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Abstract
Background Certain structural variants (SVs) including large-scale genetic copy number variants, as well as copy 
number-neutral inversions and translocations may not all be resolved by chromosome karyotype studies. The 
identification of genetic risk factors for Parkinson’s disease (PD) has been primarily focused on the gene-disruptive 
single nucleotide variants. In contrast, larger SVs, which may significantly influence human phenotypes, have been 
largely underexplored. Optical genomic mapping (OGM) represents a novel approach that offers greater sensitivity 
and resolution for detecting SVs. In this study, we used induced pluripotent stem cell (iPSC) lines of patients with 
PD-linked SNCA and PRKN variants as a proof of concept to (i) show the detection of pathogenic SVs in PD with OGM 
and (ii) provide a comprehensive screening of genetic abnormalities in iPSCs.

Results OGM detected SNCA gene triplication and duplication in patient-derived iPSC lines, which were not 
identified by long-read sequencing. Additionally, various exon deletions were confirmed by OGM in the PRKN gene of 
iPSCs, of which exon 3–5 and exon 2 deletions were unable to phase with conventional multiplex-ligation-dependent 
probe amplification. In terms of chromosomal abnormalities in iPSCs, no gene fusions, no aneuploidy but two 
balanced inter-chromosomal translocations were detected in one line that were absent in the parental fibroblasts and 
not identified by routine single nucleotide variant karyotyping.

Conclusions In summary, OGM can detect pathogenic SVs in PD-linked genes as well as reveal genomic 
abnormalities for iPSCs that were not identified by other techniques, which is supportive for OGM’s future use in gene 
discovery and iPSC line screening.
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Introduction
Genomic structural variants (SVs) are diverse in type and 
size (from ~ 50 bp to megabases of sequence) and com-
prise many subclasses that consist of unbalanced copy 
number variants (CNVs), such as deletions, duplications 
and insertions of genetic material, as well as balanced 
rearrangements, such as inversions and inter-chromo-
somal and intra-chromosomal translocations [1]. Iden-
tifying SVs is essential for genome interpretation but 
has been limited in the past due to the lack of available 
genome technologies. For example, the neurodegen-
erative disorder Parkinson’s disease (PD) has a complex 
etiology with genetic risk factors, environmental and life-
style factors, and age. When including GBA1 variants as 
the strongest known risk factor for PD, genetic forms of 
PD explain the etiology in about ~ 14% of all PD patients 
[2]. However, a large part of PD remains genetically unex-
plained, although heritability estimates show that the 
genetic component of PD is 27% [3]. Identification of 
PD-related genetic risk factors has to date been primarily 
limited to the study of single nucleotide variants (SNVs) 
suggesting that there are many more unknown genetic 
causes to be found. Notably, duplications and triplica-
tions in the SNCA gene have been reported as CNVs that 
cause autosomal dominant PD [4, 5]. In autosomal reces-
sive PD, PRKN, PINK1 and PARK7 harbor whole exon 
deletions or multiplications, and CNVs between exon 
2–5 in PRKN are more frequent due to a recombination 
hotspot [6–8]. To understand the interactions among the 
various genetic mechanisms implicated in the pathology 
of PD, patient-derived induced pluripotent stem cells 
(iPSCs) provide the potential to model the diseased cell 
type with the entire genetic background of the patient. 
However, iPSCs can develop genetic abnormalities dur-
ing reprogramming or prolonged cell culture [9] that can 
interfere with the usability of iPSCs as a model system for 
diseases.

Optical genomic mapping (OGM) is a new method 
that can provide greater sensitivity and resolution of SVs 
[10]. OGM generates images of molecules with an aver-
age N50 > 250  kb and can generate ∼300× genome cov-
erage per flow cell [11]. The current technology detects 
insertions and deletions as small as 500 bp [12], which is 
a much higher resolution compared to karyotyping and 
CNV microarrays, and it allows the detection of bal-
anced and unbalanced events. For larger SVs and repeat 
expansions (REs), long-read sequencing can be useful. In 
recent years, the Oxford Nanopore long-read sequenc-
ing technology, as a type of third-generation sequencing, 
has offered an easier laboratory analysis and workflow 
[13, 14]. In this study, we set out to use a combination of 
Bionano OGM and Oxford Nanopore long-read sequenc-
ing technologies as proof-of-concept to (i) detect known 

pathogenic structural variants in PD and (ii) serve as a 
thorough genetic screening for iPSCs.

