'.) Check for updates
Molecular Genetics & Genomic Medicine WI L EY

Molecular Genetics & Genomic Medicine

| cLINICAL REPORT EEEEDD

Optical Genome Mapping Identifies a Second Xq27.1
Rearrangement Associated With Charcot-Marie-Tooth
Neuropathy CMTX3

Elisa Rahikkalal-2 | Jonna Komulainen-Ebrahim?3 | Jussi-Pekka Tolonen?3 | Sandra Vorimo* | Maria Suo-Palosaari®>® |
Pdivi Vieira>3 | Johanna Piispala’ | Johanna Uusimaa?3 | Katri Pylkds*® (2 | Tuomo Mantere*

Department of Genomics, Turku University Hospital, Turku, Finland | ?Research Unit of Clinical Medicine and Medical Research Center Oulu,

Oulu University Hospital and University of Oulu, Oulu, Finland | 3Division of Pediatric Neurology, Department of Children and Adolescents, Oulu
University Hospital, Oulu, Finland | *Laboratory of Cancer Genetics and Tumor Biology, Translational Medicine Research Unit, Medical Research
Center Oulu and Biocenter Oulu, University of Oulu, Oulu, Finland | *Department of Diagnostic Radiology, Physics and Technology, Research Unit of
Health Sciences and Technology, University of Oulu, Oulu, Finland | ®Medical Research Center Oulu, Oulu University Hospital and University of Oulu,
Oulu, Finland | "Department of Clinical Neurophysiology, Oulu University Hospital, Oulu, Finland | ®Northern Finland Laboratory Centre Nordlab,
Oulu, Finland

Correspondence: Tuomo Mantere (tuomo.mantere@oulu.fi)
Received: 25 April 2024 | Revised: 20 August 2024 | Accepted: 10 September 2024
Funding: This work was supported by Research Council of Finland (Grants 338446, 356676 and 38374).

Keywords: Charcot-Marie-Tooth disease | CMTX3 | genome sequencing | genomic rearrangement | optical genome mapping

ABSTRACT

Background: X-linked recessive type 3 Charcot-Marie-Tooth (CMTX3) is a rare subtype of childhood-onset CMT. To date, all
reported CMTX3 patients share a common founder 78 kb insertion from chromosome 8 into the Xq27.1 palindrome region.
Methods: We conducted patient-parent trio optical genome mapping (OGM) on a male patient presenting with clinically diag-
nosed Dejerine-Sottas disease for whom initial standard diagnostic genetic tests, including whole-genome sequencing (WGS),
yielded negative results.

Results: OGM analysis revealed a maternally inherited interchromosomal insertion from chromosome region 7q31.1 into Xq27.1.
Coupled with manual reassessment of WGS data, this confirmed the molecular diagnosis of atypical CMTX3 and showed that
the 122.4kb inserted fragment contained DLD and partially LAMBI. Subsequent analyses confirmed that the rearrangement had
arisen de novo in the proband's mother.

Conclusion: We report the second Xq27.1 rearrangement associated with CMTX3, providing novel clinical insights into its phe-
notypic and genotypic spectrum. Our findings highlight the importance of including genomic rearrangement analysis of Xq27.1
in standard diagnostic pipelines for childhood-onset CMT. Given the overlap in polyneuropathy phenotypes resulting from in-
sertions from chromosomes 7 and 8 into the same Xq27.1 palindrome region, the pathogenic mechanism underlying peripheral
neuropathy in CMTX3 likely involves dysregulation of genes within this region.

1 | Introduction to peripheral nerves, with more than 100 causative genes de-

scribed to date (Pipis et al. 2019). The classic CMT type 1A
Charcot-Marie-Tooth disease (CMT) is a group of clinically = (CMT1A, MIM 188220) is genetically diagnosed by the con-
and genetically heterogeneous disorders that cause damage firmation of chromosome 17p11.2-p12 duplication, while
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next generation sequencing (NGS) approaches, including
exome (ES) and whole-genome sequencing (WGS) are recom-
mended for the diagnosis of non-CMT1A phenotypes (Pipis
et al. 2019). However, despite recent methodological advance-
ments in NGS approaches, a significant proportion of CMT pa-
tients are still without a confirmed molecular-level diagnosis
(Record et al. 2024).

