allowed us to confirm skewed allelic expression. We noted an allelic imbalance 

skewed towards the CHD2 allele in cis with the CHASERR deletion, consistent with what 

has been found in animal models (Sup.figure 3). No aberrant expression of CHD2 was 

detected by Drop. However, the low level of expression of this gene in the blood and 

fibroblasts could hamper its ability to detect significant variations. We confirmed here 

that CHASERR regulates CHD2, an NDD-associated gene. As another case with 

concording phenotype was described we classified this case as resolved 10. Nevertheless, 

further investigation is needed to clarify the underlying pathological mechanisms.  

 

We also observed significant overexpression of LIMD1 (FC=1.82; padj=4.25E-05). We did 

not detect any GS variants in this gene, and manual verification with IGV provided no 

explanation for this event. Moreover, this gene is not associated with neurodevelopment. 

These elements raise the question of possible regulation by CHASERR. However, this 

hypothesis remains unconfirmed. 

 
 
Individual P23 - Deletion in CBX3 
 
 
This case involved a female, the first child of non-consanguineous parents, presenting 

with moderate GDD, infantile muscular hypotonia, talipes valgus, strabismus, 

hypertrichosis, and epicanthus. She sat at 11 months, stood at 21 months, and had bi-

syllabic language at 18 months.  
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Trio genome sequencing revealed a balanced event with a breakpoint in the NUS1 

promoter, a gene associated with an autosomal dominant ID. However, karyotyping did 

not confirm this SV (Sup.figure 4). Subsequent RNA-seq revealed aberrant splicing of 

CBX3 (Figure 4. A). A junction was detected between exons 2 and 5, which was absent in 

the mother and controls (deltaPsi: 0.47). This event was consistent with an in-frame 

deletion of exons 3-4. This deletion was detected in GS, but it appeared dubious in the IGV 

overview at first glance. Moreover, this gene was not associated with NDD; therefore, this 

variant seemed less relevant than the putative translocation involving NUS1. Close 

examination of the IGV overview confirmed that there was indeed a de novo 3.8kb 

deletion of exons 3-4 of CBX3 in this individual NM_007276.4:c.25-1502_330+141del 

(Figure 4. B). This deletion results in a highly truncated protein (83 aa vs. 183 aa) with loss 

of the chromodomain, which is the main functional domain of CBX3 (Figure 4. C). In an 

animal model, it was shown that CBX3 is required for H4K20me3 epigenetic mark 

deposition and the regulation of protocadherin genes, which are involved in the 

mechanisms of neuronal self-avoidance 40. We classified this event as a strong candidate 

VUS.  

 
 
 
 
 
 
Individual P24 - Intragenic duplication in PUM1 
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This individual is a female born to non-consanguineous parents. Pregnancy was notable 

for oligohydramnios. Examination revealed severe ID and dysmorphism, including a wide 

mouth, protruding tongue, and macrocephaly. Unilateral renal hypoplasia and 

gastrointestinal anomalies, such as esodeviation, gastroesophageal reflux, and chronic 

constipation, were also observed. Brain MRI showed a periventricular leukomalacia. 

 

Using GS, we identified a de novo heterozygous duplication of 13 kb in PUM1 

NM_001020658.1:c.2856+974_3435+489dup involving two L2c retrotransposons with 

531bp of homology (Figure 5). OGM allowed us to characterize this event as intragenic 

tandem duplication. RNA-Seq analysis confirmed that the mRNA contains a 3'exon21 - 

5'exon18 junction and a single last exon, as shown by a heterozygous SNP. PUM1 belongs 

to the PUF protein family. These RNA-binding proteins act as post-transcriptional 

repressors by binding to specific sequences located in the 3'-UTR of mRNA 41,42. This in-

frame duplication spans five protein domains involved in RNA binding, suggesting a 

deleterious impact. In addition, haploinsufficiency of PUM1 has been reported to be 

responsible for GDD with concordant phenotype 43. Therefore, we classified this case as 

resolved. 

 

Discussion:  
 

In this study, 33 individuals with NDD who were negative after ES and array-CGH were 

enrolled for trio-GS complemented by RNA-seq for 9 of them and OGM for 2 individuals. 

