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Abstract
Background and Objectives
Charcot-Marie-Tooth disease (CMT) is a syndrome of a hereditary neurodegenerative con-
dition affecting the peripheral nervous system and is a single gene disorder. Deep phenotyping
coupled with advanced genetic techniques is critical in discovering new genetic defects of rare
genetic disorders such as CMT.

Methods
We applied multidisciplinary investigations to examine the neurophysiology and nerve pathology
in a family that fulfilled the diagnosis of CMT2. When phenotype-guided first-tier genetic tests
and whole-exome sequencing did not yield a molecular diagnosis, we conducted full genome
analysis by examining phased whole-genome sequencing and whole-genome optical mapping
data to search for the causal variation. We then performed a systematic review to compare the
reported patients with interstitial microdeletion in the short arm of chromosome 4.

Results
In this family with CMT2, we reported the discovery of a heterozygous 85-kb microdeletion in
the short arm of chromosome 4 (4p16.3)[NC_000004.12:g.1733926_1819031del] spanning 3
genes [TACC3 (intron 6-exon 16), FGFR3 (total deletion), and LETM1 (intron 10-exon14)]
that cosegregated with disease phenotypes in family members. The clinical features of peripheral
nerve degeneration in our family are distinct from the well-known 4p microdeletion syndrome of
Wolf-Hirschhorn syndrome, in which brain involvement is the major phenotype.

Discussion
In summary, we used the full genome analysis approach to discover a new microdeletion in a
family with CMT2. The deleted segment contains 3 genes (TACC3, FGFR3, and LETM1) that
likely play a role in the pathogenesis of nerve degeneration.
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Charcot-Marie-Tooth disease (CMT) is a syndrome of
inherited neuropathies affecting motor and sensory nerves
caused by single-gene pathogenic variants.1-8 The defective
proteins derived from pathogenic variants impair the structural
integrity or functions of peripheral nerves, leading to nerve
degeneration.1,2 Traditionally, CMT is classified according to
the nerve conduction velocity (NCV) and inheritance pattern.
The autosomal dominant CMT is classified further as CMT1
(NCV <35 m/s), CMT2 (NCV >45 m/s), or dominant in-
termediate CMT (NCV 35–45 m/s). The inheritance is au-
tosomal recessive in CMT4 and X-linked in CMTX.1,2

Most CMT conditions are found to be single-gene disorders.1,4,9

The clinical applications of next-generation sequencing such as
panel-based target sequencing and whole-exome sequencing
(WES) have facilitated the identification of disease-causing
variants in neuromuscular disorders. However, in contrast to the
high diagnostic yield of WES for myopathy (35%–76%) and
congenital myasthenic syndrome (50%–70%), the yield for
CMT is only 20%–45%.1,10 A possible reason for the lower
diagnostic yield is the inability for WES to detect large structural
variation, mitochondrial DNA defect, and gene contraction or
expansion.10 Full genome analysis (FGA) is an approach that
scans the whole genome comprehensively with 2 complemen-
tary techniques: whole-genome optical mapping and long-read
whole-genome sequencing (WGS) that circumvents the short-
comings of the short-read sequence analysis.11 FGA detects all
classes of genetic variations, including single nucleotide variants,
small insertion/deletions, and large structural variants (dele-
tions, duplication, inversion, and translocation), and provides a
way to identify new genetic defects for rare genetic disorders
such as CMT.1,4,9,10

In this study, we report the discovery of an interstitial micro-
deletion of 85 kb in the region of 4p16.3 by FGA in aCMT family
with an autosomal dominant inheritance pattern. This may rep-
resent as new gene locus and new disease mechanism for CMT.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
The Ethics Committee of the National Taiwan University
Hospital, Taipei, Taiwan (2009093RINB, 201305034RIND,
and 201612036RIND), and the Ethics Committee of the Aca-
demia Sinica (AS-IRB01-19041), Taipei, Taiwan, approved this
study. All participants signed the informed consent following the
standard protocol of the Ethics Committee of the National
Taiwan University Hospital and the Ethics Committee of the

Academia Sinica before joining the study. The index patient
signed the Neurology Journals’ Consent-to-Disclose form with
the Traditional Chinese translation.

Patient Recruitment and Clinical Evaluations
All participants received detailed evaluation including history
taking, neurologic examinations, and additional tests as in-
dicated according to our established protocols: physiology
(nerve conduction studies, autonomic function test, and needle
EMG), psychophysics (quantitative sensory testing), and pa-
thology examinations (nerve biopsy and skin biopsy).12-14

Genetic Analyses
To discover the genotype of this family, we took a 3-tier
genetic analysis approach.1,4,10 In the first-tier approach, we
screened the patient and family members for the most com-
mon genetic variants for hereditary neuropathies: peripheral
myelin protein 22 (PMP22) duplication and transthyretin
(TTR) pathogenic variants. We performed WES as a second-
tier approach to search for disease-causing variants when the
first-tier testing results were negative. WhenWES returned no
candidate variants for the condition, we conducted full ge-
nome analysis on the patient and key members of the family
with 2 complementary techniques: (1) linked-read whole-
genome sequencing and (2) whole-genomic optic mapping.
Breakpoint junction assay was applied to confirm the geno-
type discovered in FGA in the family members.