X-linked recessive type 3 CMT (CMTX3, MIM 302802) is a rare
subtype of severe childhood-onset CMT, characterized by both
demyelinating and axonal neuropathy observed on electroneu-
romyography (ENMG), distal sensory and motor impairment,
and foot deformities (Kanhangad et al. 2018). To date, only a sin-
gle causative genomic alteration has been identified for CMTX3:
a 78kb insertion from chromosome 8 into chromosomal region
Xq27.1 (Brewer et al. 2016). Altogether, three families mapping
to the CMTX3 locus have been identified (Ionasescu et al. 1991;
Brewer et al. 2008), and recent identity-by-descent analysis
demonstrated that all previously published CMTX3 patients
share the common founder (Henden et al. 2023).

Here, we report a male patient with a clinical diagnosis of
Dejerine—-Sottas disease at the age of 4months, for whom stan-
dard genetic testing in diagnostic laboratories yielded initially
negative results. However, patient-parent trio optical genome
mapping (OGM) and reassessment of WGS data revealed a ma-
ternally inherited interchromosomal insertion from 7q31.1 into
Xq27.1, confirming the molecular diagnosis of phenotypically
atypical CMTX3.

2 | Methods
2.1 | Diagnostic Genetic Testing

Previous genetic testing was performed as part of standard
clinical diagnostics including trio-ES and short-read WGS
(Centogene, Rostock, Germany), chromosomal microar-
ray (HumanCytoSNP-12 v.2.1, Illumina), and karyotyping
(Nordlab, Oulu, Finland). Manual reanalysis of mapped reads
from WGS was performed with Integrative Genomics Viewer
(IGV)v.2.16.1.

2.2 | Optical Genome Mapping

All the OGM experiments were performed according to the
manufacturer's instructions using the Saphyr instrument and
DLE-1 chemistry (Bionano Genomics Inc., San Diego, CA, USA)
as previously described (Mantere et al. 2021), more detailed de-
scription is provided in the supporting information.

3 | Results

3.1 | Clinical Description

The patient is a currently 13-year-old boy who was clinically
diagnosed with Dejerine-Sottas disease (Table 1, Figure S1,

Video S1), based on hypotonia, hyporeflexia, and ENMG
studies. The proband's phenotype has overlapping clinical

characteristics with the previously published CMTX3 patients
(Table 1; see supporting information for a detailed case report)
(Kanhangad et al. 2018). However, additional findings also in-
clude ophthalmological and neuropsychiatric problems and a
tethered spinal cord.

3.2 | Molecular Genetics

Results of the standard diagnostic genetic testing, including
trio-ES, WGS, array-CGH, and karyotyping, were negative.
As part of an ongoing international collaborative research ef-
fort utilizing OGM for rare diseases (van der Sanden et al.
unpublished), a patient-parent trio-based OGM analysis was
performed. OGM analysis resulted in 60 rare structural variant
(SV) calls, which were assessed for potential association with
the patient’s phenotype utilizing a list of disease associated
genes and loci (MIM, Gene2Phenotype, and Orphanet) and lit-
erature searches (PubMed). This revealed an interchromosomal
insertion from chromosome 7q31.1 into the intergenic region be-
tween HAPSTR2 and SOX3 at Xq27.1 (Figure 1A,B), resembling
the insertion that has previously been described in families with
CMTX3 (Brewer et al. 2016; Henden et al. 2023). Based on OGM,
the estimated size of the now identified insertion in our patient
was 115.8kb and it entailed DLD and partially LAMBI. In line
with X-linked recessive inheritance, trio-analysis revealed that
the insertion was inherited from the mother.

To confirm the OGM results and obtain nucleotide-level resolu-
tion for the rearrangement, WGS data was manually reassessed
with IGV (Figure 2A). This confirmed the presence of the 7q31.1
insertion and revealed that it co-occurred with a 1.7kb dele-
tion that spans the first 97bps of the Xq27.1 palindrome region.
Notably, the insertion-site breakpoint within the 180bp palin-
drome region is only 13 nucleotides apart from the one previ-
ously reported by Brewer et al. (2016). WGS refined the size of
the inserted region to 122.4kb (chr7:107,842,060-107,964,478)
and copy number variant (CNV) calling confirmed its duplica-
tion, indicating its presence in two normal copies and as an in-
sertion. In addition, WGS revealed 12 and 58 bp size insertions of
unknown origin flanking the inserted 7q31.1 material, and an-
other 4.6 kb deletion upstream of the insertion site (Figure 2A,B).
The deletions within the Xq27.1 region were masked by the large
insertion in the OGM analysis, explaining the 6.6kb discrep-
ancy between the insertion size estimated by OGM and WGS.
Subsequent OGM analysis of the maternal grandparents of the
proband revealed that the insertion had arisen as de novo in the
proband's mother (Figure S2). Here, the paternity and maternity
were also confirmed using the SV calls from the trio-analysis.

