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Abstract
Background  Determining the correct structure of large, interspersed duplications and related complex genomic 
rearrangements in genetic disease is critical when establishing causal roles and requires a technology able to span the 
entire duplicated segment(s) on single molecules. We assessed the use of Bionano optical genome mapping (OGM) 
for this purpose.

Methods  We combined OGM, Illumina short-read sequencing and fluorescence in situ hybridisation (FISH) to 
characterise three large interspersed duplications/triplications, and used the deepC algorithm to predict impact on 
local topologically-associating domains (TADs), assisting functional interpretation.

Results  Case 1 harboured paired interspersed duplications (244/323 kb) on chromosome 13. By analysing multiple 
molecules > 300 kb completely spanning the smaller duplication, we unambiguously determined the correct 
structure, which potentially alters the TAD containing FGF9, a candidate gene. In Case 2, involving a child with 
hypertrichosis and gingival hyperplasia (HTC), duplications on chromosomes 16 (2.01 Mb) and 17 (564 kb) were 
linked on short-read sequencing. By obtaining three OGM molecules spanning the 564 kb segment, we deduced 
that a t(16;17) translocation was present, which we confirmed by FISH. This interpretation has important implications 
for clinical risk and highlights KCNJ2 as a potential driver of the HTC3 locus at 17q24.3. Case 3 involved a complex 
chromoanasynthesis event on chromosome 20. OGM readily resolved all but two of 12 alternative structures; however 
full resolution required reads to span a 627 kb duplication, which we could not achieve consistently.

Conclusions  OGM represents a powerful tool for disambiguating complex structural variants, but requires multiple 
individual reads to completely span the duplicated segment. In our hands the upper size of duplications that could 
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Background
Following the introduction of array diagnostics into clini-
cal use around fifteen years ago, the frequent occurrence 
of copy number variants (CNVs) below the limits of stan-
dard karyotypic resolution (2–5 Mb) was evident. Once it 
became possible to relate this information to the genome 
sequence of the corresponding regions, unprecedented 
structural complexity was uncovered. This was origi-
nally documented in both constitutional [1] and somatic 
[2] aberrations associated with disease states, but more 
recently has been catalogued and classified in healthy 
individuals. For example, Collins et al. [3] classified com-
plex structural variants (cxSVs) (defined as “non-canon-
ical rearrangements involving two or more distinct SV 
signatures or at least three linked breakpoints”) into 16 
different classes. In one relatively frequent class termed 
“DUP-INV-DUP”, pairs of duplicated (DUP) segments 
flank a single copy region that is inverted (INV), usually 
together with part or all of the duplicated segment [4].

In a variation of this rearrangement, two or more 
pairs of duplications, oriented in the same direction, are 
sourced from sequences on the same chromosome that 
are separated by a normal copy-neutral (NML) region 
(“DUP-NML-DUP”) and are physically linked together. 
In its simplest manifestation three alternative outcomes 
from such events are possible (Fig.  1), in two of which 
(Alt1 and Alt2) different structures are created on the 
same chromosome (which we term “linked interspersed 
duplications”), whereas the third (Alt3) requires a trans-
location to have occurred between the homologous 
chromosomes. In constitutional disease such DUP-
NML-DUP events, although rare, have been described 
in several case series [5–9]. However as shown in Fig. 1 
and noted in several reports, the true structure of these 
rearrangements is often ambiguous [7–13]. Resolv-
ing the correct structure can be time-consuming and 
resource-intensive, but may be critical for establishing 
the pathogenicity of the rearrangement. For example in 
a recent report [14], duplications of 92 kb and 91 kb on 
chromosome 6 were separated by 2.1 Mb of copy-neutral 
sequence. One form of the rearrangement was predicted 
to introduce a pathogenic insertion into the ENPP1 gene, 
whereas the other would leave ENPP1 intact. In the 
event, ENPP1 was shown to be disrupted and this was 
explanatory of the disease in the patient [14].

In formulating a general approach to resolving the 
structure of such rearrangements, a key concept is that 
the technology must be able to visualise simultaneously 

the sequence lying on either side of the duplicated segment 
in single molecules (see “Abnormal spanning reads” in 
Fig. 1). The most appropriate technology to use will range 
from long PCR, for duplications spanning under 10 kb, to 
fluorescence in situ hybridisation (FISH) for megabase-
scale duplications. One technology that can potentially 
fill the gap between these extremes is optical genome 
mapping (OGM), in which patterns of labels on intact 
DNA molecules are directly visualised and compared to 
a reference, to detect structural variation. Implemented 
on the Bionano platform, this has been successful in solv-
ing many constitutional and somatic rearrangements 
[13, 15–19]. Current Bionano company literature states 
that the DNA isolation protocol routinely yields aver-
age fragments > 230 kb (​h​t​t​p​​s​:​/​​/​b​i​o​​n​a​​n​o​.​​c​o​m​​/​s​a​m​​p​l​​e​-​p​​r​
e​p​​a​r​a​t​​i​o​​n​-​k​i​t​s​/, accessed 25 July 2025); correspondingly, 
the ENPP1 rearrangement mentioned above (compris-
ing duplications of 91 kb and 92 kb) was readily resolved 
using this technology [14].

As part of a project to investigate the pathological role 
of cryptic CNVs in craniosynostosis (premature fusion 
of one or more sutures of the skull vault [20]), we used 
Bionano OGM to explore the genomes of 20 unrelated 
families with this condition [21, 22]. Here we describe the 
investigation (in order of increasing difficulty) of three 
patients from this series who harboured cxSVs, including 
a total of seven larger (> 200 kb) duplications ranging in 
size from 205 kb – 2.01 Mb. In addition to causing direct 
disruption of gene function (as in the ENPP1 example 
above), we also considered the alternative possibility that 
large cxSVs could impact gene regulation through per-
turbation of the normal conformation of topologically-
associating domains (TADs) [23]. This work illustrates 
some of the challenges in characterising such rearrange-
ments and the strengths and weaknesses of OGM in their 
investigation.

Methods
Ethics
The clinical studies were approved by the relevant 
Research Ethics Committees (REC), as described in the 
Ethics Declaration (see later section). Written informed 
consent was obtained for each participating individual.

Cohort
Whole blood was obtained for DNA preparation from 
three probands (Cases 1–3) with a confirmed diagnosis of 
craniosynostosis, together with their unaffected parents; 

be resolved was ~ 550 kb. Deducing the correct configuration is critical both for mechanistic understanding of 
pathogenesis and accurate recurrence risk counselling.
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the unaffected maternal grandmother of Case 3 was also 
included. The probands originated from two cohorts of 
patients with multi-suture or syndromic craniosynosto-
sis recruited in England (United Kingdom); each patient 
had previously been analysed by clinical sequencing of 
diagnostic genes and array comparative genomic hybridi-
sation (aCGH), followed by research-based exome and/
or genome sequencing, without a definitive genetic diag-
nosis having been obtained [24, 25]. Cases 1 and 3 were 
sourced from a re-analysis of genome sequencing data 
(n = 114 unrelated cases) from the 100,000 Genomes 
Project (100kGP) by Hyder et al. [25]. Case 2 was sourced 
from patients (n = 40 unrelated cases) recruited to a 
study of exome/genome sequencing in craniosynostosis 
by Miller et al. [24]; we performed additional genome 
sequencing of the proband to enable exact molecular 
characterisation of chromosomal rearrangements previ-
ously detected by aCGH. Subsequently, the three cases 
were analysed by Bionano OGM as part of a wider survey 
of OGM in craniosynostosis [21, 22]. This revealed that 
each independently harboured large (> 200 kb) linked 
interspersed duplications, leading to the option to pres-
ent these three cases as an illustrative series.

Array comparative genomic hybridisation (aCGH) and FISH
aCGH studies were performed by the respective clinical 
laboratories investigating the patient. Researchers had 
access to the clinical reports but not the primary data. 
FISH was carried out using standard procedures [26] 
on cells obtained from an induced pluripotent stem cell 
(iPSC) line derived from whole blood (Case 1) (Korona 

D, Hashimoto AS, Pei Y, Calpena E, Sloane-Stanley J, 
Riva SG, Schwessinger R, Forzano F, Chintawar S, Duggal 
G, Wall SA, Hughes JR, Twigg SRF, Wilkie AOM: Eval-
uating the pathogenic significance of unique chromo-
somal variants in craniosynostosis using patient-derived 
induced pluripotent stem cells and mouse modelling, 
submitted) or by a clinical laboratory on slides prepared 
from a fresh blood sample (Case 2). The FISH probes and 
fluorophores used in each analysis are provided in Addi-
tional file 1: Table S1.

Exome and genome sequencing
Exome sequence data on the trios from Cases 2 and 3 
were generated as part of the study reported by Miller et 
al. [24]. Genome sequence data on the trios from Cases 1 
and 3 were generated as part of the 100kGP as described 
in Smedley et al. [27]. Data (Data Release V7, 25/07/19) 
were accessed in the Genomics England Research Envi-
ronment (RE) as part of the research study Molecular 
Genetics of Craniosynostosis (Research Registry proj-
ect 65); approval was obtained for export of all data and 
figures provided in this work. Methods for SV detection 
in Manta [28] and Canvas [29] files provided for each 
sequence in the RE were reported by Hyder et al. [25] 
in the Supplementary Information section ("Structural 
and copy number variants") of that publication. Genome 
sequence data [30] on the trio from Case 2 were gener-
ated by Novogene according to the NovaSeq PE150 
sequencing strategy (Illumina NovaSeq 6000), aligned 
with bwa-mem [31] and processed with Samtools v1.1. 
Except where stated, all genomic coordinates use the 

Fig. 1  Linked interspersed duplications are compatible with multiple alternative structures. The topmost cartoon (Ref ) shows the normal configuration 
of a section of an autosomal chromosome pair. In the variant individual shown below, two interspersed segments (DUP1 [orange] and DUP2 [purple]) 
have been duplicated: short-read sequencing of the boundaries of the duplicated regions reveals two abnormal breakpoints indicating that DUP1 and 
DUP2 are mutually linked together (shown diagrammatically in column “Abnormal short reads”). Alt1, Alt2 and Alt3 are three alternative structures for 
these linked interspersed duplications, which are indistinguishable based only on copy number and breakpoint sequences; note that Alt3 involves a 
translocation between the homologous chromosomes. NML indicates the intervening and flanking blue sequences, which are present in normal copy 
number, hence the reference sequence has structure NML-DUP1-NML-DUP2-NML. The column “Abnormal spanning reads” shows how long reads that 
completely span one of the duplicated segments can be used to distinguish the alternative structures based on the flanking sequences on either side. 
However, only the reads indicated with arrows are uniquely diagnostic of a particular structure (Alt1 or Alt2); no reads are uniquely diagnostic of Alt3, 
hence FISH is the preferred technology to confirm translocations
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GRCh38 reference. SV visualisation was carried out with 
Samplot [32], while the sequencing depth information 
for the coverage plot (Additional file 1: Fig. S13B) was 
extracted directly from the bam files using Samtools. 
However, Case 1 was originally analysed in GRCh37/
hg19 within the RE, therefore Additional file 1: Table S6 
and Fig. S1 are provided in that reference build. In addi-
tion, all deepC predictions (described below) were under-
taken in hg19. For each CNV, the conversion between 
GRCh37/hg19 and GRCh38 reference is provided in 
Additional file 1: Table S2.

