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Abstract: Background: Charcot–Marie–Tooth (CMT) disease is an inherited peripheral
neuropathy primarily involving motor and sensory neurons. Mutations in INF2, an actin
assembly factor, cause two diseases: peripheral neuropathy CMT-DIE (MIM614455) and/or
focal segmental glomerulosclerosis (FSGS). These two phenotypes arise from the progres-
sive degeneration affecting podocytes and Schwann cells. In general, nerve enlargement
has been reported in 25% of the demyelinating CMT subtype (CMT1), while little is known
about the CMT-DIE caused by INF2 variants. Methods: To characterize the peripheral
nerve phenotype of INF2-related CMT, we studied the clinical course, imaging, histology,
and germline genetic variants in two unrelated CMT-DIE patients. Results: Patient 1 (INF2
p.Gly73Asp) and patient 2 (p.Val108Asp) first noticed walking difficulties at 10 to 12 years
old. Both of them were electrophysiologically diagnosed with demyelinating neuropathy. In
patient 2, the sural nerve biopsy revealed an onion bulb formation. Both patients developed
nephrotic syndrome almost simultaneously with CMT and progressed into renal failure at
the age of 16 to 17 years. Around the age of 30 years, both patients manifested multiple
hypertrophy of the trunk, plexus, and root in the cervical, brachial, lumbosacral nerves, and
cauda equina. The histology of the cervical mass in patient 2 revealed Schwannoma. Exome
analysis showed that patient 2 harbors a germline LZTR1 p.Arg68Gly variant, while patient
1 has no schwannomatosis-related mutations. Conclusions: Peripheral neuropathy caused
by INF2 variants may lead to the development of multifocal hypertrophy with age, likely
due to the initial demyelination and subsequent Schwann cell proliferation. Schwannoma
could co-occur when the tissues attain additional hits in schwannomatosis-related genes
(e.g., LZTR1).
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1. Introduction
CMT is an inherited peripheral neuropathy affecting motor and sensory neurons, with

prevalence of 1 in 2500 [1]. Genetically, more than 90 genes have been linked to CMT,
most of which affect fundamental cellular pathways, such as the mitochondrial function,
cytoskeleton dynamics, and organelle trafficking pathways [2]. CMT is clinically classified
into three subtypes based on electrophysiological criteria: a demyelinating form (CMT1),
with a nerve conduction velocity (NCV) of <35 m/s; an axonal neuropathy form (CMT2),
with an NCV of >45 m/s; and an intermediate form, with an NCV of 35–45 m/s [3]. With
accumulating knowledge of the causative genes, the categories of the CMT subtypes have
been refined based on molecular and genetic information.

CMT rarely co-occurs with the renal disorder of FSGS: a subtype, CMT-dominant
intermediate (CMT-DIE, MIM 614455), is caused by mutations in the inverted formin-2
gene (INF2), encoding an actin assembly factor [4]. Such patients with dual CMT and FSGS
phenotypes (CMT–FSGS) usually experience both renal and neuronal disorders almost
simultaneously in the first or second decade of life. CMT–FSGS phenotypes are character-
ized by an intermediate nerve conduction (NC) disturbance with distal muscle weakness
and steroid-resistant nephrotic syndrome (SRNS). Kidney disease progresses rapidly into
end-stage renal disease (ESRD) by the age of 20 years. One-third of CMT-DIE families
(4 out of 12) have sensorineural hearing disability [4]. INF2 is expressed preferentially in
Schwann cells and podocytes and functionally regulates both actin polymerization and
depolymerization [5–7]. INF2 comprises two major domains: the N-terminal regulatory
domain (diaphanous inhibitory domain, DID) and the C-terminal actin assembly unit
(diaphanous autoinhibitory domain, DAD). Actin processing activity is regulated by au-
toinhibition, which is mediated through self-intramolecular interaction between DID and
DAD. INF2 mutations causing the dual CMT–FSGS diseases exclusively cluster within
residues 57 to 184 of the DID domain, which likely impedes the intramolecular binding
DID–DAD interaction [4–6,8].

Previous studies indicate that 25% of the demyelinating CMT1 subtype, the most
prevalent form of CMT caused by PMP22 duplication, manifests as peripheral nerve
enlargement [9,10]. Such hypertrophic neuropathy may be clinically recognized as palpable
thickened nerves, particularly in the neck, or visible on imaging studies and could cause
compression radiculopathy or myelopathy [9,10]. Nerve enlargements manifest with age,
likely reflecting the repeated demyelination and subsequent Schwann cell proliferation [3,9].
Rare cases of CMT with concurrent nerve sheath tumors, e.g., neurofibroma (NF) or
Schwannoma, have been reported [9,11,12]. CMT and NF could coincidentally coexist,
given that the disease prevalence is around 1 in 2500~3500 individuals [13]. Alternatively,
the two conditions may develop based on commonly shared mechanisms, indicating a
possible convergence of their pathogenic pathways.

We here report new aspects of peripheral neuropathy in two unrelated CMT-DIE
patients caused by INF2 variants and discuss the underlying mechanisms. First, we
demonstrate for the first time, to the best of our knowledge, the imaging, histology, and
time course of multifocal nerve hypertrophy in CMT-DIE patients, which affected the trunk
as well as the roots in the cervical and lumbosacral nerves after the age of 30 years. Second,
we show that the germline schwannomatosis-related LZTR1 variants may predispose
the patients to hypertrophic changes. Our observations alert the clinician that nerve
enlargement might be an unrecognized, late-onset complication of the INF2-related CMT-
DIE. The nerve enlargement might pose a risk of tumorigenesis when the tissues attain the
second/third hits of modifier genes.
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2. Materials and Methods
2.1. Mutational Analysis

We chose two patients (1 and 2) out of four CMT–FSGS cases previously reported [14].
The reason is that the two had undergone a detailed neurological assessment, while the oth-
ers had not yet been thoroughly evaluated. This study was approved by the Kansai Medical
University institutional ethics committee, following the standards of the Human Study of
Ministers Joint and the Declaration of Helsinki. Informed consent was obtained from all
subjects. Genomic DNA was isolated from peripheral blood cells using a QIAamp DNA
Blood isolation kit (QIAGEN, Venlo, The Netherlands). Whole-exome sequencing was con-
ducted using an Illumina NovaSeq 6000 sequencer (Illumina Inc., San Diego, CA, USA) with
a Twist Human Core Exome 2.0 kit (Twist Bioscience, San Francisco, CA, USA). After align-
ing the sequence reads onto the reference genome (GRCh38) using the Burrows–Wheeler
aligner, downstream analyses, including marking duplicates, base quality recalibration,
haplotype calling, joint variant calling, and variant quality score recalibration (VQSR),
were processed using Picard and GATK version 3.8 according to the GATK Best Practice
recommendations [15,16]. We examined all rare (a minor allele frequency of less than 1%
in public databases) and nonsynonymous coding variants. Variants were confirmed by
Sanger sequencing on both strands.

Regarding the pathogenicity of the variants, mutational effects were predicted in silico
by several algorithms, including the PolyPhen2, SIFT, M-CAP, LRT, and Mutation Taster. A
systematic, tiered approach was applied to analyze and interpret sequence data. Called
variants were interpreted and classified according to the American College of Medical
Genetics (ACMG) criteria [17]. Variants classified as pathogenic, likely pathogenic, or
variant of unknown significance (category 1–3, according to ACMG) were further analyzed.

2.2. Structural Analysis

Structural modeling was performed using AlphaFold3 through the use of the amino
acid sequence of human LZTR1 (UniProt Q8N653) and GTP-binding protein RIT1 (Uniprot
Q92963) isoform 3 [18].

3. Results
Patient 1: A 14-year-old female patient presented with walking difficulty in childhood.

She noticed insidious muscle weakness in both the upper and lower extremities starting at
the age of 10 years, which slowly accompanied symmetric muscle atrophy [19]. Physical
examination at the age of 14 years revealed a steppage gait with worsening distal weakness
and muscle atrophy in all extremities. Muscle atrophy was more pronounced in her upper
and lower limbs (Figure 1A).

The NC study suggested demyelinating neuropathy. A bilateral pes cavus deformity
was surgically corrected at the age of 11 years. She also developed a bilateral sensorineural
hearing loss of 50 decibels, as reported for other CMT-DIE individuals [4]. Pathologic ex-
amination with a biopsied sural nerve did not reveal any remarkable proliferative changes.
Persistent proteinuria manifested at the age of 11 years. At the age of 14 years, when she
developed SRNS, the renal biopsy revealed FSGS histology. She progressed to ESRD at
the age of 16 years (Table 1). At around the age of 30 years, she first noticed multiple
subcutaneous nodules along the peripheral nerves of the cervical brachial plexus. Magnetic
resonance imaging (MRI) scans with the thoracolumbar spine revealed hypertrophy in the
intradural nerve roots of the lumbar spine, cauda equina, and brachial plexus with multiple
nodules (Figure 1B).



