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Abstract

Repair of genomic DNA is a fundamental housekeeping process that quietly maintains

the health of our genomes. The consequences of a genetic defect affecting a component

of this delicate mechanism are quite harmful, characterized by a cascade of premature

aging that injures a variety of organs, including the nervous system. One part of the ner-

vous system that is impaired in certain DNA repair disorders is the peripheral nerve.

Chronic motor, sensory, and sensorimotor polyneuropathies have all been observed in

affected individuals, with specific physiologies associated with different categories of

DNA repair disorders. Cockayne syndrome has classically been linked to demyelinating

polyneuropathies, whereas xeroderma pigmentosum has long been associated with axo-

nal polyneuropathies. Three additional recessive DNA repair disorders are associated

with neuropathies, including trichothiodystrophy, Werner syndrome, and ataxia-telangi-

ectasia. Although plausible biological explanations exist for why the peripheral nerves

are specifically vulnerable to impairments of DNA repair, specific mechanisms such as

oxidative stress remain largely unexplored in this context, and bear further study. It is

also unclear why different DNA repair disorders manifest with different types of neurop-

athy, and why neuropathy is not universally present in those diseases. Longitudinal phys-

iological monitoring of these neuropathies with serial electrodiagnostic studies may

provide valuable noninvasive outcome data in the context of future natural history stud-

ies, and thus the responses of these neuropathies may become sentinel outcome

measures for future clinical trials of treatments currently in development such as adeno-

associated virus gene replacement therapies.

K E YWORD S

ataxia telangiectasia, Cockayne syndrome, DNA repair disorders, neuropathies, peripheral
neuropathy, trichothiodystrophy, Werner syndrome, xeroderma pigmentosum

Abbreviations: AT, ataxia telangiectasia; BER, base excision repair; CNS, central nervous system; CS, Cockayne syndrome; DDR, DNA damage response; DSBR, double-strand break repair; GG-

NER, global genomic; HR, homologous recombination; MMR, mismatch repair; NER, nucleotide excision repair; NHEJ, non-homologous end joining; ROS, reactive oxygen species; SSBR, single-

strand break repair; TC-NER, transcription-coupled; TTD, trichothiodystrophy; UV, ultraviolet; WS, Werner syndrome; XP, xeroderma pigmentosum.

Answer questions and earn CME https://education.aanem.org/URL/JR101.

The objectives of this activity are to: 1) Become familiar with several DNA repair and genome stability pathways so as to be able to understand the phenotypic consequences; 2) Recognize the

neuropathies associated with 5 DNA repair disorders: xeroderma pigmentosum, trichothiodystophy, Cockayne syndrome, Werner syndrome, and ataxia telangiectasia; 3) develop and implement

appropriate pharmacologic and non-pharmacologic interventions for individuals with these 5 DNA repair disorders.

The AANEM is accredited by the American Council for Continuing Medical Education (ACCME) to providing continuing education for physicians. AANEM designates this Journal-based CME

activity for a maximum of 1.0 AMA PRA Category 1 Credit™. Physicians should claim only the credit commensurate with the extent of their participation in the activity.

Received: 13 December 2021 Revised: 8 September 2022 Accepted: 10 September 2022

DOI: 10.1002/mus.27721

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. Muscle & Nerve published by Wiley Periodicals LLC.

Muscle & Nerve. 2023;67:101–110. wileyonlinelibrary.com/journal/mus 101

https://education.aanem.org/URL/JR101
https://education.aanem.org/URL/JR101
https://education.aanem.org/URL/JR101
https://orcid.org/0000-0002-4270-7325
https://orcid.org/0000-0002-7430-124X
mailto:cpacak@umn.edu
https://education.aanem.org/URL/JR101
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/mus


