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Abstract 

Background  Structural variations (SVs) are key genetic contributors to neurodevelopmental disorders (NDDs). Exome 
sequencing (ES), the current first-line tool for genetic testing of NDDs, falls short in SVs detection. This diagnostic gap 
is being actively addressed by new methods such as optical genome mapping (OGM).

Methods  This study evaluated the utility of combining OGM and RNA-seq in the detection and interpretation of SVs 
in ES-negative NDDs. OGM was performed in 43 patients with NDDs with inconclusive ES results. Candidate SVs were 
selected based on disease association and pathogenicity evaluation, and further validated or reconstructed by alter-
native methods, including long-read sequencing for a complex rearrangement event. RNA-Seq was performed 
on blood samples from patients with candidate SVs to facilitate interpretation of pathogenicity.

Results  OGM detected four candidate SVs, and RNA-seq confirmed the pathogenicity of three SVs in the patient 
cohort. This combined approach solved three cases—two cases with de novo SVs in genes associated with autosomal 
dominant NDDs, including a deletion encompassing the promoter and 5′UTR of MBD5 and an intragenic duplication 
of PAFAH1B1, and a third case possessing an intragenic duplication in trans with a pathogenic single-nucleotide vari-
ant of PLA2G6, associated with autosomal recessive NDDs. The expression alteration of the affected genes and the tan-
dem positioning of two intragenic duplications were confirmed by RNA-seq. In the fourth case, OGM detected 
a complex rearrangement involving chromosomes 2 and 6, much more complex than the de novo t(2:6)(q13;q15) 
indicated by conventional cytogenetic analysis. Reconstruction showed that 17 segments of 6q15 spanning 9.3 Mb 
were disarranged and joined 2q11.2, with four breakpoints detected in the 5′ and 3′ non-coding region of the NDD-
associated gene SYNCRIP. RNA-seq revealed largely preserved SYNCRIP expression, leaving the pathogenicity of this 
complex rearrangement event uncertain.

Conclusions  SVs in ES-negative NDDs can be identified by OGM, which is particularly useful for SVs in non-coding 
regions not covered by ES. OGM helps to construct complex SVs and provides information on the location and ori-
entation of duplications, which is crucial for pathogenicity interpretation. The integration of RNA-seq facilitates 
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Background
Optical Genomic Mapping (OGM) has emerged as a rev-
olutionary technology in genomics by comprehensively 
mapping all types of structural variants (SVs) at high res-
olution in a single assay. OGM not only maps all classes 
of SVs with excellent concordance with established diag-
nostic standards but also unveils SVs that are beyond the 
reach of current technologies [1–3], which holds tremen-
dous promise for clinical applications. The application 
scenarios of OGM are diverse, with many translational 
research studies highlighting its efficacy in detecting clin-
ically relevant SVs in hematological malignancies [3–6]. 
Recent studies have also expanded the use of OGM to 
constitutional abnormalities beyond malignancies [2, 7, 
8]. Noteworthy applications include its use as a cytog-
enomic tool for prenatal diagnostics in recent literature 
[9]. However, compared to the accumulated evidence on 
the utility of OGM in cancer, the clinical utility of OGM 
in developmental disorders remains to be explored.

SVs play a role in neurodevelopmental disorders 
(NDDs) that cannot be ignored, as highlighted by Hu 
et  al. [10]. Exome sequencing (ES) is currently the pri-
mary clinical diagnostic tool for NDDs, which effectively 
detects sequence variants and provides simultaneous 
detection of SVs, mainly on copy number variations 
(CNVs). Despite the dominance of ES in the diagnosis of 
NDDs (31–53% diagnostic rate) [11], its reliance on short 
reads limits its ability to comprehensively solve complex 
SVs. Additionally, ES misses genomic variations outside 
the coding region, leaving a significant gap in disease 
etiology and hindering diagnostic improvement. OGM 
may partially fill this gap by detecting SVs. Genomic 
sequencing, despite its comprehensive coverage, ana-
lytical tools and substantial computational resources, is 
often not fully implemented in clinical settings [12–14]. 
Meanwhile, the interpretation of genomic SVs represents 
another major challenge beyond detection. The major 
impact of genomic SVs on disease is likely to result from 
alterations in gene dosage and transcript expression lev-
els. SVs can directly alter protein products though copy 
number changes, coding sequence disruptions, gene 
silencing through promoter deletions or translocations, 
or create novel fusion transcripts through rearrange-
ments. Transcriptome analysis allows the identification 
of variants that result in aberrant transcription and splice 
junctions [15]. RNA-seq, a high-throughput technology 
that directly measures transcriptome changes to reveal 

the functional impact of variants, is a complementary 
method in the genomic diagnosis of monogenetic disor-
ders [16]. Unlike DNA-based analyses, RNA-seq provides 
a nuanced view of the transcriptome, enabling research-
ers to distinguish functionally relevant SVs from those 
with neutral effects and to pinpoint their precise effects 
on gene expression and splice junctions, facilitating 
accurate interpretation of detected SVs. A recent study 
showed that RNA-Seq contributed to the interpretation 
of three SVs at the transcriptional or regulatory level [17].

