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genome mapping ends an exhaustive diagnostic odyssey

Heidi Cope1

| Hayk Barseghyan

234 | Surajit Bhattacharya’ | Yulong Fu® |

Nicole Hoppman® | Cherisse Marcou® | Nicole Walley' | Catherine Rehder® |

Kristen Deak® | Anna Alkelai’ | Undiagnosed Diseases Network |
Eric Vilain>® | Vandana Shashi'

'Division of Medical Genetics,
Department of Pediatrics, Duke
University Medical Center, Durham, NC,
USA

%Center for Genetic Medicine
Research, Children’s National Hospital,
‘Washington, DC, USA

3 Department of genomics and Precision
Medicine, School of Medicine and Health
Sciences, George Washington University,
Washington, DC, USA

“Bionano Genomics Inc, San Diego, CA,
USA

SDivision of Laboratory Genetics and

Genomics, Department of Laboratory

Medicine and Pathology, Mayo Clinic,
Rochester, MN, USA

6Department of Pathology, Duke University
Medical Center, Durham, NC, USA

Institute for Genomic Medicine,
Columbia University Medical Center,
New York, NY, USA

Correspondence

Vandana Shashi, Division of Medical
Genetics, Department of Pediatrics, Duke
University Medical Center, 905 S LaSalle
St, 2080 GSRB1, Durham, NC 27710,
USA.

Email: vandana.shashi @duke.edu

Funding information
NIH Office of the Director, Grant/Award
Number: U0ITHG007672

ABSTRACT

Background: Currently available structural variant (SV) detection methods do
not span the complete spectrum of disease-causing SVs. Optical genome mapping
(OGM), an emerging technology with the potential to resolve diagnostic dilemmas,
was performed to investigate clinically-relevant SVs in a 4-year-old male with an
epileptic encephalopathy of undiagnosed molecular origin.

Methods: OGM was utilized to image long, megabase-size DNA molecules, fluores-
cently labeled at specific sequence motifs throughout the genome with high sensitiv-
ity for detection of SVs greater than 500 bp in size. OGM results were confirmed in a
CLIA-certified laboratory via mate-pair sequencing.

Results: OGM identified a mosaic, de novo 90 kb deletion and inversion on the
X chromosome disrupting the CDKL5 gene. Detection of the mosaic deletion, which
had been previously undetected by chromosomal microarray, an infantile epilepsy
panel including exon-level microarray for CDKLS, exome sequencing as well as ge-
nome sequencing, resulted in a diagnosis of X-linked dominant early infantile epilep-
tic encephalopathy-2.

Conclusion: OGM affords an effective technology for the detection of SVs, espe-
cially those that are mosaic, since these remain difficult to detect with current NGS
technologies and with conventional chromosomal microarrays. Further research in

undiagnosed populations with OGM is warranted.
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1 | INTRODUCTION

Structural variants (SVs) are segments of DNA at least 50 bp
in length which encompass both unbalanced copy number
variants (CNVs) and balanced events such as balanced trans-
locations and inversions (Eichler, 2019). CNVs are not as
numerous within the genome as single nucleotide variants
(SNVs), but are a significant contributor to genetic disease
pathology. Intragenic CNVs account for approximately 10%
of disease-causing variants in Mendelian diseases (Truty
et al., 2019). Additionally, larger CNVs that contain multi-
ple genes are known to underlie 10-15% of genetic disor-
ders (Miller et al., 2010). The contribution of structurally
balanced SVs to Mendelian disease is less clear. In clinical
genetics practice, CNVs are typically interrogated through
chromosome analysis, whole-genome chromosomal microar-
ray analysis (CMA), gene-specific exon-level arrays, and
CNV analysis of exome sequencing (ES) data, each of which
has distinct variant detection capabilities and limitations
(Aradhya et al., 2012; Mason-Suares et al., 2013; Tan et al.,
2014). Sensitivity in detecting CN'Vs varies by methodology,
but is never 100% and sometimes is significantly less. For ex-
ample, the estimated sensitivity for CNV detection utilizing
one ES-based CNV caller was ~76% in comparison to CMA
(Krumm, et al. (2012). Short-read genome sequencing (GS),
an emerging technology in clinical practice, has improved
sensitivity over ES in detecting CNVs below the level of res-
olution detectable by CMA, but nevertheless fails to capture
the complete spectrum of disease-causing CNVs, particularly
in repetitive regions of the genome (Chaisson et al., 2019;
Gross et al. 2019). There is thus a need for more comprehen-
sive detection of CN'Vs.