Genetic Tests of PMP22 Duplication
The diagnostic method was based on PCR. The target se-
quence is a 3.6-kb region that includes the 1.7-kb hotspot
repetition in CMT type 1A. We used the published se-
quence (GenBank accession numbers: U41165-distal and
U41166-proximal) to design the primers. Primers were for-
ward (59-AGGTTGTTTACTCCTTCTTC-39) and reverse
(59-AGATGGAATAGTAGAGCTCAC-39). The Expand
Long Template PCR system (Roche Applied Science, Man-
nheim, Germany) was used to amplify the targeted sequence
in the volume of 50 μL including 0.4 μMof the above primers,
1.5 mMMgCl2, 100 ng genomic DNA, 80 μMdNTPs, and 2.6
U Taq DNA polymerase. The steps of amplification using a
multiblock system (MBS) thermocycler (Thermo Hybaid,
Ashford, UK) comprised (1) denaturation: 94°C for 3 mi-
nutes; (2) 10 cycles: 30 seconds at 94°C, 30 seconds at 54°C,
and 3 minutes at 68°C; (3) 25 cycles: 30 seconds at 94°C, 30
seconds at 54°C, and 3 minutes at 72°C; and (4) extension: 7
minutes at 68°C, including a 20-second autoextend function.
Then, we used the EcoRI (New England Biolabs, Beverly,
MA) at 37°C for 1 hour to digest the amplicons, which
electrophoresed at 80 V on 0.8% agarose gels.

Glossary
CMT = Charcot-Marie-Tooth disease; CNV = copy number analysis; FGA = full genome analysis;MBS = multiblock system;
NCV = nerve conduction velocity;OGM = optical genome mapping; SNVs = single nucleotide variants;WES = whole-exome
sequencing; WGS = whole-genome sequencing; WHS = Wolf-Hirschhorn syndrome.
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Genetic Tests of TTR
We extracted the genomic DNA from the peripheral venous
blood and amplified the 4 exons and the neighboring intron
regions of the human TTR gene by PCR. We used the Gel/
PCR DNA Fragments Extraction Kit (Geneaid, Taipei, Tai-
wan) to purify the amplicons, which were then subjected to
direct sequencing. The targeted exons were sequenced with
the ABI3730 automatic DNA sequencer (Applied Biosystems,
Foster City, CA).

Whole-Exome Sequencing
WES was performed using an exome capture kit probe
(Agilent V6) and a NovaSeq 6000 sequencer (Illumina). The
genes of protein-coding exons and flanking intronic se-
quences (50 bp) were sequenced with a 300-bp paired-end
run and an average of 108-fold coverage.

We performed the sequence alignment to the human reference
genome (GRCh38) with a Burrows-Wheeler Aligner (BWA),
and the variant callingwas performedwith theGenomeAnalysis
Tool Kit (GATK V3.5, Broad Institute).15 First, we annotated
variants by using ANNOVAR16,17 and by using the information
of the inheritance pattern from OMIM,18 variant pathogenicity
from ClinVar,19 and the allele frequency from the Taiwan
Biobank.20 The filtering criteria for single nucleotide variants
(SNVs) and small indels comprised variant severity (splicing,
nonsense, insertion, deletion, splicing, or nonsynonymous var-
iant) and a maximal minor allele frequency of <0.01. With the
guidance of American College of Medical Genetics and Geno-
mics (ACMG) and Association for Molecular Pathology
guidelines,21-25 the variants were classified. Furthermore, for
copy number analysis (CNV), with SAM/BAM file as input, the
GATK germline CNV (gCNV) caller can generate a VCF file
containing the CNVs found during the variant calling process.26

Full Genome Analysis
We collected the fresh peripheral blood samples from the pa-
tient (S305) and his 2 biological parents (S206 and S207).
After RBC removal by RBC lysis buffer (Qiagen), high-
molecular-weight genomic DNAs (HMW gDNAs) were
extracted with the Bionano Prep™ kit (Bionano Genomics).
HMW gDNA samples were further transferred to (1) 10x
Genomics (10xG) Linked‐Read WGS on the NovaSeq 6000
Sequencing System (Illumina) with 40–60X read depth and
(2) Bionano DLE optical genome mapping (OGM) on the
Bionano Saphyr system (Bionano Genomics) with 60X cov-
erage. We processed 10xG WGS FASTQ files with human
reference genome (GRCh38, hg38) from the Genome Refer-
ence Consortium. The Long Ranger BASIC and ALIGN
Pipelines were used for 10x Genomics Linked-Read Alignment,
Structural Variant Calling, Phasing, and Variant Calling. We
used the optical images of labeled molecules to generate de
novo assembled genome maps with the default setting in the
Bionano Solve pipeline. With the Variant Annotation Pipeline
of Bionano Solve, all structural variations (SVs) including de-
letions, insertions, inversions, and translocations were anno-
tated to hg38. The de novo phased genome assemblies from