Methods
Patient and control demographics
Five patient and two control skin fibroblast-derived iPSC 
lines were examined by OGM in this study. The SNCA 
triplication iPSC line (SFC831-03-05) is from a female 
patient with severe PD who had an age at onset (AAO) 
in her late 30s, and age at biopsy (AAB) at 55 years. The 
SNCA duplication iPSC line (SFC827-03-02) originates 
from a female patient with PD, AAO 33 years, AAB 46 
years. The iPSC line with PRKN compound heterozygous 
exon 2 and exons 3–5 deletions (iPS-L-3034) is from a 
male patient with PD, AAO 38 years, AAB 53 years. The 
PRKN exon 1 deletion iPSC line (iPS-L-3244) is derived 
from a female patient with an AAO 39 years, AAB 45 
years. The PRKN exon 4 deletion line (iPS-L-10312) 
originates from a female patient, AAO 39 years, AAB 52 
years. The donors of the two male control lines SFC065-
03-03 and SFC163-03-01 had an AAB of 65 and 66 years, 
respectively.

Fibroblasts and induced pluripotent stem cell culturing
Skin biopsies were used to establish fibroblast cultures, 
which were maintained in Dulbecco’s modified Eagle’s 
medium supplemented with 10% fetal bovine serum 
(Thermo Fisher Scientific) and 1% penicillin/streptomy-
cin (Thermo Fisher Scientific).

All iPSC lines were generated by overexpression of 
OCT4, SOX2, KLF4, and cMYC using Sendai virus to 
infect the fibroblast cultures according to the manufac-
turer’s protocol (CytoTune Reprogramming Kit; Thermo 
Fisher Scientific). iPSC lines SFC831-03-05 (https://
hpscreg.eu/cell-line/STBCi024-C) [15], SFC065-03-03 
(https://hpscreg.eu/cell-line/STBCi057-A), SFC163-03-
01 (https://hpscreg.eu/cell-line/STBCi102-A), and iPS-L-
3244 [16] have been reported previously. SFC827-03-02, 
iPS-L-3034, and iPS-L-10,312 were characterized as part 
of this study (Supplementary Fig. 1). In brief, total RNA 
from cell pellets was isolated using the RNeasy Mini Kit 
(Qiagen) according to manufacturers’ instructions and 
reverse transcribed into cDNA (First Strand cDNA Syn-
thesis Kit, Thermo Fisher Scientific). Quantitative real-
time PCR was performed on the Lightcycler 480 (Roche) 
using Maxima SYBR Green (Thermo Scientific) to ana-
lyze levels of pluripotency markers OCT4, SOX2, and 
GDF3. For assessment of clearance of CytoTune Sendai 
virus-delivered reprogramming genes, the cDNA prod-
uct was used in an RT-PCR reaction according to the 
manufacturer’s instructions, and run on an agarose gel. 
Positive controls (fibroblasts infected 5 days previously) 
were run in parallel. Primers are published elsewhere 
[17]. For FACS analysis of pluripotency markers Tra-1-60 

https://hpscreg.eu/cell-line/STBCi024-C
https://hpscreg.eu/cell-line/STBCi024-C
https://hpscreg.eu/cell-line/STBCi057-A
https://hpscreg.eu/cell-line/STBCi102-A
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and NANOG (B119983, IgM-488, Biolegend; 2985  S, 
IgG-647, Cell Signaling), cells were fixed in 2% parafor-
maldehyde, permeabilized in 100% methanol and mea-
surement was by FACS Calibur (Becton Dickinson), with 
analysis using FlowJo [14]. All iPSC lines were cultured in 
mTeSR1 medium (StemCell Technologies) onto Matrigel-
coated plates (BD Bioscience).