Breakpoint PCR
All abnormal breakpoints predicted from analysis of the 
genome sequence were confirmed by breakpoint PCR 
and dideoxy-sequencing of DNA from the appropriate 
individuals. The primers used for each breakpoint PCR 
are provided in Additional file 1: Table S3. Breakpoint 
PCR was performed using the Bio-Rad T100™ Ther-
mal Cycler and FastStart Taq DNA Polymerase (Roche, 
FTAQ-RO) following a modified FastStart Taq PCR pro-
tocol. Briefly, 1 μL genomic DNA (20 μg/μL) was ampli-
fied in 20  μL reactions with 10 mM dNTPs (Roche, 
04738403001), 10 × Standard Taq Reaction Buffer (Roche, 
12161567001), and 10 μM of primers, which are listed in 
Additional file 1: Table S3. Thermal-cycling conditions 
were as follows: 95 °C for 8 min; followed by 32 cycles of 
95 °C for 30 s, 60 °C for 30 s and 72 °C for 1 min/kb; fol-
lowed by 72  °C for 10 min. PCR products were electro-
phoresed on 2% agarose gels.

In silico prediction of topologically-associating domains 
(TADs)
TAD prediction was carried out with deepC [33], where 
the model was trained on the IMR-90 lung fibroblast data 
from Rao et al. [34] using the hg19 reference, exclud-
ing chromosomes 12, 13, 16 and 17 from training. Input 
sequence for each variant was generated by reconstruct-
ing the respective reference sequence based on the pre-
cise breakpoint coordinates determined by breakpoint 
PCR and dideoxy-sequencing.

Optical genome mapping (OGM) using the Bionano 
platform
High molecular weight DNA for OGM was extracted 
from lymphoblastoid cell pellets (Case 1) or snap-frozen 
blood (Cases 2 and 3) using the “SP Blood & Cell Culture 
DNA Isolation Kit v2, product number: 80042” following 
the “Bionano Prep SP Frozen Human Blood DNA Isola-
tion Protocol, 30246, revision F” protocol for blood and 
the “Bionano Prep SP Frozen Cell Pellet DNA Isolation 
Protocol v2 - 30398, revision B” for cell pellets. Extracted 
DNA was processed for OGM using the “Direct Label 
and Stain (DLS) Kit, part number 80005” following the 

“Bionano Prep Direct Label and Stain (DLS) Protocol, 
30206, revision G”. To collect OGM data, the DLS DNA 
was loaded into the Saphyr chip (version G1.2, two sam-
ples per chip) and mounted into the Saphyr machine, 
following the “Saphyr® System User Guide, Document 
number 30143, revision C”. The maximum amount of 
data (1.5 Tb) was collected when possible.

All subsequent analyses of the OGM data [30] were 
performed on the Bionano Access platform (ver-
sion 1.6.1) with the Bionano Solve software (version 
3.6.1_11162020). Data from each OGM run were sub-
jected to quality control (QC) to ensure run metrics met 
the recommended threshold according to the Bionano 
“Data Collection Guidelines, Document Number: 30173, 
Revision: E”. Quality control metrics for each sample 
analysis contributing to this work are provided in Addi-
tional file 1: Table S4; all samples met minimum quality 
standards.

De novo assembly analysis was performed on unfil-
tered molecules and after down-sampling by retaining 
molecules larger than > 300 kb (Cases 1 & 2) and > 320 
kb (Case 3). Rare Variant Analysis (RVA) was performed 
additionally for Cases 2 and 3 and a maximum 1.5 Tb 
data were available for both. The requirements for an 
individual molecule to be considered informative towards 
determining structure were: (1)  each side flanking the 
duplicated segment of interest included a minimum of 
4 labels that distinctively matched either the expected 
NML pattern or the anticipated linked DUP pattern; and 
(2) the NML pattern was observed in only one, or neither, 
of these flanking regions (Fig. 1). After the correct struc-
ture was determined, the pathogenicity of each cxSV was 
scored according to American College of Medical Genet-
ics (ACMG) criteria, supplemented by additional guid-
ance for non-coding regions (Additional file 1: Table S5) 
[35–37].

Results
Case 1: duplications of 244 kb and 323 kb on chromosome 
13
The proband presented with sporadic syndromic sag-
ittal craniosynostosis and developmental delay, whilst 
her parents are not similarly affected (see Additional 
file 1, Case Descriptions and Analysis, Case 1). Routine 
clinical workup included aCGH, which was reported as 
showing only a paternally inherited duplication on chro-
mosome 16, considered likely to be coincidental to the 
phenotype. The family was referred to the 100kGP for 
genome sequencing of the parent–child trio. Using meth-
ods reported by Hyder et al. [25], systematic interroga-
tion of the Manta [28] and Canvas [29] datasets identified 
two duplicated segments on chromosome 13 (Additional 
file 1: Table S6). Both duplications had arisen de novo as 
they were not evident in either parental sample, based on 
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Samplot analysis of read copy number (Additional file 1: 
Fig. S1). Detailed scrutiny of the sequences at the break-
points using the Integrative Genomics Viewer (IGV) [38] 
revealed three duplicated segments, two large (244 kb 
and 323 kb) and a third of just 148 bp that was inverted 
in the duplicated copy, all located within the 13q12.11-
q12.12 region. The sequence relationships between the 
three duplicated segments, deduced from IGV, were 
confirmed by breakpoint PCR and dideoxy-sequencing 
(Additional file 1: Fig. S2). The extent of sequence homol-
ogy at each breakpoint is summarised in Table 1. Based 
on analysis of common single nucleotide variants (SNVs) 
and indels, both large duplications were of paternal ori-
gin; the two copies of the 323 kb duplication originated 
from heterologous paternal chromosomes, whereas the 
244 kb copies appeared identical, indicating templating 
of the duplicated copy by sequence from the same pater-
nal chromosome (Additional file 1: Fig. S3).

Whilst the analysis described so far provided a nucle-
otide level characterisation of the rearrangement, it did 
not distinguish the three different possible topological 
relationships (denoted Alt1, Alt2, Alt3) of the duplicated 
segments, as illustrated in Fig. 2A (see inset for number-
ing terminology of the segments). Distinguishing these 
possibilities could be important for functional interpre-
tation: for example, in Alt2 and Alt3, a copy of the 244 
kb segment is brought into closer proximity with FGF9, a 
known disease gene in craniosynostosis [39, 40], whereas 
in Alt1, the rearrangement occurs remotely to this gene. 
We asked whether Bionano OGM could distinguish these 
alternative topologies.

In our initial exploration of this question, we fol-
lowed the automated de novo assembly pipeline using 
the Bionano Access software provided with the Saphyr 
instrument. This produced a confusing result seemingly 

compatible with either Alt1 or Alt3 (Additional file 1: 
Fig. S4), probably generated by the pileup of molecules 
that did not fully span the duplicated segments, lead-
ing to false haplotype switching. After down-sampling 
and only including long and therefore informative mol-
ecules (that is, fully spanning a duplicated segment), the 
de novo analysis reached a convincing solution, shown in 
Fig. 2B. Specifically, five molecules that completely span 
the smaller 244 kb DUP clearly exhibited the signature of 
the larger 323 kb DUP on both sides (DUP13.1-DUP13.3-
DUP13.1), a structure only compatible with Alt2. All 
other molecules spanning the 244 kb DUP had a normal 
flanking sequence context on both sides, a result also only 
compatible with Alt2 (Fig. 2B). In this experiment, only 
four molecules spanned the larger 323 kb segment, three 
with NML-DUP13.1-DUP13.3 topology and one with 
DUP13.3-DUP13.1-NML topology (Table  2); although 
these results are compatible with Alt2, it should be noted 
that the Alt2 and Alt3 configurations are indistinguish-
able based on analysis of the 323 kb DUP-spanning mol-
ecules (Fig. 2A). We used 3-colour FISH to check that the 
Alt2 configuration deduced by OGM was correct. This 
yielded multiple cells with a sequence of labels charac-
teristic of Alt 2 (Additional file 1: Fig. S5), supporting the 
OGM result.

To assess the potential functional significance of the 
Alt2 rearrangement, we used deepC [33] to assist in pre-
diction of effects on local TAD structure. Interestingly, 
the candidate gene FGF9, previously implicated in cra-
niosynostosis [39, 40], lies at one end of a large (1.65 Mb) 
TAD identified in IMR-90 lung fibroblasts [34], that fully 
includes the native 323 kb region (Additional file 1: Fig. 
S6). The Alt2 rearrangement would introduce additional 
copies of the 244 kb and 323 kb DUP segments within 
this large TAD, and deepC predicts that Alt2 may alter 

Table 1  Metrics for 10 interspersed duplications and associated abnormal break junctions
DUP
ID

Chromosome DUP Start DUP End Size (bp) Copy 
number

DUP chromo-
somal origin

Break junction 
(:) and strand 
orientation 
(+/-)

Homology 
(bp)

Proposed 
mechanisma

13.1 13 22,222,612 22,545,849 323,238 2 Heterologous  + 13.1:−13.2 5 MMBIR
13.2 13 23,312,551 23,312,698 148 2 Heterologous −13.2: + 13.3 0 NHEJ
13.3 13 23,609,688 23,854,091 244,404 2 Homologous  + 13.3: + 13.1 23 Alu-Alu 

homology
16 16 77,258,535 79,267,342 2,008,808 2 Homologous  + 16: + 17 2 MMBIR
17 17 69,913,550 70,477,256 563,707 2 Homologous  + 17: + 16 0 TINS (6 

nucleotide 
inversion)

20.1 20 9,153,480 9,780,418 626,939 2 Heterologous −20.1:−20.5 38 LTR homology
20.2 20 12,115,100 12,319,713 204,614 2 Heterologous  + 20.2:−20.1 4 MMBIR
20.3 20 12,350,710 12,564,055 213,346 2 ?Homologous −20.3:−20.4 0 NHEJ
20.4 20 12,564,056 12,626,497 62,442 3 Heterologous −20.4: + 20.2 2 MMBIR
20.5 20 12,626,498 12,657,715 31,218 2 ?Homologous
aLTR, long terminal repeat; MMBIR, microhomology-mediated break-induced repair; NHEJ, non-homologous end-joining; TINS, templated insertion
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Fig. 2 (See legend on next page.)
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the internal interactions of the TAD; of particular note, 
the newly inserted 244 kb segment is annotated as har-
boring part of a craniofacial superenhancer (Additional 
file 1: Fig. S6, lower panel) [41]. Hence, these observa-
tions could be compatible with a regulatory effect of the 
Alt2 rearrangement on FGF9 expression.