10xG WGS were compared to identify SNVs and (SVs from
10xG WGS and OGM through the well-established FGA
pipeline.11,27 Briefly, the suspected SNVs and SVs were derived
from the FGA pipeline, and common SNVs/SVs and synon-
ymous SNVs were based on information from the 1000 Ge-
nomes Project, Genome Aggregation Database (gnomAD28),
Exome Aggregation Consortium, benign variants in ClinVar,
and ACMG recommendations InterVar.29,30 Then, we evaluate
each gene affected by SNVs, SVs, or combination of SNVs and
SVs in detail. We did Sanger sequencing of PCR products from
the individuals to confirm all candidate variants.

Breakpoint Junction Assay
For confirming the genotype discovered in full genome
analysis in the family members, we conducted breakpoint
junction assay. Breakpoint (BP) assay was performed by
PCR and Sanger sequencing on the forward and reverse
sides of 2 breakpoints. The primers were as follows:
d85k-F1: TGAGACTAACCTGGGCAACA, d85k-R1:
CAGGCTGAGGCATCTCTAGTTT, d85k-F2: AAGC-
CACTTTCACGTAATC, and d85k-R3: TGCAGGAG-
CAGAAGAAGTCA. The wild-type allele was amplified
with BP left-side primer set (d85k-F1 and d85k-R1) and
with BP right-side primer set (d85k-F2 and d85k-R3) from
gDNAs (20 ng). Only deleted allele could be amplified by
the primer set with d85k-F1 and d85k-R3. After PCR am-
plification, agarose electrophoresis and Sanger sequencing
were performed.

Systematic Review of Patients With Interstitial
Deletion in the Short Arm of Chromosome 4
To compare the phenotype and the involved genes among the
reported patients and our family, we searched the “Wolf-
Hirschhorn syndrome” or “4p microdeletion syndrome” in
PubMed, and the articles in and after 2000 were included. The
inclusion criteria were that the gene defect was interstitial
deletion smaller than 1 Mb. The articles using the genetic test
with inadequate resolution to identify the involved genes
would be excluded (e.g., only karyotype study). In summary,
the phenotype studies with fluorescence in situ hybridization,
array comparative genomic hybridization, and WES were in-
cluded. The search was conducted on April 25, 2022. After the
removal of the duplicate items, the titles and abstracts were
reviewed by H.W. Hsueh, and obviously, irrelevant results
were removed. Finally, a full-text review in the final reference
list was conducted to retrieve the associated information.

Availability of Data and Material
The data sets generated during analysis and/or during the
current study are available from the corresponding author on
reasonable request.

Results
Clinical Profiles of the Family
The proband (S204) was a 53-year-old man with a length-
dependent neuropathy, i.e., slowly progressive weakness,
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numbness, and neuralgia arising from the foot since the age of
20 years. Despite these symptoms, he could walk and execute
daily activities independently until age 50 years. The numb-
ness and hypoesthesia ascended to the thigh and to the elbow
with accentuation at the distal parts of toes and fingers.
Morning erection disappeared at the same time. The gait
became unsteady and wide based. There was no orthostatic
dizziness, urinary problem, or gastrointestinal symptoms.

The neurologic examination revealed muscle wasting over
first dorsal interosseous muscles and foot muscles with
characteristic pes cavus and high arched foot (Figure 1A).The
muscle strength was mildly decreased in hands and feet with
generalized areflexia. The sensory examination revealed a
symmetric decrease in pinprick and vibration senses in lower
limbs and below the elbow. The cerebellar system and the
extrapyramidal system were normal. The nerve conduction
studies showed markedly reduced amplitudes of compound
muscle action potentials and sensory nerve action potentials,
indicating a pattern of axonal degeneration. The clinical and
neurophysiologic manifestations were consistent with the
diagnosis of CMT2.

A workup for the causes of peripheral neuropathy on common
etiologies revealed no specific abnormalities, except a well-
controlled diabetes mellitus with minimal medication in the
past 3 years. Pathologic examinations of the nerve biopsy
showed a marked reduction of myelinated nerve fibers in the
left sural nerve (Figure 1B). The skin biopsy on the distal leg
revealed complete denervation in the epidermis. The in-
nervation of sweat glands was depleted as well, providing the
evidence of autonomic nerve degeneration (eFigure 1, links.
lww.com/NXG/A611).