Optical genome mapping (OGM) developed by Bionano
Genomics is a novel technology with high sensitivity for
the detection of SVs ranging from 500 bp to aneuploidies
(Bocklandt et al., 2019; Mak et al., 2016; Mantere et al.,
2019). While not yet widely available in clinical diagnostics,
proof-of-principle studies have successfully utilized OGM
to detect pathogenic SVs in individuals with known chro-
mosomal aberrations, hereditary breast cancer, DMD and
FSHDI (Barseghyan et al., 2017; Du et al., 2018; Mantere
et al., 2019; Zhang et al., 2019). OGM is in the initial stages
of being applied to undiagnosed individuals, as presumably
there are pathogenic SVs that remain elusive to current clini-
cal SV detection methods (Shieh, 2020).

The Undiagnosed Diseases Network (UDN), a nation-
wide research study funded by the National Institutes of
Health Common Fund, aims to discover diagnoses for the
most difficult-to-diagnose individuals (including many with
non-diagnostic CMA and ES) through collaborative sci-
ence and adoption of novel diagnostic methods (Gahl et al.,
2016). The UDN has achieved a 33% network-wide diagnos-
tic rate utilizing genomic sequencing in combination with

model organisms (Bellen et al., 2019; Harnish et al., 2019;
Wangler et al., 2017), innovative computational approaches
(Deisseroth et al., 2018; Holt et al., 2019; Mohanty et al.,
2019; Shashi et al., 2019; Wang et al., 2017) and advanced
technologies such as transcriptome sequencing (Fresard
et al., 2019; Lee et al., 2020). We now report the first suc-
cessful diagnosis of a UDN participant with optical genome
mapping, following extensive prior non-diagnostic genetic
and genomic investigations.

2 | MATERIALS AND METHODS
OGM (Bionano Genomics, Saphyr System) was performed
to investigate clinically-relevant SVs in a 4-year-old male
with an epileptic encephalopathy of the undiagnosed molec-
ular origin and an exhaustive non-diagnostic evaluation, in-
cluding both ES and GS. Informed consent had been obtained
from the participant's parent to participate in the NIH-UDN
protocol (15-HG-0130).

2.1 | Clinical history

A 4-year-old male was accepted to the UDN due to refractory
epilepsy, severe hypotonia, cortical visual impairment and
severe global developmental delay. Seizures began at age one
month and consisted of infantile spasms and tonic—clonic sei-
zures. Treatment with ACTH resulted in cessation of seizures
for one month, with a relapse once ACTH was discontinued.
Since then, the seizures have been refractory to numerous
antiepileptic drugs (AEDs), and continue to occur multiple
times daily, despite AED polytherapy and vagal nerve stimu-
lator implantation. The family history was non-contributory;
there was a healthy older brother. MRI brain at age three
years demonstrated diffuse brain parenchymal volume loss
and confluent T2 white matter signal abnormality with poste-
rior cerebral predominance. Extensive metabolic and genetic
testing prior to the UDN had been non-diagnostic, includ-
ing chromosome analysis, CMA (Affymetrix Cytoscan HD
array), an infantile epilepsy panel in 2013 (sequencing and
deletion/duplication analysis of 38 genes; Illumina HiSeq
sequencing with analysis performed using Agilent Genomic
Workbench software), mitochondrial genome sequencing
and trio ES (Illumina HiSeq 2000, 130x mean depth of cov-
erage) in 2014.

At the time of the UDN evaluation, the participant had
demonstrated little developmental progress; he was unable to
hold his head up without support, could not sit independently
or grasp objects with his hands. He was able to make sounds
but had no speech. On exam, dysmorphic features including
coarse facial features, anteverted nares, and thick, prominent
lips with tongue protrusion were noted. The participant also
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had growth delay (height at the third percentile); weight and
head circumference at the 25th percentile; soft, doughy skin;
hirsutism; severe, diffuse hypotonia; mild lower extrem-
ity hemihypertrophy; and small hands and feet. A de novo
variant of unknown significance (NM_012292.4:¢.838G>C,
p-Gly280Arg) in ARHGAP45 had been reported on ES by the
commercial laboratory. However, ARHGAP45 had no known
disease association, the ¢.838G>C variant was observed in
five alleles in gnomAD, and case matching efforts through
GeneMatcher were unsuccessful. Research reanalysis of the
ES data through the UDN utilizing a phenotypic agnostic
pipeline was non-diagnostic and did not reveal additional re-
portable variants. Trio GS (Illumina HiSeq X, 43.8x mean
depth of coverage) was completely negative, no variants were
reported.

