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Abstract

Background and Aims: POLR3B gene encodes a subunit of RNA polymerase III (Pol

III). Biallelic mutations in POLR3B are associated with leukodystrophies, but recently

de novo heterozygous mutations have been described in early onset peripheral

demyelinating neuropathies with or without central involvement. Here, we report the

first Italian case carrying a de novo variant in POLR3B with a pure neuropathy pheno-

type and primary axonal involvement of the largest nerve fibers.

Methods: Nerve conduction studies, sympathetic skin response, dynamic sweat test,

tactile and thermal quantitative sensory testing and brain magnetic resonance imaging

were performed according to standard procedures. Histopathological examination was

performed on skin and sural nerve biopsies. Molecular analysis of the proband and his

relatives was performed with Next Generation Sequencing. The impact of the identi-

fied variant on the overall protein structure was evaluated through rotamers method.

Results: Since his early adolescence, the patient presented with signs of polyneuro-

pathy with severe distal weakness, atrophy, and reduced sensation. Neurophysiological

studies showed a sensory-motor axonal polyneuropathy, with confirmed small fiber

involvement. In addition, skin biopsy and sural nerve biopsy showed predominant large

fibers involvement. A trio's whole exome sequencing revealed a novel de novo variant

p.(Arg1046Cys) in POLR3B, which was classified as Probably Pathogenic. Molecular

modeling data confirmed a deleterious effect of the variant on protein structure.

Interpretation: Neurophysiological and morphological findings suggest a primary axo-

nal involvement of the largest nerve fibers in POLR3B-related neuropathies. A partial

loss of function mechanism is proposed for both neuropathy and leukodystrophy

phenotypes.
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1 | INTRODUCTION

Charcot–Marie–Tooth disease (CMT) is a clinically and genetically het-

erogeneous group of polyneuropathies representing the most com-

mon type of inherited peripheral neuropathy.1

Classically, CMTs are classified into three subgroups based on

their neurophysiological features: a demyelinating form (median motor

nerve conduction velocity [MNCV] < 38 m/s) and the axonal form

(median MNCV > 38 m/s). A third group, referred to as intermediate,

has a median MNCV closer to 25–45 m/s.2 Additional subtypes are

then derived from the neurophysiological classification based on the

mode of inheritance and identified molecular defect (https://

neuromuscular.wustl.edu/).

The Polymerase III, RNA, subunit B (POLR3B) gene encodes the

second-largest subunit of RNA polymerase III (Pol III), a 17-subunit

protein complex involved in the transcription of small non-coding

RNAs (such as tRNA, 5S RNA, 7SK RNA, and U6RNA).3

Mutations in Pol III subunits have been associated with a wide

spectrum of disorders4; in particular, bi-allelic mutations in POLR3B

are associated with leukodystrophies5 and de novo heterozygous

mutations have recently been described in peripheral demyelinating

neuropathies, classified as CMT1I (CMT demyelinating, autosomal

dominant, type I). These patients present with an early onset of

peripheral neuropathy, with several additional features, including cer-

ebellar or white matter pathology.6–8

Until today, only eight heterozygous mutations in POLR3B have

been described in nine unrelated individuals, all of de novo origin.

Here, we report the first Italian case carrying a de novo heterozy-

gous mutation in the POLR3B gene (c.3136C>T p.Arg1046Cys) with a

pure neuropathy phenotype associated with a primary axonal involve-

ment of the largest nerve fibers.

2 | MATERIALS AND METHODS

2.1 | Clinical evaluation

The patient was evaluated at third-level hospitals (IRCCS Institute

“G. Gaslini”, Genoa; University of Naples “Federico II”, Naples) by

clinical neurologists, who are experts in hereditary peripheral

neuropathies.

Nerve conduction studies were performed according to standard

procedures.2 To evaluate small fiber functions, sudomotor function

was assessed by sympathetic skin response (SSR) and Dynamic Sweat

Test (DST),9 tactile and thermal (cold and warm) quantitative sensory

testing (QST)10 were performed to estimate large (Aβ) and small (Aδ

and C) nerve fibers function, respectively. Cardiovascular (CV) reflexes

were assessed according to standard guidelines.11

A brain magnetic resonance imaging (MRI) was performed to eval-

uate central nervous system involvement. The patient also underwent

skin and sural nerve biopsies for histopathological examination.