Biomedicines 2025, 13, 127 4 of 17

Figure 1. Clinical features of CMT–FSGS patient 1 with INF2 p.G73D variant. (A). Pedigree and
limb appearance. Pronounced muscle atrophy in her upper and lower limbs is seen at the age of
44 years. The distal muscles in the lower limb show typical appearance of pes cavus and clawed toes.
Atrophy of the forearm and intrinsic hand muscles result in a claw hand. The proband (arrow) is
a heterozygote for the p.G73D variant; WT, wild type. (B). Thoraco-lumbo-sacral MRI scan reveals
hypertrophy in the intradural nerve roots of lumbar spine as well as cauda equina and brachial
plexus (arrows). Left panel: T2-weighted sagittal and coronal sections, right panel: T1-weighted
coronal and axial sections.

Table 1. Clinical characteristics of CMT–FSGS patients with INF2 variants.

Case Sex

Renal Phenotype Neurological Phenotype

Other FeaturesOnset Age (Year) Renal
Histology

Onset Age Walking
Disability (Year)

Electrophysiology PMP22 Copy
Number (a)

Proteinuria NS ESRD Subtype NCV m/s

1 F 11 14 16 FSGS 10 Demyelinating No potential Wild type Hearing loss

2 M 12 14 17 FSGS 10 Demyelinating No potential Wild type Onion bulb
formation (b)

M: male; F: female; NS: nephrotic syndrome; ESRD: end-stage renal disease; FSGS: focal segmental glomeru-
losclerosis; NCV: nerve conduction velocity. Demyelinating and axonal subtypes were defined by traditional
electrophysiological criteria, NCV < 35 m/s and NCV > 45 m/s, respectively, whereas the normal range is
40–45 m/s [3]. (a) Duplication of peripheral myelin protein (PMP22) on X chromosome 17p12, a genetic defect
of CMT1A, representing the most prevalent form (~50%) of all CMTs, was screened by fluorescence in situ hy-
bridization (FISH). (b) Pathological study with biopsied sural nerve at age 19 years revealed a loss of large-caliber,
myelinating fibers and concentric hyperplasia of Schwann cells (onion bulb formation).

Patient 2: A 17-year-old male patient first noted a walking disability with the onset
at the age of 10 years [20]. The NC study at the median nerve indicated a demyelinating
subtype (Table 1). The biopsy of the sural nerve at the age of 19 years revealed degeneration
in the large myelinated fibers, surrounded by onion bulbs. The patient first experienced
proteinuria at the age of 12 years and developed SRNS at the age of 14 years. An open-
kidney biopsy at age 17, when the eGFR was 24 mL/min/1.73 m2 with proteinuria of 6.8 g
per day, revealed histology of a not-otherwise-specified (NOS) subtype of FSGS. Light mi-
croscopy showed global segmental sclerosis involving many glomeruli, predominantly in
the juxtamedullary nephrons with tubular atrophy and interstitial fibrosis (Supplementary
Figure S1). A cluster of tubular microcysts was seen in the cortex of the kidneys. Under
higher magnification, podocyte hyperplasia and extracapillary cell proliferation mimicking
a crescent were observed. The patient gradually progressed into ESRD at the age of 17 years
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(Table 1). Around that time, he noticed subcutaneous nodules in his neck and left lower
extremity [20]. At the age of 29 years, he underwent surgical resection for cervical masses.
The histologic examination of the surgical specimens revealed a feature of Schwannoma, as
evident by palisading nuclei with hypercellular (Antoni A) and loosely arranged spindle
cells in abundant myxomatous matrix areas (Antoni B) (Figure 2). Moreover, vasculariza-
tion was observed in the subcapsular areas, and tumor cells showed no mitotic activity
or necrosis. MRI scans of the spine revealed multiple round-shape masses and diffuse
thickening of nerve roots at the spinal levels of cervical (C5/6), thoracic (Th11/12), limbo-
sacral (L3 to S1), and cauda equina (Figure 3). Some hypertrophic roots were observed in
intradural or foraminal regions, while others were found in the extradural (extraforaminal)
space alongside the pelvic cavity wall and iliac muscles.
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Figure 2. Histology of the cervical nerve tumors in CMT–FSGS patient 2 with INF2 p.V108D variant.
Histology of surgically removed cervical mass at the age of 29 years revealed a biphasic pattern with
mixed hypercellular (Antoni A, asterisk) and hypocellular (Antoni B, double asterisk) areas. Antoni A
areas show a variably cellular lesion composed of spindle cells with focal nuclear palisading. Antoni
B areas show a loose reticular or myxoid pattern, probably reflecting the degeneration form of the
Antoni A area. Vascularization can be observed in the subcapsular areas (arrows). Cells composing
the tumor do not show any mitotic activity or necrosis. (A) Lower magnification ×40, (B) higher
magnification ×100. Hematoxylin and eosin stain.

Sequencing of the INF2 exon 2 revealed heterozygous, missense variants p.Gly73Asp
(c.218G>A) and p.Val108Asp (c.323T>A) in patients 1 and 2, respectively (Figure 4A).
Of note, these variants were absent in databases of Japanese healthy controls, namely
the Human Genetic Variation Database (HGVD, n = 1208 individual) and the Integrative
Japanese Multi Omics Reference Panel (MORP, jMorp 8.3K JPN). The amino acid positions
Gly73 and Val108 are well conserved among vertebrate species and are classified as likely
pathogenic (LP) based on the ACMG criteria (Supplementary Table S1).
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Figure 3. Spine MRI showing nerve hypertrophy of CMT–FSGS patient 2 with INF2 p.V108D variant.
T2-weighted images of thoraco-lumbo-sacral spine MRI scan are shown for patient 2, who harbors
INF2 p.V108D variant. (A,B) Sagittal scans revealed the thickened nerve roots at levels of Th11 and
L2 (A) as well as an intradural, round mass at the L2 level inside the thecal sac (B). (C) Axial scan
depicts intradural, root enlargement at the L2 level. (D) T1-weighted sagittal scan demonstrates the
enlargement of the nerve roots (L3-S1 level) in both the intraforaminal (arrows) and extraforaminal
regions (arrowheads). Hypertrophy was often observed for the nerve root at the exit from the thecal
sac in the vicinity of the foramens. Some masses measured >1 cm in transverse diameter, where
the normal range is from 2 to 3 mm [21,22]. (A–C) At the age of 32 years, (D) at age of 38 years.
(E) Pedigree of patient 2. The proband (arrow) is a heterozygote for p.V108D. WT, wild type.
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Figure 4. Locations of mutations of INF2 and LZTR1 in our CMT–FSGS cases. (A) The domain
structure of INF2 and locations of variants. The DID domain, formin homology domains (FH1, FH2),
and the DAD domain are shown. The genetic variants previously reported in dual CMT–FSGS
phenotype are shown above the domain structure. The variants of our present cases are boxed. The
function of the distinctive domains and interacting partners are shown below the domain diagram.
Amino acids are numbered according to NM_022489.4. Domains are defined by the NCBI Conserved
Domains search base upon NP_071934.3. DAD: C-terminal diaphanous autoregulatory domain; DID:
diaphanous inhibitory domain, FH1: formin homology 1; FH2: formin homology 2. (B) The domain
structure of LZTR1 and locations Arg68Gly of variants. K-I~K-VI, Kelch motifs of the Kelch domain;
BTB-I and BTB-II; BACK-I and BACK-II (partial BACK) domains. cDNA and amino acid positions
according to NM_006767.4 and NP_006758.2. The positions of mutations previously identified in the
schwannomatosis/glioblastoma are plotted with dots. There are no obvious cluster of mutations [23].
The location of p.Arg68Gly is highlighted with a red box. The Arg68 residue forms an ion pair with
Asp94 in the β propeller of the first Kelch repeat domain, which forms the binding pockets for the
substrates like RIT1. The structure of LZTR1 was predicted by AlphaFold3.

Whole-exome sequencing with the genomic DNA from peripheral blood leukocytes
showed that patient 1 with INF2 p.Gly73Asp had no germline, schwannomatosis-related
gene variants including 22q loss of heterozygosity (LOH), NF1, NF2, LZTR1, SMARCB1,
and COQ6 (Supplementary Table S2, Supplementary Figure S2). In contrast, patient 2
with INF2 p.Val108Asp had a concurrent germline variant of LZTR1 p.Arg68Gly, while no
schwannomatosis gene variants were found in patient 1. In silico analyses predicted that
the LZTR1 p.Arg68Gly variant has a damaging effect (Figure 4B, Supplementary Figure S3).
This variant has not yet been reported in any other schwannomatosis patients or in ClinVar
or other databases (OMIM, gnomAD, ClinGen, and Uniprot Variants) (Supplementary
Table S1) and thus was scored as a variant of uncertain significance (VUS); there was neither
LOH in the chromosome 22q lesion nor other mutations in the schwannomatosis-related
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genes [24,25]. The structural analysis predicted that the Arg68 to Gly substitution disrupts
an ion pair with Asp94 in the first Kelch repeat domain, which likely compromises the
size and shape of the binding pocket interacting with the substrate (RIT1) [18,26]. Patient
2 had other variants, Notch1 and 2 (Supplementary Table S1), previously reported in
schwannomatosis patients but scored benign based on the ACMG criteria [17,27].