GS identified pathogenic or likely pathogenic variants in 16 individuals and achieved an 
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overall diagnostic yield of 48%. Nevertheless, it is interesting to note that a large majority 

of these pathogenic variants (10/16, 62,5%) were SNVs/indels; therefore, it was 

theoretically possible to detect them in ES. Seven of the 16 solved cases were supported 

by variants detected in ES but not reported at the time of the first analysis. Therefore, it is 

necessary to qualify the net contribution of the trio-GS technique by considering the 

reanalysis effect. This effect is essentially due to the publication of new gene-disease 

associations, and its intensity is directly correlated to the time elapsed since the last 

analysis 44. Excluding the reanalysis effect, we reported a diagnostic for eight individuals 

reaching a GS-unique diagnostic rate of 24% which is in line with the 19%-25% reported 

by previous studies 6–8. Among them, six cases were solved by SVs (6/8, 75%).  

 

Our study highlights that short-read GS may present limitations in the interpretation of 

SVs. For example, duplication involving PUM1 required OGM to be fully characterized. The 

use of long read GS could also overcome this limitation. Moreover, unlike OGM, it allows 

the precise identification of breakpoints and provides additional information on DNA 

methylation status. However, the current cost of these techniques does not facilitate their 

implementation in diagnostic laboratories. 

 

RNA-Seq contributed to the identification of molecular causes in two probands and a 

strong candidate in one. This was the case for the CBX3 deletion in individual P23. Even 

though it was detected in GS, the IGV preview was dubious, and this variant was 

eliminated. Doubts regarding the IGV preview can be attributed to three reasons: the 

overall number of false-positive SVs detected in this individual, the absence of this gene in 
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the NDD databases, and the detection of a more compelling variant. In this individual, 

RNA-seq confirmed the variant in CBX3 and eliminated other candidates. Furthermore, its 

effect on the transcript was immediately delineated, confirming the existence of a 

truncated transcript rather than a total loss of expression. This case highlights one of the 

advantages of using RNA-seq in addition to inconclusive. Recent algorithms for the 

analysis of GS data have shown high sensitivity at the cost of many false positives 45. 

Verification of these numerous variants is a time-consuming task prone to error and can 

therefore lead to discarding the causal variant. RNA-seq appears here as a technique that 

can counterbalance a low specificity of GS in SVs detection by proposing a short list of 

variants with proven transcriptional effects.  

 

The deletion in the CHASERR lncRNA was detected by GS; however, to our knowledge, no 

guidelines for the prediction of the impact of variants in non-coding RNAs have been 

validated for diagnosis. In this case, the identification of an allelic bias in the CHD2 gene in 

-cis of the deletion is consistent with a pathogenic mechanism, previously observed in 

mouse and cell models. As GS implementation becomes progressively more widespread, 

an increasing number of variants, especially SVs, will be identified in non-coding RNAs 

generating a significant number of VUS. Interpretation of these events based on GS data 

alone is challenging.  

 

However, clinical RNA-seq has several limitations. Notably, RNA-seq provides information 

that may be unusual for biologists and clinicians. In particular, we identified highly 

significant aberrant expression or aberrant splicing confirmed in IGV, but it has not been 
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possible to link these to a genomic variant. Understanding these phenomena and their 

medical relevance is time-consuming and can only be envisaged for a limited number of 

patients. In addition, the small number of families that accepted to benefit from RNA-seq 

did not allow us to draw any conclusions on the systematic application of RNA-seq in 

patients with inconclusive GS. However, it appears from our study that integration on a 

case-by-case basis is useful for filtering and interpreting SVs. 

The choice of the biological tissue must also be considered. The first diagnostic RNA-seq 

tests were performed on blood samples. However, this tissue offered a low diagnostic 

yield for most diseases, except for hematological and immune diseases. A comparative 

study showed better performance of RNA-seq in fibroblasts 10. Explanations for the low 

yield of whole-blood assays include the cellular heterogeneity of this tissue and the large 

transcriptional variations that can affect leukocytes. However, we cannot rule out that the 

expression and splicing defects identified in CBX3, PUM1, and CHASERR, which are 

expressed in blood, could have been identified in blood samples.  

We observed that approximately 60% of NDD-associated genes 2 were expressed in 

fibroblasts with TPM>10, while only 37% were expressed in blood, making fibroblasts 

more relevant for NDD diagnosis. However, the skin biopsy required to collect fibroblasts 

may compromise their widespread use. The identification of alternative clinically 

accessible tissues (CAT), such as buccal cells, hair follicles, or urine cells, could help 

overcome this limitation. We performed gene expression analysis on one alternative cell 

type, urine-derived stem cells 46, and observed that they expressed approximately 60% of 
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the NDD-associated genes (TPM >10). This might be a promising alternative CAT for RNA-

Seq studies. 