Bionano optical mapping
Fibroblast or iPSC-derived DNA was extracted and used 
for the optical mapping. Ultra-high-molecular-weight 
DNA was isolated, labeled, and processed for analysis 
on the Bionano Genomics Saphyr platform. One and a 
half million frozen cells were digested with Proteinase 
K and lysed using Lysis and Binding Buffer. DNA was 
precipitated on a nanobind magnetic disk using iso-
propanol and washed using wash buffers A and B. The 
ultra-high-molecular-weight DNA bound to nanobind 
disk was eluted and quantified using Qubit broad-range 
double-stranded DNA assay kits (Thermo Fisher Sci-
entific). DNA labeling was performed using 750 ng of 
ultra-high-molecular-weight DNA with direct labeling 
(DL)-green fluorophores at a specific six-base sequence 
motif (CTTAAG) using Direct Labeling Enzyme 1 reac-
tions. Following the labeling reaction, the Direct Label-
ing Enzyme was digested with Proteinase K, and the 
DL-green was removed using adsorption membranes. 
The DNA backbone was then stained blue and quanti-
fied using Qubit high-sensitivity double-stranded DNA 
assay kits. Optical imaging was performed on the Saphyr 
instrument by loading the fluorescently labeled DNA 
molecules onto the flow cells of Saphyr chips. Analyti-
cal quality control (QC) targets are set to achieve > 100X 
effective coverage of the genome, > 70% mapping rate, 13 
to 17 label density (labels per 100 kb), and > 230 kb N50 
(molecules > 150  kb). Genome analysis was performed 
using the optimized de-novo pipeline included in the 
Bionano Access version 1.7 or higher and Bionano Solve 
version 3.7 software for all the samples. Briefly, single 
molecules were used to generate the assembly of the 
genome, with the direct alignment of the consensus maps 
to GRCh38 to detect germline SVs (insertions, duplica-
tions, deletions, inversions, and translocations) based 
on the differences in the alignment of labels between 
the sample and the reference assembly. In addition, a 
coverage-based algorithm enabled the detection of large 
CNVs and aneuploidies. For data analysis, the variants 
were filtered using the following criteria: (i) The manu-
facturer’s recommended confidence scores: insertion, 0; 
deletion, 0; inversion, 0.07; duplication, − 1; translocation, 
0; and copy number (CN), 0.99 (low stringency, filter set 
to 0). (ii) The GRCh38 SV mask filter that hides any SVs 
in difficult to map regions was excluded from analysis. 
(iii) To narrow the number of variants to be analyzed, we 

filtered out polymorphisms (i.e., those that appeared in 
> 1% of an internal OGM control database; n > 800). (iv) 
CNV minimum size was set to 100,000 bp. (v) Filters for 
absence of heterozygosity (AOH)/loss of heterozygos-
ity (LOH) were set to a minimum size of 25,000,000 bp. 
Lastly, (vi) the variants were further filtered out by anno-
tating for variants in diseases/disorders. The overlap is 
defined as one label overlap with a 12  kb buffer corre-
sponding to the average label distance ± SD around each 
gene/loci for SVs and 500 kb for CNVs. An overview of 
the workflow is illustrated in Fig. 1.

Oxford nanopore (ONT) sequencing
Whole genome sequencing was performed according to 
the manufacture protocol for genomic DNA using the 
SQK-LSK114 (ONT) library kit. 1.5 µg of the ultra-high-
molecular-weight DNA isolated for Bionano Optical 
Mapping was treated first with T7 Endonuclease (incu-
bation for 15 min. at 37 °C followed by AmpureXP bead 
clean up) or sheared in a g-TUBE (Covaris®) at 2500 rpm 
for 1 min twice with inverting the tube in between. After 
a DNA repair and end-prep step, the ONT provided 
sequencing adapter was ligated. The final product was 
completely loaded on an R10 flow cell on the Prome-
thION. Base-calling was performed with Dorado ver-
sion 7.2.13. Only reads with a base-calling accuracy of 
over 90% were included. For the alignment to the refer-
ence sequence, Minimap2 (version v2.22) was used [18]. 
The handling of SAM/BAM files as well as the calcula-
tion of the coverage was performed with SAMtools (ver-
sion 1.15) [19]. Only reads with an alignment length over 
1 kb were included in the analysis. Finally, the detection 
of SVs was performed using Sniffles (version 2.2) [20]. As 
Sniffles has reported limitations to call large (i.e., > 50 kb) 
deletions and CNVs, we adjusted the “--long-del-cover-
age” and “--long-dup-coverage” parameters within Snif-
fles to 1.5 and 1.1, respectively, in addition to running the 
software with default parameters [21]. Furthermore, we 
utilized NGMLR (v.0.2.7) to align the sequencing data 
and repeated the variant calling with Sniffles, as it has 
been shown to improve the variant calling of large dupli-
cations [21]. The software NanoPlot (version 1.38.0) was 
used to analyze the quality of the reads. All analyses were 
performed with the reference genome build hg38.

Results
An average of 2,176,866 molecules were run per sam-
ple for Bionano optical mapping with a total length of 
518,777 Mb across all molecules, and an average length 
of 241.14  kb, N50 of 233.39  kb, and a label density of 
16.44/100  kb per sample, resulting in an average cover-
age of 167.98X (Table  1a). The Nanopore sequencing 
runs generated an average of 8,146,189 reads, a mean 
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phred score of 14.5, a mean read length of 10.70 kb, N50 
of 15.41 kb, and an average coverage of 29.89X (Table 1b).