He was born of nonconsanguineous parents, with similarly
affected family members (siblings and nephew) showing a
pattern of autosomal dominant inheritance (Figure 2A). The

clinical symptoms of S102, S208, and S307 were reported by
the family members who were evaluated in the clinic, but we
did not examine them in person because S102 had died,
whereas S208 and S307 declined the invitation to join the
study. The phenotype of S208 was uncertain because he re-
fused any evaluations, but S307 had been evaluated at an
outside hospital and was given a diagnosis of polyneuropathy.
Common etiologies and risk factors in the family members
were excluded by laboratory tests (metabolic, endocrine, and
autoimmune factors). The clinical profiles and electro-
diagnostic studies of the affected and unaffected members
are summarized in Tables 1, 2 and eTable1, links.lww.com/
NXG/A611.

First-Tier and Second-Tier Genetic Test
Considering the polyneuropathy affecting motor and sensory
nerves with an autosomal dominant inheritance, we examined
the most common genetic variants for this phenotype in
Taiwan as the first-tier genetic test, i.e., PMP22 duplication for
CMT disease and TTR gene variants for hereditary trans-
thyretin amyloidosis.31 However, both tests failed to identify
pathogenic variants. We then conducted WES for single nu-
cleotide variants and small insertion/deletion initially on the
proband’s affected nephew (S305). Two heterozygous vari-
ants (c.1255_1256delinsCT in HARS1; c.209T>G in INSC)
were identified. However, the segregation analysis with deep
phenotyping excluded the possibility of pathogenicity in these
2 variants (Figure 2B). In addition, the blood mitochondrial
sequencing also resulted in negative findings.

Identification of a Large Deletion Affecting the
TACC3-FGFR3-LETM1 Genes by Full
Genome Analysis
All the above tests resulted in negative findings. We thus
performed the FGA on the S305 core trio with S206 (affected
mother) and S207 (unaffected father). The FGA analysis
pipeline identified a heterozygous deletion in chromosome

Figure 1 Clinical Signs and Histopathology of the Sural Nerve in the Index Patient (S204)

(A) The atrophic intrinsic muscle of the bilateral
hands (A.a) and pes cavus (A.b) was noted in the
index patient. (B) The histopathology of the sural
nerve from the index patient revealed a marked
depletion of myelinated nerve fibers in the sural
nerve. Scale bar = 20 μm.
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Figure 2 Pedigree of the Family With Charcot-Marie-Tooth Disease and the Heterozygous 85-kb Deletion Disrupting
TACC3-FGFR3-LETM1 Genes Identified by Full Genome Analysis and Breakpoint Assay

The pedigree (A) of the family and the segregation analysis (B) of each family member. (C) De novo assembly in optical genomemapping (OGM) presented a
missing 85-kb fragment in affected patients. The DLE labeling sites (dark blue lines) in GRch38 reference (green contig) and 2 haplotypes (blue contigs) in S206
and S305 showed that they shared a deletion MA1 haplotype. The dashed orange lines and arrowheads denoted the position in chr4:1,707,532 and chr4:
1,831,985 in their wild-type and deletion haplotypes. The orange rectangle area represents the deletion referred to the GRch38 map. (D) Linked-read WGS
with phased haplotypes in the S305 trio was illustrated. RefGene showed the location of reference genes. After phased analysis, the trio haplotypes of S207
(FA, S305’s father), S206 (MA, S305’smother), and S305 (PA) were shown based on variant sequencing. S206 and S305 shared the samehaplotypeMA1with an
85-kb deletion, which spanned 3 genes TACC3-FGFR3-LETM1. (E) Breakpoint (BP) PCR and Sanger sequencing were performed in the S305 trio. Primers sets
were designed nearby the breakpoints of the upstream (BP-left site with d85k-F1 and d85k-R1 primers) and the downstream (BP-right site with d85k-F2 and
d85k-R3 primers) forwild-type allele and for deletion allele (BP junction setwith d85k-F1 andd85k-R3primers). Only the personwho carried the deletion allele
could be amplified by the BP-specific primer set. The results showed that S305 (PA) and S206 (MA) carried the deletion. (F) The panel showed the precise
breakpoint sequencing from S305 by Sanger sequencing on the BP junction PCR product. The nucleotides in bold were the breaking sites, which resulted in
the loss of an 85,106 bp fragment from chr 4:1,733,926 to chr 4:1,819,031. FA, S207; MA, S206; PA, S305; M1: 100 bp DNA ladder marker (Zymeset).
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4p16.3 in S305 and his mother (S206) based on strong evi-
dence in both 10xG linked-read WGS and Bionano optical
genome mapping (Figure 2, C and D). This heterozygous
microdeletion spanned 3 genes, TACC3 (intron 6-exon 16),
FGFR3 (whole gene), and LETM1 (intron 10-exon14). After
validation with breakpoint junction PCR and Sanger se-
quencing, the precise breakpoints were identified [NC_
000004.12:g.1733926_1819031del (−85,106bp)] (Figure 2,
E and F).

