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Abstract

Background and Objectives

The aim of this study was to investigate whether the considerable phenotypic variation in
Charcot-Marie-Tooth disease type 1A (CMT1A) and hereditary neuropathy with liability to
pressure palsies (HNPP) is due to additional pathogenic coding variants in severely affected
patients, by screening a panel of neuropathy-related genes.

Methods

In this cross-sectional study, the extremes of the spectrum of 742 patients with genetically
confirmed CMT1A and HNPP were selected, based on disability as assessed using the Overall
Neuropathy Limitation Scale (ONLS). The ONLS data of 183 patients with CMT1A and 102
with HNPP showed a Gaussian distribution. A next-generation sequencing panel containing
177 neuropathy-related genes was tested in a selected group of 20 patients with mild CMT1A,
24 with severe CMT 1A, 25 with mild HNPP, and 25 with severe HNPP.

Results

One additional autosomal dominant pathogenic variant in the MFN2 gene was identified in
a severe CMTI1A case. Heterozygous pathogenic variants in autosomal recessive neuro-
pathy-related genes were found in 2 patients with severe CMT1A and in 2 with mild HNPP.

Discussion

In our study, additional pathogenic coding variants in neuropathy-related genes did not con-
tribute to variation in disease severity in most patients with CMT 1A and HNPP. In cases with
confirmed PMP22 copy-number alterations, further genetic screening for pathogenic variants in
CMT-related genes is warranted only in severe cases.

Introduction

Charcot-Marie-Tooth disease (CMT) is characterized by distal muscle weakness and wasting,
foot and hand deformities, and distal sensory loss. More than 100 causative genes have been
identified." Autosomal dominant (AD) CMT1A is the most common subtype of CMT usually
caused by a 1.5-Mb duplication on chromosome 17p11.2 that contains the gene coding for
peripheral myelin protein 22 (PMP22), thus leading to 3 copies of the PMP22 gene.”*

Hereditary neuropathy with liability to pressure palsies (HNPP) is an episodic, multifocal,
autosomal dominantly inherited neuropathy. The typical clinical presentation consists of re-
current painless transient pressure palsies, associated with focal motor and/or sensory
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Glossary

AD = autosomal dominant; ALDS = Academic Medical Center Linear disability score; AR = autosomal recessive; CMT =
Charcot-Marie-Tooth disease; CMTNSv2 = CMT Neuropathy Score version 2; HNPP = hereditary neuropathy with liability to
pressure palsies; ONLS = Overall Neuropathy Limitation Scale; PMP22 = peripheral myelin protein 22.

symptoms in the territory of a single nerve. HNPP is most
often caused by a 1.5-Mb deletion of the same region that is
duplicated in CMT1A.>

Considerable intrafamilial and interfamilial phenotypic vari-
ation is known for these PMP22-related neuropathies.® This
suggests the presence of modifying environmental and/or
genetic factors. Several severely affected patients with
CMT1A and HNPP carrying pathogenic variants in other
CMT genes next to the PMP22 duplication or deletion have

been described, known as “double trouble.””*°

The aim of this study was to investigate, in our cohort of
patients with CMT1A and HNPP, whether severe pheno-
types were caused by additional pathogenic sequence variants
in neuropathy-related genes.

Methods

Patients with DNA-proven CMTI1A and HNPP were
approached through the physician who had requested the
DNA test between 1995 and 2009. Exclusion criteria included
impaired mobility due to comorbidity, diabetes mellitus, alco-
hol abuse, use of medications that can cause neuropathy as
a side effect, renal disease, and non-White ethnicity, because of
limited population frequency databases at the time of the study.

Blood tests were performed to exclude possible causes of
acquired neuropathy. The study was approved by the Medical
Ethical Committee of the Amsterdam University Medical Centers.