After applying filtering steps (e.g. confidence scores, 
the GRCh38 SV mask filter, VAF, polymorphisms (i.e., 
those that appeared in > 1% of an internal OGM control 
database; n > 800), AOH/LOH) all SVs detected in the 
cell lines were annotated. Unfiltered SVs for all lines are 
reported in Supplementary Tables 1–8. SVs detected with 

long-read data around the pathogenic variants in SNCA 
or PRKN are also reported in Supplementary Tables 9–
13. An overview of the workflow is illustrated in Fig. 1.

SNCA gene pathogenic variants (SFC831-03-05, SFC827-
03-02)
Bionano optical mapping revealed a triplication in 
iPSC line SFC831-03-05 spanning 1,696,488  bp that 

Table 1a Summary of molecule statistics from the Bionano Run
Sample (biomaterial) Total number of 

molecules
Total length (Mb) Average length 

(kb)
Molecule N50 
(kb)

Label density 
(x/100 kb)

Coverage 
of the 
rever-
ence (X)

SFC831-03-05 (iPSC) 1,804,468 416310.76 230.71 219.57 15.65 134.80
SFC827-03-02 (iPSC) 2,411,910 567203.28 235.17 231.34 16.79 183.66
iPS-L-3034 (iPSC) 1,216,144 312589.23 257.03 239.63 16.84 101.22
L-3034 (Fibroblast line) 1,833,639 442215.53 241.17 237.37 14.55 143.19
iPS-L-3244 (iPSC) 2,465,822 581308.75 235.75 230.89 16.61 188.23
iPS-L-10312 (iPSC) 2,057,001 613401.31 298.20 292.37 16.70 198.62
SFC065-03-03 (iPSC) 2,519,403 524517.25 208.19 200.33 16.23 169.84
SFC163-03-01 (iPSC) 2,763,315 616108.41 222.96 219.63 16.28 199.50
Average 2,176,866 518777.00 241.14 233.39 16.44 167.98
Mb = megabase; kb = kilobase

Fig. 1 Overview of Bionano Optical Genomic Mapping Workflow for induced pluripotent stem cells (iPSCs). CV, coefficient of variation; QC, quality check; 
CNV, copy number variant; kb kilobase; SV, structural variant; VAF, variant allele frequency; AOH/LOH, absence or loss of heterozygosity. Created with 
BioRender.com
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encompasses SNCA (Fig. 2a). The triplication is on chro-
mosome 4 at positions 88,407,893 − 90,104,381 (hg38) 
and includes genes HERC6, HERC5, PIGY, PYURF, PIGY-
DT, HERC3, NAP1L5, FAM13A-AS1, FAM13A, TIGD2, 
GPRIN3, SNCA, SNCA-AS1, MMRN1 (Fig.  2b). In 
terms of chromosomal abnormalities, no large inter- or 
intra-chromosomal translocations or gene fusions were 
detected, and no aneuploidy gain or loss found. Fifty-
eight insertions and 60 deletions, one region of absence 

of heterozygosity, 9 duplications, 3 CNV gains and 1 
loss were present and shown in the circos plot (Fig. 2c). 
Based on internally run Bionano samples to estimate the 
frequencies of these SVs, and annotation of pathogenic-
ity with databases, no variants other than the triplication 
were considered pathogenic for PD.

From the long-read sequencing data, we obtained 
N50 = 9.8 kb and a mean base-calling phred-score of 16.3. 
From the Nanopore long-read sequencing data, Sniffles 

Table 1b Summary of read statistics from the Oxford Nanopore Run
Sample (biomaterial) Total number of reads Mean read quality 

(Phred)
Mean read length 
(kb)

Read length N50 
(kb)

Coverage 
of the 
rever-
ence (X)

SFC831-03-05 (iPSC) 9,393,834 16.3 9.16 9.82 34.82
SFC827-03-02 (iPSC) 10,081,904 12.2 10.14 18.67 33.82
iPS-L-3034 (iPSC) 5,498,166 15.7 11.41 12.55 23.49
iPS-L-3244 (iPSC) 7,095,698 12.2 10.74 22.58 27.00
iPS-L-10312 (iPSC) 8,661,344 16.0 12.04 13.41 30.30
Average 8,146,189 14.5 10.70 15.41 29.89
kb = kilobase