The interstitial deletion is not found in the Bionano or gno-
mAD (SVs v2.1) databases, and only a small 122bp deletion
(g.1770422_1770543) is found in the NCBI Curated Com-
mon Structural Variants (nssv17665245) (eTable 2, links.
lww.com/NXG/A611). This copy number variant was also
identified by WES after reanalyzing the data. All recruited
family members were then subjected to breakpoint junction
PCR analysis and showed that the deletion segregated with
the phenotype, confirming this deletion as a pathogenic allele
(Figure 2B).

Comparisonof the Clinical Presentations of the
Family With 4p Microdeletion Syndrome in
the Literature
The deletion in the short arm of chromosome 4 was related to
Wolf-Hirschhorn syndrome (WHS), whose phenotype was
distinct from our family. We did a systematic review to recruit
patients with interstitial microdeletion smaller than 1 Mb in
the 4p. In total, 488 articles were collected, and their abstract
was reviewed to retrieve the original articles with phenotype
study, case series, and case reports.

Finally, 5 articles (8 patients) were included. In addition, we
included another 5 articles (8 patients) with pathogenic variants
in the NSD2 gene, which is next to the LETM1 gene and is
critical for Wolf-Hirschhorn syndrome. The summary of the
phenotype and gene defect was summarized in Table 3 and
Figure 3. In reported patients with interstitial deletion small than
1 Mb, the most frequent symptoms were developmental delay,
and the intrauterine growth retardation, intellectual disability,
and the craniofacial type “Greek warrior helmet” were also

Table 1 Clinical Profiles and Electrophysiologic Studies of the Affected Members of the CMT Family

Case/sex/age at
onset/age at
examination Clinical symptoms

Neurologic examination
Nerve conduction
study QST

Autonomic
function testMotor system Sensory system

S204/M/20s/53 Weakness;
numbness and
neuralgia in 4 limbs,
unsteady gait;
absence of morning
erection

Atrophy andweakness
in 4 distal limbs, pes
cavus, and areflexia

Hypoesthesia to
pinprick, temperature,
and vibration in 4
distal limbs (below the
elbow, whole legs),
Romberg test:
positive.

Sensorimotor
polyneuropathy
(axonal degeneration
type)

NA Absent SSR in the
palm and soles
Normal RRIV

S202/F/20s/62 Weakness and
numbness in 4 distal
limbs; constipation

Atrophy andweakness
in 4 distal limbs, pes
cavus, and areflexia

Hypoesthesia to light
touch, cold in 4 distal
limbs (below the
elbow, whole legs).

NA NA NA

S206/F/
childhood/53

Poor athletic
performance,
dropping slippers in
childhood;
numbness in 4 distal
limbs since 50 years
old

Atrophy and mild
weakness in the
bilateral foot, pes
cavus, and
hyporeflexia

Hypoesthesia to light
touch, cold, and
pinprick at the palm
and feet.

Sensorimotor
polyneuropathy
(axonal degeneration
type)

Normal thermal
and vibratory
thresholds

Normal SSR and
RRIV.

S303/M/
childhood/33

Poor athletic
performance in
childhood, drop
slippers since junior
high school;
occasional
numbness in hands

Atrophy and mild
weakness in the
bilateral foot, pes
cavus, and areflexia

Hypoesthesia to
pinprick in lower
limbs.

Sensorimotor
polyneuropathy
(axonal degeneration
type)

Elevated thermal
and vibratory
thresholds

Normal SSR and
RRIV.

S304/F/
childhood/28

Occasional drop
slippers; no sensory
symptoms

No weakness, pes
cavus, and areflexia

Intact to light touch
and cold.

Sensorimotor
polyneuropathy
(axonal degeneration
type)

Elevated
vibratory
thresholds

Normal SSR and
RRIV.

S305/M/
childhood/24

Unsteady gait; poor
athletic
performance since
childhood, muscle
twitching; tight and
distal numbness
since 20 years old

Atrophy and mild
weakness in the
bilateral foot, pes
cavus, and areflexia

Hypoesthesia to
pinprick in lower
limbs. Intact sensation
to light touch,
Romberg test:
positive.

Sensorimotor
polyneuropathy
(axonal degeneration
type)

Elevated thermal
and vibratory
thresholds

Normal SSR and
RRIV.