4 | Discussion

The currently described case presents the second reported large
interchromosomal insertion associated with CMTX3. Typically,
molecular genetic diagnostics of CMT patients have focused on
sequence and CNV analysis, but our study further emphasizes
that the analysis of genomic rearrangements into chromosomal
area Xq27.1 should be included in diagnostic analysis of patients
with childhood-onset CMT. This could be achieved by improved
WGS analysis pipelines or using OGM, which is a powerful tool
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TABLE1 | Clinical findings associated with CMTX3 and comparison with literature (Kanhangad et al. 2018).

Parameter Literature cohort Index case
Age, most recent assessment 2-19years 12years
Age at onset 0-12years 2months
Clinical characteristics
Hypotonia N/A Yes, since 2months
Nystagmus N/A Yes, since 2months
Delayed walking (>18 months) 4/11 Yes, a few steps unsupported at 3years
Foot deformity 6/11 Yes, pes planus observed by 3years
Pes cavus 6/11 No
Ankle dorsiflexion weakness 11/11 Yes
Hand weakness 7/11 Yes
Hyporeflexia/Areflexia N/A Yes
Gait abnormality 5/11 Yes (imbalance, motor developmental delay)
Nonambulant 1/11 Yes, wheelchair bound before 4 years
Scoliosis 2/11 Yes, brace treatment since 9 months
Hip dysplasia 2/11 No
Foot surgery 3/11 No
Noninvasive respiratory support 1/11 Yes, CPAP from Syears for
obstructive sleep apnea
ENMG findings
Sensorimotor demyelinating 8/9 Yes
neuropathy
Sensorimotor axonal neuropathy 1/9 Yes
Other findings Bilateral corneal clouding and cataract;

ADHD and autism spectrum disorder
with normal cognition; dysarthria;
tethered cord release at 2 years

Abbreviations: CPAP, continuous positive airway pressure; ENMG, electroneuromyography; N/A, not available.

for detection of large SVs that may be challenging to detect with
routine diagnostic methods. Accordingly, there are examples in
the medical literature demonstrating that OGM has been able to
end an exhaustive diagnostic odyssey in patients with a mono-
genic disorder of unknown aetiology (Cope et al. 2021; Sabatella
et al. 2021). However, further research assessing the diagnostic
yield of OGM in the etiological investigation of rare monogenic
disorders is warranted.

The polyneuropathy phenotype in our patient overlapped with
the CMTX3 phenotype presented in the literature, with typical
ENMG findings and age of onset, while the additional features
included also ophthalmological and neuropsychiatric symp-
toms, sleep apnea, and tethered spinal cord. It is possible that
our patient's more complex phenotype represents phenotypic
variation of CMTX3, and additional phenotypic characteristics
could be explained by stochastic factors, background genetics,
or a unique composition of genomic Xq27.1 rearrangement with
an overlapping insertion site but different inserted material

compared with the previously published patients with CMTX3.
Also, it cannot be ruled out that the atypical CMTX3 phenotype
might be associated with the dysfunction of different gene(s)
than those in previously reported CMTX3 patients with differ-
ent Xq27.1 insertions.

Nevertheless, once the pathogenic CMTX3-associated genomic
rearrangement is identified, it is crucial to analyze segregation
to identify potential female carriers of the SV allowing accurate
genetic counselling and the assessment of recurrence risk in
the family. In this study, the proband's mother presented with
highly arched feet possibly associated with the Xq27.1 genomic
rearrangement. Furthermore, the proband and his mother had
bilateral corneal clouding and strabismus that may be associated
with the identified genomic rearrangement or another yet un-
known genetic factor.

The chromosomal region Xq27.1 includes a 180 bp palindromic
sequence which forms an unstable hairpin loop secondary

30f5

85UB01 7 SUOWILLIOD SAIIERID 8|dedl dde 8y} Aq peueAob 812 Sao1Le YO 9SN JO SaInJ 10j AT aUIIUQ AB]IM UO (SUOTPUDD-PUR-SWLBIALI0D" A 1M ARe.d jBul [Uo//Sciy) SUORIPUOD Pue SWLB | 84} 885 *[7202/0T/80] Uo Akeiqi8uliuO A8|1M ‘pisuoiedlidnd [eoIps Al Wwiospond Ad #1002 €66W/Z00T 0T/10p/woo A | im Afe.q1pui|uoy/scny wouy pspeojumod ‘6 ‘v202 ‘69267252