Fig. 2 SNCA triplication detected with Bionano in a patient-derived iPSC line. A) A triplication spanning 1,696,488 bp that encompasses SNCA; B) Location 
of the triplication on chromosome 4 at 88,407,893 − 90,104,381 (hg38) that includes genes HERC6, HERC5, PIGY, PYURF, PIGY-DT, HERC3, NAP1L5, FAM13A-
AS1, FAM13A, TIGD2, GPRIN3, SNCA, SNCA-AS1, MMRN1; C) Circos plot showing structural variants detected after filtering
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did not detect a triplication in the region of interest with 
a size of ~ 1.7 Mb. However, multiple CNVs with sizes of 
37–149 Mb were detected that span the region of interest 
(Supplementary Table 9). Attempts to refine by adjust-
ing the Sniffles parameters and utilizing the NGMLR 
alignment tool did not offer additional insights, and the 
exact triplication was not found. Still, a visible increase 
in the coverage was observed at the expected triplication 
when the alignment was visualized with the Integrative 
Genomics Viewer (Supplementary Fig. 2).

A 313,859 bp long duplication that encompasses SNCA, 
spanning positions 89,678,642 − 89,992,501 on chromo-
some 4 was detected in SFC827-03-02 with Bionano opti-
cal mapping (Fig. 3a). The region included genes SNCA, 
SNCA-AS1, and MMRN1 (Fig.  3b). In terms of chro-
mosomal abnormalities, no large inter or intra-chromo-
somal translocations or gene fusions were detected, and 
no aneuploidy gain or loss found. Fifty-four insertions 
and 54 deletions, 2 inversions, 7 duplications, 8 CNV 
gains and 3 losses were present and shown in the circos 
plot (Fig. 3c). Based on internally run Bionano samples to 
estimate the frequencies of these SVs, and annotation of 

pathogenicity with databases, no variants other than the 
duplication was considered pathogenic for PD.

From the long-read sequencing data, we obtained 
N50 = 18.67  kb and a mean base-calling phred-score of 
12.2. Nanopore long-read sequencing did not detect a 
duplication of the size ~ 0.3  Mb in the region of inter-
est with the Sniffles variant caller. However, when 
aligning only to the region of the expected duplication 
(chr4:87,678,642 − 91,992,501), other duplications with 
sizes of 0.6–2.7 Mb were detected that span the expected 
duplication (Supplementary Table 10). Similar to the 
triplication, adjusting the Sniffles parameter (i.e. cover-
age) and utilizing the NGMLR alignment tool did not 
offer additional insights, and the exact duplication was 
not found. Still, a visible increase in the coverage was 
observed at the expected duplication when the alignment 
was visualized with the Integrative Genomics Viewer 
(Supplementary Fig. 2).

Fig. 3 SNCA duplication detected with Bionano in a patient-derived iPSC line. A) A 313,859 bp long duplication that encompasses SNCA, spanning posi-
tions 89,678,642 − 89,992,501 on chromosome 4; B) Location of the triplication on chromosome 4 at 85388502–89998264 (hg38) that includes genes 
SNCA, SNCA-AS1, MMRN1; C) Circos plot showing structural variants detected after filtering
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PRKN pathogenic variants (iPS-L-3034, iPS-L-3244 and iPS-
L-10312)
Within PRKN, a compound heterozygous exon 2 and 
exon 3–5 deletion was captured with phase on the Bion-
ano for one patient iPSC cell line (iPS-L-3034) (Fig. 4a). 
The PRKN exon 2 deletion starts at position 162,338,358 
and ends at 162,450,583, whereas the PRKN exon 3–5 
deletion starts at 162,029,361 and ends at 162,279,161.

Multiplex-ligation-dependent probe amplification 
(MLPA) technique alone was unable to phase the dele-
tions (data not shown). In terms of chromosomal abnor-
malities of the iPSCs, no gene fusions, no aneuploidy but 
two inter-chromosomal translocations were detected 
(Fig. 4b). The balanced translocations were not identified 
by routine single nucleotide variant karyotyping alone 
(data not shown). Forty-eight insertions and 73 deletions, 
8 duplications, 2 inversions, 0 CNV gains and 3 losses 
were present and shown in the circos plot (Fig.  4b). In 
light of these findings that include a larger SV, we opti-
cally mapped the original fibroblast line, however, did 

not observe inter-chromosomal translocation in the line. 
There were no gene fusions and no aneuploidy, but we 
detected 47 insertions and 61 deletions, 9 duplications 
and 2 inversions, 1 CNV gain and 1 loss (Fig. 4c). In com-
parison to the iPSC line, different genetic variants were 
present in the fibroblasts (Supplementary Tables 3 and 6). 
In the unfiltered analysis, there were a total of 7596 SVs, 
2617 deletions, 4648 insertions in the iPSC line compared 
to 7804 total SVs, 2673 deletions and 4746 insertions in 
the fibroblast lines. After filtering for a high-quality score 
(Q > 20) and rare variants (MAF < 0.01), there were no 
variants present in both lines.