Therefore, to improve the detection and interpretation 
of SVs in patients with ES-negative NDDs, we investi-
gated the clinical utility of combining OGM with RNA-
seq, ultimately facilitating its translation into effective 
clinical practice.

Methods
Cohort design
This prospective observational study was approved by 
the Ethnic Committee of Xinhua Hospital. Forty-three 
unrelated Chinese Han probands with ES-negative NDDs 
in Xinhua Hospital from August 2022 to June 2023 were 
recruited, of whom 12 (28%) were female. The median 
age within the cohort was 12  years, ranging from 2 to 
31  years. All 43 probands in this study had negative ES 
results prior to recruitment, including trio-ES in 30 cases 
and solo-ES in 13 cases. Solo-ES or trio-ES were per-
formed using the capture kit of xGen Exome Research 
Panel v1.0 (Integrated DNA Technologies, Coralville, 
IA, USA, n = 41) or Agilent SureSelect Exome V5 (Agi-
lent, Santa Clara, California, USA, n = 2). Both SNV and 
CNV analysis were performed following routine clinical 
genetic procedures. For 20 of the 43 patients, chromo-
somal microarray analysis was performed using Affy-
metrix CytoScan™ 750 K (Santa Clara, California, USA, 
n = 4), CytoScan™ HD (Santa Clara, California, USA, 
n = 4), or CNV-seq (n = 12) prior to ES (Additional file 1: 
Table S1).

Phenotypic data were collected as Human Phenotype 
Ontology terms. All probands presented with syndromic 
or non-syndromic moderate to severe intellectual dis-
ability (HP: 0001249) or global developmental delay (HP: 
0001263). Individuals were excluded if a non-genetic eti-
ology was suspected. The detailed clinical phenotypes are 
listed (Additional file 1: Table S1).

This study was conducted in accordance with the 
principles of the Declaration of Helsinki. Approval 

the interpretation of the functional consequences of SVs at the transcriptional level. These findings demonstrate 
the utility and feasibility of combining OGM and RNA-seq in ES-negative cases with NDDs.
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was obtained from the Ethic Committee of Xinhua 
Hospital Affiliated to Shanghai Jiao Tong University 
School of Medicine (XHCC-C-2022–077-1). This study 
(ChiCTR2200062714) has been registered in Chinese 
Clinical Trail Registry (https://​www.​chictr.​org.​cn/). Writ-
ten informed consent for genetic analysis was obtained 
from the patients or their legal guardians.

Optical genome mapping (OGM)
Ultra-high molecular weight DNA from peripheral blood 
of patients and available parents was extracted, quantified 
(at least 4  ng/ul), labeled, and processed using the Prep 
SP Blood and Cell DNA Isolation Kit, Qubit Fluorome-
ters, and Prep DLS Labeling kits (Bionano Genomics Inc., 
San Diego, CA, USA) according to the manufacturer’s 

instructions. Labeled DNA was loaded onto a Saphyr 
chip for linearization and imaging on the Saphyr instru-
ment. After checking QC metrics, the de novo assembly 
pipeline was run using the Bionano Solve V3.7 software. 
SVs (based on the assembled genome maps) were called 
against the human reference genome (GRCh38/hg38) 
and visualized using Bionano Access software V1.7 and 
compared with an OGM dataset of 180 control samples 
from apparently healthy individuals (provided by Bio-
nano Genomics).

For data analysis, SVs were filtered according to the 
following criteria (Fig. 1): (a) filter out SVs with ≥ 1% fre-
quency in the OGM control sample SVs database, (b) fil-
ter out SVs not involving disease-associated genes, and 
(c) filter out SVs not involving NDD-associated genes. 

Fig. 1  Overview of SVs filter combining OGM and RNA-seq. a Workflow of OGM analysis. b The diagnostic rate of combining OGM and RNA-seq 
(3/43, 6.9%)

https://www.chictr.org.cn/


Page 4 of 12Xiao et al. Genome Medicine          (2024) 16:113 

The SVs that passed the filtering were subjected to patho-
genicity evaluation: deletions/duplications were evalu-
ated according to the variant interpretation guidelines of 
the American College of Medical Genetics [18–20], while 
the other types of gene disruption events (e.g., transloca-
tions, fusions, insertions, inversions, and complex rear-
rangements) were determined based on the location of 
breakpoints. Variants could be classified into pathogenic, 
likely pathogenic, uncertain significance, likely benign, 
and benign according to the guideline. Only SVs compat-
ible with the disease inheritance pattern were selected as 
candidate SVs. Database of Genomic variants (http://​dgv.​
tcag.​ca/​dgv/​app/​home) and DECIPHER (https://​www.​
decip​herge​nomics.​org/) were referred for SVs evaluation. 
The OGM nomenclature was used according to the rec-
ommendations of the ISCN Standing Committee [21].