As described in a separate investigation (Korona D, 
Hashimoto AS, Pei Y, Calpena E, Sloane-Stanley J, Riva 
SG, Schwessinger R, Forzano F, Chintawar S, Duggal G, 
Wall SA, Hughes JR, Twigg SRF, Wilkie AOM: Evaluating 
the pathogenic significance of unique chromosomal vari-
ants in craniosynostosis using patient-derived induced 
pluripotent stem cells and mouse modelling, submit-
ted), we generated iPSCs from the affected individual, 
differentiated these to a neural crest identity, and used 
RNA sequencing and quantitative reverse transcriptase-
PCR to measure alterations in expression of genes in 
a ± 2 Mb window around the rearrangement. Notably, 
FGF9 showed the greatest fold-upregulation (2.7x) of 65 
transcripts within the region, consistent with the TAD 
modelling and supporting a likely causal role of the rear-
rangement for the craniosynostosis phenotype (Korona 

D, Hashimoto AS, Pei Y, Calpena E, Sloane-Stanley J, Riva 
SG, Schwessinger R, Forzano F, Chintawar S, Duggal G, 
Wall SA, Hughes JR, Twigg SRF, Wilkie AOM: Evaluating 
the pathogenic significance of unique chromosomal vari-
ants in craniosynostosis using patient-derived induced 
pluripotent stem cells and mouse modelling, submitted).

Applying dosage criteria alone [35] the chromosome 
13 rearrangement was classified as a variant of uncertain 
significance (VUS); however by adding the functional evi-
dence and following suggested adaptations to ACMG cri-
teria for non-coding regions [36, 37], it was re-classified 
as likely pathogenic (Additional file 1: Table S5). Compli-
cating the interpretation however, Case 1 also harbours 
a pathogenic de novo single nucleotide deletion in the 
FOXP2 gene, providing a competing explanation for the 
child’s clinical features (see Additional file 1  for further 
details).

Case 2: duplications of 2.01 Mb on chromosome 16 and 
564 kb on chromosome 17
Case 2 is a sporadically affected individual who presented 
with a combination of multisuture craniosynostosis, 
marked hypertrophy of the gums, dental disruption and 
hairy external auditory meati (see Additional file 1, Case 
Descriptions and Analysis, Case 2). Array CGH demon-
strated duplications on 16q23.1 (shown to have arisen 
de novo) and 17q24.3 (parents not investigated), which 
were both classed as being of uncertain clinical signifi-
cance. To characterise these duplications molecularly, we 
undertook genome sequencing of the parent–child trio. 
This confirmed both duplications, which were sized as 
2.01 Mb (chromosome 16; “DUP16”) and 564 kb (chro-
mosome 17; “DUP17”); both had arisen de novo (Table 1, 
Additional file 1: Fig. S7). Unexpectedly, examination of 
the IGV sequence traces at the duplication ends showed 
that the DUP16 and DUP17 were mutually linked, a con-
clusion confirmed by breakpoint PCR (Additional file 
1: Fig. S8). Analysis of SNV/indel data from the exome 
and genome sequences established that both DUP16 and 
DUP17 were of maternal origin, and that each duplicate 
pair showed an identical pattern of SNVs on the two 
copies (Additional file 1: Fig. S9). Notably, the DUP17 is 
positioned near two regions of relevance to the patient’s 

(See figure on previous page.)
Fig. 2  Use of Bionano OGM to distinguish three alternative configurations for the Case 1 cxSV. A Diagram illustrating three different configurations Alt1, 
Alt2, and Alt3 (the latter involving both chromosome 13 homologues), all of which are compatible with the breakpoint sequence and copy number 
data shown in Additional file 1: Fig. S1 and Fig. S2. Inset shows numbering terminology of individual duplicated (DUP) segments (13.1, 13.2 13.3) as sum-
marised in Table 1. B Alignment of individual OGM reads, including reads completely spanning one or other of the large duplicated regions (vertical pink 
boxes), and comparison with reference maps; NML indicates regions not subject to duplication. Importantly, five molecules spanning the 244 kb segment 
(DUP13.3) have flanking labelling patterns diagnostic of the 323 kb segment (DUP13.1) on either side (top red box; DUP13.1-DUP13.3-DUP13.1). The 
remaining molecules spanning the 244 kb segment all have normal flanking banding patterns (second red box from top; NML-DUP13.3-NML). Note that 
the DUP13.1-DUP13.3-DUP13.1 pattern is unique to Alt2, as shown in part A. Also detected were a smaller number of abnormal molecules spanning the 
larger 323 kb segment. Two types are seen, a single DUP13.3-DUP13.1-NML (pink arrow) and two NML-DUP13.1-DUP13.3 (enclosed by third red box from 
top); both types are consistent with Alt2, but are also present in Alt3, so not diagnostic on their own. Note that the small (148 bp) DUP13.2 is not included 
in this analysis, because it is not resolvable by OGM

Table 2  Number of completely spanning molecules supporting 
each abnormal DUP topology present in the proband samples, 
arranged by DUP size
Abnormal DUP topology DUP size (bp) Number of molecules
13.1–13.2–13.3 148 [0]a

20.1–20.5-NML 31,218  > 121
20.3–20.4–20.2 62,442 140
NML-20.2–20.1 204,614 34
20.4–20.2-NML 204,614 38
NML-20.3–20.4 213,346 53
13.1–13.3–13.1 244,404 5
NML-13.1–13.3 323,238 3
13.3–13.1-NML 323,238 1
16–17-NML 563,707 3
NML-17–16 563,707 0
20.2–20.1–20.5 626,939 0b

NML-16–17 2,008,808 0
17–16-NML 2,008,808 0
aThis DUP is too small for OGM to resolve
bA single spanning molecule was identified in the mother of Case 3 (Fig. 4B)
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Fig. 3 (See legend on next page.)
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phenotype: the ABCA gene cluster, which has been asso-
ciated with hypertrichosis [42, 43], and the KCNJ-SOX9 
locus, which has been implicated in craniofacial develop-
ment [44].

Analogous to the situation described for Case 1, 
although the work up to this point provided a complete 
sequence characterisation of the duplication events, 
it did not resolve the topology of the duplications, for 
which there were again three solutions (Fig. 3A). Of note, 
Alt3 would involve a reciprocal translocation between 
16q and 17q; as the predicted lengths (13.1 Mb and 13.3 
Mb, respectively) and cytobanding patterns of the trans-
located 16qter and 17qter subtelomeric regions are very 
similar, Alt3 would not necessarily be detected by stan-
dard G-banded karyotyping. Further clinical labora-
tory investigation was organised using 2-colour FISH, 
by combining a probe located in the 16p subtelomeric 
region with a probe specific to the 17q duplicated seg-
ment (FISH-1 design shown in upper panel of Fig.  3B). 
This showed that the 17q probe localised to both chro-
mosomes 17, with a third signal on the long arm of one 
chromosome 16. This result was interpreted as support-
ing the Alt1 structure (see Fig. 3A), although it could also 
be compatible with Alt3.

In parallel with the FISH studies, we undertook Bion-
ano OGM, aiming to find molecules spanning the smaller 
564 kb DUP17. Three separate runs were undertaken in 
an effort to obtain high quality data (coverage: 426.7x, 
map rate: 92.1%, N50 ≥ 150 kb: 353 kb; Additional file 1: 
Table S4) and maximise the yield of longer molecules. 
Using the RVA pipeline to extract all abnormal (non-ref-
erence) molecules (Additional file 1: Fig. S10), we identi-
fied five molecules spanning DUP17; on closer scrutiny, 
three of these were considered to yield reliable labelling 
patterns (Fig. 3C and legend). All three molecules exhib-
ited a DUP16-DUP17-NML17 pattern, compatible with 
either Alt2 or Alt3 (Fig.  3A), but not with Alt1 as had 
been clinically reported based on the original FISH-1 
experiment. However, no molecules were found to span 
the much larger DUP16 (2.01 Mb) region, meaning that 
Bionano OGM data alone could not differentiate between 
Alt2 and Alt3.

Prompted by the OGM findings, the reciprocal FISH 
experiment was undertaken by the clinical laboratory 
(FISH-2, lower panel of Fig.  3B). The combination of 
FISH and OGM results is only compatible with the Alt3 
interpretation (in which the duplications are associated 
with a reciprocal translocation). The Alt3 (translocation) 
structure was further confirmed using FISH studies with 
reciprocal subtelomeric 16qter and 17qter probes (Addi-
tional file 1: Fig. S11).

Having established Alt3 as the correct topology, we 
considered whether the rearrangement could be explana-
tory of the patient’s clinical features. Interestingly an 
established locus, Hypertrichosis, congenital generalised, 
with or without gingival hyperplasia (HTC3; OMIM 
#135400) is localised to 17q24.2-q24.3, coinciding with 
the DUP17 region. The most distinctive element of the 
patient’s phenotype is gingival hyperplasia, in addi-
tion to which he has localised hypertrichosis with hairy 
external auditory meati (Additional file 1), providing a 
good fit to the key features of the HTC phenotype. The 
DUP17 contains two genes, KCNJ16 and KCNJ2, both of 
which encode potassium channels, and deepC analysis 
of the effect of Alt3 on local TAD structure predicts that 
the regulatory milieu of both genes would be expanded 
as a consequence of the translocation (Additional file 1: 
Fig. S12). Although HTC3 has previously been attrib-
uted to a biallelic variant in the nearby gene ABCA5 [42], 
multiple heterozygous chromosomal rearrangements 
of this region were previously reported that are incon-
sistent with this interpretation. Instead, evidence from 
Case 2 points to misregulation of KCNJ2 and possibly, 
KCNJ16 as the likely underlying pathogenic mechanism 
and a TAD-based analysis of previously reported chro-
mosome rearrangements is consistent with this conclu-
sion (see Discussion). In summary, we conclude that the 
Alt3 chromosome abnormality in Case 2 is causative of 
the patient’s phenotype (see also Additional file 1: Table 
S5), and provides new insights into the pathogenesis of 
HTC3.