To assess the quality of the two different biomaterials 
(iPSC and fibroblast) from the same patient (L-3034), 
we compared the molecule report for the Bionano run. 
The detailed molecule report showed a total number 
of 1,216,144 molecules for the iPSC line compared to 
1,833,639 for the fibroblast culture and a total length of 
312,589.23  Mb and 442,215.53  Mb, respectively. The 
average length of the iPSC line was 257.03 kb compared 

Fig. 4 PRKN compound heterozygous variants detected with Bionano in iPSCs and the parental fibroblast. A) The compound heterozygous exon 2 and 
exon 3–5 deletion was captured with phase. The PRKN exon 2 deletion starts at position 162,338,358 and ends at 162,450,583, the PRKN exon 3–5 dele-
tion starts at 162,029,361 and ends at 162,279,161 and partially overlaps with PACRG; B) Circos plot showing a translocation and other structural variants 
detected after filtering in the iPSC line from patient iPS-L-3034; C) Circos plot without the translocation present and structural variants detected after 
filtering in the parental fibroblast line L-3034
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to 241.17  kb in the fibroblast culture. N50 of 239.63  kb 
for the iPSC and 237.37 kb for the fibroblast culture was 
achieved. Label density per 100 kb for the iPSC line was 
16.84 resulting in a reference coverage of 101.22X com-
pared to 14.55 per 100 kb for the fibroblast culture with a 
coverage for the reference of 143.19X.

From the long-read sequencing data, we obtained 
N50 = 12.55  kb and a mean base-calling phred-score 
of 15.7. Long-read sequencing was performed for the 
iPSC line, and the exon 2 deletion was confirmed. The 
sequencing revealed the deletion of exon 2 at posi-
tion 162,336,451 − 162,448,855. Unfortunately, the exon 
3–5 deletion was not found with long-reads when using 
the default Sniffles variant calling parameters. How-
ever, when adjusting parameters to counteract cover-
age changes within the large deletion, we detected both 
PRKN deletions, including the exon 3–5 deletion at posi-
tion 162,029,842 − 162,280,393 (Supplementary Table 
11). Additionally, the deletions were visible when assess-
ing the alignment with the Integrative Genomics Viewer 
(Supplementary Fig. 3).

Furthermore, optical mapping detected PRKN dele-
tions in exon 1 and exon 4 of the iPSC lines iPS-L-
3244 and iPS-L-10312 (Fig.  5a and b). The PRKN exon 
1 deletion starts at position 162,716,506 and ends at 
162,792,085 and partially overlaps with PACRG. In this 
line, no large inter- or intra-chromosomal transloca-
tions or gene fusions were detected, and no aneuploidy 
gain or loss found. Twenty-five insertions and 59 dele-
tions, 7 duplications, and one CNV loss were present 
and shown in a circos plot (Fig. 5c). From the long-read 
sequencing data, we obtained N50 = 22.58 kb and a mean 
base-calling phred-score = 12.2. Long-read sequencing 
data confirmed the PRKN exon 1 deletion at position 
162,710,325 − 162,786,071 (Supplementary Table 12). 
Additionally, the deletion was visible when assessing the 
alignment with the Integrative Genomics Viewer (Sup-
plementary Fig. 3).

In the third PRKN-mutant line (iPS-L-10312), the 
PRKN exon 4 deletion starts at position 162,198,660 
and ends at 162,225,645. No large inter- or intra-chro-
mosomal translocations or gene fusions were detected, 
and no aneuploidy gain or loss was found. We detected 
34 insertions and 158 deletions, 1 inversion, 6 duplica-
tions, 1 CNV gain and 1 loss which are shown in the cir-
cos plot (Fig.  5d). From the long-read sequencing data, 
we obtained N50 = 13.41  kb and a mean base-calling 
phred-score of 16.0. Long-read sequencing data con-
firmed the PRKN exon 4 deletion (Supplementary Table 
13). The deletion with a size of 27,092 bp was called with 
Sniffles and starts at position 162,200,764 and ends at 
162,227,856. Additionally, the deletion was visible when 
assessing the alignment with the Integrative Genomics 
Viewer (Supplementary Fig. 3).