2.2 | Skin biopsy

Skin biopsies were obtained from the leg, thigh, and fingertip of the V

digit using a 3 mm punch. Skin samples were fixed in Zamboni solu-

tion and transferred to cryoprotectant solution after 1 h. Free-floating

50 μm-thick sections were processed for indirect immunofluores-

cence using a panel of primary antibodies against the following anti-

gens: protein gene product 9.5 (PGP; for neurons), myelin basic

protein (MBP; for myelin), vasoactive-intestinal-peptide (for choliner-

gic fibers), and dopamine-betahydroxylase (DβH; for noradrenergic

fibers); collagen IV (COLIV for vascular bed and basal membranes).

Endothelia and epidermis were labeled with Ulex europaeus agglutinin

1. Species-specific secondary antibodies coupled with cyanine 2 and

cyanine 3 fluorophores were used. Digital images were captured with

a non-laser confocal microscope (Apotome; Zeiss).

2.3 | Sural nerve biopsy

Sural nerve biopsy was obtained from the Achilles tendon insertion

under sterile conditions. The specimen was divided into two seg-

ments, one of which was fixed in paraformaldehyde, embedded in par-

affin, and processed for immunohistochemistry. The other one was

fixed in 2.5% glutaraldehyde in cacodylate buffer, pH 7.4, for 24 h

and embedded in Epon for light and electron microscopy analyses.

The glutaraldehyde-fixed segment was incubated in 4% osmium

tetroxide and then embedded in resin (methacrylate) to obtain semi-thin

longitudinal and transversal sections (approximately 1–2 μm thick),

which were stained with toluidine blue for morphological assessment.

Transversal and longitudinal sections stained with hematoxylin–

eosin and Congo red, were obtained from the paraformaldehyde fixed

nerve segment.

2.4 | Genetic analysis

Written informed consent was obtained from all family members fol-

lowing the Regional Ethical Committee and guidelines for genetic test-

ing used in current clinical practice. This consent allows the

anonymous use of the data for research and publication.

The genomic DNA of the proband and his parents was extracted

from peripheral blood using standard methods. Preliminary, DNA test-

ing for inherited neuropathies was performed by NGS technology
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using an Ampliseq custom gene panel (56 CMT-related genes cov-

ering 97.5% at 20� minimum) on an Ion Gene Studio S5 System

sequencer (Thermofisher). Bioinformatic analysis was performed

using Ion Reporter (Thermofisher) and ANNOVAR software. Dupli-

cation and deletion of the PMP22 gene were assessed by multiplex

ligation-dependent probe amplification (MLPA) analysis according

to the manufactured protocol (MRC Holland–P033 probe mix).

Whole exome sequencing (WES) was performed on trios. Librar-

ies were prepared using the Nextera rapid capture exomes kit

(Illumina) and sequenced on an Illumina sequencer (paired-ends

2 � 150). The 85% of the exome was covered with at least 20 reads.

Sequenced reads were aligned to the hg38 reference and anno-

tated using Ensembl Variant Effect Predictor-VEP (https://www.

ensembl.org/info/docs/tools/vep/index.html).

Variants of interest were selected from those reported in the gno-

mAD with minor allele frequency <0.01 or not reported at all. In silico

functional prediction of variants was evaluated by Revel and BaysDel

meta-predictor while HSF (Human Splicing Finder) (https://www.

genomnis.com/access-hsf), Fruit-Fly (https://www.fruitfly.org/seq_tools/

splice.html) and SpliceAI (https://spliceailookup.broadinstitute.org/) tools

were used to predict the impact of the identified variants on splicing.

2.5 | Molecular modeling

The POLR3 PDB structure was downloaded from the Protein Data

Bank (www.rcsb.org, pdb code 7AE1–12), selecting the structure with

the best resolution and the highest number of residues (1–1133 aa,

2.80 Å) among the nine deposited structures.

The residue p.Arg1046 was mutated to Cys using Chimera, select-

ing the most likely conformation for the side chain13 of the cysteine

residue which was also used to display hydrogen-bonds.