RNA‑seq
RNA sequencing was performed on whole blood RNA 
from cases with candidate SVs. Oligo dT-enriched 
mRNA was used for subsequent library preparation. The 
library was generated using the NEBNext Ultra II Direc-
tional RNA LibraryPrep kit (#E7420 New England Bio-
labs, Massachusetts, USA), followed by sequencing on 
Illumina NovaSeq PE150 (Illumina Inc., San Diego, CA, 
USA) with approximately 100 million reads per sample. 
Reads were aligned using STAR V.2.7.9.a [22] in two-pass 
mode (GRCh37 release75, Gencode34). Analysis of RNA-
seq data was performed using Drop V.1.2.2 [23] under 
the default module of aberrant expression detection 
(OUTRIDER) with an in-house collection of 139 sam-
ples (unrelated individuals of Chinese Han ethnicity, aged 
2–16 years, 52 (37%) are female). Aberrant expression 
was filtered using the following thresholds: padj ≤ 0.05 
and |Z score|> 3. Sample rank and volcano plots were 
generated using the R package OUTRIDER [24].

Complementary to complex SV reconstruction with OGM 
using long‑read whole genome sequencing (LRWGS)
Genomic DNA was extracted from patient blood leu-
kocytes using a kit from New England Biolabs (the 
Monarch® HMW DNA Extraction Kit). The library was 
prepared for nanopore sequencing using the Ligation 
Sequencing Kit V14 (SQK-LSK114) and run on a Pro-
methION 2 SOLO sequencer using a PRO114M (R10) 
flow cell (all Oxford Nanopore Technologies, Oxford, 
UK). MinKNOW version 24.02.16 was used for base call-
ing and FASTQ conversion procedures. Control data-
sets were also sequenced using PromethION. Nanopore 
long reads were aligned to the human reference genome 
(GRCh38) using minimap2 v2.27 [25]. Reads were then 
sorted by SAMtools v1.15 [26]. Delly v1.1.8 [27] and Snif-
fles2 v2.2 [28] were used to detect SVs. The Integrative 

Genomics Viewer (https://​igv.​org/) was used to analyze 
and visualize the data.

Results
For the 43 samples tested, the average mapping rate of 
OGM was 89.4% and the average coverage was 214.6X 
(Additional file 1: Table S1). An average of 6434 SVs were 
identified per sample, with ~ 75 rare SVs; after further 
filtering by disease and phenotype association, an aver-
age of 4 NDD-associated SVs per sample required further 
evaluation. In this study, OGM detected four candidate 
SVs involving genes potentially related to the patients’ 
phenotypes (4 out of 43, 9.3%), and subsequent RNA-
seq was performed to further interpret the pathogenic-
ity of these SVs (Fig. 1). Successfully identified pathogenic 
SVs solved the genetic causes of three individuals (3/43, 
6.9%), including two de novo SVs (P4, P40) associated 
with autosomal dominant NDDs and a third diagnostic 
SV (P2) in trans with a pathogenic SNV in a gene asso-
ciated with autosomal recessive NDD. OGM identified 
complex rearrangement events in patient 30, and several 
candidate genes were found in the deletion regions and at 
breakpoints. Detailed information on these SVs and rel-
evant genes/disorders is described in Table 1.

OGM revealed non‑coding SVs and RNA‑seq contributed 
to the interpretation at transcriptional level
Case P40: a non‑coding deletion affecting the MBD5 
promoter and 5′ UTR​
The patient is a developmentally delayed male aged 
6  years and 4  months. He is the second child born at 
full term with a birth weight of 3.2  kg (50th percen-
tile). There is no history of birth asphyxia. While 
gross motor development appears normal, his speech 
remains delayed—he was able to say “dad” and “mom” 
at the age of two, and he still spoke mostly simple 
words and showed limited understanding of instruc-
tions at 6  years old. Physical examination revealed a 
height of 115  cm (15th–50th percentile), a weight of 
21  kg (50th percentile), and a head circumference of 
51.8  cm (50th percentile). Magnetic resonance imag-
ing (MRI) of the brain showed no apparent abnormali-
ties. Intelligence testing using the WISC-R indicated 
a language score of 56, an operational score of 55, 
and a total IQ of 48. ES revealed no diagnostic vari-
ants. OGM identified a rare heterozygous deletion of 
134 kb, termed ogm[GRCh38] 2q23.1(147,966,774_148
,100,811) × 1 (Fig. 2a). The parents’ OGM results con-
firmed that the MBD5 deletion was de novo. This dele-
tion involved partial ORC4 and 5′-untranslated exon 1 
of MBD5 (NM_001378120) (Fig.  2b). ORC4 is associ-
ated with autosomal recessive Meier-Gorlin syndrome 
2. MBD5 is associated with autosomal dominant 

http://dgv.tcag.ca/dgv/app/home
http://dgv.tcag.ca/dgv/app/home
https://www.deciphergenomics.org/
https://www.deciphergenomics.org/
https://igv.org/
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intellectual developmental disorder (MIM: 156200). As 
the disease associated with MBD5 matched the pheno-
type and inheritance pattern of the patient, this 134-kb 

deletion spanning part of MBD5 was considered as a 
candidate disease-causing SV. This deletion was vali-
dated using Affymetrix CytoScan HD array, which 