(See figure on previous page.)
Fig. 3  Combined use of FISH and OGM to distinguish three alternative configurations for the Case 2 cxSV. A Diagram illustrating three different configura-
tions Alt 1, Alt 2, and Alt 3 (the latter involving a reciprocal translocation between chromosomes 16 and 17), all of which are compatible with the sequence 
and copy number data shown in Figures S7 and S8. Inset shows terminology for the duplicated segments and relative positions of centromeres. B Two-
colour FISH analysis by clinical laboratory. The initial design (FISH-1, upper panel; green signal = 16p subtelomeric probe, red signal = probe specific to the 
17q duplicated segment) showed an additional DUP17 signal on chromosome 16 (red arrow), interpreted as Alt1 (but also compatible with Alt3). In a later 
reciprocal design (FISH-2, lower panel; green signal = 17p subtelomeric probe, red signal = probe specific to the 16q duplicated segment), an additional 
DUP16 signal is present on chromosome 17 (red arrow). The combination of results supports Alt3. C OGM analysis. The panel shows the manual realign-
ment of five molecules spanning the 564 kb DUP17, extracted from the Bionano RVA pipeline (see Additional file 1: Fig. S10 for original identification of 
reads). On review, only the three topmost molecules were considered informative (DUP16-DUP17-NML17 labelling pattern). One molecule, having only 
four labels in the DUP16 region, was too short to be reliable, while the final molecule has a high labelling density, suggesting it is chimeric (two molecules 
stuck together and read as one by the machine)
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Case 3: multiple duplications/triplication on chromosome 
20 ranging in size from 31 to 627 kb
Case 3 comprises the female proband, her parents, and 
maternal grandmother, who were investigated as part 
of this study. The proband presented with a severe pan-
synostosis evident at birth and had mild developmental 
delay; other relevant family members were phenotypi-
cally normal (see Additional file 1, Case Descriptions 
and Analysis, Case 3). Routine genetic investigations 
did not reveal a cause for the child’s phenotype; aCGH 
revealed an apparently simple duplication located on 
20p12.3p12.2, but this was considered likely to be coin-
cidental to the phenotype as it was inherited from the 
clinically normal mother. Research-based trio exome 
sequencing did not reveal any potentially causative vari-
ants in the proband.

The family was referred to the 100kGP for genome 
sequencing of the parent–child trio [25, 27]. Although 
this failed to identify a separate genetic cause for the 
pathology, systematic interrogation of the Manta and 
Canvas datasets re-identified the chromosome 20 CNV 
(Additional file 1: Table S7) [21] and suggested that it was 
more complex than had been apparent from the origi-
nal aCGH. This was further highlighted by plotting the 
genome coverage data, which revealed two regions of 
CNV gain; a distal 627 kb region including part of PLCB4, 
and a more proximal 543 kb region that had not been 
detected by aCGH, which however appeared complex 
with subregions of both normal, and further increased 
copy number (Additional file 1: Fig. S13). Integrating 
both the coverage and the linked reads, four break junc-
tions were identified, splitting the two copy number gains 
into five segments, four of which were duplicated (sizes 
627 kb, 213 kb, 205 kb and 31 kb) and one triplicated (62 
kb) (Additional file 1: Fig. S14). Four breakpoints were 
predicted, and all were confirmed by breakpoint PCR and 
dideoxy-sequencing (Table 1, Additional file 1: Fig. S15). 
SNV/indel analysis demonstrated both heterologous, and 
likely homologous origins for different elements of the 
duplicated or triplicated sequences (Table  1,  Additional 
file 1: Fig. S16). Analysis of blood-derived DNA from the 
proband’s phenotypically normal maternal grandmother 
by breakpoint PCR revealed the same four abnormal 
breaks (not illustrated), indicating that the cxSV had 
been inherited through at least three generations, exclud-
ing the possibility that the mother was mosaic for the 
rearrangement.

As with Cases 1 and 2, although this analysis provided 
a complete molecular description of the breakpoints, 
it did not resolve the topology. In this case, owing to 
the larger number of breakpoints, a total of 12 topolo-
gies (Alt1 – Alt12) are equally compatible with the data 
(as the rearrangement has been inherited, the possibil-
ity that both chromosome 20 homologues are involved 

can be excluded) (Fig. 4A). Interestingly, in four topolo-
gies, Alt7-Alt10, the central 2.3 Mb copy-neutral region 
(containing JAG1, pathogenic variants of which are rarely 
associated with craniosynostosis) [45, 46], lies in inverted 
orientation. We asked whether OGM could help resolve 
these possibilities.

Interrogating the centromeric, more complex dupli-
cated region first, although this extends over > 600 kb, 
OGM was readily able to resolve the correct structure 
(GY/R/GRP/B, see Fig. 4 and legend). This is because the 
structure is arranged over several individual blocks, none 
larger than 213 kb, enabling OGM to build up a haplo-
type using multiple reads spanning each individual seg-
ment (Fig. 4B, upper panel). This structure, which is only 
compatible with Alt5 and Alt9, was also demonstrated in 
the proband and the proband’s grandmother (not illus-
trated), indicating stable inheritance of this 3-break rear-
rangement over 2 transmissions.

In both Alt5 and Alt9, the large brown duplicated 
sequence (627 kb) is in inverted orientation compared 
to the native copy, with the intervening normal copy 
sequence also inverted (together with the yellow dupli-
cated block) in Alt9, but not in Alt5. This could have 
material impact on regulatory influences on the inter-
vening normal copy sequence, as suggested by deepC 
analysis (Additional file 1: Fig. S17). To distinguish Alt5 
and Alt9 requires OGM reads to span each copy of the 
627 kb brown sequence and identify the sequences on 
either side. In the case of the maternal analysis (Fig. 4B, 
lower panel, callout arrow) a single, unusually long 
(1.01 Mb), intact read demonstrated a 627 kb (brown) 
sequence flanked by breaks to either side (P/B/Y), which 
in combination with the previous results is diagnostic of 
Alt5 (Fig.  4A). However further spanning reads to sup-
port this interpretation were absent, and in the proband 
and maternal grandmother no reads were identified that 
spanned the 627 kb sequence. We conclude that FISH 
would be required to confirm the Alt5 orientation in the 
mother and check that the same orientation exists in the 
proband and maternal grandmother, however this work 
was beyond the scope of the current study. We also con-
sidered the possibility that the proband might harbour 
a second deleterious allele originating from the pater-
nal chromosome 20 (recessive disease mechanism), but 
found no evidence to support this possibility. We con-
clude that, despite disentangling many aspects of this 
complex chromosome 20p12 rearrangement, its disease 
classification remains as VUS (Additional file 1: Table S5).

Discussion
Linked interspersed duplications, and other related com-
plex rearrangements such as triplications, pose a sig-
nificant technical challenge to determine their correct 
molecular structure. This phasing problem has previously 
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been highlighted by several authors [7, 12, 13]. The tech-
nical difficulty of the challenge, and the most appropriate 
technology to address the specific problem, will depend 
on five inherent properties of the rearrangement(s): the 
number of different elements with increased copy num-
ber, the extent to which these elements are themselves 
linked (rather than being inserted into unique loca-
tions in the genome), the size of each of the individual 
elements, the degree of sequence redundancy of the 
element, and the molecular process by which the rear-
rangement has arisen (this determines whether the cop-
ied elements comprise identical sequences, or can be 
differentiated by means of characteristic sequence vari-
ants). The three cases represent model problems, which 
illustrate how the particular combination of the above 
properties might play out in individual instances. Table 
1 summarises key properties of the rearrangements, all 
of which may be classified as having arisen through the 
process of chromoanasynthesis [1, 47]. This involves a 
replicative mechanism of DNA repair (microhomology-
mediated break-induced replication; MMBIR), in which 
template switches occur in the germline mediated by 
microhomology with a non-homologous region pres-
ent either (i) at a distance on the same chromosome, (ii) 
on the autosomal homologue, or (iii) on a non-homolo-
gous chromosome [6, 48]. The consequences of this can 
include the copying of identical sequences (homologous 
duplication), copying of allelic sequences that exhibit 
natural variation (heterologous duplication), or translo-
cation, respectively, examples of all of which are docu-
mented in the three cases presented.

A specific issue that we address is to ask what specific 
role OGM (here using Bionano technology) may have 
in tackling these challenges. Because many interspersed 
duplications arise through replicative mechanisms that 
commonly result in identical copies of the duplicated 
segments (Table  1), the two (or more) copies can then 
only be distinguished by methods that span the entire 
duplicated segment in single molecules, to identify the 
flanking sequences (Fig.  1). Which technology is most 
appropriate will depend on the length of single mol-
ecules that need to be analysed; OGM has the potential 
to bridge the gap between long-range sequencing meth-
ods (for example, nanopore- and single molecule real 
time [SMRT]-based) [49], which realistically might span 
tens to low hundreds of kilobases [50, 51], and FISH, for 
which it becomes increasingly time-consuming to resolve 
loci separated by under 2 Mb, the interphase resolution 
limit [52]. Of note, unlike nanopore and SMRT-based 
methods, which achieve base-pair resolution and should 
reliably document any SNVs/indels that could be used 
to distinguish non-identical duplicate copies, OGM 
will struggle to distinguish them—even if they contain 
polymorphic differences—owing to intrinsically poor 

resolving power (~ 500 bp) and to the dropout of indi-
vidual signals on single molecules, making it more dif-
ficult to determine whether observed signal variation is 
attributable to genuine polymorphic difference or simply 
to signal dropout.