A total of 742 patients with DNA-proven CMT1A and
HNPP, ranging in age from 12 to 60 years, were approached.
To prevent selection bias, we approached as many patients as
possible. Patients who consented to participate were inter-
viewed by telephone to assess disease severity using the
Overall Neuropathy Limitation Scale (ONLS) and the Aca-
demic Medical Center Linear Disability Score (ALDS).'"'?
The ONLS measures limitations in the activities of arms and
legs, ranging from 0 (no symptoms) to 12 (no purposeful
movements). The ALDS focuses on activities of daily life,
ranging from 0 (deceased) to 100 (optimal functioning).
Mildly affected patients, defined as having an ONLS score of
0, 1, or 2, had to be older than 20 years because they might
develop more severe symptoms over the years. Severe
CMT 1A was defined as an ONLS score of 5 or more, or an
ONLS score of 4 with an ALDS score lower than 76. Severe
HNPP was defined by an ONLS score of 4 or higher.
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Sequencing of Neuropathy-Related Genes
Whole-exome sequencing (Agilent SureSelect v8) was per-
formed on a NovaSeq 5,000 by Genomescan (the Nether-
lands). Sequencing was performed using paired-end reads of
150 base pairs (bp) in length (2 x 150 bp). Data were pro-
cessed and mapped to the reference genome (hgl9) using
Ilumina Dragen software v3.8. In addition to a Human
Phenotype Ontology (HPO)-based analyses (mentioned
further), we applied a gene panel consisting of genes associ-
ated with disorders affecting the peripheral nerves. The fol-
lowing genes were analyzed: AARS, ABHDI12, AHNAK?2,
AIFMI, ALS2, ANG, ARHGEF10, ARHGEF28, ARSA,
ASAHI, ATLI, ATL3, ATPIAl, ATP7A, ATXN2, BAG3,
BICD2, BSCL2,Clorfl94, CADM3, CCTS, CHCHDIO,
CHMP2B, COX6A1,CTDPI, DAO, DCAFS8, DCTNI,
DGAT2, DGUOK, DHH, DHTKDI, DNAJB2, DNM2,
DNMT1, DRP2, DST, DYNC1H]1, EBP50, EGR2, EMILIN],
ELP3, EWSRI, ErbB4, FAM134B, FBLNS, FBX038, FGD4,
FIG 4, FLVCRI, FUS, GALC, GAN, GARS, GBEI, GBF1,
GDAPI, GJB1, GJB3, GLE1, GNB4, GRN, HARS, HINT],
HK1, HNRNPAI, HOXD10, HSPB1, HSPB3, HSPBS, [FRD],
IGHMBP2, IKBKAP, INF2, ITPR3, JAGI, KARS, KIFIA,
KIF1B, KIFSA, KLHLY, LASIL, LITAF, LMNA, LMNBI,
LRSAM], LYST, MAPT, MARS, MATR3, MCM3AP, MED2S,
MME, MEN2, MORC2, MPV17, MPZ, MTMR2, MYH]14,
NAGLU, NDRGI, NEFH, NEFL, NEKI, NGF, NIPAI,
NOTCH2NLC, NRG1, NTRK1, OPTN, PDK3, PEX1, PEX16,
PEX7, PENI1, PHYH, PLA2G6, PLEKHGS, PMM2, PMP2,
PMP22, PNKP, POLR3B, PRPH, PRPSI, PRX, RAB7A,
REEPI1, RNF170, SACS, SBF1, SBF2, SCAN, SCO2, SCN10A,
SCNI1A, SCN9A, SCP2, SCYLI, SEPT9, SETX, SH3TC2,
SGPLI, SIGMARI, SLCI2A6, SLCSA7, SODI, SORD,
SOX10, SPAST, SPG11, SPTLCI, SPTLC2,
SPTLC3,SQSTM1,SS18L1, SURF1, SYT2, TAF1S, TARDBP,
TBK1, TDP1,TFG,TK2, TRIM2, TRPV4, TUBA4A, TUBB3,
UBAI, UBQLN2, UNCI3A, VAPB, VCP, WNKI, YARS,
c190rf12, and WARS.

For analysis, we used Moon software, an artificial intelligence
(AI)-based suite that links genes to HPO phenotypes and
prioritizes variants based on phenotypic overlap, and pre-
dicted impact on the encoded protein.'