3 | RESULTS

3.1 | Case report

The proband is a 19-year-old male, the first son of healthy and unre-

lated parents (Figure 3). While motor development was unimpaired,

he began to show neuromuscular symptoms in early adolescence,

with difficulty walking, frequent falls and impaired fine motor

skills. At 12 years of age, after a period of immobilization for a left

medial malleolus fracture, he noticed calf atrophy and weakness.

The first nerve conduction study, performed at the age of 12 years

showed a severe sensory-motor polyneuropathy interpreted as

demyelinating.

At the last neurological examination, at the age of 19, he pre-

sented a bilateral stepping gait, impossible on the feet and heels,

moderate weakness, atrophy in the intrinsic hand muscles (more

pronounced in the thenar muscles), and severe weakness in the dis-

tal muscles of the lower limbs. Sensory examination revealed

decreased pinprick and light touch sensation up to the wrist and

mid-calf and decreased vibratory sensation to the ankle. Deep ten-

don reflexes were reduced in the upper limbs and absent in the

lower limbs. Severe Achilles tendon retraction was present, whereas

no pes cavus was evident. Brain MRI showed normal findings with-

out white matter abnormalities.

3.2 | Neurophysiological study

A nerve conduction study performed at the age of 19 years showed

absent compound muscle action potential (CMAP) and sensory and

action potentials (SAP) in the lower limbs and severe reduction of SAP

and CMAP with reduced MNCV and sensory nerve conduction veloc-

ity in the upper limbs (Table 1). There was not temporal dispersion or

conduction block. According to Berciano and colleagues,2 the proxi-

mal segment (axilla-elbow) of median nerve recording from pronator

teres muscle was performed since the median MNCV was in the range

of the intermediate CMT (25–45 m/s) and distal CMAP (dCMAP) was

<50% of the lower limit normal value. The proximal segment showed

normal CMAP amplitude and MNCV (Table 1), suggesting a predomi-

nant axonal neuropathy.

The sudomotor function was severely impaired: SSR was

absent, and DST showed a severe reduction in sweat production

in both upper and lower limbs. QST revealed abnormal tactile, cold

detection threshold, warm detection threshold, cold pain and heat

pain, with a length-dependent pattern. Finally, CV reflexes were

unchanged.

TABLE 1 Nerve conduction study.

Nerve DML (ms) dCMAP (mV) Duration (ms)a MCV (m/s) F-Wave (ms) SAP (μV) SCV (m/s)

Median (from ABP) 6.1 (4.1) 2.4 (6.2) 7 (7.8) 28.2 (51) Absent No No

Median (from pronator teres) 3.1 (3.5) 14.2 (6.2) 10.5 55.6 (53)

Ulnar (from ADM) 3.3 (3.1) 3.3 (7.5) 5.5 (8.5) 39.7 (52) Absent 1.4 (9) 33.3 (52)

Peroneal NA NR NR NA

Peroneus superficialis - - - NR NA

Note: In bold are reported pathologic values; in the bracket were reported normal value.

Abbreviations: ABP, adductor brevis pollicis; ADM, abductor digiti minimi; dCMAP, distal compound muscle action potential (peak-to-peak); DML, distal

motor latency; MCV, motor conduction velocity; NA, not applicable; NR, not recordable; SAP, sensory action potential; SCV, sensory conduction velocity.
aDuration was calculated as the interval between onset of the first negative peak and return to baseline of the last negative peak.
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3.3 | Skin biopsy

Cutaneous innervation showed a severe loss of epidermal nerve fiber

(ENF) density with a length-dependent pattern (leg: 2.1 ENF/mm [normal

value > 10.9 ENF/mm]; thigh: 6 ENF/mm [normal value > 17.1 ENF/

mm]; V digit: 2.6 ENF/mm [normal value > 6.6 ENF/mm]) (Figure 1A).