Example Case 1 comprised a relatively simple scenario 
involving two large linked direct duplications (a third 
much smaller [148 bp] inverted duplication was pres-
ent, but this did not substantially alter the underlying 
issues). Nevertheless the relatively large size of the dupli-
cated segments (244 kb and 323 kb) made it challenging 
to deduce the correct structure. Importantly, when the 
OGM analysis was run in automated mode, the structure 
that emerged was incorrect (Additional file 1: Fig. S4). 
This was because the automated software piled up large 
numbers of molecules that contained single breakpoints, 
but did not fully span the duplicated segment. By follow-
ing this process on either side of the duplicated segment, 
the two sets of molecules met in the middle and seem-
ingly created a contiguous map; however, it later became 
apparent that this map forced together molecules that 
did not lie on the same strand, driving a phase switch. 
This error became apparent when we obtained higher 
quality DNA and filtered the data to include only reads 
completely spanning the shorter (244 kb) duplicated seg-
ment; the deduced structure (Alt2) was independently 
confirmed by FISH. Notably, the 244 kb segment derived 
from two identical (paternally-originating) copies, mak-
ing derivation of phase using internal markers impossible 
(Table  1). By contrast, the 323 kb segments are derived 
from the two different paternal copies, which might 
have afforded opportunities for phasing using nanopore 
or SMRT sequencing, but would be very challenging for 
OGM.

Example Case 2 also comprised two de novo dupli-
cations, however this presented a distinctly different 
problem because the duplications lay on different chro-
mosomes. Assumed from aCGH to be independent 
events, genome sequencing showed that the duplications 
were in fact physically linked. Initially it seemed most 
parsimonious to assume that a single chromosome was 
involved, with one of the duplicated sequences inserted 
into the other chromosome and associated with a simul-
taneous duplication of material on that chromosome 
(ie possibilities Alt1 or Alt2 in Fig. 3A). Indeed, a clini-
cal FISH test, showing the insertion of chromosome 17 
material into chromosome 16 (Fig. 3B), was thought to be 
compatible with Alt1 and reported as such.

This case represented a much greater challenge for 
OGM, because of the larger sizes of the duplicated seg-
ments (564 kb and 2.01 Mb). Spanning the 2.01 Mb seg-
ment was not feasible, but we were able to generate a 
small number of molecules that completely spanned the 
564 kb chromosome 17 segment, that were not sourced 
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Fig. 4 (See legend on next page.)
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from the normal gene copy because the banding pattern 
changed on one side of the duplication, but not the other 
(Fig. 3C). This pattern was not compatible with the clini-
cal lab report; rather, in combination with that report, it 
suggested Alt3 (translocation), which was subsequently 
confirmed by FISH. Although the OGM was extremely 
helpful here, it was nevertheless suboptimal, because 
of the paucity of molecules obtained that fully spanned 
the 564 kb region. In particular, we failed to identify any 
molecules characteristic of the duplicated region on the 
rearranged chromosome 17, present in both the Alt 2 
and Alt3 product (NML17-DUP17-DUP16 labelling pat-
tern in Fig.  3A). Moreover, given the variation in label-
ling between individual molecules, and the existence of 
molecules stuck together yielding chimeric patterns, 
our interpretation was qualitative rather than rigorously 
quantitative. A broader question, important for clinical 
application, would be to determine when a particular set 
of OGM labelling data represent a specific truth, beyond 
reasonable doubt. In this case, more extensive analysis 
with high molecular weight DNA, to generate additional 
molecules fully spanning the DUP17, would have been 
necessary for OGM to reach that threshold. Even then, 
OGM could not distinguish Alt2 and Alt3, because that 
would require spanning the larger (2.01 Mb) DUP16; 
FISH was much better suited to reaching a definitive 
solution (Figs.  1, 3B and Additional file 1: Fig. S11). A 
final point to note is that in this case, the two chromo-
some 16 and chromosome 17 copies appeared identical 
(Additional file 1: Fig. S9), so long-read sequencing would 
have been unable to distinguish the duplicates by phas-
ing SNVs or indels. Analogous translocation-associated 
duplications were previously described in the context of 
several breast cancer cell lines [53], but the reciprocal 
pattern observed in Case 2 appears to be very rare in the 
context of constitutional disease.

The final Case 3, comprising a combination of four 
duplications and one triplication originating from adjoin-
ing regions of chromosome 20 and inherited through 
three generations, posed a different set of challenges. 
Whilst the initial assessment of structural possibilities 
identified a much more complex picture with 12 alter-
native arrangements (Fig.  4A), OGM showed its utility 
when confronted by a problem suited to its strengths, by 
excluding all but two of the structures without any dif-
ficulty. This was because four of the five duplicated/trip-
licated segments ranged in size from 31 to 213 kb, and 

it was straightforward for OGM to generate informative 
molecules spanning each of these segments individu-
ally and thus identify the correct sequence of elements. 
By contrast, particularly since two of the duplications 
were nevertheless substantial in size – 205 kb and 213 
kb – and the 213 kb duplications appeared identical in 
sequence (Additional file 1: Fig. S16), this would be a 
very challenging problem for either nanopore or SMRT 
sequencing to solve. Resolving the two final structures 
required the ability of OGM to span the largest dupli-
cated segment (627 kb), and, at least in our hands, this 
did not prove routinely feasible. Therefore, this case 
remains incompletely resolved. Given that the cxSV was 
present in at least three generations, with a normal phe-
notype in mother and grandmother, it has been consid-
ered that this rearrangement has low clinical priority for 
further workup. However, we note the theoretical pos-
sibility that the inverted orientation of the 627 kb dupli-
cated elements in both Alt5 and Alt9 could predispose 
to a further inversion arising between generations, giv-
ing rise to flipping between these alternative structures, 
in which the involved genes reside in different regulatory 
milieu (Additional file 1: Fig. S17). Further FISH studies 
would be required to investigate this possibility.

A critical issue that we encountered across all three 
cases was that the Bionano default/automated analy-
sis pipeline for constitutional SVs, i.e. de novo assembly 
analysis, was not suited to characterise these large cxSVs. 
This limitation arose from two key aspects of how the 
Bionano OGM analysis is currently set up. Firstly, the 
de novo assembly pipeline recommends > 80X coverage 
and N50 > 230 kb (see Optical genome mapping using 
the Bionano platform in Material and Methods), which 
is inadequate for capturing enough spanning informa-
tive molecules for the example cases – namely > 500 kb 
for Case 2 and > 600 kb for Case 3. To improve the prob-
ability of capturing such molecules, one may increase 
the N50 by reducing DNA fragmentation during DNA 
extraction. However, this approach also significantly 
increases the risk of molecules adhering to one another, 
clogging the chip and causing it to fail. As an alternative, 
we escalated the throughput and coverage to the limit of 
the chip (~ 400x), keeping the N50 at an optimal size for 
the chip performance while also increasing the likelihood 
of capturing long informative molecules. Secondly, the 
default constitutional analysis pipeline (de novo assembly 
pipeline) performs down-sampling at random for high 

(See figure on previous page.)
Fig. 4  Use of OGM to resolve alternative configurations for the chromosome 20 abnormality present in Case 3. A Shows the 12 alternative configurations, 
Alt1-Alt12, compared to the reference structure (Ref ) shown at top. In Alt7-Alt10, the middle 2.3 Mb copy-neutral region lies in inverse orientation. The key 
to the right shows the structures that are consistent with observations from OGM (G-green; Y-yellow; R-red; P-purple; B-brown;/indicates breakpoint). B 
Bionano OGM data from the unaffected mother of Case 3. The upper panel shows analysis of the more centromeric duplication region (normally -Y-GRP-) 
and the lower panel the more telomeric region (normally -B-). Red boxes indicate the regions that must be spanned by intact molecules for the data to 
be informative. In both panels, note a single exceptionally long (1.008 Mb) intact molecule (red callout arrow), which supports the P/B/Y configuration 
(lower panel)
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coverage data (> 250x: [“Bionano Solve Theory of Opera-
tion: Structural Variant Calling”, Document Number 
30110, Revision K]), which undermines the purpose of 
increasing coverage. In contrast, the RVA pipeline—orig-
inally designed to identify rare variants in cancer applica-
tions—extracts all abnormal (non-reference) molecules, 
providing a much more thorough examination of high-
coverage data, potentially allowing all informative mol-
ecules to be captured if present in the library.

To illustrate the general properties of the OGM analy-
ses, we quantified the size distribution (Additional file 1: 
Fig. S18A) and number of molecules (Additional file 1: 
Fig. S18B) for each of the three cases. Above 200 kb the 
number of molecules declined by 35–55% for each 100 
kb bin, with longer molecules better enriched in Case 
3 > Case 2 > Case 1. To determine how robustly we could 
detect each of the 10 abnormal duplicated segments in 
our case series, we quantified the absolute number of 
molecules diagnostic for each of the 14 types of rear-
rangement present (Table  2). As expected the 148 bp 
DUP13.2 was not detectable using Bionano OGM, which 
has a minimum resolution of ~ 500 bp. The DUPs rang-
ing in size from 31 to 244 kb were all readily character-
ised using multiple spanning reads. Characterisation of 
the 323 kb and 563 kb DUPs was also feasible, but even 
after maximising DNA quality and data acquisition, only 
0–3 reads were obtained for each rearrangement type. 
As previously described, only a single read was obtained 
across the 626 kb DUP20.1 combining the three individu-
als analysed (Fig. 4B). In our hands, therefore, the upper 
size limit for Bionano OMG to characterise interspersed 
duplications was ~ 550 kb.

Whilst the principal focus of this report has been to 
explore the technical aspects of structure disambigua-
tion, the ultimate aim of our work was to provide robust 
molecular diagnoses for patients who had a previously 
undetermined cause of their clinical presentation with 
syndromic craniosynostosis. We were interested in doc-
umenting both the gene content of the rearrangements 
that we identified, and also how the different order and/
or orientation of these rearrangements might impact on 
the local TAD structure. This “TAD-oriented” approach 
has proved powerful in determining the pathogenic 
mechanism of a select group of large-scale rearrange-
ments, including some in patients with craniosynostosis 
[23, 54, 55]. To undertake this analysis we used deepC, 
a transfer-learning-based deep neural network that accu-
rately predicts genome folding from megabase-scale 
DNA sequence [33], to explore how alternative chromo-
some structures would likely impact the regulation of 
neighboring genes. With the caveat that the IMR-90 fetal 
lung fibroblast line only provides a proxy for the many 
different cell types resident in the cranial sutures, this 
approach was useful for exploring disease hypotheses in 

all three families, and in two (Cases 1 and 2), functional 
or genetic analysis further supports the instructive-
ness of a TAD-based approach for elucidating disease 
mechanism.

In Case 1 we predicted, based on the Alt2 structure, 
that FGF9 could come under the influence of the inserted 
244 kb and 323 kb DUP sequences in the 13q12.11 rear-
rangement within an expanded TAD, including sequence 
annotated as having craniofacial superenhancer activ-
ity (Additional file 1: Fig. S6) [41]. This prediction was 
recently supported by functional studies demonstrating 
increased FGF9 expression and more open chromatin 
in neural crest cells derived from the affected individual 
(Korona D, Hashimoto AS, Pei Y, Calpena E, Sloane-
Stanley J, Riva SG, Schwessinger R, Forzano F, Chinta-
war S, Duggal G, Wall SA, Hughes JR, Twigg SRF, Wilkie 
AOM: Evaluating the pathogenic significance of unique 
chromosomal variants in craniosynostosis using patient-
derived induced pluripotent stem cells and mouse mod-
elling, submitted).