2.2 | Optical genome mapping

A fresh blood sample in EDTA was collected from the par-
ticipant and both parents for OGM. Collected blood was pro-
cessed with the manufacturer's guidelines for the extraction
of ultra-high molecular weight (UHMW) DNA (Bionano
Genomics). DNA labeling was performed following the man-
ufacturer's protocols (Bionano Genomics). The fluorescently
labeled DNA molecules were imaged sequentially across na-
nochannels on a Saphyr instrument. Effective genome cover-
age of greater than 80X was achieved for all samples.

De novo genome assembly, variant calling and analy-
sis were performed using software solutions provided by
Bionano Genomics. SVs were identified based on the align-
ment profiles between the de novo assembled genome maps
and the Human Genome Reference Consortium GRCh38
assembly. If the assembled map did not align contiguously
to the reference, but instead was punctuated by internal align-
ment gaps (outlier) or end alignment gaps (endoutlier), then
a putative SV was identified. Targeted rare variant analyses
were performed to estimate the percentage of mosaic levels
for identified SVs. Briefly, mosaic variant frequencies were
determined by a custom workflow. First, the raw molecules
were realigned to all consensus genome maps and the ref-
erence GRCh38, then the allele frequency of a variant was
computed by dividing the variant-allele coverage on the
consensus map by the coverage on the reference assembly
and all other maps in the vicinity. SVs were annotated with
the combination of Variant Annotation Software (Bionano
Genomics) and an open-source R package, nanotatoR
(Bhattacharya et al., 2021). Analysis was performed using
the nanotatoR’s output and images were generated with
Bionano Access (Bionano Genomics). The OGM base-pair
resolution is limited due to utilization of label patterns and
measurement of distances between them. This means that the
actual breakpoint could be anywhere between the two labels
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showing SVs. On average this should be approximately 3 kb,
but could be as large as 10 kb. Confirmation of the deletion
and refinement of the breakpoints in a CLIA-certified labo-
ratory was obtained via mate-pair sequencing at Mayo Clinic
Laboratories.

2.3 | Mate-pair sequencing for orthogonal
confirmation in a CLIA-certified laboratory

DNA was extracted from a peripheral blood specimen using
the PureGene protocol (Qiagen), and 1 ug was utilized for
mate-pair sequencing (MPseq). Library preparation was
performed using the Illumina Nextera Mate Pair library kit
(Illumina). Library preparation consisted of cleavage and
tagging of DNA, strand displacement to fill any gaps, and
overnight circularization (16-20 hours) to produce stabile
2-5 kb DNA fragments. Ampure purification (Beckman
Coulter, Indianapolis, IN) was performed after the tag-
mentation and strand displacement steps (0.56X and 0.4X,
respectively) to ensure the selection of only the longest frag-
ments. After circularization, non-circularized DNA was
digested with exonuclease prior to mechanical shearing of
the circularized fragments with a Covaris LE220 System
(Covaris). The resulting biotinylated DNA fragments were
bound to Dynabeads M-280 Streptavidin (Thermo Fisher
Scientific) and subsequently processed through end repair,
A-tailing, ligation of 7 bp Illumina adapters (a component
of the TruSeq DNA library prep kit), and PCR using the
PCR Primer Cocktail (Illumina) and KAPA HiFi HotStart
Ready Mix PCR Kit (KAPA Biosystems). A 0.67X Ampure
purification was performed to complete library preparation.
MPseq libraries were multiplexed at two samples per lane,
and paired-end sequencing (101 bp) was then performed on
the Illumina HiSeq 2500. The average bridged coverage was
47X. Data were aligned to the reference genome (GRCh38)
using BIMAv3, and abnormalities were identified and vis-
ualized using SVAtools and Ingenium, which are in-house
developed tools (Drucker et al., 2014; Johnson et al., 2018;
Smadbeck et al., 2018). Findings were confirmed, and break-
points defined to single basepair resolution, using PCR with
primer pairs 5’-GCTTAAAGGTTGAGTTAGACTTCTTC
C-3’/5- GCAGAGCTATTGTGGAATAAATGAGAC-3’
and 5°- CCTTAGTTAAATCTGCTGGGTATATGC-3’/ 5’
-CCCCTGAAATGAACTCTCCTTAGTTAA-3’, followed
by Sanger sequencing with the same primers.