1 | INTRODUCTION

Peripheral neuropathy represents one of the many complex clinical

manifestations that can be present in patients with DNA repair disor-

ders and, as such, symptoms related to this may be overshadowed by

other complications.1 As these are inherited disorders that impair ubiq-

uitous biological processes, the peripheral neuropathy that occurs tends

to be a polyneuropathy rather than a mononeuropathy. Although the

true incidence is likely underreported, a review of current literature

shows documentation of sensory, motor, and sensorimotor peripheral

neuropathies in patients with DNA repair or genome instability disor-

ders. Depending on the specific underlying deficiency, these can pre-

sent as either demyelinating or axonal peripheral neuropathies. In each

of these cases, differences exist among patients regarding the age of

susceptibility, precise anatomical distribution of the neuropathy, and

overall severity. Regardless of the specific manifestations, peripheral

neuropathies add to the burden of patients with DNA repair disorders

and an improved understanding of how the underlying disease mecha-

nisms influence the development of neuropathies in these patients

would support the development and assessment of effective therapies.

The human body relies upon multiple levels of quality control mech-

anisms that serve to correct injuries that occur due to both endogenous

and exogenous factors. Oxidative DNA base damage from reactive oxy-

gen species (ROS) represents one of the most common endogenous

sources of DNA damage and is an inevitable, constant byproduct of nor-

mal cellular metabolism.2 In healthy cells, ROS are generally maintained

at manageable levels. However, in situations of persistent cell stress,

such as that found in DNA repair disorders and other diseases, ROS can

become problematic due to increased production and decreased abilities

to manage its effects. A nonexhaustive list of exogenous factors that

activate DNA repair pathways includes: DNA lesions caused by ultravio-

let (UV) radiation (cyclobutane pyrimidine dimers [CPDs] and pyrimidine

[6-4] pyrimidone photoproducts), X ray and gamma-ray exposure, muta-

genic chemicals (hydrogen peroxide, vinyl chloride, and polycyclic aro-

matic hydrocarbons), viruses, and heat stress.3–5

A variety of DNA damage response (DDR) pathways exist, each

of which is responsible for a specific DNA-editing function. These

pathways include nucleotide excision repair (NER), base excision

repair (BER), mismatch repair, homologous recombination (HR), non-

homologous end joining (NHEJ), single-strand break repair, and

double-strand break repair (DSBR).6 DNA repair disorders occur when

genetically inherited mutations lead to dysfunctions in proteins that

are responsible for a particular component of the DDR mechanism.

Among these, neuropathies have been observed specifically in

patients with deficiencies in proteins involved in NER and DSBR and

as well as those involved in the maintenance of genome stability.

Due to the high energetic burden associated with maintaining

precise ion gradients across long distances and relaying electrophysio-

logical signals on a regular basis, the metabolic activity of neurons and

other cells associated with the nervous system is more robust when

compared with many other cell types throughout the body. This

exposes both the central and peripheral nervous systems to high

levels of oxidative stress that are associated with vulnerability to an

accumulation of DNA damage. Thus, it is not surprising that DNA

repair disorders are frequently associated with neurological complica-

tions, including peripheral neuropathies.

The neuropathies associated with DNA repair disorders vary regard-

ing sensory, motor, or sensorimotor involvement. It remains a puzzle

why defects in the same overall biological process can have different

manifestations, often in consistent patterns depending on the subtype.

One possible explanation is that some of these proteins involve overlap-

ping but somewhat distinct aspects of DNA repair defects. Another pos-

sible explanation is that individual proteins involved in these diseases

have functions distinct from their direct role in DNA repair.7

The following is a review of the current literature regarding the

association of neuropathies with these disorders. We discuss five dis-

eases in detail---xeroderma pigmentosum (XP), trichothiodystrophy

(TTD), Cockayne syndrome (CS), Werner syndrome (WS), and ataxia

telangiectasia (AT)---due to evidence in the literature for peripheral

neuropathy presentation. In this review we highlight aspects of these

disorders that are relevant to neuromuscular specialists.