Whereas the chromosome rearrangement and clinical 
presentation of Case 1 currently appears unique in the 
literature, a TAD-based analysis of Case 2, in which the 
proband is affected by localised hypertrichosis (HTC) 
and gingival hyperplasia (GH) and harbours a duplica-
tion of 17q24.3, is more broadly instructive for disease 
mechanism at the HTC3 locus. HTC3 was previously 
localized to 17q24.3 (OMIM 135400), where GH is an 
additional feature of the phenotype. Although the under-
lying cause has been attributed to ABCA5 as a recessive 
disease gene, only one case, concerning a homozygous 
splice site variant has been reported [42]. The failure to 
replicate this observation in any additional families over 
the past decade, and the tabulation of four different 
homozygous loss-of-function ABCA5 variants (each in a 
single individual) in gnomAD v4.0.0 [56], raises the pos-
sibility that this could have been a coincidental finding. 
More compellingly, multiple heterozygous deletions and 
other rearrangements of the 17q24.3 region (both includ-
ing and excluding ABCA5) associated with HTC ± GH 
have been published, confirming that a disease locus lies 
within the broader region (Fig. 5) [57]. In Case 2, the start 
of the DUP17 is separated by ~ 586 kb from ABCA5 but 
the duplication contains two genes, KCNJ16 and KCNJ2, 
both of which encode potassium channels. Given that the 
previously described 17q24.3 rearrangements are all pre-
dicted to disrupt an ultra-conserved TAD boundary on 
the centromeric side of KCNJ16 and KCNJ2 (Fig. 5) [58], 
the most parsimonious explanation of the data is that the 
described rearrangements drive altered expression of one 
or both of KCNJ16 or KCNJ2 (KCNJ16 was included in 
the deletion reported by DeStefano et al. [42], suggesting 
that KCNJ2 is more likely to be the key driver gene). Con-
sistent with this hypothesis, pathogenic variants in other 
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Fig. 5  Rearrangements of the 17q24.3 region associated with abnormal phenotypes. Shown below the corresponding genes in the UCSC Browser [61], 
the CNVs (red- deletions; blue- duplications; purple, inverted duplication), which were extracted from the publications by Sun et al. [43], DeStefano et 
al. [42], Afifi et al. [62], Hayashi et al. [63], Maroofian et al. [57] and DECIPHER, are associated with hypertrichosis and/or gingival hyperplasia. The duplica-
tions published by Kurth et al. [64] (minimal critical region is depicted) are associated with Cooks syndrome. The DUP-translocation identified in Case 2 is 
shown as the brown segment. Above, the main KCNJ TAD (IMR-90 data from Rao et al. [34]) is flanked by blue dashed lines. Note that the 5’ (centromeric) 
boundary deleted in multiple HTC/GH patients is classified as ultra-conserved, being identifiable across multiple primate and rodent species [58]. Below, 
the DGV track demonstrates that rearrangements similar to the featured CNVs do not occur as common variants. Figure in hg19. UCSC session: ​h​t​t​p​s​:​​​/​​/​g​
e​n​o​m​​​e​.​​u​c​s​​​c​.​e​​​d​u​​​/​s​/​​4​2​9​​0​3​5​​​6​7​​1​/​​P​e​​i​_​e​​t​_​a​l​​_​2​0​2​5​_​f​i​g​5
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members of the potassium channel superfamily (KCNH1 
and KCNN3) were previously reported in the clinically 
related condition Zimmerman-Laband syndrome (ZLS), 
a phenotype combining gingival fibromatosis and termi-
nal deficiency of the digits (loci ZLS1 and ZLS3, respec-
tively). A further overlap is provided by the phenotype 
of Cooks syndrome, which is characterised by terminal 
deficiency of the digits reminiscent of that in ZLS; this 
was previously attributed by experimental modelling in 
mice to misregulation of Kcnj2 (the murine orthologue 
of KCNJ2), mediated by large duplications located on the 
telomeric side of KCNJ16/KCNJ2 [59]. In summary, the 
combined OGM/FISH analysis of Case 2 has established 
a causal link between the chromosomal rearrangement 
and the HTC phenotype, provided key evidence towards 
a novel hypothesis of HTC3 causation [57], and shown 
that counselling of offspring risk for the affected individ-
ual will be not for a simple dominantly inherited condi-
tion, but a reciprocal (but unbalanced) translocation.

Although this study has rigorously tested the strengths 
and weaknesses of Bionano OGM in three particularly 
challenging cases, it has clear limitations. The underlying 
sample size comprising 14 different abnormal duplication 
topologies (Table 2) was relatively small. We did not per-
form long-read sequencing (either SMRT- or nanopore-
based) in parallel, so cannot directly compare the efficacy 
of those technologies in solving these difficult cases. 
However we have summarised (Table  1) the respective 
sizes of each duplication, together with whether each 
arose through a heterologous versus homologous mech-
anism, from which the applicability of other technolo-
gies can be surmised based on their own size limits and 
ability to detect allelic variation. Neither did we system-
atically compare the results with the routine use of FISH, 
although we did verify the structures in Cases 1 and 2 
using this method. The FISH approach was time-inten-
sive in Case 1 (see description in Additional file 1  and 
Additional file 1: Fig. S5) and we anticipate that it would 
have been even more so (given the complex structure of 
the chromosome 20 rearrangement) in Case 3, whereas 
in Case 2 FISH provided the simplest route to a definitive 
solution (Figs. 1, 3A, B and Additional file 1: Fig. S11).

Conclusions
This work illustrates how OGM (undertaken here using 
the Bionano instrument) can be very useful in solving 
ambiguous structures involving elements between tens 
of kilobases and ~ 550 kb in size. Below this size range, 
long-read sequencing [50] provides clear advantages 
because of base-pair accuracy. Expanding the upper size 
range of OGM will depend on increasing the yield of very 
long (500 kb → 1 Mb) labelled molecules. Our identifica-
tion of a single molecule of 1.008 Mb in Case 3 (Fig. 4B) 
shows that this is achievable, and improvements in DNA 

preparation and analysis chips may make analyses at this 
scale feasible in the near future. Above the 500 kb-1 Mb 
size range, application of FISH techniques is likely to 
remain preferable. Whilst sequence capture methods [60] 
can also operate within these size ranges, interpretation 
of the data is likely to be more challenging in achieving 
unambiguous ordering of sequence pieces.

Abbreviations
100kGP	� 100,000 Genomes Project
aCGH	� Array comparative genomic hybridisation
ACMG	� American College of Medical Genetics
CNV	� Copy number variant
cxSV	� Complex structural variant
DUP	� Duplicated segment
FISH	� Fluorescence in situ hybridisation
GH	� Gingival hyperplasia
IGV	� Integrative Genomics Viewer
Indel	� Insertion/deletion variant
INV	� Inverted segment
iPSC	� Induced pluripotent stem cell
HTC	� Hypertrichosis and gingival hyperplasia
MMBIR	� Microhomology-mediated break-induced replication
NML	� Normal orientation and copy number
N50	� Length of the shortest molecule such that all molecules of that 

length or longer collectively cover 50% of the total assembled 
sequence

OGM	� Optical genome mapping
RE	� Research Environment
REC	� Research Ethics Committee
SMRT	� Single molecule real-time
SNV	� Single nucleotide variant
TAD	� Topologically-associating domain
VUS	� Variant of uncertain significance

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​3​0​7​3​-​0​2​5​-​0​1​5​7​1​-​0.

Additional file 1: Comprises 7 supplementary Tables, 18 supplementary 
Figures, clinical reports for Cases 1-3, and supplementary references. This 
file provides a detailed molecular characterisation of each rearrangement, 
together with information on FISH probes, PCR primer pairs, Bionano qual-
ity metrics and the pathogenicity classification of each rearrangement

Acknowledgements
We thank the families for their participation and support for this research; Lucy 
Brooks, Julia Gosling and Jenny Morton, for their help in obtaining samples; 
Dagmara Korona for providing cell lines; and Jim Hughes for discussions.

Authors’ contributions
Conceptualisation: RJG, SRFT, AOMW. Data curation: RS, SJMcG. Formal 
analysis: YP, ECC, AOMW. Funding acquisition: RJG, SRFT, AOMW. Investigation: 
YP, JMB, LP. Resources: TA, FF, JAH, WDJ, AS, AOMW. Supervision: RJG, SRFT, 
AOMW. Writing—original draft: YP, SRFT, AOMW. Writing—review & editing: all 
authors. All authors read and approved the final manuscript.

Funding
This research was made possible in part through access to data in the National 
Genomic Research Library, which is managed by Genomics England Limited 
(a wholly owned company of the Department of Health and Social Care). 
The National Genomic Research Library holds data provided by patients and 
collected by the NHS as part of their care and data collected as part of their 
participation in research. The National Genomic Research Library is funded 
by the National Institute for Health Research and NHS England. The Wellcome 
Trust, Cancer Research UK and the Medical Research Council have also funded 

https://doi.org/10.1186/s13073-025-01571-0
https://doi.org/10.1186/s13073-025-01571-0


Page 17 of 18Pei et al. Genome Medicine          (2025) 17:141 

research infrastructure. EC is supported by the Miguel Servet fellowship 
(CP23/00073) from Instituto de Salud Carlos III (ISCIII, Spain) and co-funded 
by the European Social Fund Plus (ESF +) from the European Union. This work 
was funded by the NIHR Oxford Biomedical Research Centre (S.R.F.T., A.O.M.W.), 
VTCT Foundation (S.R.F.T., A.O.M.W.) and MRC (Project Grant MR/T031670/1 to 
A.O.M.W.).