MBP/PGP double stained sections showed a complete absence of

myelinated fibers in the leg and very rare dermal myelinated fibers

in the thigh and fingertip (Figure 1C). Of interest, the few myelin-

ated fibers were thin and with faint myelin (MBP) staining. In addi-

tion, no mechanoreceptors (e.g., Meissner corpuscles and Merkel

complexes) and intrapapillary myelinated endings were found in

the glabrous skin sections (Figure 1C). Finally, the annessial inner-

vation showed a moderate loss of cholinergic fibers around sweat

glands and a mild reduction of adrenergic fibers along the pilomo-

tor muscles.

3.4 | Sural nerve biopsy

Examination of the sural nerve biopsy showed a diffuse reduction in the

density of large, myelinated fibers. Several small, myelinated fibers

sometimes surrounded by thin myelin were observed. The density of

small myelinated and unmyelinated fibers was preserved. Fibers under-

going active axonal degeneration and large axons without myelin were

occasionally observed. Electron microscopy observation revealed the

presence of unmyelinated fibers with demyelinated axons (Figure 2).

3.5 | Genetic analysis and molecular modelling

Initial molecular analysis of known CMT-associated genes, performed

with a combination of NGS panel and MLPA, was negative. Therefore,

WES was performed on the proband and his parents. The analysis

F IGURE 1 Study of skin innervation. (A and B) Digital confocal images from a distal site show a severe reduction in epidermal and dermal
innervation in the patient carrying POL3RB variant (A) compared to a healthy control (B). In green: nerves marked with the pan-neuronal protein
gene product 9.5 (PGP9.5) antibody; in red: basement membrane and blood vessels marked with Collagen IV (Col IV) antibody; in blue: endothelia
and epidermis marked with ULEX europaeus. (C and D) Digital confocal images from fingertip of V digit show a complete absence of dermal
myelinated fibres and Meissner corpuscles at the apex of dermal papillae in the patient carrying the POL3RB variant (C) respect a healthy control
(D). In green: nerves marked with the pan-neuronal PGP9.5 antibody; in red: myelin sheath marked with myelin basic protein (MBP) antibody; in
blue: endothelia and epidermis marked with ULEX europaeus.
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revealed a novel transition c.3136C>T (p.Arg1046Cys) in POLR3B. This

was a de novo variant, confirmed by parental SNP analysis through analy-

sis, never reported in the gnomAD database (Sanger validation Figure 3).

The highly conserved p.Arg1046 residue has been previously

described to be involved in POL3B related CMT (p.Arg1046His).5,6

Both changes are predicted to be deleterious by the prediction tool

Revell and thus the POLR3B c.3136C>T variant is classified as Proba-

bly Pathogenic according to the ACMG/AMP guidelines (PS2, PM2,

PM5, PP3 criteria activated).

According to cryo E.M. data, Arg1046 in POLR3B is involved with its

side chain in two H-bonds with residues Arg353 and Gly354 backbone. In

addition, its stabilizing action on the tertiary structure of the protein is

enhanced by a strong salt bridge, performed by one of the side chains gua-

nidinic nitrogens and a DNA phosphate group. The mutation suggests that

this interaction is altered since a polar residue with basic features is

replaced by a polar residue with slightly acid features. The Cys residue,

with its most probable rotamer, can keep only one of the H-bonds formed

by Arg residue, the one with the DNA phosphate group, while the salt

bridge is lost. This results in a different packing in the 3D structure of the

protein, which is more prone to misfolding, is obtained (Figure 4). These

computational findings are thus in agreement with the experimental data

and suggest that the mutation has a deleterious effect on the protein func-

tion, accounting for the pathological condition observed in our patient.

4 | DISCUSSION

Heterozygous mutations in POLR3B have been described worldwide

in association with peripheral neuropathies, with no apparent geo-

graphical clustering.