Examination of a rare variant list extracted by Moon from the
whole-exome analysis of the same patients yielded 473 sug-
gestions. Most were discarded because they were associated
with a much more severe AD syndrome, were hardly related
to a neuropathy, were the cause of a myopathy, appeared to
have a higher frequency than originally reported, or were
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classified as benign or likely benign. Based on plausible sug-
gestions by Moon, association with amyotrophic lateral scle-
rosis (ALS/CMT) in the disorder description by Moon,
reported pathogenicity of the variant producing a (related)
phenotype, reports of a complex inherited neuropathy, or
involvement in motor and sensory axon degeneration, the
following genes were added: SPTBN4, FAMI126A, VWAL,
TRPM?7, SPTANI1, UBAS, DNAJC7, KIAA0196, VPS37A,
DIAPH3, SPG7, ANXA11, COA7, ELOVLS, and CYP7BL.

Interpretation of Variants and Statistics

Moon software (Invitae, USA) was used for variant filtering
using the HPO term polyneuropathy (HP: 0009830). Si-
multaneously, a gene panel filter was applied.

For filtering and pathogenicity scoring, the following criteria
were used: coverage >7x; quality score >39; frequency below
0.5%; effect on coding and/ or splicing; no conservative in-frame
changes; absence in a homozygous or hemizygous state in
public databases of healthy individuals; a combined annotation-
dependent depletion (CADD) score of at least 20; and not
reported in ClinVar as a benign or likely benign change.

All suspected variants were manually curated. Changes in
adjacent nucleotides on 1 allele were counted as 1 variant, and
homozygous variants were counted as 2 (2 alleles).

Differences of clinical characteristics between groups were
tested with ¢ test, equal variance using SPSS (IBM SPSS
Statistics version 25) and Graphpad, with p < 0.0S considered
significant. Differences between groups with identical ONLS
scores were tested for significance for trends.'*

Data Availability
Any data not published within the article will (after anonym-
ization) be shared on request from any qualified investigator.

Results

Patients

Characteristics of the patients and inclusion and exclusion
criteria are presented in Figure 1. Figure 2 shows the distri-
bution of the ONLS scores of the included patients with
CMTI1A and HNPP. In total, 21 patients with mild CMT1A,
26 with severe CMT1A, 25 with mild HNPP, and 25 with
severe HNPP were further clinically evaluated. Genetic
analyses were conducted in 20 patients with mild CMT1A, 24
with severe CMT1A, 25 with mild HNPP, and 25 with severe
HNPP. Three patients with CMT1A were excluded from
genetic analyses because of insufficient DNA or clinical data.
The clinical characteristics of the selected patients at both
ends of the spectrum are provided in Table 1. These patients
underwent a variety of tests, including the 10-m and 50-m
timed walking tests, and were scored according to the vali-
dated Charcot-Marie-Tooth Neuropathy Score version 2
(CMTNSv2)."

Neurology.org/NG

As expected, severely affected patients with CMT1A scored
significantly worse compared with mildly affected patients on
the 10-m and 50-m walking tests and CMTNSv2, respectively.
Severely affected patients with HNPP also scored significantly
worse on the 10-m and 50-m walking tests and CMTNSv2 in
comparison with the mildly affected patients.

Genetic Analyses

A combined approach using the HPO term “neuropathy” and
inclusion in a CMT gene panel initially yielded 670 variants;
611 were from the CMT gene panel, of which 147 were also
suggested by Moon (shortlists). Other plausible suggestions
by Moon, not present in the gene panel or described as as-
sociated with disease (CMT or ALS), and variants classified as
pathogenic according to ClinVar causing (complex)
neuropathy-related phenotypes were also included. After re-
moval of variants based on filtering as described in the
Methods section “Interpretation of Variants and Statistics,”
the remaining were manually inspected using the Integrative
Genomics Viewer (IGV),' leaving 291 variants. These var-
iants were screened for pathogenicity, excluding those with
CADD score below 20, those causing in-frame protein
changes that were regarded as conservative, and variants that,
on closer examination, were located outside the translated
region of all reference transcripts. This further reduced the
number of potentially pathogenic variants to 158, which were
consequently divided according to (the severity of) the dis-
ease. The final list consisted of 133 variants identified using
the gene panel, and 25 variants were added based on sug-
gestions by Moon or their description as associated with
a neuropathy-related disease.