2 | DNA REPAIR AND GENOME STABILITY
PATHWAYS

These repair pathways have been extensively reviewed elsewhere,8–12

but we briefly summarized these in what follows. NER is responsible

for the removal of lesions caused by ultraviolet (UV) rays and other

environmental carcinogens. It is divided into two forms: global genomic

(GG) and transcription-coupled (TC) and is the only DNA repair system

capable of removing sun-induced UV DNA damage in mammals.13,14

The sequential steps involved include lesion recognition, lesion removal,

DNA repair patch synthesis, and ligation. Each of these steps proceeds

with a careful orchestration of recruitment, binding, and release of

repair machinery components.

GG-NER is the subpathway that is able to detect helix distortions

caused by structural nucleotide lesions and can function anywhere in

the genome.15 In GG-NER, once the DNA helix distortions are recog-

nized, repair is initiated by the GG-NER–specific DNA-damage–binding

XP type C (XPC)-Rad23B complex and sometimes the UV-damaged

DNA-binding complex (UV-DDB).15 After damage recognition, the

remaining steps occur in a manner similar to TC-NER as other repair

proteins are recruited to the lesion to verify the damage, unwind the

helix, excise the damaged DNA strand, and fill in the repair patch using

the complementary strand as a template.16 When the DNA-damage

recognition machinery is deficient, recognition of the DNA helix distor-

tion does not occur and repair machinery fails to localize to the lesion.

Defects in the GG-NER pathway–specific proteins typically lead to can-

cer predisposition and associated disorders, such as XP.15

TC-NER is responsible for the repair of lesions located on the

transcribed strand of active genes and does not require XPC or DDB

proteins for lesion recognition in mammalian cells.15 TC-NER initiation

differs from GG-NER in DNA damage recognition step, as the recogni-

tion signal is the stalling of RNA polymerase at a lesion in DNA.

Defects in TC-NER are associated with TTD, CS, XP, and XP-CS.
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Although some DNA repair disorders reveal clear deficiencies in only

GG or TC-NER, studies have revealed that some deficiencies impact

the function of both repair pathways.17

Double-strand break repair is one of two repair mechanisms that

involve HR repair.9 DNA double-strand breaks (DSBs) are the primary

form of DNA lesions responsible for formation of chromosomal aberra-

tions and can be induced by ionizing radiation, topoisomerase-mediated

DNA cleavage, spontaneous DSBs during DNA replication, various

recombination mechanisms, and BER when operating on near but oppo-

site strands.9 Two different DSBR repair strategies exist: HR and

NHEJ.18 In HR, a mechanism involving DNA resection, strand invasion,

and exchange provides primers for repair synthesis. It is this require-

ment for a homologous template that restricts HR to the S and G2

phases of the cell cycle. NHEJ, however, requires no homology with a

second DNA duplex and little to no homology between the two severed

DNA ends.18 Although more efficient, NHEJ is also more error-prone

and, in contrast, although less efficient (slower), HR is more accurate.19

The affected gene in AT, AT-mutated (ATM), encodes a serine/

threonine protein kinase important for damage signaling in response to

DSBs.20–22 Clinical observations demonstrated chromosomal instability,

immunodeficiency, and radio-sensitivity that suggested impaired DSBR

in AT patients.23 Previous studies using different models and experimen-

tal conditions reached conflicting conclusions regarding the precise role

for ATM in DSBR, but compelling evidence has shown that it facilitates

repair of DSBs associated with heterochromatin.24,25 Other studies

focused on the telangiectasias in AT have uncovered a key role for oxida-

tive stress in the disruption of cellular responses in this disorder.26–28

The accelerated aging disorder WS is caused by defects in the

WS protein (WRN). Although WRN has a role in the maintenance of

genomic DNA stability, its precise function has yet to be elucidated.