3 | RESULTS

Optical genome mapping resulted in a diagnosis of X-
linked dominant early infantile epileptic encephalopathy-
2 (MIM# 300672) in the UDN participant, the details of
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which are outlined below. Utilizing the UDN diagnosis 3.2 | Mate-pair sequencing

coding tool, the diagnosis was classified as certain (Splinter

etal., 2018). MPseq identified a mosaic 85 kb deletion overlapping

the CDKL5 gene and mosaic inversion at the same loca-
tion (Figure 2), estimated to be present in 21% and 27.7%
3.1 | Optical genome mapping of the cells, respectively. The deletion involves upstream
regulatory regions as well as exons 1-3 (based on transcript
OGM performed on the trio identified a novel (not seen in the NM_003159.2) of CDKLS5 and is predicted to result in func-
Database of Genomic Variants or Bionano Healthy Control tional inactivation of the gene. Of note, it is not possible to
SV database) de novo 90 kb deletion on the X chromosome determine from the MPseq data whether the deletion and in-
overlapping one gene, CDKL5 (MIM# 300203, Figure 1). version co-occur in the same cell population, though this was
Two consensus genome maps were assembled for the partici- confirmed with the OGM data that demonstrated the deletion
pant's single X chromosome (46,XY), one normal (Proband and inversion are present in single molecules.
Map 1, Figure 1) and the second (Proband Map 2) carrying the
deletion, suggesting a mosaic nature of the identified variant.

Investigation of the single-molecule alignments to the refer- 4 | DISCUSSION

ence genome determined the alternate allele fraction to be

23.6% (SV coverage—11 molecules/ total coverage—46.7). Optical genome mapping detected a mosaic approximately
Manual investigation of unaligned labels on Proband map 90 kb deletion (determined to be 85 kb by MPseq) which
2 (Figure 1, red) to the reference genome indicated a sec- removes exons 1-3 of the CDKL5 gene, representing the

tion of DNA material in the same region to be inverted in first use of optical genome mapping to solve an undiagnosed
regard to the reference genome label pattern (Figure 1, red case within the UDN. Deficiency of CDKLS5 causes X-linked
label alignments of Proband map 2 with the reference). Long dominant early infantile epileptic encephalopathy-2 (MIM#
single molecules used to assemble Proband Map 2, show 300672), also known as CDKL)5 deficiency disorder (CDD).
that the two events are in phase and likely present within the CDD affects nearly four times as many females as males,
same cells. There were no additional reportable findings. The with complete loss of function thought to be lethal in males
X chromosome deletion and inversion were confirmed in a (Fehr et al., 2013; Jakimiec et al., 2020). Mosaic SNVs in
CLIA-certified laboratory before communicating results to CDKLS5 have been reported in males with CDD in as few as

the participant's family. 10% of reads (Stosser et al., 2018). A mosaic 105 kb deletion
GRCh38 SCMLZ(-) CDKL5 (+)
Genes Del: 18,407,399-18,421,879
Inv: 18,396,836-18,397,976 Inv/Del: 18,500,978-18,526,526
Proband Map 1 | | | Il RRETIE Il [ [ =l N [ N | A [
Chr X (hg38)
. "89,907bp
A\
\ N
\\\\\

Proband Map2 | | | il [ [ o e M I | [ N [ I
Proband’s e =— == - : - : -
molecules L

Maternal Molecules B = Both parents do not have long DNA molecules
! e spanning the assembled proband’s map 2,
indicating a de novo origin

Paternal Molecules

FIGURE 1 Pathogenic SV identified by Optical Genome Mapping. Reference genome GRCh38/hg38 is in silico digested with Bionano direct
labeling enzyme 1 (DLE1) recognition sites and represented as a blue rectangular box, where black vertical lines indicate the locations of DLE1
labels. Similarly, sample maps are represented in yellow. The alignments between sample maps (yellow) and the reference genome (blue) are
shown with grey lines. The highlighted middle section (light red) shows the deleted region from the reference, not present in the proband's map