Figure 3 presents the mean number of variants per group. For
CMTI1A, 48 variants in the severe group (n = 24 patients,
mean 2.00, SD 1.91) and 24 in the mildly affected group (n =
20 patients, mean 1.20, SD 1.06) were found. The differences
in the number of variants between the severe and mild group
is not significant (p = 0.13). Significance for a trend was only
detected when comparing the number of variants in the
groups with ONLS scores 1-2 with those with ONLS scores
4-5 (p = 0.042); however, when grouping all mild cases
(ONLS scores 0-2) vs all severe (ONLS score = 4 or higher)
cases, the significance was lost (p = 0.13) because of high
variation and small numbers in the higher ONLS score
groups. For HNPP, 45 variants in the severe group (n = 25,
mean 1.8, SD 1.62) vs 41 variants in the mildly affected group
(n =25, mean 1.64, SD 1.05) were found. This difference was
also not significant (p = 0.665).

Only 1 probably pathogenic and hitherto unknown sequence
variant in MFN2, a dominant neuropathy-related gene, was
found in our cohort. The heterozygous MFN2 variant
c.764T>C, p.(le255Thr) (NM_014874.3) was found in
a patient with severe CMT1A, who had an ONLS score of 9
and was 59 years old at the time of assessment. This variant is
not reported as pathogenic in literature, but in silico pre-
diction tools and its localization in the protein suggest that it is
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Figure 1 Flowchart of Inclusion and Exclusion of Patients and Their Characteristics
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very likely pathogenic. Heterozygous sequence variants in
autosomal recessive (AR) genes that were reported in ClinVar
as pathogenic were found in 3 patients with severe CMT1A
and in 2 patients with mild HNPP. An IGHMBP2 c.2911 _
2912delAG, p.(Arg971Glufs*4) (NM_002180.2) variant was
found in a severely affected patient with CMT 1A, who had an
ONLS score of 6. A family member with CMT1A (ONLS
score 4) of this individual was also included in our study and
did not carry the IGHMBP2 variant. We found ¢.3325C>T,
p-Arg1109* variant in SH3TC2 (NM_024577.3) in a patient
with severe CMT with an ONLS score of 5 and a NAGLU
c.202G>A, p.Arg674His variant (NM_000263.3) in another
patient with severe CMT with an ONLS score of 5. Further
variants reported as pathogenic were a missense variant in
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PMM2 (c422G>A, p.Argl41His) (NM_000303.2) and
a nonsense variant in the PEX7 gene (c.875T>A, p.Leu292*)
(NM_000288.3), both in patients with mild HNPP with
ONLS scores of 1. All other variants identified were unclassified
or classified as VUS with a CADD score >20 (eTable 1).

Discussion

In this study, we set out to test the hypothesis that severe
forms of CMT1A and HNPP may be caused by additional
pathogenic coding variants in neuropathy-related genes.
Earlier, 4 case reports described additional pathogenic AD
variants in the PMP22 gene or other CMT genes in severely
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Figure 2 Histogram of Overall Neuropathy Limitation Scale Scores, Derived From 183 Patients With CMT1A and 102 With

HNPP
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affected patients with CMT1A/ HNPP.”*° In our cohort, only
1 case with an additional likely pathogenic variant in a domi-
nant neuropathy-related gene was found, suggesting that the
abovementioned case reports might only concern incidental
patients. This variant was detected in the most severely af-
fected patient with CMT1A with an ONLS score of 9, dem-
onstrating that in fact “double trouble” did occur in our CMT
cohort but explained only 1 of the 24 severe cases.

We identified several heterozygous reported pathogenic se-
quence variants in AR genes in 3 severely affected patients

with CMT1A and in 2 mildly affected patients with HNPDP.
Carriers of a heterozygous pathogenic variant in AR genes are
usually healthy. It is, however, possible that heterozygosity of
such a pathogenic variant may modify the phenotype in
a carrier with a PMP22 duplication, although, to our knowl-
edge, this has not been reported in CMT1A and HNPP.