Abbreviations: NA = not available; RRIV = RR-interval variation; SSR = sympathetic skin response.
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reported. Notably, seizure was not noted in these patients. The
patient from the study by Okamoto et al.33 and patient 3 from
the study by Anderson et al.34 had the interstitial deletion close
to our family. Two patients (W156 and W050) from the study
by W. Bi et al.35 had a small interstitial deletion, only involving
the LETM1 gene. Although many reported patients had hypo-
tonia, but none of them reported clear neuropathy symptoms or

signs like our family. In the patients with pathogenic variants in
NSD2, they had intrauterine growth retardation, developmental
delay, intellectual disability, typical craniofacial type of WHS,
and hypotonia. Notably, none of them had seizure or peripheral
neuropathy. As a result, our CMT family had a unique pheno-
type among the patients with small interstitial deletion in the
short arm of chromosome 4.

Table 2 Details of the Electrophysiologic Studies of the CMT Family

S204 S206 S301 S303 S304 S305 S306 Normal range

Phenotype CMT CMT Normal CMT CMT CMT Normal

Motor nerve conduction

Median nerve

Distal latency (ms) 4.7 3.7 3.4 7.55 4.3 3.7 3.3 <4.2

CMAP (mV) 5.4 7.1 9.1 5 3 6.9 12.3 >4.6

NCV (m/s) 43 58 57 45 53 55 65.1 >50

Ulnar nerve

Distal latency (ms) 3.3 2.6 3.1 3 3.2 3.3 2.6 <3.5

CMAP (mV) 10.9 9.2 8.1 9.6 8.4 12.8 6.7 >6

NCV (m/s) 45 62 62 63 55 60 65 >50

Peroneal nerve

Distal latency (ms) 4.5 4.6 3.8 4.2 6.4 6.8 4.3 <5.5

CMAP (mV) 2.9 1.2 3.3 3.2 0.2 0.9 5.1 >2

NCV (m/s) 35 46 51 44 34 34 46.7 >40

Tibial nerve

Distal latency (ms) 3.4 4.5 3.1 3.6 4.5 6.2 3.1 <5.5

CMAP (mV) 0.4 1.6 19.6 1.8 1.8 3.4 10.5 >6.1

NCV (m/s) 37 39 46 39 33 40 45.7 >40

Sensory nerve conduction

Median nerve

SAP (μV) Absent Absent 96 Absent 1 Absent 95.4 >10

NCV (m/s) Absent Absent 67 Absent 55 Absent 67.2 >50

Ulnar nerve

SAP (μV) Absent 2 90 6 3 Absent 68.5 >8.5

NCV (m/s) Absent 64 67 63 56 Absent 58.4 >50

Sural nerve

SAP (μV) Absent Absent 18 4 Absent Absent 14 >5

NCV (m/s) Absent Absent 49 47 Absent Absent 53.8 >40

Autonomic function test

SSR (palm/sole) −/− +/+ +/+ +/+ +/+ +/+ +/+ +/+

RRIV (rest/hyperventilation) (%) 10.1/21.8 10.9/16.2 17.4/30.3 17.2/28.3 15.9/36 21.6/19.7 24/21.8 6-36/14-48

Abbreviations: CMAP = compound muscle action potential; CMT = Charcot-Marie-Tooth disease; NCV = nerve conduction velocity; RRIV = R–R interval
variation, presented as %; SAP = sensory nerve action potential; SSR = sympathetic skin response.
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Discussion
This study reports the discovery of an 85-kb deletion in the short
arm of chromosome 4 consisting of 3 genes [TACC3 (intron
6-exon 16), FGFR3 (total deletion), and LETM1 (intron 10-
exon14)], which may serve as a new genetic mechanism for au-
tosomal dominant CMT. Such a phenotype of peripheral nerve
degeneration is distinct from the well-known microdeletion syn-
drome of the Wolf-Hirschhorn syndrome (WHS), which affects
brain development.41 Furthermore, we also illustrate a diagnostic
approach for hereditary neuropathy by applying long-read se-
quencing and opticalmapping techniques for full genome analysis.

This study demonstrates a practical approach to identify the
underlying etiology of hereditary neuropathy by deep pheno-
typing and integrating multidiscipline examinations to guide
the genetic test and to confirm the pathogenicity of candidate
variants.42 Current approach in the field is that if the first-
tier–targeted genetic tests failed to identify specific variants,
thenWES is usually performed, with a yield rate of 30%–40% in

hereditary neuropathy. There are several possibilities for neg-
ative results in the initial WES: rare secondary causes, mito-
chondrial DNA defect, and nuclear genetic defect.10 In our
case, the strong family history, affected family member not
living in the same area, and extensive workup on different cases
(S204 and S305) excluded the possibility of secondary causes.
Mitochondrial DNA sequencing did not find plausible gene
defects. Heteroplasmy is present in mitochondrial DNA, but
mitochondrial DNA is mainly inherited from mother to chil-
dren. As a result, mitochondrial DNA defect is less likely in this
family given the inheritance of the condition from father
(S208) to son (S307). However, the phenotype of S208 was
unknown, and the possibility that S307 may have other sec-
ondary etiologies or different genetic mechanism for his poly-
neuropathy cannot be excluded.