Data availability
All datasets generated during this study are either included in this published 
article and associated Additional file 1, or have been submitted to the ENA 
under accession number PRJEB73282, [​h​t​t​p​​s​:​/​​/​w​w​w​​.​e​​b​i​.​​a​c​.​​u​k​/​e​​n​a​​/​b​r​​o​w​s​​e​r​/​v​​i​e​​
w​/​P​R​J​E​B​7​3​2​8​2 and ​h​t​t​p​s​:​/​w​w​w​.​e​b​i​.​a​c​.​u​k​/​e​n​a​/​b​r​o​w​s​e​r​/​v​i​e​w​/​P​R​J​E​B​7​3​2​8​2​?​s​h​o​
w​=​a​n​a​l​y​s​e​s (Bionano read data)] [30]. Parent–child trio exome and/or genome 
sequence data for Cases 2 and 3 have been deposited in the ENA, accession 
PRJEB73282 [30]. De-identified genome sequence data for Cases 1 and 3 are 
available within the Genomics England Research Environment, subject to a 
collaborative agreement that adheres to patient led governance. All interested 
readers will be able to access the data in the same manner that the authors 
accessed the data. For more information about accessing the data, interested 
readers may contact research-network@genomicsengland.co.uk or access the 
relevant information on the Genomics England website: ​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​e​n​o​​m​i​
c​​s​e​n​g​​l​a​​n​d​.​c​o​.​u​k​/​r​e​s​e​a​r​c​h.

Declarations

Ethics approval and consent to participate
The clinical studies were approved by the relevant Research Ethics 
Committees (REC): London–Riverside REC (09/H0706/20 for Genetic Basis 
of Craniofacial Malformation), and East of England–Cambridge South REC 
(14/EE/1112 for 100kGP). Written informed consent was provided by each 
individual, or in the case of children, their parent, to obtain blood samples 
for genetics research, as required by the corresponding REC. All research 
conformed to the ethical principles of the Helsinki Declaration.

Consent for publication
The individuals in this study, or their parents/guardians, have had sight of 
this article and provided written consent for publication of patient-related 
information that could potentially identify them.

Competing interests
The authors declare no competing interests.

Author details
1Clinical Genetics Group, MRC Weatherall Institute of Molecular Medicine, 
University of Oxford, John Radcliffe Hospital, Oxford OX3 9DS, UK
2NIHR Oxford Biomedical Research Centre, Oxford OX3 9DU, UK
3Grupo de Investigación en Biomedicina Molecular, Celular y Genómica, 
Unidad CIBERER (U755), Instituto de Investigación Sanitaria La Fe (IIS La 
Fe), Valencia, Spain
4MRC Molecular Haematology Unit, MRC Weatherall Institute of Molecular 
Medicine, University of Oxford, John Radcliffe Hospital, Oxford  
OX3 9DS, UK
5Rare and Inherited Disease Laboratory, NHS North Thames Genomic 
Laboratory Hub, Great Ormond Street Hospital for Children NHS 
Foundation Trust, Great Ormond Street Hospital, London WC1N 3JH, UK
6Centre for Computational Biology, MRC Weatherall Institute of Molecular 
Medicine, University of Oxford, John Radcliffe Hospital, Oxford  
OX3 9DS, UK
7North East Thames Regional Genetics Service, Great Ormond Street 
Hospital for Children NHS Foundation Trust, Great Ormond Street 
Hospital, London WC1N 3JH, UK
8Clinical Genetics Department, Thomas’ NHS Foundation Trust, Guy’s 
Hospital, Guy’s & St, London SE1 9RT, UK
9Faculty of Life Sciences & Medicine, King’s College London, Guy’s 
Campus Great Maze Pond, London SE1 1UL, UK
10Clinical Genetics Service, Nottingham University Hospitals NHS 
Foundation Trust, City Hospital, Nottingham NG5 1PB, UK

Received: 1 March 2025 / Accepted: 29 October 2025

References
1.	 Liu PF, Erez A, Nagamani SCS, Dhar SU, Kolodziejska KE, Dharmadhikari AV, et 

al. Chromosome Catastrophes Involve Replication Mechanisms Generating 
Complex Genomic Rearrangements. Cell. 2011;146(6):888–902.

2.	 Stephens PJ, Greenman CD, Fu BY, Yang FT, Bignell GR, Mudie LJ, et al. Massive 
genomic rearrangement acquired in a single catastrophic event during 
cancer development. Cell. 2011;144(1):27–40.

3.	 Collins RL, Brand H, Redin CE, Hanscom C, Antolik C, Stone MR, et al. Defining 
the diverse spectrum of inversions, complex structural variation, and chro-
mothripsis in the morbid human genome. Genome Biol. 2017;18:36.

4.	 Brand H, Collins RL, Hanscom C, Rosenfeld JA, Pillalamarri V, Stone MR, et al. 
Paired-duplication signatures mark cryptic inversions and other complex 
structural variation. Am J Hum Genet. 2015;97(1):170–6.

5.	 Carvalho CMB, Pfundt R, King DA, Lindsay SJ, Zuccherato LW, Macville MVE, et 
al. Absence of Heterozygosity Due to Template Switching during Replicative 
Rearrangements. Am J Hum Genet. 2015;96(4):555–64.

6.	 Gu S, Yuan B, Campbell IM, Beck CR, Carvalho CMB, Nagamani SCS, et al. 
Alu-mediated diverse and complex pathogenic copy-number variants within 
human chromosome 17 at p13.3. Hum Mol Genet. 2015;24(14):4061–77.

7.	 Nazaryan-Petersen L, Eisfeldt J, Pettersson M, Lundin J, Nilsson D, Wincent 
J, et al. Replicative and non-replicative mechanisms in the formation of 
clustered CNVs are indicated by whole genome characterization. PLoS Genet. 
2018;14(11):e1007780.

8.	 Middelkamp S, Vlaar JM, Giltay J, Korzelius J, Besselink N, Boymans S, et al. 
Prioritization of genes driving congenital phenotypes of patients with de 
novo genomic structural variants. Genome Med. 2019;11(1):79.

9.	 Eisfeldt J, Higginbotham EJ, Lenner F, Howe J, Fernandez BA, Lindstrand A, et 
al. Resolving complex duplication variants in autism spectrum disorder using 
long-read genome sequencing. Genome Res. 2024;34(11):1763–73.

10.	 Newman S, Hermetz KE, Weckselblatt B, Rudd MK. Next-generation sequenc-
ing of duplication CNVs reveals that most are tandem and some create fusion 
genes at breakpoints. Am J Hum Genet. 2015;96(2):208–20.

11.	 Masset H, Hestand MS, Van Esch H, Kleinfinger P, Plaisancié J, Afenjar A, et al. 
A Distinct Class of Chromoanagenesis Events Characterized by Focal Copy 
Number Gains. Hum Mutat. 2016;37(7):661–8.

12.	 Schuy J, Grochowski CM, Carvalho CMB, Lindstrand A. Complex genomic 
rearrangements: an underestimated cause of rare diseases. Trends Genet. 
2022;38(11):1134–46.

13.	 Grochowski CM, Bengtsson JD, Du H, Gandhi M, Lun MY, Mehaffey MG, et al. 
Inverted triplications formed by iterative template switches generate struc-
tural variant diversity at genomic disorder loci. Cell Genom. 2024;4(7):100590.

14.	 Moore AR, Yu J, Pei Y, Cheng EWY, Taylor Tavares AL, Walker WT, et al. Use 
of genome sequencing to hunt for cryptic second-hit variants: analy-
sis of 31 cases recruited to the 100 000 Genomes Project. J Med Genet. 
2023;60(12):1235–44.

15.	 Mantere T, Neveling K, Pebrel-Richard C, Benoist M, van der Zande G, Kater-
Baats E, et al. Optical genome mapping enables constitutional chromosomal 
aberration detection. Am J Hum Genet. 2021;108(8):1409–22.

16.	 Neveling K, Mantere T, Vermeulen S, Oorsprong M, van Beek R, Kater-Baats 
E, et al. Next-generation cytogenetics: comprehensive assessment of 52 
hematological malignancy genomes by optical genome mapping. Am J 
Hum Genet. 2021;108(8):1423–35.

17.	 Bonaglia MC, Salvo E, Sironi M, Bertuzzo S, Errichiello E, Mattina T, et al. Case 
report: decrypting an interchromosomal insertion associated with Marfan’s 
syndrome: how optical genome mapping emphasizes the morbid burden of 
copy-neutral variants. Front Genet. 2023;14:1244983.

18.	 Barseghyan H, Tang W, Wang RT, Almalvez M, Segura E, Bramble MS, et al. 
Next-generation mapping: a novel approach for detection of pathogenic 
structural variants with a potential utility in clinical diagnosis. Genome Med. 
2017;9:90.

19.	 Dharmadhikari AV, Markowitz AL, Han J, Estrine DB, Xu D, Ma K, et al. Optical 
genome mapping improves clinical interpretation of constitutional copy-
number gains and reduces their VUS burden. Genet Med. 2025;27(8):101452.

20.	 Wilkie AOM, Johnson D, Wall SA. Clinical genetics of craniosynostosis. Curr 
Opin Pediatr. 2017;29(6):622–8.

21.	 Pei Y, Tanguy M, Giess A, Dixit A, Wilson L, Gibbons R, et al. A comparison 
of structural variant calling from short-read and nanopore-based whole-
genome sequencing using optical genome mapping as a benchmark. Genes. 
2024;15(7):925.

22.	 Pei Y. Characterising structural variants in patients with craniosynostosis using 
short-read and long-range technologies: D.Phil. thesis, University of Oxford; 
2024.

https://www.ebi.ac.uk/ena/browser/view/PRJEB73282
https://www.ebi.ac.uk/ena/browser/view/PRJEB73282
https://www.ebi.ac.uk/ena/browser/view/PRJEB73282?show=analyses
https://www.ebi.ac.uk/ena/browser/view/PRJEB73282?show=analyses
https://www.genomicsengland.co.uk/research
https://www.genomicsengland.co.uk/research


Page 18 of 18Pei et al. Genome Medicine          (2025) 17:141 

23.	 Sreenivasan VKA, Yumiceba V, Spielmann M. Structural variants in the 3d 
genome as drivers of disease. Nat Rev Genet. 2025;26(11):742–60.

24.	 Miller KA, Twigg SRF, McGowan SJ, Phipps JM, Fenwick AL, Johnson D, et al. 
Diagnostic value of exome and whole genome sequencing in craniosynosto-
sis. J Med Genet. 2017;54(4):260–8.

25.	 Hyder Z, Calpena E, Pei Y, Tooze RS, Brittain H, Twigg SRF, et al. Evaluating 
the performance of a clinical genome sequencing program for diagnosis of 
rare genetic disease, seen through the lens of craniosynostosis. Genet Med. 
2021;23(12):2360–8.

26.	 Brown JM, Leach J, Reittie JE, Atzberger A, Lee-Prudhoe J, Wood WG, et al. 
Coregulated human globin genes are frequently in spatial proximity when 
active. J Cell Biol. 2006;172(2):177–87.