In our study, we focused on rare variants in genes with
a reported association with neuropathy. The study size pre-
cludes analysis for association of common disease variants
with disease severity. Variant burden of the mild and severe

Table 1 Clinical Characteristics of Patients Selected for DNA Analysis

Patient group (number) Age at examination (y) Female (%) 10-m walk (s) 50-m walk (s) CMTNSv2
Mild CMT1A (21) 41.8 52 6.2 31.6 12.4
Severe CMT1A (26) 47.5 73 8.9° 43.92 20.8°
Mild HNPP (25) 40.4 56 5.1 25.6 53
Severe HNPP (25) 45.4 56 6.5% 32.42 10.6%

Abbreviations: CMT1A = Charcot-Marie-Tooth disease type 1A; CMTNSv2 = Charcot-Marie-Tooth Neuropathy Score version 2; HNPP = hereditary neuropathy

with liability to pressure palsies.
@p < 0.05 by the independent-sample ¢ test.

Neurology.org/NG
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Figure 3 Mean Number of Variants Found Per Group
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groups was also determined by comparing the distribution of
sequence variants reported as VUS, for which we suspected
might affect protein function. The distribution of the se-
quence variants identified over the 4 CMT1A and HNPP
groups was not significantly different between the severe and
mild cases (Figure 3). There were severe cases without any
suspected variant and mild cases with several variants. One
should, however, keep in mind that our sample size is small,
and that our classification of the rare variants is performed by
in silico prediction and manual curation, with a focus on genes
already associated with neuropathy. There is currently no gold
standard to discriminate (probably) pathogenic variants from
a suspected VUS.

It should also be kept in mind that we did not analyze for the
presence of sequence variants that by themselves do not cause
disease. These disease-modifying factors could not be iden-
tified in our study, because these variants are not in genes
known to be associated with neuropathy or CMT at this
moment. In addition, noncoding sequence variants, structural
variants, mitochondrial DNA variants, or epigenetic factors
are not analyzed in our study.

Another limitation of our study is the use of ONLS by tele-
phone, because ONLS is best used when combined with di-
rect questions to the patient and direct observation of
function. It might also not be the best tool to assess severity of
HNPP, given that it is an episodic disease. Despite these
limitations, we used the ONLS by telephone, considering
feasibility as a first screen for a large group of patients.

Despite CMT1A being a slowly progressive disease, Table 1
and Figure 1 show that the patients with mild CMT1A had
a mean age of 41.8 years (median age 43 years, range 21-59)
and the patients with severe CMT1A had a mean age of

Neurology: Genetics | Volume 11, Number 6 | December 2025

47.5 years (median age 46 years, range 28-61), which was not
statistically different. eFigure 1 illustrates the individual
patients and their ONLS scores, showing that both groups
have the same age range but that the ONLS score is clearly
distinctive.

A study on the contribution of genetic variation to disease
severity in CMT has identified a few modifier loci for CMT1A
(971 patients), one of which was associated with clinical
outcome.'” A variant in SIPAIL2 was associated with foot
dorsiflexion, but no loci were found for overall severity of
disease.'® We identified only 1 pathogenic variant in a domi-
nant neuropathy gene in a severe case. Studies on axonal
CMT using exome-based gene panels found a significant
higher burden of rare variants in neuropathy-related genes in
patients vs controls."”?*® Our study group was too small to
detect significant differences, although the average number of
variants with a pathogenic prediction was higher in the more
severely affected group.

In conclusion, screening of neuropathy-related genes in
CMT1A and HNPP revealed only 1 case with a pathogenic
variant in the dominant MFN2 gene in a patient with severe
CMT1A, which could explain the severe phenotype of CMT,
confirming the notion that “double trouble” is rare in CMT1A
and HNPP. For HNPP, no additional pathogenic variants
were found. Only S cases with heterozygous pathogenic var-
iants in AR-related genes were identified.

We propose to first start the genetic analysis of patients with
CMT1 and HNPP using a PMP22 duplication/deletion test.
It remains to be discussed whether further screening of severe
CMT1A/HNPP cases with confirmed PMP22 copy-number
alterations is useful. As long as there are no therapeutic con-
sequences for “double trouble” cases, this has no con-
sequences for the patient. However, the presence of a second
CMT pathogenic variant has consequences for genetic
counseling. Therefore, we suggest that further genetic
screening for pathogenic variants in CMT-related genes is
only warranted in severe cases. With the increasing use of
whole-genome sequencing in genetic diagnostics, this might
change as the sequencing data would then be already available.
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