Short-read WGS detects variants in noncoding sequences and
structural variants more readily than WES, but, with a read
length of 300 bp, WGS typically misses the large structural
variants (e.g., microsatellite expansion/contraction and large

Table 3 Summary of Genetic and Clinical Findings in This Study and Previous Reports

Previous literature Variants Affected genes Polyneuropathy IUGR Seizure
Developmental
delay

Intellectual
disability

Greek
helmet Hypotonia

This study IntD (85 kb) TACC3 (Exon 7–16),
FGFR3, LETM1
(Exon 11–14)

+ − − − − − −

Rauch, 2001, FN436732 IntD (191.5 kb) LETM1 (Exon 1–3),
NSD2, NELFA, C4orf48

− − − + + − −

Okamoto, 201333 IntD (109 kb) FGFR3, LETM1, NSD2
(Exon 1–2)

− + − + + + −

Anderson, 2014,
patient 1034

IntD (377 kb) TACC3 (Exon 14–16),
FGFR3, LETM1, NSD2,
NELFA, C4orf48, NAT8L,
POLN (Exon 17–24)

− − − + − − +

Anderson, 2014, patient 234 IntD (170 kb) LETM1 (Exon 1–6), NSD2,
NELFA (Exon 2–11)

− − − + + − +

Anderson, 2014, patient 334 IntD (67 kb) LETM1 (Exon 1–6), NSD2
(Exon 1)

− + − + NA − +

Bi, 2016, W15635 IntD (30 kb) LETM1 (Exon 1–7) − − − + NA NA NA

Bi, 2016, W05035 IntD (10 kb) LETM1 (Exon 7–13) − + − + NA NA NA

Lozier, 201836 c.3412C>T
(p.Arg1138Ter)

NSD2 − − − + + + +

Barrie, 2019, patient 137 c.708G>A (p.Trp236Ter) NSD2 − + − + NA + +

Barrie, 2019, patient 237 c.1569dupG
(p.Lys524GlufsTer17)

NSD2 − + − + + + +

Barrie, 2019, patient 337 c.793C>T (p.Gln265Ter) NSD2 − + − + + + +

Derar, 2019, patient 138 c.2518+1G>A NSD2 − + − + + + +

Derar, 2019, patient 238 c.2803C>T; p.(Arg935*) NSD2 − + − + + + +

Boczek, 201839 c.1676_1679del
(p.Arg559Tfs*38)

NSD2 − + − + + + +

Jiang, 202140 c.4029_4030insAA
(p.Glu1344Lysfs*49)

NSD2 − − − + + + +

Abbreviation: IUGR = intrauterine growth retardation.
Bold term: involved genes similar to the index family.
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insertion/deletion). By contrast, long-read sequencing gen-
erates sequencing reads from 10 kb to 100 kb (and, on rare
occasions, up to 2 Mb) that, when combined with OGM, can
be assembled into contiguous sequences 50 Mb and can de-
tect large structural variants unambiguously. As a result, the
FGA approach that incorporates the linked-read sequencing
and OGM has the advantage of detecting intermediate to
large structural variants easily, establishing the rearrangement
breakpoints precisely, and determining the phasing of variants
(cis or trans) in autosomal recessive disease.11 In a recent
study, FGA identified structural variants and small variants in
the clinical setting of WES-negative cases and achieved a di-
agnostic rate of 35%.11 We conducted FGA for the proband
and key members of the family and identified the interstitial
microdeletion with precise breakpoints in the short arm of
chromosome 4, showing the utility of the FGA on WES-
negative cases. In summary, FGA solves the inherent limita-
tion of short-read sequencing-based analysis. Furthermore,
this study demonstrates a practical diagnostic algorithm to

identify the genetic defect in a CMT family with negative
results on the target-genetic test and WES.