4. Discussion
We, for the first time, report a clinical appearance and pathogenic mechanism of nerve

enlargement in two unrelated CMT-DIE patients with INF2 variants. Both individuals de-
veloped multifocal, hypertrophic changes in the nerves of the roots, trunks, and plexus with
advance in the disease after the age of 30 years. Nerve enlargement has been reported for
25% of demyelinating CMT, the CMT1 subtype, which is the most prevalent subtype (~50%
of all CMT) and is due to PMP22 duplication. However, little is known about the INF2-
related subtype (CMT-DIE) caused by INF2 variants (Supplementary Tables S3 and S4).
Our two unrelated patients with the proximal INF2 mutations took a similar clinical course.
They manifested walking disability at nearly the same age of onset of renal disease (age
10 years) and multifocal nerve hypertrophy with advance of the disease (age 30 years).
Therefore, the nerve enlargements of the two patients appeared to share the mechanism
through which INF2 variants might alter the proliferation and remodeling activity of
Schwann cells. Notably, the nerve hypertrophy was more pronounced in patient 2 than
in patient 1, indicating that the germline schwannomatosis LZTR1 variant, despite the
uncertain pathogenicity (VUS) at this moment, may contribute to hypertrophy changes.
Our data suggest that the germline and/or somatic variants in schwannomatosis and/or
neurofibromatosis genes may enhance the pathogenic effects of INF2 variants [25].

4.1. Mechanisms Through Which INF2 Variants Cause Glomerulopathy and Neuropathy

Our patients with dual CMT–FSGS, both of whom have the proximal INF-2 DID
variants, also had severe renal disease with early-onset SRNS (at the age of 10 years)
and rapidly progressed to ESRD (by the age of 20 years) (Supplementary Figure S4). This
clinical manifestation contrasts that of patients with distal INF2-DID variants, who typically
display milder renal phenotypes (a single FSGS disease). The observations suggest that dual
CMT–FSGS variants compromise the organelle integrity in Schwann cells and podocytes
more profoundly than FSGS single-disease variants [14]. Both our patients first experienced
muscle weakness and an electrophysiological demyelinating feature in the first decade of
life, as previously reported for INF2-related CMT [4,20,28,29]. Patient 2 showed an onion
bulb formation in the biopsied sural nerves, while patient 1 had no remarkable proliferative
changes. Such hypertrophic nerves may reflect Schwann cell proliferation in response to
“dysmyelination” [30].

INF2 organizes the dynamics of actin and microtubule interactions in the cyto-
plasm [31]. Moreover, INF2 plays a key role in shaping glomerular slits and Schwann sheath
and regulate their repair and remodeling. Prior human and rodent CMT model studies
have shown that the repetitive injury of Schwann cells (demyelination) and repair (remyeli-
nation) might underlie the hypertrophic nerve changes in CMT (Supplementary Figure S5).
Such aberrant proliferation might be inter-related with demyelination, augmenting the in-
jury in Schwann cells. We did not specifically measure the cell proliferation rate in Schwann
cells expressing the INF2 variants. However, previous studies revealed that demyelination
and remyelination are closely associated with Schwann cell proliferation [32–34]. Indeed,
the number of onion bulbs in sural nerve biopsy correlates with the occurrence of nerve
enhancement and thickening in patients with lumbosacral MRI in CMT [35].
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In previous studies, INF2 R218Q knock-in mice lacked an apparent glomerular pheno-
type under physiologic conditions but could not reconstitute the slit diaphragm during
the recovery phase of glomerular injuries [36]. Cells transfected with the INF2 variants
alter a G-actin-mediated, serum-response factor (SRF) transcriptional machinery, which
may hamper actin remodeling in the recovery process after tissue injury (Figure 5) [37].
We previously showed that INF2 variants also perturb the morphology and distribution
of organelles by disorganizing the actin filaments and the microtubule network [4–6,14].
These observations suggest that INF2 variants impair the maintenance of the differentiation
state and remodeling activity in Schwann cells and podocytes. Further studies will identify
a potential therapeutic target implicated in Schwann cell plasticity, facilitating peripheral
nerve repair after injury.
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Figure 5. Regulatory pathways controlling cell proliferation and differentiation. The figure illustrates
the signaling flow and crosstalk, together with positive (black arrows), dotted line or negative (red)
control for the cascades. Classically, two tumor suppressors, NF1 and NF2, have been implicated
in the peripheral nerve sheath tumors. NF1 (neurofibromin) converts active Ras (GTP-bound) to
inactive Ras (GDP-bound). Activated GTP-Ras increases cell growth by evoking mitogen-activated
protein kinase (MAPK) signaling (also known as the Ras–Raf–MEK–ERK pathway, box 1) as well
as PI3K–AKT–mTOR signaling (box 2) [38–41]. These signal pathways mediate a wide variety of
cellular functions, including cell proliferation, survival, and differentiation. NF2 (Merlin), box 3, is
implicated as a negative regulator of Rac1, mTOR, and Hippo/YAP signaling, as well as the MAPK
signaling pathway, the activation of all increases cell growth [42]. Recent genetic studies have shown
that mutations in LZTR1, SMARCB1, and COQ6 cause schwannomatosis. Loss of LZTR1 functions
decrease the ubiquitination of Ras, thereby overactivating MAPK signaling. Dysregulation of the
Ras–MARK signaling pathway presents clinically as a set of disorders of RASopathy (NF1, Noonan
syndrome, etc.) [43]. A Ras GTPase, RIT1, has emerged as a driver of human diseases, i.e., Noonan
syndrome and cancer. The mechanism is ascribed to the inability of RIT1 variants to interact with
LZTR1, which hampers the protein degradation of RIT1 [44,45]. INF2 elongates and severs the
linear F-actin filaments. INF2 also controls gene transcription by facilitating the nuclear transition of
MRTF and activating the transcription of serum response factor (SRF) target genes, which encode
structural and regulatory effectors of actin dynamics [46]. Abbreviations: PI3K, phosphatidylinositol
3-kinase; RTK, receptor tyrosine kinase; YAP, yes-associated protein; mTOR, mammalian target of
rapamycin; PAK1, p21-activated kinase 1; LZTR1, leucine-zipper-like transcriptional regulator 1; RIT1,
GTP-binding protein Rit1; SRF, serum response factor, MRTF, myocardin-related transcription factors.
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4.2. Clinical Features of Hypertrophied Nerves in CMT Caused by INF2 Variants

Both patients with DID-INF2 mutations developed multiple hypertrophy along their
peripheral nerves in the extremities (trunk, cervical brachial plexus), the spinal cord roots,
and cauda equina, indicating a multifocal nature of Schwann cell proliferation. Nerve
hypertrophy manifests in the advanced, later stage of the disease and becomes remarkable
after age 30 years. In patient 2, nerve hypertrophy was more pronounced in intraforaminal
spinal nerve roots at the cervical C5-6 and lumbosacral L3-S1 levels. In contrast, the thoracic
spine was spared from the root enlargement, suggesting that Schwann cells may proliferate
preferentially at the locations where the nerve roots more frequently experience mechanical
stress. Most compression radiculopathy occurs at the cervical and Th12 to S1 roots after
age 40 [21].

In our patients, hypertrophic nerves are depicted as low intensity masses on both
T1- and T2-weighted imaging. The characteristics are consistent with those reported
in the previous literature on CMT1A and CMT-DIE [12,35,47]. The MRI pattern may
be heterogenous depending upon the disease chronicity, inflammatory responses, and
environmental influence of the nerve lesions. The contrast CT or MRI images may help to
characterize the vascularity of the nerve enlargement. Benign schwannomas are frequently
enhanced on contrast imaging, as reported in CMT1A and schwannomas [11,12]. The
nerve degeneration primarily affects the distal peripheral motor nerve as well as the
nerve–muscular junction, preferentially involving the lower limb over the upper limb. We
observed the typical physical manifestations of INF2-related CMT for our patients including
atrophy of the forearm and intrinsic hand muscles (so-called “claw-hand”). Moreover,
the atrophy of the leg muscles results in pes cavus and champagne-bottle deformity. The
disability and muscle weakness due to neurodegeneration in the arm and foot comprise
the core phenotypes of the CMT-DIE patients. The localized hypertrophic nerve mass may
occasionally cause compression syndrome, affecting the spinal cord and cauda equina. This
may manifest as various types of neuropathies, including radiculopathy, myelopathy, and
cauda equina syndromes [21]. The observations suggest that the accumulating stress with
age could exacerbate nerve enlargements. In our case, however, there was no significant
difference in the daily life activity between patients 1 and 2: they could walk by themselves
with crutches. Therefore, the severe hypertrophy of patient 2 did not simply correlate with
the extent of mechanical stress overload.