Table 1  Candidate structural variants identified in this study

Abbreviations: m Month, P Patient, VUS Variants of uncertain significance, y Year
a The detailed molecular karyotype for P30 determined by LRWGS and OGM was seq[GRCh38]der(6)(pter→q14.1::q14.3inv:: q14.3q15inv::2q12.1→qter;der(2)(pter→q
11.2::q14.3::q15::q14.1q14.2inv::q14.1::q14.1::q14.3::q14.1::q14.3inv::q14.3inv::q15inv::q14.3inv:: q14.1::q14.1::q14.1 inv:: 2q11.2q12.1inv::6q15→qter)

Patient Age Sex Clinical Indication Gene Variants description Variants in ISCN style format

P40 6y4m male Global developmental delay MBD5 Pathogenic; a de novo heterozygous 
134-kb deletion involving MBD5

ogm[GRCh38] 
2q23.1(147966774_148100811)x1

P2 2y male Global developmental delay, early 
psychomotor and motor regression

PLA2G6 Pathogenic; a heterozygous 19-kb 
insertion within PLA2G6

ogm[GRCh38] ins(22;?)(q13.1;?) 
(38101242_38118769;?)

P4 7y male Global developmental delay 
and seizure

PAFAH1B1 Pathogenic; a de novo heterozygous 
9.5-kb insertion within PAFAH1B1

ogm[GRCh38] ins(17;?)(p13.3;?)
(2654573_2670266;?)

P30a 3y11m male Developmental delay and seizure / VUS; multiple complex rearrange-
ment events involving chromo-
somes 2 and 6

ogm[GRCh38] (2,6) cpx

Fig. 2  Characterization of a de novo 134-kb heterozygous deletion partially involving MBD5 and ORC4 in P40. a OGM showed a deletion 
of 5′-untranslated exons of MBD5 (ogm[GRCh38] 2q23.1(147,966,774_148,100,811) × 1). b UCSC Genome Bowser showed that the deletion included 
the 5′UTR and promoter of MBD5. c The deletion in MBD5 was not captured by the ES capture kit (xGen Exome Research Panel v1.0, IDT). d RNA-seq 
confirmed significantly reduced expression of MBD5 together with the nearby gene ORC4 in the patient’s blood compared to controls.  e The 
normalized read count of P40 was the lowest in the cohort tested
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revealed a 123-kb heterozygous deletion, termed arr[
GRCh38]2q23.1(147,970,757–148,094,394) × 1 (Addi-
tional file 2: Fig. S1). This deleted region of MBD5 was 
not covered by ES (no probes in this region in xGen 
Exome Research Panel v1.0, IDT, see Fig.  2c). This 
deletion spans the promoter and 5′ untranslated exon 
1 of MBD5 (Fig. 2b), which could affect transcription, 
but the functional consequence remained uncertain as 
alternative transcription initiation cannot be excluded. 
The subsequent RNA-seq result showed a significantly 
reduced expression of MBD5 together with the nearby 
ORC4 gene in the patient’s blood compared to con-
trols (fold change = 0.51; Z score =  − 5.64; padj = 0.014, 
Fig.  2d). The expression of both ORC4 and MBD5 
were among the most significantly downregulated 
genes based on RNA-seq. For MBD5, the normalized 
counts of P40 ranked the lowest among the tested 
cohort, with approximately half the reduction (P40: 
333.5 counts, mean cohort: 660.7 counts, Fig.  2e). 
This approximately half reduction in MBD5 transcrip-
tion was consistent with a heterozygous deletion that 
abolished the original transcription initiation without 
alternative transcription initiation. In this case, the 
functional consequence provided by RNA-seq sup-
ports the pathogenic nature of this SV.

OGM and RNA‑seq assisted in confirming tandem positioning 
of duplicated exons

1.	 A 9.5-kb insertion in the PAFAH1B1 gene in P4

The patient is a 6  years and 8  months old boy with 
global developmental delay and generalized hypotonia. 
Seizures started at 2 months of age. Currently, at 7 years 
of age, he has significant motor limitations, unable to lift 
his head, sit independently, walk, or speak. Neurological 
examination shows poor visual tracking and response to 
sound. Brain MRI shows abnormally wide cerebral gyri 
with thickening of the cerebral cortex.