Themost well-known deletion in the short arm of chromosome
4 is WHS, which includes heterogenous symptoms: specific
craniofacial type “Greek warrior helmet,” growth delay, in-
tellectual disability, seizure, and congenital heart defects.41 The
variations in the phenotype are correlated with the size of
deletion.43,44 WHS is considered as a spectrum of disease based
on the diagnosis by karyotyping.41 Genetic analyses of multiple
cases with various techniques (e.g., fluorescent in situ hybrid-
ization, array-based comparative genomic hybridization, and
next-generation sequencing) showed that the disease-causing
genetic defect was restricted to the region of 4p16.3, with several
genes (e.g., LETM1, NSD2, and NELFA) critical in the patho-
genesis of WHS.34,41 Although the affected family members in
our study have a microdeletion in 4p16.3, the clinical phenotype
of our family is distinct from WHS. Two possibilities likely
account for the discrepancy. First, the size of deletion (85 kb) in

Figure 3 Gene Map of the Affected Genes in This Study and Previous Reports

(A) Genemap of the affected genes in our patients and previous reports with the size of interstitial deletion smaller than 200 kb (green line: our case, red line:
interstitial deletions). The diagram of deleted domains of TACC3 (B) and LETM1 (C) in our family. The FGFR3 was totally deleted in our patients. TM1, TM2 =
transmembrane domains 1 and 2; EF1, EF2 = EF hand domains 1 and 2.
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our family is much smaller than the average deletion size in
WHS (5–18 Mb), and the severity of WHS was related to the
length of deletion.43 Furthermore, 2 critical genes (NSD2 and
NELFA) of WHS are spared in our family and limit the clinical
manifestations to those affecting the peripheral nerves. We
surveyed the phenotypes of WHS with (1) interstitial deletion
smaller than 1Mb or (2) pathogenic variants in theNSD2 gene,
which is next to the LETM1 gene and is critical for WHS. The
patients with interstitial deletion including NSD2 or NELFA
gene or variants in NSD2 gene all had features of WHS. Al-
though some of these patients had hypotonia, but none of them
reported definite neuropathy symptoms or signs as seen in our
family. In summary, a small deletion sparing of the critical re-
gions of WHS explains the late-onset symptoms and a lack of
CNS involvement.

The microdeletion found in our patient family affects 3 genes:
partial deletion of LETM1 (intron 10 to exon 14) and TACC3
(intron 6 to exon 16) and complete deletion of FGFR3. All 3
genes exert the effect on the integrity of structure and corre-
sponding functions on peripheral nerves. The LETM1 encodes
leucine zipper and EF-hand containing transmembrane protein
1 located in the inner membrane of the mitochondria,45 and its
deletion leads to WHS.34,41,45 The onset age of the 2 patients
(W156 and W050) in the reference study35 was younger than
our family, and the central nerve system was involved
(Table 3). The deleted segment in these 2 cases shared exon 7
(exon 1–7 deletion inW156 and exon 7–13 deletion inW050),
which was responsible for the second transmembrane domain
of the LETM1 protein.46 By contrast, the deleted segment
(exon 11–14 deletion) of our family only affects the EF
hands.46 The involvement of different domains likely explains
the distinct phenotype between ours and the previously
reported cases.35 TACC3 encodes the transforming acidic
coiled-coil (TACC)-containing protein 3 and is important for
the microtubule plus end dynamics.47 TACC3 is expressed at
the growth cones of embryonic neurons and promotes axon
growth. The length of axons was reduced if TACC3 was si-
lenced.48 The TACC domain, deleted in our patients, binds to
and interacts with the microtubule.48 An absence of the TACC
domain likely impairs the functions of microtubules and causes
the defects of axon growth. The FGFR3 gene encodes fibroblast
growth factor receptor 3 and plays a role in axonal maturation,
i.e., small diameter in axons of FGFR3-deficient mice.49 The
recent identification of anti-FGFR3 antibody in patients with
polyneuropathy provides evidence that the perturbation of
FGFR3 may have detrimental effects on peripheral nerves.50,51

Future studies are required to dissect the effects of individual
genes or their combinations in this family.

This study has several limitations. First, this finding is derived
from a single family, and some family members refused ge-
netic tests. Identification of a similar deletion in another
family and further molecular studies will be needed to confirm
the microdeletion as the pathogenic variant in this family.
Second, the youngest unaffected member (S305) was exam-
ined at the age of 18 years. Although her athletic performance

was perfect at the time of physical examination, as compared
to the poor athletic performance of typical patients with
CMT, the possibility that she may develop CMT symptom
later in life cannot be excluded. Serial follow-ups of the
clinical symptoms and nerve conduction studies are war-
ranted. Third, the individual effect of the 3 genes on pe-
ripheral nerves cannot be resolved at this moment. The
mechanisms require further investigations on the effects of
the individual genes and their interactions. Finally, the in-
volvement of the peripheral nerve system in WHS is not
clearly defined in the literature,44 as the possibility of neu-
ropathy in newborns with WHS cannot be excluded. An
evaluation of peripheral nerves inWHS probably will expand
the phenotype of WHS.

We performed FGA to identify an interstitial microdeletion
(85 kb) in the short arm of chromosome 4 in a family with
autosomal dominant CMT neuropathy. The deleted segment
contains 3 genes (TACC3, FGFR3, and LETM1) that likely
play a role in the pathogenesis of nerve degeneration.
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