Control iPSC lines (SFC065-03-03, SFC163-03-01)
To assess generally detected SVs in cell lines not related 
to PD, we performed OGM on two iPSC lines from 
healthy control individuals. In control line SFC065-03-
03, no large inter or intra-chromosomal translocations 
or gene fusions were detected, and no aneuploidy gain 
or loss was found. Sixty-four insertions and 54 deletions, 
3 inversions, 21 duplications, 10 CNV gain, and 1 loss 
were present. In the other control line, SFC163-03-01, no 
large inter or intra-chromosomal translocations or gene 
fusions were detected, and no aneuploidy gain or loss 
was found. We detected 59 insertions and 48 deletions, 2 
inversions, 22 duplications, 1 CNV gain and 5 loss. These 
numbers were comparable to what we have observed in 
the patient iPSC lines (Supplementary Tables 7–8).

Discussion
This is a proof of principle study showing that OGM can 
detect pathogenic SVs relevant to PD and the technique 
serves as a screening tool for iPSC’s genome integrity.

First, the Bionano OGM results include phasing and 
precision of the breakpoints of larger CNVs, solidifying 
the future use of this tool for gene discovery in PD. SVs 
in human diseases have been emerging, given the possi-
bility of ascertaining these difficult genomic regions with 
newer technologies. For example, long-read sequencing 
revealed a GGC repeat expansion in ZFHX2 in SCA4 
as disease-causing [22–25]. In monogenic PD, several 
genes have been identified to contain pathogenic CNVs 
in monogenic PD [26–29]. In this work, we present OGM 
results from cell lines and cultures with known patho-
genic SVs in SNCA and PRKN. However, many identified 
GWAS risk loci lie within poorly annotated regions of the 
genome that contain repetitive sequences and transpos-
able elements (TEs). In fact, the majority of risk variants 
lie in non-coding regions of the genome with no known 
functional consequence. This highlights the importance 
of investigating these regions for new pathogenic SVs. 
Enrichment of TEs has been seen at CNV breakpoints 
[30]. TEs such as Alu and LINE1 elements have been 
found around SNCA duplications and triplications [31]. 
Another gene (FMR1) with disease-associated REs on the 
X-chromosome may cause different phenotypes when 
mutated. Men with 55–200 CGG repeats may develop 
fragile X tremor/ataxia syndrome (FXTAS). Parkinson-
ism may form part of FXTAS, and the initial presentation 
may be L-dopa-responsive parkinsonism indistinguish-
able from PD [32]. C9orf72 REs have been well character-
ized in the Amyotrophic lateral sclerosis / frontotemporal 
spectrum disorders [33]. In PD, C9orf72 REs are relatively 
rare but account for some cases: a prevalence of 0.06% 
(n = 4/7,232) using a cutoff of > 60 repeat units as posi-
tive has been reported [34]. Another gene with patho-
genic REs, NOTCH2NLC, was recently identified [35, 36] 
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in Japanese patients with sporadic neuronal intranuclear 
inclusion disease [37]. A number of Chinese families with 
PD carried heterozygous GGC expansions larger than 65 
(range 66–102) with possible anticipation [38]. Collec-
tively, there is an indication of pathogenicity of SVs in PD 
and Parkinsonism-related disorders.

Our data show that OGM can detect large > 1 Mb tripli-
cations, duplications in SNCA and deletions in PRKN. In 
contrast, long-read sequencing did not detect all patho-
genic variants. Comparing the number and length of the 

identified SVs between the different approaches (Sup-
plementary Table 14), it becomes apparent that Oxford 
Nanopore Sequencing generally identified more SVs (up 
to 5141) compared to OGM (up to 240), but the OGM 
variant calls underwent a more stringent quality filtering. 
We infer that the results obtained from the Nanopore 
sequencing data might contain a higher number of com-
mon variants, smaller insertions/deletions undetected by 
OGM and/or artifacts.