Panel testing, trio-ES, and mitochondrial sequencing 
performed at local hospitals revealed no clinically signifi-
cant genetic variants. OGM found a novel 9.5-kb inser-
tion in the PAFAH1B1 gene, designated ogm[GRCh38] 
ins(17;?)(p13.3;?) (2,654,573_2,670,265;?) (Fig.  3a). The 
lack of additional genetic markers between these points 
made it challenging to determine the source of the inser-
tion. Retrospective analysis of the ES data confirmed the 
copy number gain of three exons (exons 3–5, Fig. 3b) of 
PAFAH1B1 (NM_000430.4). RNA-seq analysis revealed 
a back-spliced fusion junction between exon 5 and 
exon 3 (Fig.  3c). These results together indicated a tan-
demly positioned intragenic duplication from exon 3 to 
exon 5 in PAFAH1B1. The transcriptional change was 

Fig. 3  A de novo heterozygous 9.5-kb intragenic tandem duplication from exon 3 to exon 5 within the PAFAH1B1 gene in P4. a OGM 
of the PAFAH1B1 locus showed an intragenic insertion. b Integrative Genomics Viewer (IGV) of ES data showed a copy number gain of exons 3–5 
in PAFAH1B1. c RNA-seq showed an abnormal fusion junction involving exon 5 to exon 3 along with abnormal splicing events
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r.33_399dup, which was predicted to result in an out-
of-frame product p.(Val134Lysfs*14), potentially trig-
gering nonsense-mediated decay and reducing mRNA 
level. RNA-seq confirmed that PAFAH1B1 expression 
was reduced compared to controls (fold change = 0.74; 
Z score =  − 6.08; padj = 0.0002). This duplication was 
verified by genome sequencing and Sanger sequenc-
ing (Additional file 2: Fig. S2-S4, Table S2). Though this 
duplication was identified in a Caucasian control cohort 
based on Affymetrix CytoScan HD data in Database 
of Genomic Variants (4/873, frequency: 0.45%, data-
base record: essv9812336, essv9812335, essv9812332, 
essv9812333) [29], the probe coverage of CytoScan 
HD array was poor in this region which put the validity 
of these records into questions (8 probes in a region of 
5.7 kb). Neither our in-house database (containing over 
10,000 array data) nor gnomAD [30] recorded CNVs in 
this region. Based on the frequency, tandem position-
ing and functional consequence, this de novo intragenic 
duplication of PAFAH1B1 was interpreted as pathogenic.

2.	 A 19-kb insertion in the PLA2G6 gene in P2

The patient is a male aged 2  years and 1  month with 
global developmental delay and rapid regression. He 
is the third child in the family, born at term by vaginal 
delivery with no history of asphyxia. The patient’s devel-
opment was generally normal until the age of 7 months. 

He then began to regress, losing independent mobility 
and experiencing impaired movement in all limbs. Dried 
blood spots and urine gas chromatography/mass spec-
trometry showed no abnormalities. Biochemical tests 
indicated elevated levels of aspartate transaminase and 
lactate dehydrogenase, while cardiac ultrasound showed 
no abnormalities. Brain MRI revealed cerebellar atrophy.

Family history revealed a deceased older sister with 
similar presentation: she developed normally until the 
age of 1 year, then lost the ability to walk, stand, and sit, 
followed by cognitive regression. She died at the age of 
5 with cerebellar atrophy identified on MRI. Dried blood 
spots and urine gas chromatography/mass spectrometry 
showed no abnormalities, and biochemical tests indi-
cated elevated levels of alanine transaminase, aspartate 
transaminase, and lactate dehydrogenase. Karyotypic 
analysis, trio-ES, and mitochondrial sequencing for the 
proband were performed at a local hospital, but no diag-
nostic finding was reported.

OGM analysis revealed a 19-kb insertion in the 
PLA2G6 gene (ogm[GRCh38] ins(22;?)(p13.3;?) 
(38101242_38118769;?)) (Fig.  4a), inherited from his 
mother. Re-analysis of the ES data provided by the local 
hospital identified a heterozygous pathogenic variant in 
the PLA2G6 gene (NM_003560.4:c.109C > T, p.(Arg37*)), 
which was inherited from the father. Retrospective analy-
sis of the ES data also confirmed an intragenic copy num-
ber gain of seven exons (exons 6 to exon 12) that was 

Fig. 4  Characterization of a SV within the PLA2G6 gene in P2. a OGM showing an approximately 19 kb insertion within PLA2G6 gene. b IGV of the ES 
data showed an overlooked copy number gain of exon 6–12. c RNA-seq showed an abnormal back-spliced fusion junction between exon 6 
and exon 12
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missed in the previous ES analysis (Fig.  4b). RNA-seq 
analysis revealed an abnormal back-spliced fusion junc-
tion between exon 6 and exon 12 (Fig.  4c). This RNA-
seq finding, together with the “in situ” information from 
OGM, confirmed the tandem positioning of this duplica-
tion residing in PLA2G6. The phospholipase A2 group 
6 protein encoded by PLA2G6 gene contains 806 amino 
acids. The transcriptional change of PLA2G6 in P2 was 
r.798_1742dup (945nt duplication), resulting in an in-
frame duplication predicted to increase 39% of the total 
protein (315 amino acids). RNA-seq showed the expres-
sion of PLA2G6 was increased compared to controls (fold 
change = 1.27; Z score = 2.54; pValue = 0.008; padj = 1), 
though genome-wide significance was not reached. This 
is consistent with the presumed outcome of in-frame 
duplications that do not trigger nonsense-mediated RNA 
decay. As this duplication affects > 10% of the total amino 
acid sequence and is in trans with another pathogenic 
SNV, it is interpreted as a pathogenic duplication based 
on the American College of Medical Genetics guideline 
for single gene CNVs [18]. This duplication was verified 
by genome sequencing and Sanger sequencing (Addi-
tional file 2: Fig. S2-4, Table S2).