So far, only 10 cases have been described. The associated pheno-

types described are quite heterogeneous but share the early onset

phenotype and most of them showed apparently demyelinating neu-

rophysiological features.6

The patient described here had a pure peripheral nervous system

(PNS) phenotype, as in the cases described by Djordjevic and Xue.6,7 Our

patient showed an early onset with a peculiar concomitant weakness and

atrophy of the anterior and posterior leg muscles and intrinsic hand

F IGURE 2 (A) Transversal section of sural nerve stained with toluidine blue at light microscope. Evident loss of large, myelinated fibers and
preservation of small caliber ones. (B and C) Electron microscopy images showing amyelinated fibers with demyelinated axons (green arrow) and
axonal degeneration (red arrow).
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muscles. Although the nerve conduction study in distal segments showed

a severe reduction of CMAP with a MNCV slowing in demyelinating

range, the study of proximal segments showed normal CMAP andMNCV,

thus suggesting an axonal neuropathy. The apparent demyelinating fea-

tures in the distal segment could be related to the predominance of small

caliber fiber nerves. In fact, both skin and sural biopsy showed a predomi-

nant involvement of large caliber myelinated fibers in the absence of

demyelination features, as previously shown by Ando et al.8 In conclusion,

we can hypothesize that heterozygous POLR3B-related neuropathy

causes a predominant involvement of large, myelinated nerve fibers and,

as occurs in other CMT types,14 the relatively small axonal caliber fibers

sparing may explain the slow conduction velocities. Moreover, we cannot

exclude that peripheral involvement was asymmetrical (e.g., multiplex

neuropathy) as occurs in some leukodystrophies15 (Sedel), since bilateral

examination was not performed. However, on neurological examination,

no asymmetric involvement was evident. Finally, although the POLR3B

F IGURE 4 (A) Overall view of human POLR3 structure. DNA chain is depicted in magenta, while Arg1046 is colored in cyan. (B) Close up
view of Arg1046 involved in the mutation. The residue is shown in stick, H-bonds are reported as cyan lines. (C) Close up view of the new variant

Arg1046Cys. The residue is shown in stick, and H-bonds are reported as cyan lines.

F IGURE 3 Family pedigree and Sanger validation.
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TABLE 2 Literature overview.

Variant Reference

Onset/age

at last
evaluation Origin Neuropathya

Cerebellar
signs

Intellectual
disability Brain MRI

Additional
features

c.1087G>A

(p.Glu363Lys)

Djordjevic et al.6 7/8 Western Europe Intermediate Yes Moderate Normal Seizures

c.1094C>T

(p.Ala365Val)

Djordjevic et al.6 Unknown

onset/22

Irish/French Axonal Yes Moderate White matter

abnormalities

Seizures,

oromotor

dyspraxia,

progressive

dysphagia

c.1124C>T

(p.Asp375Val)

Djordjevic et al.6 3.5/16 East Indian Axonal Yes Severe Mild cerebellar

atrophy

No

c.1277C>T

(p.Leu426Ser)

Djordjevic et al.6 4/4 Turkish Normal (only lower

limb nerve)

No Yes Normal Seizures

c.1385C>G

(p.Thr462Arg)

Djordjevic et al.6 6/14 Scottish/English Intermediate Yes Severe Normal No

c.1405C>T

(p.Arg469Cys)

Ando et al.8 10/36 Japanese Demyelinating No No Mild cerebellar

atrophy

Scoliosis

c.1469G>A

(p.Cys490Tyr)

Ando et al.8 2/8 Japanese Demyelinating No No Not reported No

c.3136C>T

(p.Arg1046Cys)

This study 12/19 Italian Axonal No No Normal No

c.3137C>T

(p.Arg1046His)

Xue et al.7 5/19 Chinese Intermediate No No Normal No

c.3137C>T

(p.Arg1046His)

Djordjevic et al.6 7/11 Northern Europe Demyelinating

(no data available)

No No Chiari I

malformation

No

Abbreviation: MRI, magnetic resonance imaging.
aInterpretation of neuropathy according Berciano.

F IGURE 5 (A) POLR3B domains. (B) POLR3B variants described so far were listed and their relative phenotypes. In red heterozygous
mutations associated with peripheral neuropathies. In black mutations associated with POLR3 related leukodystrophies. ASD, ataxia, spasticity,
demyelinatyng neuropaty; CA, cerebellar ataxia; CHES, cerebellar hypoplasya with endosteal sclerosis; D, demyelinatyng neuropaty; DCA,
demyelinatyng neuropaty, cerebellar atrophy; HA, hypothalamic amenorrhea; HCAtCH, hypomyelination, cerebellar atrophy, corpus callosus
atrophy; HHH, hypomyelination, hypodontia, hypogonadotropic hypogonadism; HL, hypomyelinating leukodystrophy; ID, intellectual disability; L,
leukodystrophy; N, neurological disease; WRS, Wiedemann Rautenstrauch Syndrome.
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mutations are typically associated with a demyelinating neuropathy, the