 

It should be noted that the choice of tissue remains a compromise between biological 

relevance and practical application. Even if a gene associated with neurodevelopment is 

expressed in a cell type, tissue-specific differences exist in gene expression or splicing. 

Furthermore, it is illusory to attempt to recapitulate the expression and the splicing 

pattern complexity of neurodevelopment with a single cell type. 

 

The application of RNA-seq on a case-by-case basis in patients with inconclusive GS 

presenting with a severe phenotype seems to be an interesting approach. Diagnostic 

RNA-seq is still in its infancy, and there are several areas for improvement; however, it is 

on the way to becoming a standard tool to enhance molecular diagnosis in NDD. 
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Figures : 

 
 

 
 
 
Figure 1: Performance of GS for NDD diagnosis after inconclusive ES. A) Overall 

diagnostic yield of the combined approach. The GS-unique diagnostic yield was calculated 

as the percentage of probands in the cohort who received a conclusive molecular 

diagnosis that would have been unattainable solely through the reanalysis of ES data. 

Solved by the reanalysis effect are cases solved owing to variants that were detected by 

ES but were not classified as pathogenic at the time of analysis. Better support for 
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pathogenicity, a recent publication of the genes involved, or additional investigations 

allowed us to revise their classification. B) Types of variants identified at the case level. No 

compound heterozygous involving both SNV/indel and SVs were reported. 
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Figure 2: Homozygous VUS in APP;  NM_000484.3:c.[440A>G] [440A>G p.[H147R] 

[H147R]. A) The H147 variant is located in the CuBD (copper-binding domain) subdomain 

of the E1 extracellular domain. Histidine 147 is directly involved in copper binding. B) 

Protein structure (PDB accession number 4PWQ). C) H147 is predicted pathogenic by nine 

prediction tools aggregated by Mobidetails. D) Tolerance landscape of APP (695aa) 

generated by Metadome. H147 is located in a region predicted to be intolerant to 

mutation.  

 

 

 

 
 
Figure 3: De novo heterozygous deletion in lncRNA CHASERR; 

NR_037600.1:g.92,879,007_92,887,374del. A) Volcano plot from OUTRIDER module in 

individual P32 showing aberrant expression of CHASERR in fibroblasts. B) IGV snapshot 

showing a 8.4 kilobases deletion covering the CHASERR promoter and exons 1-3.  
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Figure 4: De novo heterozygous deletion in CBX3; NM_007276.4:c.25-1502_330+141del. A) 

Sashimi plot RNA-Seq on fibroblasts from P23 individual and healthy mother showing a 

heterozygous aberrant junction between exons 2 and 5 of CBX3. B) IGV snapshot showing 

a 3.8 kilobases deletion covering exons 3-4. C) Tolerance landscape of CBX3 (183 aa) 

generated by Metadome. The exons 3-4 codes for a region predicted to be highly 

intolerant to mutation. This region contains the functional chromodomain.  
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Figure 5: De novo heterozygous duplication in PUM1; 

NM_001020658.1:c.2856+974_3435+489dup. A) IGV snapshot showing a 13 kb duplication 

involving exons 18-21. B) Tolerance landscape of PUM1 (1224 aa) generated by 

Metadome. The exons 18-21 codes for a region predicted to be highly intolerant to 

mutation. This region contains functional domains involved in RNA binding. C) Optical 

map of PUM1 locus showing an intragenic tandem duplication between two L2c 

retrotransposons. 
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Supplemental figures :            
 
 

  
 
Sup Figure 1: P19. A) Automap estimation shows 159.12 Mb of homozygous regions, 

confirming the consanguinity of the parents. High homozygosity of the APP locus (7.08 

Mb ; 99.96%). No other homozygous candidate variants were identified in the LOH 

region. B) IGV snapshot showing homozygous variant NM_000484.3:c.[440A>G] in APP.  