OGM and RNA‑seq assisted in determining 
whether candidate gene expression was altered in complex 
rearrangements
A male patient (P30) aged 3  years and 11  months pre-
sented with developmental delay and seizures. ES did 
not identify any definitive pathogenic variants. Chromo-
somal karyotyping analysis revealed a de novo translo-
cation t(2:6)(q13;q15) (Additional file 2: Fig. S5a). Using 
OGM, we found that the chromosomal complex rear-
rangements (CCR) were much more complex than sug-
gested by conventional cytogenetic analysis. In addition 
to the translocation between chromosomes 2q11.2 and 
6q15, additional complex SVs involving 2q and 6q were 
identified, which including inv(6)(q14.1q14.1), fus(6;6)
(q14.1;q14.3), inv(6)(q14.1q14.3) as well as multiple copy 
number changes around breakpoints (Additional file  2: 
Fig. S5b). These resulted in the following prediction: mul-
tiple double-strand breaks occurred at two chromosomes 
6 and one chromosome 2, and then derivative chromo-
somes 2 and 6 were generated by chimeric joining of 
these DNA segments.

OGM identified the CCR of chromosomes 2 and 
6 and provided the backbone for further refining 
these SVs. We used LRWGS to reconstruct these SVs 
on the backbone provided by OGM and refine the 
breakpoints to single nucleotide resolution. LRWGS 
combined with OGM analysis allowed us to accu-
rately determine the full structure of the CCR, which 
showed chromoplexy events between the long arm 

of chromosomes 2 and 6. In brief, chromosomes 
2q12.1qter (chr2:104.131,686–242,193,529) and 6q15qter 
(chr6:89,275,859–170,805,979) showed reciprocal trans-
locations. 6q14.1q15 (chr6:80,033,502–89,275,859) was 
split into 17 segments (seg 1–17), with seg 11 and 14 
inversely rejoining with 6q14.1 (chr6:80,033,502) on 
one side and rejoining with the translocated 2q12.1qter 
(chr2:104.131,686–242,193,529) on the other side and the 
other 15 segments (seg 1–10, 12–13, 15–17) randomly 
rejoining with 2q11.2 (chr2:100,270,965) and at the ter-
minal end. This resulted in a derivative chromosome 2 
and a derivative chromosome 6 (Additional file  2: Fig. 
S5c). The molecular karyotype for P30 eventually modi-
fied by LRWGS and OGM to seq[GRCh38]der(6)(pte
r → q14.1::q14.3inv::q14.3q15inv::2q12.1 → qter;der(2)
(pter → q11.2::q14.3::q15::q14.1q14.2inv::q14.1::q14.1::q1
4.3::q14.1::q14.3inv::q14.3inv::q15inv::q14.3inv::q14.1::q1
4.1::q14.1inv::2q11.2q12.1inv::6q15 → qter).

In addition, the combined analysis revealed 19 de 
novo copy number losses in chromosomes 6 and 2 and 
pinpointed all the breakpoints. The exact coordinates 
of all the breakpoints have been listed in a schematic 
diagram of the construction of SVs in Fig.  5, and the 
nearby sequence of all the breakpoints has been shown 
(Additional file 2: Fig. S6) as well as in depositories [31]. 
The deleted regions and six genes involved were listed 
(Additional file  2: Table  S3). Notably, the SYNCRIP 
gene (MIM: 616686) was disrupted by four breakpoints 
(Fig.  5b). Although SYNCRIP is not yet included in the 
OMIM morbid gene list, de novo variants of SYNCRIP 
have been reported in several NDD patients, possibly 
through a haploinsufficiency mechanism [32, 33]. In our 
case, the four breakpoints were all located in the 5′ or 
3′ UTR region of the gene (Fig. 5b), and the coding part 
was undisrupted, making it difficult to determine the 
functional consequence. RNA-seq results for this gene 
showed no statistically significant alteration of SYNCRIP 
expression (fold change = 0.91; pValue = 0.038, padj = 1; Z 
score =  − 2.11). Another gene involved is SNHG5, which 
is located in the deletion region; this gene is not yet an 
OMIM morbid gene, and it has not been reported to 
be associated with human diseases. SNHG5 produces 
spliced non-coding RNAs and is host to the small nucleo-
lar RNAs (snoRNAs) U50 (SNORD50A, MIM:613117) 
and U50-prime (SNORD50B, MIM:613264) [34]. 
Querying RNA-seq results showed the expression of 
SNHG5 was reduced compared to the controls (fold 
change = 0.36; padj = 0.028; Z score =  − 2.47). For the 
other four relevant genes (LONRF2, TTK, LINC02542, 
and GABRR2), RNA-seq could not provide sufficiently 
confident expression outlier calling (Additional file  2: 
Table  S3). LONRF2 and LINC02542 were not OMIM 
genes. TTK is required for centrosome duplication and 
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normal mitosis progression [35]; GABRR2 is a member 
of a family of ligand-gated chloride channels that are 
the major inhibitory neurotransmitter receptors in the 
central nervous system [36]. TTK and GABRR2 have 
not been reported to be associated with human disease. 
Taken together, the blood RNA-seq did not support that 
the expression of the NDD-related gene SYNCRIP was 
significantly altered but could not rule out the possibil-
ity of altered mRNA stability or protein translation due to 
the disrupted 5′ and 3′ UTR, leaving the pathogenicity of 
this SV uncertain.