re-evaluation of the available electrophysiological data (see Table 2)

according to Berciano supported that in 70% of the described cases the

neuropathy was in the axonal/intermediate range rather than demyelinat-

ing. Our case reinforces that in the instance of a reduced conduction

velocity in the distal nerve segment with a severe CMAP reduction, the

study of a proximal segment must be performed in order to better clarify

the main pathology of CMT.2

Another interesting point is the involvement of the CNS. In our

case, there were no signs or symptoms of CNS involvement, and the

brain MRI was normal. However, CNS Involvement could be seen as a

link between POLR3B related leukodystrophies and POLR3B periph-

eral neuropathies. The reason why POLR3B pathogenetic variants

lead to leukodystrophies or peripheral neuropathies is still unclear. To

our knowledge, the variants described so far do not share between

two clinical phenotypes.6 The position of the variants in the secondary

structure of the protein or in the space, with tertiary and quaternary

conformation, does not reveal any obvious cluster that could provide

a domain-dependent explanation (Figure 5).

Evaluating all the variants, it seems that POL3B-related leukodys-

trophies are usually caused by the association of a nonsense and a

missense mutation, less frequently by two missense mutations, while

the association of two nonsense mutations has never been

described.5 These data may suggest a partial loss of function (LOF)

mechanism, whereas complete loss of the protein is unlikely to be via-

ble. In contrast, the CMT phenotype is always associated with de

novo missense mutations. Djordjevic et al. showed that

leukodystrophy-associated mutations cause a complete disassembly

of the polymerase, whereas CMT-associated variants seem to affect

only the binding to single RNApol3 subunits. A dominant-negative

effect has been suggested and so we can postulate a broader LOF

mechanism, where polymerase functionality is progressively lost. Het-

erozygous missense mutations are likely to cause an impaired function

with a dominant-negative effect, while the compound heterozygous

ones lead to a severe LOF.

Until today, variants involving the Arg1046 residue are the only

ones that interact directly with DNA through H-bonds. The aminoaci-

dic change p.Arg1046Cys, reported here, may cause the loss of two

H-bonds with the POLR3A subunit. The binding to DNA remains, but

changes from NH to SH binding. On the contrary, the already

described p.Arg1046His leads to the loss of all the H-bonds. Interest-

ingly, these two aminoacidic changes are the only ones associated

with a pure neuropathy. Also, a patient with the p.Cys490Tyr variant

described by Ando et al. has a neuropathy, but without a brain MRI to

exclude any CNS involvement.

The reasons why recessive mutations have an exclusive CNS

involvement whereas heterozygous de novo mutations have a pre-

dominant PNS involvement is still unclear. The absence of any periph-

eral involvement in patients with POLR3B-related leukodystrophy,

but also in their healthy reported parents, adds to the confusion.

Could the perhaps mild neuropathy, be overshadowed by the

more severe clinical phenotype of leukodystrophy? Or is one variant

in the POLR3B gene not enough and a hidden second event is needed

to make the pathogenicity of a single POLR3B mutation effective? All

these questions need to be answered in the future.

The allelic heterogeneity of POLR3B is also critical in genetic

counseling. Is the heterozygous POLR3B neuropathic patient also a

carrier of leukodystrophy? The classification of the variants into two

subgroups seems to give us a negative answer, but the number of the

described variants is still too small to answer this question definitely.

If in the future, a positive answer can be demonstrated, the question

of offering a POLR3B carrier test in a couple, will arise despite the

very low frequency of mutation.8

5 | CONCLUSION

We report a patient with a de novo heterozygous mutation in the

POLR3B gene. Electrophysiological and morphological features sug-

gest that the POLR3B-related neuropathy is due to a predominant

involvement of large, myelinated nerve fibers and the

least involvement of small caliber fibers may explain the slow conduc-

tion velocities previously misinterpreted as demyelinating neuropathy.
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