Clinically, such focal hypertrophy and thickening of multiple nerves are observed
under several conditions, including tumor syndrome, inflammatory disorders, infection,
multiple sclerosis, chronic inflammatory demyelinating polyneuropathy (CIDP), and extra-
cellular depositions (amyloidosis) [48,49]. Hypertrophied nerve roots have been reported
for patients with CMT using pathological, ultrasonographic, and MRI imaging (Supplemen-
tary Tables S3 and S4) [50–52]. Ultrasonographic examination has become an essential tool
for evaluation. The distribution pattern of hypertrophic lesions in CMT is generally diffuse
and homogenous, while that in CIDP is regional and inhomogeneous [53]. Such morpho-
logical differences must be further evaluated in larger cohorts with sufficient observation
periods under the unified diagnostic criteria.

Previous studies suggested that nerve enlargement is most often observed for a de-
myelinating subtype of CMT1, supporting the view that the primary demyelination could
trigger the subsequent Schwann cell proliferation (Supplementary Figure S5). Nerve hy-
pertrophy in patients with CMT may represent an initial CMT manifestation that precedes
electrophysiological abnormalities [3,54]. Disorders primarily affecting Schwann cells lead
to a loss of myelin, so-called segmental demyelination. The reactive Schwann cell hyper-
plasia surrounding the axons enlarges the affected nerves, which may become clinically
recognizable as ”hypertrophic neuropathy”.
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In adult CMT1A, multifocal hypertrophy is observed most commonly for the limb
nerves as well as for the spinal cord, cauda equina roots, and cranial nerves on rare
occasions [3,10] (Supplementary Tables S3 and S4). Previous studies on CMT1A showed
that the severity of root hypertrophy is associated with the causative PMP22 gene dosage
as well as the frequency of onion bulb formation in biopsied nerves [10]. The excess
of concentric proliferation onion bulb formation reflects segmental demyelination and
parallels axon and Schwann cell degeneration [55]. So far, a correlation between onion
bulb formation and nerve hypertrophy has been typically observed for CMT1A caused by
PMP22 duplication in 70% of cases and, to a lesser degree, in the HNPP subtype due to MPZ
deletion [21,48,51,56]. Recent studies with human and mouse CMT models suggest that
CMT1A might be “dysmyelination” disorder instead of demyelination, where myelination
is delayed and hardly recovers to normal levels [57].

4.3. Roles of Schwannomatosis-Related Genes in Nerve Enlargement

The co-occurrence of CMT with schwannomatosis has so far been reported for five
rare cases: three CMT1A, one HNPP, and one CMT4B1 (Table 2) [11,12,58,59]. However, the
mechanisms remain unclear because of the lack of genetic analysis for the schwannomatosis
genes. Previous studies have reported several rare cases in which CMT co-occurs with
neurofibromatosis, accompanying the typical stigmata of café-au-lait spots (Supplementary
Table S5). Four NF1 cases had concurrent CMT mutations, indicating the co-incidence
of rare bigenic events. The remaining four NF1 cases had not undergone genetic test-
ing for CMT. CMT with NF might be causally related, but it remains unclear whether
or not environmental factors or other modifier genes may influence the nerve sheath
tumor phenotype.

Table 2. Summary of previous reported cases of peripheral neuropathy with concurrent Schwannoma.

Reference
Neuropathy Schwannomas

CMT
Mutation Other Features

Subtype Age Onset (Year)
Sex

Initial
Manifestation

Age Onset
(Year)

Affected
Location

1
Kwon et al.,

2009
[12]

CMT-1A 9, M Walking difficulty 14
Spinal cord

(T12-L1)
Median nerve

PMP22
duplication

No mutations in NF1
or NF2

20, F Weakness in both
lower extremities 25 Median Nerve PMP22

duplication Mother of the proband (a)

2
Heckman et al.,

2007
[11]

HNPP 42, F

Pain of the left
medial ankle

radiating into the
medial plantar foot

42
Median and

medial plantar
nerves

PMP22
deletion

Clinically, absence of
NF1 or NF2

manifestation.

3
Roohi et al.,

1982
[58]

CMT 28, M Leg weakness, NCV
borderline 38 Cauda Equina

T12-L1 N.D (b)
painless cauda equina
tumours, histologically

schwannoma.

4
Scott et al.,

2016
[59]

CMT4B1 9, M
Bilateral, symmetric
limbs weakness in

distal limbs
27

Cervical cord
root (C2 and C3)

Optic neuritis

MTMR2,
c.1768C>T

(p.Gln590Ter)
(c)

Only proband is affected
with both CMT and
schwannomas. No

Schwannomas nor optic
neuritis in other

affected members

The previous reported cases, in whom histologically proven Schwannoma co-occurred with CMT, are summarized.
(a) The segregation of genotype and phenotype suggests parent-to-child trans-mission. (b) Genetic testing was not
performed. (c) The C>T substitution at nucleotide position 1768 (c.1768C>T) incorporates a premature stop codon
at amino acid position 590. Abbreviations: NF, neurofibromatosis; CMT, Charcot–Marie–Tooth; HNPP, hereditary
neuropathy with liability to pressure palsies; PMP, peripheral myelin protein; MTMR, myotubularin-related
protein; NF1, neurofibromatosis type 1; NF2, neurofibromatosis type 2.

Nerve sheath tumors such as NF and Schwannoma are common, with the disease
prevalence being 1:3500 for NF1 and 1:50,000 for NF2. In this context, it might be possi-
ble that these peripheral nerve sheath tumors incidentally co-occur with demyelinating
CMT [13]. Both patients 1 and 2 had no family history or the skin, ocular, or vestibular
manifestations, the stigmata of the NF1, and NF2-related disorders. The nerve enlargements
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in multiform neurofibromatosis usually show a more nodular appearance [57]. Moreover,
we excluded mutations of the NF1 and NF2 gene, or 22q LOH, via the whole-exome se-
quencing of the genomic DNA of the peripheral blood from patients 1 and 2. The absence
of the bilateral vestibular Schwannoma in both patients argued against the diagnosis of
NF2 (Supplementary Table S2). Specifically, the biphasic pattern characterized by the
hypercellular (Antoni A) and hypocellular (Antoni B) regions represent typical Schwann
cell proliferation and degenerative changes, respectively. The typical biphasic pattern is
characteristic of Schwannoma and excludes the possibility of other nerve sheath tumors
like neurofibroma. According to the recent guidelines, patient 2 met the clinical/genetic
diagnostic criteria for schwannomatosis: biopsy-proven Schwannoma with the germline
LZTR1 variant [60,61].

4.4. Limitations

Our study provided histological and radiological evidence of nerve enlargement in
INF2-related CMT. However, detailed characterization of hypertrophy, such as ultrastruc-
tural and/or higher magnification analyses, was not conducted. Additionally, we did not
fully evaluate the serial electrophysiological profile or the histological and radiographic
changes in the peripheral nerves throughout the course of the disease. We did not analyze
the somatic mutations in the peripheral nerve masses, which would be necessary to test the
multiple-hit hypothesis [25]. This study is based on two cases of CMT and FSGS, which
reflects the condition’s rarity. While the findings provide valuable insights, the limited
sample size restricts the generalizability of the results. Future studies with a larger cohort
and incorporating advanced histological and radiological evidence would help to verify
our multigene model underlying Schwann cell proliferation.

While this study focused on the genetic and clinical characteristics of neuropathy,
environmental factors, such as food, living conditions, and occupational exposure, may
influence the occurrence and progression of CMT–FSGS diseases.

5. Conclusions
Our two patients with INF2-related CMT showed peripheral nerve hypertrophy in

adulthood. The observations support that the enlargement of the nerve roots might be
due to Schwann cell proliferation in response to demyelination and “dysmyelination”
over the year. Defective actin remodeling by INF2 variants may be linked to the aberrant
proliferative response of Schwann cells. Schwannoma could co-occur in patients with INF2-
related CMT, particularly in whom the germline schwannomatosis-predisposing variants
such as LZTR1 (Supplementary Figures S2 and S3) simultaneously exist. The relevance of
the germline LZTR1 variants in patient 2 must be interpreted by taking into account the
allelic status of somatic variants in tumor tissues. A larger cohort is necessary to clarify the
roles of the predisposing genes (such as somatic LZTR1) in Schwann cell proliferation. The
enlargement of the peripheral nerves might have been underevaluated and may happen
more often than we previously thought. Further studies with hypertrophic features will
help discover the molecular mechanisms underlying schwannoma tumorigenesis and
neuropathies and improve therapeutic strategies in INF2 disorders.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines13010127/s1. Supplementary Figure S1. Renal
Histology of the patient 2 harboring INF2 p.V108D variant. Supplementary Figure S2. Diagnostic
Workflow for Schwannomatosis. Supplementary Figure S3. Sequence and structural analysis of
LZTR1 variant. Supplementary Figure S4. Clinical course of our CMT-FSGS patients with the DID–
INF2 variants. Supplementary Figure S5. Hypothetical pathogenesis model of hypertrophic nerve
changes in demyelinating neuropathy. Supplementary Table S1. Germ-line variants identified by

https://www.mdpi.com/article/10.3390/biomedicines13010127/s1
https://www.mdpi.com/article/10.3390/biomedicines13010127/s1
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exome analysis in CMT-DIE patients 1 and 2. Supplementary Table S2. Revised diagnostic criteria
for schwannomatosis with pathogenic SMARCB1 or LZTR1 variants. Supplementary Table S3. Case
reports showing the nerve hypertrophy in CMT. Supplementary Table S4. Comparison of peripheral
nerve enlargement among CMT and other demyelinating disorders. Supplementary Table S5. Case
reports of peripheral neuropathy with neurofibromatosis. Supplementary References [62–86] were
cited in the Supplementary Materials: [62–64] for Supplementary Figure S5, [65–70] for Supplementary
Table S3, [71–80] for Supplementary Table S4, and [81–86] for Supplementary Table S5.