Discussion
ES is a first-tier molecular diagnostic test for individuals 
with NDDs [11, 37, 38]. It is adept at detecting sequence 
variants within the coding regions of genes and, when 
combined with specific CNV pipelines, can identify some 
SVs associated with copy number changes [25, 26]. How-
ever, when ES fails to provide a genetic diagnosis, there 
is often a lack of clear guidance on the next steps to be 
taken. Further genetic investigations should focus on var-
iants not captured or inadequately covered by ES, includ-
ing non-coding region variations, missed CNVs, and 
undetected SVs. Recently, a study using OGM in short-
read genome sequencing negative cases of retinal dis-
eases revealed that 25% of newly identified SVs disrupting 
disease-associated genes were previously overlooked 
[39]. Shieh et  al. identified pathogenic or likely patho-
genic SVs in 12% of 50 undiagnosed cases of rare mono-
genic disorders [40]. Iqbal et al. reported a yield of 4.5% 
(1/22) for pathogenic SVs in one cohort and 22.7% (5/22) 
for candidate SVs in another cohort [1]. Schrauwenet 

al. found pathogenic or likely pathogenic SVs missed by 
ES in 10.6% of 47 unresolved NDD patients [41]. There-
fore, we speculate that the undetected or overlooked SVs 
are important genetic contributors in ES-negative NDD 
cases.

In this study, 43 unsolved cases with NDDs were inves-
tigated by OGM, and RNA-seq was subsequently per-
formed to further determine the functional impacts of 
candidate SVs. The clinical utility of combining OGM 
and RNA-seq to improve SV detection and interpreta-
tion was assessed in the ES-negative NDDs cohort. OGM 
identified three pathogenic SVs in our ES-negative NDDs 
cohort of 43 patients, achieving a diagnostic rate of 6.9%. 
If the two duplications that could be identified but were 
missed by previous clinical ES were excluded, the diag-
nostic rate would be reduced to 2.3%. The relatively low 
detection rate of pathogenic SVs in this study indicates 
that the proportion of pathogenic SVs in ES-negative 
cases with NDDs is not particularly high. SVs may not be 
a predominant etiological factor, especially when CNVs 
have been carefully analyzed together with routine exome 
analysis. Nevertheless, the inclusion of SVs analysis still 
contributes to solving ES-negative cases and improving 
the diagnostic outcome.

In our cases, SVs located in non-coding regions outside 
the coverage of ES were identified in one patient (P40). 
This highlights the potential importance of non-coding 
SVs in unsolved genetic cases. A heterozygous dele-
tion of 134 kb affecting the promoter and 5′-untrans-
lated exons of MBD5, outside the captured coverage 
of ES, were detected by OGM in this study. It is worth 
noting that although OGM can effectively detect SVs 

Fig. 5  Schematic diagram of der(2) and der(6), and disruption of the NDD-associated gene SYNCRIP. a A schematic diagram illustrating the pattern 
of recombination after the DNA double strands break in chromosomes 2 and 6 by combining OGM and LRWGS analysis. b Integrative Genomics 
Viewer showed that the SYNCRIP gene was disrupted by four breakpoints
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located in non-coding regions, the functional impact of 
SVs remains to be determined. In our study, RNA-seq 
confirmed approximately half of the reduction in MBD5 
expression, which is crucial for the accurate interpreta-
tion of the detected SV. This finding is consistent with 
previous reports documenting four cases with partial 
deletions of non-coding 5′-untranslated exons of MBD5 
[42, 43]. The region of deletion included the promoter 
and exon 1 of MBD5, which are probably essential for 
transcription initiation. As all the cases in the literature 
and in this study are associated with reduced mRNA 
expression of MBD5, the pathogenic mechanism is likely 
to be haploinsufficiency.