27.	 Smedley D, Smith KR, Martin A, Thomas EA, McDonagh EM, Cipriani V, et al. 
100,000 Genomes Pilot on Rare-Disease Diagnosis in Health Care - Prelimi-
nary Report. New Engl J Med. 2021;385(20):1868–80.

28.	 Chen XY, Schulz-Trieglaff O, Shaw R, Barnes B, Schlesinger F, Kallberg M, et 
al. Manta: rapid detection of structural variants and indels for germline and 
cancer sequencing applications. Bioinformatics. 2016;32(8):1220–2.

29.	 Roller E, Ivakhno S, Lee S, Royce T, Tanner S. Canvas: versatile and scalable 
detection of copy number variants. Bioinformatics. 2016;32(15):2375–7.

30.	 Pei Y, Calpena E, Brown JM, Schwessinger R, Platts L, McGowan SJ, et al. 
Exploring the limits of Bionano optical genome mapping to characterize 
linked interspersed chromosomal duplications. European Nucleotide Archive. 
PRJEB73282. 2024. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​e​​b​i​.​​a​c​.​​u​k​/​e​​n​a​​/​b​r​​o​w​s​​e​r​/​v​​i​e​​w​/​P​R​J​E​B​7​3​2​8​2.

31.	 Li H, Durbin R. Fast and accurate long-read alignment with Burrows-Wheeler 
transform. Bioinformatics. 2010;26(5):589–95.

32.	 Belyeu JR, Chowdhury M, Brown J, Pedersen BS, Cormier MJ, Quinlan AR, et 
al. Samplot: a platform for structural variant visual validation and automated 
filtering. Genome Biol. 2021;22(1):161.

33.	 Schwessinger R, Gosden M, Downes D, Brown RC, Oudelaar AM, Telenius J, 
et al. DeepC: predicting 3D genome folding using megabase-scale transfer 
learning. Nat Methods. 2020;17(11):1118–24.

34.	 Rao SSP, Huntley MH, Durand NC, Stamenova EK, Bochkov ID, Robinson JT, et 
al. A 3D map of the human genome at kilobase resolution reveals principles 
of chromatin looping. Cell. 2014;159(7):1665–80.

35.	 Riggs ER, Andersen EF, Cherry AM, Kantarci S, Kearney H, Patel A, et al. 
Technical standards for the interpretation and reporting of constitutional 
copy-number variants: a joint consensus recommendation of the American 
College of Medical Genetics and Genomics (ACMG) and the Clinical Genome 
Resource (ClinGen). Genet Med. 2020;22(2):245–57.

36.	 Ellingford JM, Ahn JW, Bagnall RD, Baralle D, Barton S, Campbell C, et al. 
Recommendations for clinical interpretation of variants found in non-coding 
regions of the genome. Genome Med. 2022;14(1):73.

37.	 Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and 
guidelines for the interpretation of sequence variants: a joint consensus rec-
ommendation of the American College of Medical Genetics and Genomics 
and the Association for Molecular Pathology. Genet Med. 2015;17(5):405–24.

38.	 Robinson JT, Thorvaldsdottir H, Wenger AM, Zehir A, Mesirov JP. Variant 
review with the Integrative Genomics Viewer. Cancer Res. 2017;77(21):E31–4.

39.	 Rodriguez-Zabala M, Aza-Carmona M, Rivera-Pedroza CI, Belinchon A, 
Guerrero-Zapata I, Barraza-Garcia J, et al. FGF9 mutation causes craniosynos-
tosis along with multiple synostoses. Hum Mutat. 2017;38(11):1471–6.

40.	 Wu XL, Gu MM, Huang L, Liu XS, Zhang HX, Ding XY, et al. Multiple synostoses 
syndrome is due to a missense mutation in exon 2 of FGF9 gene. Am J Hum 
Genet. 2009;85(1):53–63.

41.	 Wilderman A, D’Haene E, Baetens M, Yankee TN, Winchester EW, Glidden 
N, et al. A distant global control region is essential for normal expression of 
anterior HOXA genes during mouse and human craniofacial development. 
Nat Commun. 2024;15(1):136.

42.	 DeStefano GM, Kurban M, Anyane-Yeboa K, Dall’Armi C, Di Paolo G, Feenstra 
H, et al. Mutations in the cholesterol transporter gene ABCA5 are associated 
with excessive hair overgrowth. PLoS Genet. 2014;10(5):e1004333.

43.	 Sun M, Li N, Dong W, Chen ZG, Liu Q, Xu YM, et al. Copy-number muta-
tions on chromosome 17q24.2-q24.3 in congenital generalized hypertri-
chosis terminalis with or without gingival hyperplasia. Am J Hum Genet. 
2009;84(6):807–13.

44.	 Long HK, Osterwalder M, Welsh IC, Hansen K, Davies JOJ, Liu YRE, et al. Loss of 
Extreme Long-Range Enhancers in Human Neural Crest Drives a Craniofacial 
Disorder. Cell Stem Cell. 2020;27(5):765–83.

45.	 Kamath BM, Stolle C, Bason L, Colliton RP, Piccoli DA, Spinner NB, et al. Cranio-
synostosis in Alagille syndrome. Am J Hum Genet. 2002;112(2):176–80.

46.	 Yen HY, Ting MC, Maxson RE. Jagged1 functions downstream of Twist1 in the 
specification of the coronal suture and the formation of a boundary between 
osteogenic and non-osteogenic cells. Dev Biol. 2010;347(2):258–70.

47.	 Zepeda-Mendoza CJ, Morton CC. The iceberg under water: unexplored 
complexity of chromoanagenesis in congenital disorders. Am J Hum Genet. 
2019;104(4):565–77.

48.	 Hastings PJ, Lupski JR, Rosenberg SM, Ira G. Mechanisms of change in gene 
copy number. Nat Rev Genet. 2009;10(8):551–64.

49.	 Mahmoud M, Agustinho DP, Sedlazeck FJ. A hitchhiker’s guide to long-read 
genomic analysis. Genome Res. 2025;35(4):545–58.

50.	 Logsdon GA, Vollger MR, Eichler EE. Long-read human genome sequencing 
and its applications. Nat Rev Genet. 2020;21(10):597–614.

51.	 Logsdon GA, Ebert P, Audano PA, Loftus M, Porubsky D, Ebler J, et al. 
Complex genetic variation in nearly complete human genomes. Nature. 
2025;644(8076):430–41.

52.	 Speicher MR, Carter NP. The new cytogenetics: blurring the boundaries with 
molecular biology. Nat Rev Genet. 2005;6(10):782–92.

53.	 Howarth KD, Pole JCM, Beavis JC, Batty EM, Newman S, Bignell GR, et al. Large 
duplications at reciprocal translocation breakpoints that might be the coun-
terpart of large deletions and could arise from stalled replication bubbles. 
Genome Res. 2011;21(4):525–34.

54.	 Will AJ, Cova G, Osterwalder M, Chan WL, Wittler L, Brieske N, et al. Composi-
tion and dosage of a multipartite enhancer cluster control developmental 
expression of Ihh (Indian hedgehog). Nat Genet. 2017;49(10):1539–45.

55.	 Pagnamenta AT, Camps C, Giacopuzzi E, Taylor JM, Hashim M, Calpena E, et 
al. Structural and non-coding variants increase the diagnostic yield of clinical 
whole genome sequencing for rare diseases. Genome Med. 2023;15(1):94.

56.	 Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alfoldi J, Wang QB, et al. The 
mutational constraint spectrum quantified from variation in 141,456 humans. 
Nature. 2020;581(7809):434–43.

57.	 Maroofian R, Pagnamenta AT, Navabazam A, Schwessinger R, Roberts HE, 
Lopopolo M, et al. Familial severe skeletal class II malocclusion with gingival 
hyperplasia caused by a complex structural rearrangement at the KCNJ2-
KCNJ16 locus. Hum Genet Genomics Adv. 2024;5(4):100352.

58.	 Okhovat M, VanCampen J, Lima AC, Nevonen KA, Layman CE, Ward S, 
et al. TAD evolutionary and functional characterization reveals diversity 
in mammalian TAD boundary properties and function. Nat Commun. 
2023;14(1):8111.

59.	 Franke M, Ibrahim DM, Andrey G, Schwarzer W, Heinrich V, Schopflin R, et al. 
Formation of new chromatin domains determines pathogenicity of genomic 
duplications. Nature. 2016;538(7624):265–9.

60.	 Schöpflin R, Melo US, Moeinzadeh H, Heller D, Laupert V, Hertzberg J, et al. 
Integration of Hi-C with short and long-read genome sequencing reveals the 
structure of germline rearranged genomes. Nat Commun. 2022;13(1):6470.

61.	 Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, et al. The 
human genome browser at UCSC. Genome Res. 2002;12(6):996–1006.

62.	 Afifi HH, Fukai R, Miyake N, el Din AAG, Eid MM, Eid OM, et al. De Novo 
17q24.2-q24.3 microdeletion presenting with generalized hypertrichosis 
terminalis, gingival fibromatous hyperplasia, and distinctive facial features. 
Am J Med Genet A. 2015;167(10):2418–24.

63.	 Hayashi R, Yoshida K, Abe R, Niizeki H, Shimomura Y. First Japanese case of 
congenital generalized hypertrichosis with a copy number variation on 
chromosome 17q24. J Dermatol Sci. 2017;85(1):63–5.

64.	 Kurth I, Klopocki E, Stricker S, van Oosterwijk J, Vanek S, Altmann J, et al. Dupli-
cations of noncoding elements 5 ’ of SOX9 are associated with brachydactyly-
anonychia. Nat Genet. 2009;41(8):862–3.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://www.ebi.ac.uk/ena/browser/view/PRJEB73282

	﻿Exploring the size limits of Bionano optical genome mapping to resolve alternative structures of linked interspersed chromosomal duplications
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Ethics
	﻿Cohort
	﻿Array comparative genomic hybridisation (aCGH) and FISH
	﻿Exome and genome sequencing
	﻿Breakpoint PCR
	﻿In silico prediction of topologically-associating domains (TADs)
	﻿Optical genome mapping (OGM) using the Bionano platform

	﻿Results
	﻿Case 1: duplications of 244 kb and 323 kb on chromosome 13
	﻿Case 2: duplications of 2.01 Mb on chromosome 16 and 564 kb on chromosome 17
	﻿Case 3: multiple duplications/triplication on chromosome 20 ranging in size from 31 to 627 kb

	﻿Discussion
	﻿Conclusions
	﻿References