Author Contributions: H.T. conceived and designed this study. H.T., Q.T.T.H. and L.T.N.T. wrote
this manuscript. Y.S., S.T. and M.H. collected the patients’ clinical and pathological information.
K.F. and K.H. conducted structural and exome analyses, respectively. Q.T.T.H., L.T.N.T. and H.U.
performed sequence analysis and interpreted the data. All authors have read and agreed to the
published version of this manuscript.

Funding: This work was supported by Grants-in-Aid for Scientific Research (C) (20K08624 and
23K07730 to H.T.), Challenging Exploratory Research (24659504 to H.T.) and Bilateral program
(Number 120249943 to H.T.) from the Japan Society for the Promotion of Science, and the Uehara
Memorial Foundation Research Fellowship Program and KMU Mizuno Takako award to Q.T.T.H.

Institutional Review Board Statement: This research on human subjects complied with all the rele-
vant national regulations and institutional policies, followed the Declaration of Helsinki, and was ap-
proved by the institutional review board at Kansai Medical University (2008902) and each affiliation.

Informed Consent Statement: Informed consent was obtained from both subjects to participate in
the genetic studies.

Data Availability Statement: The datasets used and/or analyzed during this current study are
available from the corresponding author upon reasonable request.

Acknowledgments: We are grateful to all the patients and their family members who participated in
our study. We would like to thank Yuya Yamasaki (Tomei Atsugi Hospital, Kanagawa) for providing
clinical information.

Conflicts of Interest: All the authors declare no competing interests.

References
1. Skre, H. Genetic and clinical aspects of Charcot-Marie-Tooth’s disease. Clin. Genet. 1974, 6, 98–118. [CrossRef] [PubMed]
2. Pipis, M.; Rossor, A.M.; Laura, M.; Reilly, M.M. Next-generation sequencing in Charcot-Marie-Tooth disease: Opportunities and

challenges. Nat. Rev. Neurol. 2019, 15, 644–656. [CrossRef]
3. Pareyson, D.; Scaioli, V.; Laura, M. Clinical and electrophysiological aspects of Charcot-Marie-Tooth disease. Neuromolecular. Med.

2006, 8, 3–22. [CrossRef] [PubMed]
4. Boyer, O.; Nevo, F.; Plaisier, E.; Funalot, B.; Gribouval, O.; Benoit, G.; Huynh Cong, E.; Arrondel, C.; Tete, M.J.; Montjean, R.; et al.

INF2 mutations in Charcot-Marie-Tooth disease with glomerulopathy. N. Eng. J. Med. 2011, 365, 2377–2388. [CrossRef] [PubMed]
5. Korobova, F.; Ramabhadran, V.; Higgs, H.N. An actin-dependent step in mitochondrial fission mediated by the ER-associated

formin INF2. Science 2013, 339, 464–467. [CrossRef] [PubMed]
6. Labat-de-Hoz, L.; Jiménez, M.; Correas, I.; Alonso, M.A. Regulation of formin INF2 and its alteration in INF2-linked inherited

disorders. Cell. Mol. Life Sci. 2024, 81, 463. [CrossRef]
7. Palmer, N.J.; Barrie, K.R.; Dominguez, R. Mechanisms of actin filament severing and elongation by formins. Nature 2024, 632,

437–442. [CrossRef]
8. Park, J.H.; Kwon, H.M.; Nam, D.E.; Kim, H.J.; Nam, S.H.; Kim, S.B.; Choi, B.O.; Chung, K.W. INF2 mutations in patients with a

broad phenotypic spectrum of Charcot-Marie-Tooth disease and focal segmental glomerulosclerosis. J. Peripher. Nerv. Syst. 2023,
28, 108–118. [CrossRef]

9. Werheid, F.; Azzedine, H.; Zwerenz, E.; Bozkurt, A.; Moeller, M.J.; Lin, L.; Mull, M.; Häusler, M.; Schulz, J.B.; Weis, J.; et al.
Underestimated associated features in CMT neuropathies: Clinical indicators for the causative gene? Brain 2016, 6, e00451.
[CrossRef]

10. Pareyson, D.; Testa, D.; Morbin, M.; Erbetta, A.; Ciano, C.; Lauria, G.; Milani, M.; Taroni, F.J.N. Does CMT1A homozygosity cause
more severe disease with root hypertrophy and higher CSF proteins? Neurology 2003, 60, 1721–1722.

https://doi.org/10.1111/j.1399-0004.1974.tb00638.x
https://www.ncbi.nlm.nih.gov/pubmed/4430158
https://doi.org/10.1038/s41582-019-0254-5
https://doi.org/10.1385/NMM:8:1-2:3
https://www.ncbi.nlm.nih.gov/pubmed/16775364
https://doi.org/10.1056/NEJMoa1109122
https://www.ncbi.nlm.nih.gov/pubmed/22187985
https://doi.org/10.1126/science.1228360
https://www.ncbi.nlm.nih.gov/pubmed/23349293
https://doi.org/10.1007/s00018-024-05499-3
https://doi.org/10.1038/s41586-024-07637-0
https://doi.org/10.1111/jns.12530
https://doi.org/10.1002/brb3.451


Biomedicines 2025, 13, 127 14 of 17

11. Heckmann, J.G.; Dütsch, M.; Buslei, R. Hereditary neuropathy with liability to pressure palsy combined with schwannomas of
the median and medial plantar nerves. Muscle Nerve 2007, 35, 122–124. [CrossRef] [PubMed]

12. Kwon, J.Y.; Chung, K.W.; Park, E.K.; Park, S.W.; Choi, B.-O. Charcot-Marie-Tooth 1A concurrent with schwannomas of the spinal
cord and median nerve. J. Korean Med. Sci. 2009, 24, 763–766. [CrossRef] [PubMed]

13. Lancaster, E.; Elman, L.B.; Scherer, S.S. A Patient with neurofibromatosis type 1 and Charcot–Marie–Tooth disease type 1B. Muscle
Nerve 2010, 41, 555–558. [CrossRef] [PubMed]

14. Ueda, H.; Tran, Q.T.H.; Tran, L.N.T.; Higasa, K.; Ikeda, Y.; Kondo, N.; Hashiyada, M.; Sato, C.; Sato, Y.; Ashida, A. Characterization
of cytoskeletal and structural effects of INF2 variants causing glomerulopathy and neuropathy. Sci. Rep. 2023, 13, 12003.
[CrossRef]

15. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef]

16. DePristo, M.A.; Banks, E.; Poplin, R.; Garimella, K.V.; Maguire, J.R.; Hartl, C.; Philippakis, A.A.; del Angel, G.; Rivas, M.A.;
Hanna, M.; et al. A framework for variation discovery and genotyping using next-generation DNA sequencing data. Nat. Genet.
2011, 43, 491–498. [CrossRef]

17. Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E. Standards and
guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405–423. [CrossRef]

18. Paladino, A.; D’Angelo, F.; Noviello, T.M.R.; Iavarone, A.; Ceccarelli, M. Structural Model for Recruitment of RIT1 to the LZTR1
E3 Ligase: Evidences from an Integrated Computational Approach. J. Chem. Inf. Model 2021, 61, 1875–1888. [CrossRef]

19. Hara, M.; Ichida, F.; Higuchi, A.; Tanizawa, T.; Okada, T. Nephropathy associated with Charcot-Marie-Tooth disease. J. Pediatr.
Nephrol. 1984, 5, 99–102.