Another advantage of OGM is to provide “in situ” 
information, offering detailed insights into the loca-
tion and orientation of duplication events that could not 
be achieved by ES. OGM has been reported to charac-
terize the tandem location and orientation of a de novo 
heterozygous 13-kb duplication in PUM1 and a 32-kb 
heterozygous de novo intronic duplication within the 
NHEJ1 gene. These location and orientation information 
were readily available in the OGM results but would not 
be possible to obtain by ES-CNV analysis or traditional 
chromosomal microarray analysis [17, 40]. In another 
study by Jean et al., OGM pinpointed the specific number 
of extra copies in a multiplied region within PAX5 and 
confirmed their presence as intragenic tandem multipli-
cation [44]. Although the affected exon(s) may be readily 
identified using short read exome or genome sequencing, 
the location of the duplicated fragments(i.e., in tandem or 
in different genomic regions) is often unknown, which is 
critical for interpreting the pathogenicity of the duplica-
tion [18]. According to the American College of Medical 
Genetics guideline, only intragenic exonic duplications 
with deleterious coding consequences could be inter-
preted as likely pathogenic or pathogenic. Therefore, it is 
considered necessary to clarify the coding consequence 
of the duplication. In one study, several duplicated exons 
in the DMD gene were found to be non-contiguous and 
the DMD gene was intact based on OGM, which were 
reclassified as benign [45].

In our study, two small-sized SVs within genes were 
overlooked in previous ES-CNV analyses. Although the 
small duplications could be analyzed by ES, the patho-
genicity was uncertain. OGM provided in situ informa-
tion that these duplications were intragenic and located 
in tandem. RNA-seq analysis further confirmed the 
positioning of the duplicated exons by showing splice 
junctions consistent with the tandem duplication. 
Moreover, the presumed effect on RNA expression: 
out-of-frame duplication triggering nonsense-medi-
ated decay (PAFAH1B1 in P40) or in-frame duplication 

preserving mRNA expression (PLA2G6 in P2) was con-
firmed respectively. This combination of OGM and 
RNA-seq is an optimal approach to characterize struc-
tural duplications, providing valuable additional infor-
mation on location, orientation and mRNA expression, 
thus improving the interpretation of SVs and clinical 
genetic counseling.

CCRs are thought to be underestimated causes of 
rare diseases that are often missed by routine genetic 
screening [46]. OGM can identify and delineate CCRs 
[47]. Fine characterization of CCRs is crucial for pin-
pointing breakpoints and identifying gene disruption 
events. Previous studies have shown that OGM refines 
breakpoints to reveal disease-causing genes [48, 49]. In 
P30 of this study, OGM effectively identified the CCR 
between chromosomes 2 and 6. LRWGS analysis based 
on OGM allowed us to identify breakpoints at single 
nucleotide resolution and to accurately construct the 
complete map of complex SVs. In a recent study [50], 
LRWGS initially found the CCR, but there were two 
possible ways to arrange the broken segments, and the 
final map of SVs was not fully elucidated. LRWGS with 
single-nucleotide resolution and OGM with longer 
reads (up to 2 M) were complementary for complex SVs 
analysis using long-molecule DNA [50]. Thus, combin-
ing LRWGS with OGM allowed us to accurately deter-
mine the complete structure of the CCR at the single 
nucleotide level. Moreover, RNA-seq analysis aided in 
determining the gene expression involved in candidate 
SVs. Although no known disease-causing genes associ-
ated with the patient’s phenotype were identified in this 
study, this strategy may help to uncover novel NDD 
genes disrupted in the CCR that may be missed by rou-
tine genetic testing, such as SNHG5, which was found 
to have reduced RNA expression in this study and war-
rants further investigation.

Although OGM could reliably detect SVs, there are 
some limitations. OGM is a label-dependent tech-
nique that visualizes and analyzes genomic structure. 
While it offers high-resolution karyotyping, it is limited 
in resolving SVs lacking the specific DNA sequences 
required for labeling. In P2 and P4, where insertions 
have been detected with insufficient coverage of the 
corresponding region, it should be used in conjunction 
with other techniques to determine the inserted mate-
rials and their positions. In addition, OGM does not 
detect SNVs, and if an SV is found in a disease-causing 
gene that causes a recessive disorder, other sequenc-
ing technologies are needed to fully resolve the cases. 
Another limitation of the study is that the gene expres-
sion analysis based on peripheral blood may not fully 
reflect the affected tissues of patients with NDD.
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Conclusions
This study demonstrates the clinical utility of combin-
ing OGM and RNA-seq in ES-negative NDDs. The 
combination of OGM and RNA-seq allows a more 
comprehensive understanding of the impact of SVs at 
the transcript level. This synergy is particularly vital in 
unraveling the functional consequences of non-coding 
SVs, intragenic duplications and complex rearrange-
ments. OGM is an ideal complement to ES and, when 
integrated with RNA-seq, provides a holistic and com-
prehensive approach to NDD diagnosis and genomic 
medicine.
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