 

 

 
Sup Figure 2: P14. De novo heterozygous deletion in STEEP1; NM_022101.3:c.514-

245_607-80del A) IGV snapshot showing a 1.7kb deletion leading to the lost of the exon 6 

(in-frame). B) Tolerance landscape of STEEP1 generated by Metadome. The exon 6 codes 

for a region predicted to be highly intolerant to mutation. 
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Sup Figure 3: P32. A) IGV snapshot of trio-GS at the CHASERR locus. Four homozygous 

SNP (orange arrow) present in the father were absent from the deleted locus of the 

proband. One homozygous SNP (red arrow) in the mother was found at the deleted locus 

of the proband. This indicates that the deleted allele was paternal. B) IGV snapshot 

showing allelic imbalance skewed towards the CHD2 allele in cis- with CHASERR deletion. 
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Sup Figure 4: P23. A) IGV snapshot showing a balanced event in the NUS1 promoter. This 

event was also observed in the mother. As NUS1 one is already associated with NDD we 

suspected a mosaicism in the mother. B) Karyotyping of the proband appears normal, 

invalidating the t(6;7) hypothesis. 
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Sup Table 1 : 
 
 

 
 
 
 
 
 
 

Case/Sex Type Gene Variant Transmission Interpretation ACMG 
Reason not 

reported by ES 
Technique 

applied 

P19/M 
SNV 
indel 

APP 
NC_000021.8:g.27425580T>C 

NM_000484.4:c.440A>G:p.(His147Arg)  

Autosomal  
recessive 

[HOM] 

Strong  
candidate VUS 

NA 
More  

support for  
pathogenicity 

GS 

P23/F SV CBX3 
NC_000007.13:g.26244486_26248316del 

NM_007276.4:c.25-1502_330+141del 
De novo 

[HET] 
Strong  

candidate VUS 
N/A Not detected 

GS 
RNA-seq 

P31/M 
SNV 
indel 

SYT7 
NC_000011.9:g.61290738C>G 

NM_001252065.1:c.1141G>C:p.(Val381Leu)  
De novo 

[HET] 
VUS N/A 

More  
support for  

pathogenicity 
GS 

P3/F SV - 
NC_000001.10:g.pter_69716317delins[NC_000006.11:g.108848601_qterinv] 
NC_000006.11:g.108848601_qterdelins[NC_000001.10:g.69716317_pterinv] 

De novo 
[HET] 

VUS N/A 

Copy neutral 
translocation 

not detected by 
ES 

GS 

P8/F SV - NC_000005.9:g.105706517_170958911inv 
De novo 

[HET] 
VUS N/A 

Copy neutral  
inversion not  

detected by ES 
GS 

P25/M SV FGF18 
Complex structural variant duplication and  

inverted insertion  
De novo 

[HET] 
VUS N/A 

Complex event  
not detected  

by ES 

GS  
RNA-seq 

OGM 

Sup Table 1: Variants of uncertain significance identified in this study. ACMG classe and evidence categories are determined following ACMG/AMP Standards 

and Guidelines. HOM: Homozygous; HEM: Hemizygous; HET: Heterozygous; COMP HET: Compound heterozygous; MOS: Mosaicism.  
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Sup Table 2 : 
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Sup Table 3: DROP pipeline calls: 
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Supplemental Method : 

 

Urine derived stem cell isolation and culture.  

Approximately 200 ml of fresh urine samples were collected from donors without NDD. Each 

urine sample was centrifuged at 400g for 10 min at room temperature and the supernatant was 

discarded. Next, 5 ml of washing buffer (Dulbecco’s phosphate-buffered saline buffer 

supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, and 500 ng/ ml amphotericin B) 

was added and centrifuged at 400 × g for 10 min at room temperature. After carefully discarding 

the supernatant, 3 ml of proliferation medium (1:1 mixture of DMEM high glucose (Gibco, Thermo 

Fisher Scientific, Waltham, USA) / REGM with SingleQuot Kit (LONZA, Basel, Switzerland), 

supplemented with 5% (v/v) FBS, 0.5% (v/v) NEAA, 0.5% (v/v) GlutaMax, 50 U/ml penicillin, 

50μg/ml streptomycin, and 1.5 μg/ml amphotericin B) was added to suspend the cell pellet, and 

the volume was transferred into a single well of a 6-well plate (coated beforehand with 0.1% (w/v) 

gelatin). The cells were then incubated at 37 °C. Approximately 96 h after plating, most of the 

medium was aspirated, leaving approximately 1 ml, and then 2 ml of proliferation medium was 

added. Half of the proliferation medium was replaced daily.  
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