20. Toyota, K.; Ogino, D.; Hayashi, M.; Taki, M.; Saito, K.; Abe, A.; Hashimoto, T.; Umetsu, K.; Tsukaguchi, H.; Hayasaka, K. INF2
mutations in Charcot-Marie-Tooth disease complicated with focal segmental glomerulosclerosis. J. Peripher. Nerv. Syst. 2013, 18,
97–98. [CrossRef]

21. Bütefisch, C.; Gutmann, L.; Gutmann, L. Compression of spinal cord and cauda equina in Charcot-Marie-Tooth disease type 1A.
Neurology 1999, 52, 890. [CrossRef] [PubMed]

22. Midroni, G.; de Tilly, L.N.; Gray, B.; Vajsar, J. MRI of the cauda equina in CIDP: Clinical correlations. J. Neurol. Sci. 1999, 170,
36–44. [CrossRef] [PubMed]

23. Umeki, I.; Niihori, T.; Abe, T.; Kanno, S.-i.; Okamoto, N.; Mizuno, S.; Kurosawa, K.; Nagasaki, K.; Yoshida, M.; Ohashi, H.
Delineation of LZTR1 mutation-positive patients with Noonan syndrome and identification of LZTR1 binding to RAF1–PPP1CB
complexes. Hum. Genet. 2019, 138, 21–35. [CrossRef] [PubMed]

24. Zhang, K.; Lin, J.W.; Wang, J.; Wu, X.; Gao, H.; Hsieh, Y.C.; Hwu, P.; Liu, Y.R.; Su, L.; Chiou, H.Y.; et al. A germline missense
mutation in COQ6 is associated with susceptibility to familial schwannomatosis. Genet. Med. 2014, 16, 787–792. [CrossRef]

25. Kehrer-Sawatzki, H.; Farschtschi, S.; Mautner, V.F.; Cooper, D.N. The molecular pathogenesis of schwannomatosis, a paradigm
for the co-involvement of multiple tumour suppressor genes in tumorigenesis. Hum. Genet. 2017, 136, 129–148. [CrossRef]

26. Piotrowski, A.; Xie, J.; Liu, Y.F.; Poplawski, A.B.; Gomes, A.R.; Madanecki, P.; Fu, C.; Crowley, M.R.; Crossman, D.K.; Armstrong,
L. Germline loss-of-function mutations in LZTR1 predispose to an inherited disorder of multiple schwannomas. Nat. Genet. 2014,
46, 182–187. [CrossRef]

27. Min, B.-J.; Kang, Y.K.; Chung, Y.-G.; Seo, M.-E.; Chang, K.B.; Joo, M.W. Germline mutations for novel candidate predisposition
genes in sporadic schwannomatosis. Clin. Orthop. Relat. Res. 2020, 478, 2442–2450. [CrossRef]

28. Mademan, I.; Deconinck, T.; Dinopoulos, A.; Voit, T.; Schara, U.; Devriendt, K.; Meijers, B.; Lerut, E.; De Jonghe, P.; Baets, J. De
novo INF2 mutations expand the genetic spectrum of hereditary neuropathy with glomerulopathy. Neurology 2013, 81, 1953–1958.
[CrossRef]

29. Rodriguez, P.Q.; Lohkamp, B.; Celsi, G.; Mache, C.J.; Auer-Grumbach, M.; Wernerson, A.; Hamajima, N.; Tryggvason, K.; Patrakka,
J. Novel INF2 mutation p. L77P in a family with glomerulopathy and Charcot-Marie-Tooth neuropathy. Pediatr. Nephrol. 2013, 28,
339–343. [CrossRef]

30. Tracy, J.A.; Dyck, P.J.; Klein, C.J.; Engelstad, J.K.; Meyer, J.E.; Dyck, P.J.B. Onion-bulb patterns predict acquired or inherited
demyelinating polyneuropathy. Muscle Nerve 2019, 59, 665–670. [CrossRef]

31. Tran, Q.T.H.; Kondo, N.; Ueda, H.; Matsuo, Y.; Tsukaguchi, H. Altered Endoplasmic Reticulum Integrity and Organelle Interactions
in Living Cells Expressing INF2 Variants. Int. J. Mol. Sci. 2024, 25, 9783. [CrossRef] [PubMed]

32. Griffin, J.; Stocks, E.; Fahnestock, K.; Van Praagh, A.; Trapp, B. Schwann cell proliferation following lysolecithin-induced
demyelination. J. Neurocytol. 1990, 19, 367–384. [CrossRef] [PubMed]

33. van Paassen, B.W.; van der Kooi, A.J.; van Spaendonck-Zwarts, K.Y.; Verhamme, C.; Baas, F.; de Visser, M. PMP22 related
neuropathies: Charcot-Marie-Tooth disease type 1A and Hereditary Neuropathy with liability to Pressure Palsies. Orphanet. J.
Rare. Dis. 2014, 9, 38. [CrossRef] [PubMed]

https://doi.org/10.1002/mus.20641
https://www.ncbi.nlm.nih.gov/pubmed/16969831
https://doi.org/10.3346/jkms.2009.24.4.763
https://www.ncbi.nlm.nih.gov/pubmed/19654968
https://doi.org/10.1002/mus.21546
https://www.ncbi.nlm.nih.gov/pubmed/19918771
https://doi.org/10.1038/s41598-023-38588-7
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1038/ng.806
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1021/acs.jcim.1c00296
https://doi.org/10.1111/jns5.12014
https://doi.org/10.1212/WNL.52.4.890
https://www.ncbi.nlm.nih.gov/pubmed/10078755
https://doi.org/10.1016/S0022-510X(99)00195-1
https://www.ncbi.nlm.nih.gov/pubmed/10540034
https://doi.org/10.1007/s00439-018-1951-7
https://www.ncbi.nlm.nih.gov/pubmed/30368668
https://doi.org/10.1038/gim.2014.39
https://doi.org/10.1007/s00439-016-1753-8
https://doi.org/10.1038/ng.2855
https://doi.org/10.1097/CORR.0000000000001239
https://doi.org/10.1212/01.wnl.0000436615.58705.c9
https://doi.org/10.1007/s00467-012-2299-1
https://doi.org/10.1002/mus.26452
https://doi.org/10.3390/ijms25189783
https://www.ncbi.nlm.nih.gov/pubmed/39337270
https://doi.org/10.1007/BF01188405
https://www.ncbi.nlm.nih.gov/pubmed/2391539
https://doi.org/10.1186/1750-1172-9-38
https://www.ncbi.nlm.nih.gov/pubmed/24646194


Biomedicines 2025, 13, 127 15 of 17

34. Jessen, K.R.; Mirsky, R.; Lloyd, A.C. Schwann Cells: Development and Role in Nerve Repair. Cold Spring Harb. Perspect. Biol. 2015,
7, a020487. [CrossRef]

35. Cellerini, M.; Salti, S.; Desideri, V.; Marconi, G. MR imaging of the cauda equina in hereditary motor sensory neuropathies:
Correlations with sural nerve biopsy. Am. J. Neuroradiol. 2000, 21, 1793–1798.

36. Subramanian, B.; Williams, S.; Karp, S.; Hennino, M.F.; Jacas, S.; Lee, M.; Riella, C.V.; Alper, S.L.; Higgs, H.N.; Pollak, M.R. INF2
mutations cause kidney disease through a gain-of-function mechanism. Sci. Adv. 2024, 10, eadr1017. [CrossRef]

37. Bayraktar, S.; Nehrig, J.; Menis, E.; Karli, K.; Janning, A.; Struk, T.; Halbritter, J.; Michgehl, U.; Krahn, M.P.; Schuberth, C.E.; et al.
A Deregulated Stress Response Underlies Distinct INF2-Associated Disease Profiles. J. Am. Soc. Nephrol. 2020, 31, 1296–1313.
[CrossRef]

38. Lin, A.L.; Gutmann, D.H. Advances in the treatment of neurofibromatosis-associated tumours. Nat. Rev. Clin. Oncol. 2013, 10,
616–624. [CrossRef]

39. Petrilli, A.M.; Fernández-Valle, C. Role of Merlin/NF2 inactivation in tumor biology. Oncogene 2016, 35, 537–548. [CrossRef]
40. Tartaglia, M.; Aoki, Y.; Gelb, B.D. The Molecular Genetics of RASopathies: An Update on Novel Disease Genes and New Disorders;

American Journal of Medical Genetics Part C: Seminars in Medical Genetics; Wiley Online Library: Hoboken, NJ, USA, 2022;
pp. 425–439.