A B -
% Y - 1 = SV track
2 \‘\“ Wy
B FL\\ = 0 Yy, @
o \\\\' .~ N P HAPSTR2 sox3 LINC00632
e NN e % : .
» & L5 \ W \¥ = RN 00 A T 00 o
=T} \ \ = ‘
Cy— \ \ =
- ( i \ ] \ N OO OO AR OO TN DRI W sampte map
Tl — 1 I
= \ ) \ / / . 'S Y W N\ » W W W
< %‘ \ \ \ // .§ 9 \016 0"6 011 1% 19 “ 6.\ ) b’L
NS ST e o et 1 g AT W o
R S=E==22%
2,. S S e
%4 W
v, | \\\\\\\\ v
Wy o W8 DLD  LAMBI
6 H —_ [ —
FIGURE1 | Identification and visualization of the interchromosomal insertion between chromosomes 7 and X by OGM. (A) Genome-wide circos-

plot view of all the rare SVs detected by OGM. The pink line between chromosomes 7 and X indicates a rearrangement between the two chromosomes.
(B) Zoom-in of the identified rearrangement shows an insertion with an estimated size of 115.8kb from chromosome 7q31.1 containing DLD and
partially LAMBI (chr7:107,839,927~107,866,930-107,955,176~107,973,052) into the intergenic Xq27.1 region. Tilde (~) represents uncertainty of the
exact breakpoint positions in the analysis. The insertion was shown to be located between label positions chrX:140,408,784 and 140,427,850 in the
intergenic region between HAPSTR2 and SOX3.
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FIGURE 2 | Detection of rearrangement breakpoints (BPs) at nucleotide resolution with WGS. (A) Manual reanalysis of WGS reads at the Xq27.1
rearrangement region using IGV. For uniform presentation, the coordinates were converted from Hgl9 to Hg38. Blue-colored reads flanking
BP3 and BP4 represent those that have a pair aligning to chromosome region 7q31.1, confirming the insertional event. The insertion coincides
with a 1.7kb deletion (chrX:140,419,066-140,420,796del, delimited by BP3 and BP4), which spans the first 97bps of the Xq27.1 palindrome region
(chrX:140,420,700-140,420,879) marked by purple box at BP4. The white-colored reads within the 1.7kb deleted region are resulting from erroneous
mapping. Another 4.6kb deletion (chrX:140,412,839-140,417,419del, delimited by BP1 and BP2), located ~1.6 kb upstream of the insertion-site, was
also detected. (B) Schematic representation (not to scale) of the Xq27.1 rearrangement, comprising a 122.4kb duplication from 7q31.1 inserted at the
site of a 1.7 kb deletion on Xq27.1. Red bar represents the second deletion detected upstream of the insertion. The grey bars flanking the material from
7q31.1 represent additional small insertions of unknown origin.

(Brewer et al. 2016) and the 122.4kb insertion from chr7q31.1
presented here led to similar symptoms in the affected indi-
viduals, it adds further evidence that the mechanism for pe-
ripheral neuropathy is the dysregulation of one or more genes
within the CMTX3 locus Xq27.1. Brewer et al. showed that
the relative FGF13 mRNA level was significantly higher in

structure acting as a known mutational hotspot for genomic
rearrangements and disease-associated insertions (Boyling,
Perez-Siles, and Kennerson 2022). In addition to CMTX3,
multiple different phenotypes have been linked to inser-
tions into Xq27.1 (Boyling, Perez-Siles, and Kennerson 2022;
de Boer et al. 2023). As the 78kb insertion from chr8q24.3
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CMTX3 patient lymphoblasts compared with healthy con-
trols suggesting that FGFI13 is possibly contributing for the
CMTX3 pathogenesis, warranting further investigations
(Brewer et al. 2016). Altogether, our study further defines the
regions within the Xq27.1 palindrome that may be critical for
CMTX3 causative rearrangements. As palindromic sequences
are present throughout the human genome (Ganapathiraju
et al. 2020), other mutational hotspots explaining rare mono-
genic phenotypes may be identified in the future.

5 | Conclusions

Our study expands the knowledge of the phenotypic and ge-
notypic spectrum of CMTX3 and provides further support for
the clinical utility of OGM in revealing pathogenic SVs. It high-
lights the need for SV detection when studying unsolved periph-
eral neuropathy cases after negative tests for coding pathogenic
variants. As structural genomic rearrangements play a role in
multiple disease pathologies (Ganapathiraju et al. 2020), it is
likely that other patients with rare diseases and negative ES
will benefit from OGM analysis as a second-tier test alongside
with other long-read techniques for SV detection.
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