2 (GRCh38, chrX: Inversion left breakpoint: 18,396,836-18,397,976; Deletion left breakpoint: 18,407,399-18,421,879; Inversion/Deletion right
breakpoint: 18,500,978-18,526,526). Reference genes (light blue) are shown on top with the orientation of gene transcription (+ or — strand) shown
in parenthesis. The red-colored DLEI label locations on proband map 2 indicate unaligned labels with the reference. These labels were manually
aligned (red lines) to the reference and show a region that is inverted. The bottom two rectangular boxes contain maternal and paternal molecules
aligned to the proband's map 2. No parental molecules are identified to span the area with the SVs indicating a de novo origin
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FIGURE 2 MPseq results visualized in Ingenium. The top panel represents the lower genomic coordinate of each mated pair while the bottom

panel represents the higher genomic coordinate; genomic position is shown at the top and bottom in Mb. Bridged coverage of 47x for autosomes

and 23.5x coverage for the X chromosome in a male patient was achieved (data not shown). The junction plot demonstrates a mosaic deletion

involving the CDKLS5 gene (red—blue junctions) at chrX: 18,419,574-18,504,791. Five fragments representing the deletion were observed denoting

that the deletion is mosaic (5/23.5 = 21%). Also shown are red —red and blue —blue junctions, representing an inversion in the same general

region. The inversion breakpoints are located between the red and blue dots (genomic coordinates chrX:18,397,503 and chrX:18,517,260). Thirteen

total mate pairs spanning the inversion breakpoints (8 covering one breakpoint, 5 covering the other, for an average of 6.5) were observed, denoting

that the inversion is mosaic (6.5/23.5 = 27.7%)

in CDKLS, 20 kb larger than our patient's mosaic deletion,
was previously reported in a male with CDD. This 105 kb
deletion was detected by CMA that included increased exon
coverage of CDKLS5, and determined by FISH to be present
in 24% of cells analyzed. Bartnik et al., 2011). Our partici-
pant's genotype and phenotype are also consistent with a di-
agnosis of CDD, and the mosaic nature of the predicted loss
of function deletion (~24% of reads) likely led to his survival
(Olson et al., 2019). In addition to the deletion, OGM and
MPseq detected a de novo inversion in the same region, pro-
viding superior SV characterization which would not have
been detectable on CMA due to its balanced nature. To date,
there are few reported examples of inversions predisposing to
other genomic rearrangements that may lead to disease (Puig
et al., 2015). There were no repetitive elements or homolo-
gies adjacent to the breakpoints that would predispose to the
formation of these rearrangements.

Clinical availability of NGS, which has a higher sensi-
tivity for the detection of mosaic SNVs and INDELs than
traditional Sanger sequencing, has resulted in an increased
appreciation for the contribution of mosaic variants to ge-
netic disease (Stosser et al., 2018). An estimated 1.5% of
molecular diagnoses made on ES are due to mosaic SNVs,
with the ability to detect alternate allele fractions as low as
3% (average AAF 18.2%, range 3.1-79.7%; Cao et al., 2019).
In males, SNVs on the X chromosome can be detected with
an alternate allele fraction as low as 10% (Cao et al., 2019).
Mosaic CNVs are likely more common than what is currently

appreciated, but pose a particular challenge to detection as
clinically available CNV detection methods have reduced
sensitivity for mosaic variants. The mosaic 85 kb deletion in
this participant had been missed by extensive prior genetic
and genomic testing. Retrospective manual inspection of the
CMA data demonstrated a suggestion of the deletion, but an
85 kb mosaic deletion outside a known microdeletion region
is well below the reporting standards for CMA (Mason-
Suares et al., 2013). The prior infantile epilepsy panel had
included exon-level array CGH for CDKLS, however, mosaic
events may not be detected by exon aCGH. Deletions involv-
ing three exons are generally amenable to detection by CNV
analysis of NGS data (Retterer et al., 2015), however, in this
participant, only two exons were covered on ES (Figure S1,
CDKLS5 exon 1 is untranslated and was not included in the
exome capture kit). Mosaic intragenic CNVs are difficult to
routinely detect on ES or GS. GS in particular has improved
sensitivity over ES in detecting most types of constitutional
CNVs, but the lower number of reads makes identification
of mosaicism challenging. Retrospective manual inspection
of the GS data demonstrated evidence of the deletion in the
participant in the form of coverage drop (Figure S2).

In conclusion, this participant demonstrates that the com-
plete spectrum of pathogenic SVs is not comprehensively as-
certained with currently available clinical testing. OGM has
been shown to reliably detect most types of SVs with >95%
sensitivity (true positives), notably with the ability to detect
low-level mosaicism starting at 5% alternate allele fraction
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(Genomics, 2020). While OGM is an emerging technology
that requires further validation before wide-spread use in the
clinical realm, it has the potential to be a valuable diagnostic
tool. The development of OGM represents a new opportunity
to resolve undiagnosed diseases and further research into the
utility of OGM in undiagnosed populations is warranted.
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