41. Zhang, Y.; Long, J.; Ren, J.; Huang, X.; Zhong, P.; Wang, B. Potential molecular biomarkers of vestibular schwannoma growth:
Progress and prospects. Front. Oncol. 2021, 11, 731441. [CrossRef]

42. Asthagiri, A.R.; Parry, D.M.; Butman, J.A.; Kim, H.J.; Tsilou, E.T.; Zhuang, Z.; Lonser, R.R. Neurofibromatosis type 2. Lancet 2009,
373, 1974–1986. [CrossRef] [PubMed]

43. Farncombe, K.M.; Thain, E.; Barnett-Tapia, C.; Sadeghian, H.; Kim, R.H. LZTR1 molecular genetic overlap with clinical implica-
tions for Noonan syndrome and schwannomatosis. BMC Med. Genom. 2022, 15, 160. [CrossRef] [PubMed]

44. Bigenzahn, J.W.; Collu, G.M.; Kartnig, F.; Pieraks, M.; Vladimer, G.I.; Heinz, L.X.; Sedlyarov, V.; Schischlik, F.; Fauster, A.;
Rebsamen, M. LZTR1 is a regulator of RAS ubiquitination and signaling. Science 2018, 362, 1171–1177. [CrossRef] [PubMed]

45. Castel, P.; Cheng, A.; Cuevas-Navarro, A.; Everman, D.B.; Papageorge, A.G.; Simanshu, D.K.; Tankka, A.; Galeas, J.; Urisman, A.;
McCormick, F. RIT1 oncoproteins escape LZTR1-mediated proteolysis. Science 2019, 363, 1226–1230. [CrossRef]

46. Olson, E.N.; Nordheim, A. Linking actin dynamics and gene transcription to drive cellular motile functions. Nat. Rev. Mol. Cell
Biol. 2010, 11, 353–365. [CrossRef]

47. Matsuoka, C.; Taira, Y.; Sasaki, R.; Matsumoto, N.; Tadokoro, K.; Nomura, E.; Kawahara, Y.; Takemoto, M.; Morihara, R.;
Hashiguchi, A. A case of successful renal transplantation of Charcot-Marie-Tooth disease associated with FSGS due to mutation
of the INF2 gene. Neurol. Clin. Neurosci. 2022, 10, 252–254. [CrossRef]

48. Simonati, A.; Fabrizi, G.M.; Taioli, F.; Polo, A.; Cerini, R.; Rizzuto, N. Dejerine-Sottas neuropathy with multiple nerve roots
enlargement and hypomyelination associated with a missense mutation of the transmembrane domain of MPZ/P0. J. Peripher.
Nerv. Syst. 2003, 8, 128–133. [CrossRef]

49. Ginsberg, L.; Platts, A.; Thomas, P. Chronic inflammatory demyelinating polyneuropathy mimicking a lumbar spinal stenosis
syndrome. J. Neurol. Neurosurg. Psychiatry 1995, 59, 189–191. [CrossRef]

50. Andermann, F.; Lloyd-Smith, D.L.; Mavor, H.; Mathieson, G. Observations on hypertrophic neuropathy of Dejerine and Sottas.
Neurology 1962, 12, 712. [CrossRef]

51. Marchini, C.; Marsala, S.Z.; Bendini, M.; Taioli, F.; Damante, G.; Lonigro, I.R.; Fabrizi, G.M. Myelin protein zero Val102fs mutation
manifesting with isolated spinal root hypertrophy. Neuromuscul. Disord. 2009, 19, 849–852. [CrossRef]

52. Sugimoto, T.; Ochi, K.; Hosomi, N.; Takahashi, T.; Ueno, H.; Nakamura, T.; Nagano, Y.; Maruyama, H.; Kohriyama, T.;
Matsumoto, M. Ultrasonographic nerve enlargement of the median and ulnar nerves and the cervical nerve roots in patients with
demyelinating Charcot–Marie–Tooth disease: Distinction from patients with chronic inflammatory demyelinating polyneuropathy.
J. Neurol. 2013, 260, 2580–2587. [CrossRef] [PubMed]

53. Grimm, A.; Décard, B.F.; Schramm, A.; Pröbstel, A.-K.; Rasenack, M.; Axer, H.; Fuhr, P. Ultrasound and electrophysiologic
findings in patients with Guillain–Barré syndrome at disease onset and over a period of six months. Clin. Neurophysiol. 2016, 127,
1657–1663. [CrossRef] [PubMed]

54. Shy, M.; Blake, J.; Krajewski, K.e.a.; Fuerst, D.; Laura, M.; Hahn, A.; Li, J.; Lewis, R.; Reilly, M. Reliability and validity of the CMT
neuropathy score as a measure of disability. Neurology 2005, 64, 1209–1214. [CrossRef] [PubMed]

55. Smith, T.W.; Bhawan, J.; Keller, R.B.; DeGirolami, U.; Neurology, E. Charcot-Marie-Tooth disease associated with hypertrophic
neuropathy: A neuropathologic study of two cases. J. Neuropathol. Exp. Neurol. 1980, 39, 420–440. [CrossRef]

56. Kleopa, K.A.; Sutton, L.N.; Ong, J.; Tennekoon, G.; Telfeian, A.E. Conus medulla—Cauda compression from nerve root hypertro-
phy in a child with Dejerine—Sottas syndrome: Improvement with laminectomy and duraplasty: Case report. J. Neurosurg. Spine
2002, 97, 244–247. [CrossRef]

57. Aho, T.R.; Wallace, R.C.; Pitt, A.M.; Sivakumar, K. Charcot-Marie-Tooth disease: Extensive cranial nerve involvement on CT and
MR imaging. Am. J. Neuroradiol. 2004, 25, 494–497.

https://doi.org/10.1101/cshperspect.a020487
https://doi.org/10.1126/sciadv.adr1017
https://doi.org/10.1681/ASN.2019111174
https://doi.org/10.1038/nrclinonc.2013.144
https://doi.org/10.1038/onc.2015.125
https://doi.org/10.3389/fonc.2021.731441
https://doi.org/10.1016/S0140-6736(09)60259-2
https://www.ncbi.nlm.nih.gov/pubmed/19476995
https://doi.org/10.1186/s12920-022-01304-x
https://www.ncbi.nlm.nih.gov/pubmed/35840934
https://doi.org/10.1126/science.aap8210
https://www.ncbi.nlm.nih.gov/pubmed/30442766
https://doi.org/10.1126/science.aav1444
https://doi.org/10.1038/nrm2890
https://doi.org/10.1111/ncn3.12651
https://doi.org/10.1046/j.1529-8027.2003.03016_7.x
https://doi.org/10.1136/jnnp.59.2.189
https://doi.org/10.1212/WNL.12.10.712
https://doi.org/10.1016/j.nmd.2009.09.004
https://doi.org/10.1007/s00415-013-7021-0
https://www.ncbi.nlm.nih.gov/pubmed/23821028
https://doi.org/10.1016/j.clinph.2015.06.032
https://www.ncbi.nlm.nih.gov/pubmed/26220732
https://doi.org/10.1212/01.WNL.0000156517.00615.A3
https://www.ncbi.nlm.nih.gov/pubmed/15824348
https://doi.org/10.1097/00005072-198007000-00003
https://doi.org/10.3171/spi.2002.97.2.0244


Biomedicines 2025, 13, 127 16 of 17

58. Roohi, F.; Cook, A.; Clarke, H.; Torno, R.; Zandieh, M. Painless cauda equina schwannoma simulating Charcot-Marie-Tooth
disease. J. Neurol. Neurosurg. Psychiatry 1982, 45, 938. [CrossRef]

59. Scott, P.; Bruwer, Z.; Al-Kharusi, K.; Meftah, D.; Al-Murshedi, F. Occurrence of optic neuritis and cervical cord schwannoma with
Charcot-Marie-Tooth type 4B1 disease. Oman Med. J. 2016, 31, 227. [CrossRef]

60. Evans, D.G.; Mostaccioli, S.; Pang, D.; Fadzil, O.; Connor, M.; Pittara, M.; Champollion, N.; Wolkenstein, P.; Thomas, N.; Ferner,
R.E.; et al. ERN GENTURIS clinical practice guidelines for the diagnosis, treatment, management and surveillance of people with
schwannomatosis. Eur. J. Hum. Genet. 2022, 30, 812–817. [CrossRef]

61. Plotkin:, S.R.; Messiaen, L.; Legius, E.; Pancza, P.; Avery, R.A.; Blakeley, J.O.; Babovic-Vuksanovic, D.; Ferner, R.; Fisher,
M.J.; Friedman, J.M. Updated diagnostic criteria and nomenclature for neurofibromatosis type 2 and schwannomatosis: An
international consensus recommendation. Genet. Med. 2022, 24, 1967–1977. [CrossRef]

62. Bradley, W.G. Disorders of Peripheral Nerves; Blackwell Scientific Publications: Oxford, UK, 1974.
63. Abbas, A.K.; Fausto, N.; Robbins, S.L. Robbins and Cotran Pathologic Basis of Disease; Elsevier Saunders: Amsterdam, The Nether-

lands, 2005.
64. Yiu, E.M.; Brockley, C.R.; Lee, K.J.; Carroll, K.; De Valle, K.; Kennedy, R.; Rao, P.; Delatycki, M.B.; Ryan, M.M. Peripheral nerve

ultrasound in pediatric Charcot-Marie-Tooth disease type 1A. Neurology 2015, 84, 569–574. [CrossRef] [PubMed]
65. Koc, F.; Guzel, A.I. Neurofibromatosis type 1 associated with Charcot–Marie–Tooth type 1A. J. Dermatol. 2009, 36, 306–311.