Fig. 5 PRKN compound heterozygous variants detected with Bionano in iPSCs. A) A patient-derived iPSC line (iPS-L-3244) with PRKN exon 1 deletion. 
PRKN exon 1 deletion starts at position 162,716,506 and ends at 162,792,085 and partially overlaps with PACRG.; B) A patient-derived iPSC line (iPS-L-
10312) with PRKN exon 4 deletion. PRKN exon 4 deletion starts at position 162,198,660 and ends at 162,225,645; C) Circos plot showing structural variants 
detected after filtering in iPS-L-3244; D) Circos plot with structural variants detected after filtering in iPS-L-10312
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With the long-read sequencing data and variant call-
ing with Sniffles, it was possible to detect the PRKN dele-
tions. However, Sniffles did not identify large triplications 
and duplications spanning the SNCA gene. We could 
detect larger CNVs spanning the SNCA gene; however, 
those varied in size and position compared to the vari-
ants detected with OGM. Still, the SNCA triplication 
and duplication were visible in the alignment, and an 
increased coverage was detected at the expected position 
of the SVs (Supplementary Fig.  4). Thus, it was poten-
tially a limitation of the variant calling tool and not the 
long-read data itself. It has been previously demonstrated 
that the most utilized variant callers for long-read data 
have limitations when detecting large (i.e., > 50 kb) dele-
tions and duplications [21]. Therefore, it might be help-
ful to complement the SV detection from long-read data 
with other approaches like de novo assembly or cover-
age quantification-based methods [21, 39]. Nevertheless, 
OGM would be a good tool to apply on families segregat-
ing with PD without a known genetic cause in combina-
tion with long-read sequencing.

Second, reprogramming fibroblasts and then differ-
entiating iPSCs to other cell types allowed us to study 
novel candidate modifiers and disease mechanisms in 
these biologically relevant models [16, 40–43]. iPSC-
derived neurons from PRKN mutation carriers (includ-
ing iPS-L-3244) showed decreased complex I activity and 
altered mitochondrial network morphology [16]. iPSC 
lines with SNCA triplication (including SFC831-03-05) 
exhibited ~ 2.5-fold increase in endogenous α-synuclein 
monomer compared to healthy control neurons, which 
promoted α-synuclein seeding aggregation in the patient-
derived neurons [41]. Other groups have also confirmed 
the utility of this model to increase our understanding 
of PD [44, 45]. However, due to the clonal expansion of 
one single cell, aberrant cytogenetic errors and somatic 
CNVs can arise from the reprogramming of somatic cells. 
As these changes could potentially affect cellular func-
tion or, in the case of genetic studies, the interpretation 
of inherited variants, genetic screening of iPSC is perti-
nent to perform. The gold standard practice to validate 
the genomic stability of iPSCs is G-band karyotype analy-
sis. This technique is costly and requires the preparation 
and shipment of live cells. The resolution is limited to a 
chromosomal rearrangement of 5 Mb or larger [46]. We 
and others perform routine karyotyping of iPSCs by SNP 
microarray technology. This method is relatively inex-
pensive and has a better resolution (up to 100  kb) than 
karyotyping [47]. It detects CNV gain and loss and can 
be used to define the breakpoints and gene content of 
unbalanced chromosome abnormalities. It also provides 
information on ploidy levels and can detect copy num-
ber neutral loss of heterozygosity. However, this assay 
does not detect balanced rearrangements [48]. OGM 

is a capable tool to fully perform SV screening that not 
only includes karyotyping but even screening for more 
complex rearrangements and small SVs. Current cost of 
G-band karyotyping exceeds the cost of running a Bion-
ano sample. Thus, a more comprehensive overview of 
genetic screening or genotyping iPSCs is possible at a 
lower cost. A recent study on CRISPR/Cas9 gene edit-
ing of iPSCs emphasized the necessity to examine cul-
tures routinely for genomic alterations produced by gene 
editing strategies. They also analyzed the iPSCs by using 
OGM [49].

Limitations of OGM include the lack of base-pair reso-
lution precision. Interestingly there were SV differences 
between fibroblast cultures and iPSC lines, which result 
most likely from the clonal selection and expansion dur-
ing the reprogramming process. The run statistics from 
the Bionano molecules showed very comparable start-
ing molecules and results. Thus, it would be important 
to include long-read sequencing data to confirm break-
points or another method to confirm the SV of interest.

Conclusions
In conclusion, OGM is a new method that can provide 
sufficient sensitivity and resolution for pathogenic SVs in 
PD. Future use of OGM in families affected with PD and 
an unknown genetic cause might help to elucidate novel 
variants implicated in disease pathogenesis. Further-
more, iPSC line screening by OGM encompasses karyo-
typing and can reveal genomic abnormalities at higher 
resolution.
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