[CrossRef] [PubMed]
66. Lupski, J.R.; Pentao, L.; Williams, L.L.; Patel, P.I. Stable inheritance of the CMT1A DNA duplication in two patients with CMT1

and NF1. Am. J. Med. Genet. 1993, 45, 92–96. [CrossRef] [PubMed]
67. Onu, D.O.; Hunn, A.W.; Peters-Willke, J. Charcot-Marie-Tooth syndrome and neurofibromatosis type 1 with multiple neurofibro-

mas of the entire spinal nerve roots. Case Rep. 2013, 2013, bcr2013010078. [CrossRef] [PubMed]
68. Ma’luf, R.N.; Baha’N, N.; Ghazi, N.G.; Tawil, A.N.; Allam, S.S. Bilateral, localized orbital neurofibromas and Charcot-Marie-Tooth

disease. Arch. Ophthalmol. 2005, 123, 1443–1445. [CrossRef]
69. Bosch, E.P.; Murphy, M.J.; Cancilla, P.A. Peripheral neurofibromatosis and peroneal muscular atrophy. Neurology 1981, 31, 1408.

[CrossRef]
70. Roos, K.; Pascuzzi, R.; Dunn, D. Neurofibromatosis, Charcot-Marie-tooth disease, or both? Neurofibromatosis 1989, 2, 238–243.
71. Morano, J.U.; Russell, W.F.J.R. Nerve root enlargement in Charcot-Marie-Tooth disease: CT appearance. Radiology 1986, 161, 784.

[CrossRef]
72. Choi, S.K.; Bowers, R.P.; Buckthal, P.E. MR imaging in hypertrophic neuropathy: A case of hereditary motor and sensory

neuropathy, type I (Charcot-Marie-Tooth). Clin. Imaging 1990, 14, 204–207. [CrossRef]
73. Liao, J.P.; Waclawik, A.J. Nerve root hypertrophy in CMT type 1A. Neurology 2004, 62, 783. [CrossRef]
74. Wadhwa, V.; Thakkar, R.S.; Maragakis, N.; Höke, A.; Sumner, C.J.; Lloyd, T.E.; Carrino, J.A.; Belzberg, A.J.; Chhabra, A. Sciatic

nerve tumor and tumor-like lesions—Uncommon pathologies. Skelet. Radiol. 2012, 41, 763–774. [CrossRef] [PubMed]
75. An, H.; Li, J.; Wang, L.-M.; Cui, B.; Piao, Y.-S.; Ren, Y.-J.; Chen, H.; Wang, Y.-P.; Wu, L.-Y. A rarely concerned magnetic resonance

image sign of spinal nerve root hypertrophy in type 1A Charcot-Marie-tooth disease. Chin. Med. J. 2017, 130, 2767–2768.
[CrossRef] [PubMed]

76. Shibuya, K.; Yoshida, T.; Misawa, S.; Sekiguchi, Y.; Beppu, M.; Amino, H.; Suzuki, Y.-i.; Suichi, T.; Tsuneyama, A.; Nakamura, K.
Hidden Charcot-Marie-Tooth 1A as revealed by peripheral nerve imaging. Intern. Med. 2019, 58, 3157–3161. [CrossRef] [PubMed]

77. Padua, L.; Coraci, D.; Lucchetta, M.; Paolasso, I.; Pazzaglia, C.; Granata, G.; Cacciavillani, M.; Luigetti, M.; Manganelli, F.; Pisciotta,
C. Different nerve ultrasound patterns in Charcot-Marie-Tooth types and hereditary neuropathy with liability to pressure palsies.
Muscle Nerve 2018, 57, E18–E23. [CrossRef]

78. Noto, Y.-i.; Shiga, K.; Tsuji, Y.; Mizuta, I.; Higuchi, Y.; Hashiguchi, A.; Takashima, H.; Nakagawa, M.; Mizuno, T. Nerve ultrasound
depicts peripheral nerve enlargement in patients with genetically distinct Charcot-Marie-Tooth disease. J. Neurol. Neurosurg.
Psychiatry 2015, 86, 378–384. [CrossRef]

79. Schreiber, S.; Oldag, A.; Kornblum, C.; Kollewe, K.; Kropf, S.; Schoenfeld, A.; Feistner, H.; Jakubiczka, S.; Kunz, W.S.; Scherlach, C.
Sonography of the median nerve in CMT1A, CMT2A, CMTX, and HNPP. Muscle Nerve 2013, 47, 385–395. [CrossRef]

80. Elmansy, M.; Morrow, J.M.; Shah, S.; Fischmann, A.; Wastling, S.; Reilly, M.M.; Hanna, M.G.; Helmy, E.M.; El-Essawy, S.S.;
Thornton, J.S. Evidence of nerve hypertrophy in patients with inclusion body myositis on lower limb MRI. Muscle Nerve 2022, 66,
744–749. [CrossRef]

81. Martinoli, C.; Schenone, A.; Bianchi, S.; Mandich, P.; Caponetto, C.; Abbruzzese, M.; Derchi, L.E. Sonography of the median nerve
in Charcot-Marie-Tooth disease. Am. J. Roentgenol. 2002, 178, 1553–1556. [CrossRef]

82. Pazzaglia, C.; Minciotti, I.; Coraci, D.; Briani, C.; Padua, L. Ultrasound assessment of sural nerve in Charcot–Marie-Tooth 1A
neuropathy. Clin. Neurophysiol. 2013, 124, 1695–1699. [CrossRef]

https://doi.org/10.1136/jnnp.45.10.938
https://doi.org/10.5001/omj.2016.43
https://doi.org/10.1038/s41431-022-01086-x
https://doi.org/10.1016/j.gim.2022.05.007
https://doi.org/10.1212/WNL.0000000000001236
https://www.ncbi.nlm.nih.gov/pubmed/25576636
https://doi.org/10.1111/j.1346-8138.2009.00644.x
https://www.ncbi.nlm.nih.gov/pubmed/19383003
https://doi.org/10.1002/ajmg.1320450122
https://www.ncbi.nlm.nih.gov/pubmed/8418668
https://doi.org/10.1136/bcr-2013-010078
https://www.ncbi.nlm.nih.gov/pubmed/23853192
https://doi.org/10.1001/archopht.123.10.1443
https://doi.org/10.1212/WNL.31.11.1408
https://doi.org/10.1148/radiology.161.3.3786733
https://doi.org/10.1016/0899-7071(90)90073-K
https://doi.org/10.1212/01.WNL.0000103234.32489.CA
https://doi.org/10.1007/s00256-012-1384-7
https://www.ncbi.nlm.nih.gov/pubmed/22410805
https://doi.org/10.4103/0366-6999.218017
https://www.ncbi.nlm.nih.gov/pubmed/29133773
https://doi.org/10.2169/internalmedicine.3040-19
https://www.ncbi.nlm.nih.gov/pubmed/31292398
https://doi.org/10.1002/mus.25766
https://doi.org/10.1136/jnnp-2014-308211
https://doi.org/10.1002/mus.23681
https://doi.org/10.1002/mus.27728
https://doi.org/10.2214/ajr.178.6.1781553
https://doi.org/10.1016/j.clinph.2013.02.020


Biomedicines 2025, 13, 127 17 of 17

83. Naito, H.; Sugimoto, T.; Hironaka, A.; Nakamori, M.; Yamazaki, Y.; Ochi, K.; Maruyama, H. Diagnostic value of lower extremity
ultrasonographic nerve enlargement for differentiating demyelinating Charcot-Marie-Tooth disease from chronic inflammatory
demyelinating polyneuropathy. J. Neurol. Sci. 2024, 460, 122995. [CrossRef]

84. Sinclair, C.; Miranda, M.; Cowley, P.; Morrow, J.; Davagnanam, I.; Mehta, H.; Hanna, M.; Koltzenburg, M.; Reilly, M.; Yousry,
T. MRI shows increased sciatic nerve cross sectional area in inherited and inflammatory neuropathies. J. Neurol. Neurosurg.
Psychiatry 2011, 82, 1283–1286. [CrossRef] [PubMed]

85. Zaidman, C.M.; Al-Lozi, M.; Pestronk, A. Peripheral nerve size in normals and patients with polyneuropathy: An ultrasound
study. Muscle Nerve 2009, 40, 960–966. [CrossRef] [PubMed]

86. Ellegala, D.B.; Monteith, S.J.; Haynor, D.; Bird, T.D.; Goodkin, R.; Kliot, M. Characterization of genetically defined types of
Charcot-Marie-Tooth neuropathies by using magnetic resonance neurography. J. Neurosurg. 2005, 102, 242–245. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jns.2024.122995
https://doi.org/10.1136/jnnp.2010.211334
https://www.ncbi.nlm.nih.gov/pubmed/20971754
https://doi.org/10.1002/mus.21431
https://www.ncbi.nlm.nih.gov/pubmed/19697380
https://doi.org/10.3171/jns.2005.102.2.0242
https://www.ncbi.nlm.nih.gov/pubmed/15739551

	Introduction 
	Materials and Methods 
	Mutational Analysis 
	Structural Analysis 

	Results 
	Discussion 
	Mechanisms Through Which INF2 Variants Cause Glomerulopathy and Neuropathy 
	Clinical Features of Hypertrophied Nerves in CMT Caused by INF2 Variants 
	Roles of Schwannomatosis-Related Genes in Nerve Enlargement 
	Limitations 

	Conclusions 
	References