The WRN protein has been shown to have DNA-binding capabilities

and is recruited to DSBs, where it may play a role in DNA unwinding

through its helicase activities.29–31

3 | NEUROPATHIES IN DNA REPAIR AND
GENOME INSTABILITY DISORDERS

3.1 | XP

Xeroderma pigmentosum is a rare, autosomal recessive genetic disorder

that affects an estimated 2.3 per million livebirths in Western Europe,

1 in 22 000 in Japan, and 1 per million in the United States.32,33 The

disease affects males and females equally and is statistically more com-

mon in certain regions, including Japan, North Africa, and the Middle

East.32 Patients with XP are hypersensitive to DNA damage from UV

radiation and typically experience severe sunburns, increased freckles,

and increased susceptibility to skin cancer.34 In 60% of XP cases,

extreme sensitivity to sunlight is apparent within the first few weeks of

life. The remaining 40% of cases typically display freckle-like pigmenta-

tion on sun-exposed skin by 2 years of age.35

The degree of UV sensitivity can vary between XP patients and

basal- and squamous-cell carcinomas are the most prevalent types of

skin tumors.36 XP is caused by pathogenic variants in one of multiple

XP genes that encode proteins involved in NER (Table 1).37 Although

the resulting deficiency in NER is consistent throughout XP, the vari-

ous functions of specific XP proteins and the severity of the patho-

genic variant (null variants versus partial impairments) can both

influence disease presentation in XP patients.38 The central nervous

system is affected in �25% of XP patients, and an estimated 20% to

30% display sensorineural abnormalities that include ataxia, hearing

loss, as well as sensory and sensorimotor peripheral neuropathies

(Table 2).35,39–45 Of the XP genetic subtypes, XPA, XPB, XPD, XPF,

and XPG are those that have been found to be associated in some

cases with neurological symptoms, with XPA and XPD being the

genetic subtypes most frequently associated with neurological degen-

eration.46 Conversely, patients with XPC and XPE rarely display neu-

rological manifestations, although there is one published case of an

XPC patient developing a peripheral neuropathy at age 47.41,47

One recent study showed that 78% of XPA patients evaluated

had an axonal sensorimotor polyneuropathy, whereas 50% of XPD

patients evaluated had an axonal sensory neuropathy.46 The investi-

gation also showed that the development of neuropathy in XPA

tended to be earlier than in XPD patients and that sensorineural hear-

ing loss may precede abnormal nerve conduction studies in XP.46

The main course of treatment for XP is prevention of complica-

tions through protective measures against UV radiation. In utero XP

screening for families with a history of the disease is recommended

and facilitates early implementation of sun protection mea-

sures.35,39,40 Regular multidisciplinary clinical evaluations that include

dermatology, neurology, and ophthalmology can help capture various

symptoms in the early stages and identify beneficial preventive strate-

gies to minimize the detrimental effects of DNA damage.48 As of yet,

there are no reports of medications that are effective for the neuro-

logical aspects of XP.

3.2 | TTD

Trichothiodystrophy is a rare, autosomal recessive disorder that is char-

acterized by sulfur-deficient, short, brittle hair and nails, with a range of

disease severity and a prevalence in the United States of �1 per 1 000

000 with males and females being equally affected.14,49,50 The age of

onset is early and often associated with premature birth and low birth-

weight with prenatal diagnoses documented in some patients with a

family history of the disease.51 Mildly affected patients may only dis-

play the characteristic tiger-tail-banding hair phenotype, whereas more

severely affected patients will often develop photosensitivity, ichthyo-

sis, intellectual impairment, developmental delay, hematological abnor-

malities, microcephaly, decreased fertility, accelerated aging, and

recurrent infections.14,52 Forty to 50% of TTD patients have photosen-

sitivity.53 The photosensitive form of this disorder is caused by patho-

genic variants in any one of the three genes: ERCC2, ERCC3, or

GTF2H5 (Table 1). Each of these genes encodes a subunit of the

DNA repair and transcription factor TFIIH.52,54 Genetic variants in

ERCC2 XPD are the most common causes of photosensitive TTD.55

MAGUINA ET AL. 103



TFIIH is important for both NER and transcription initiation. Although

TFIIH's role in NER can explain the photosensitivity observed in TTD,

the other features of this disease are thought to be a result of deficien-

cies in TFIIH's ability to initiate transcription.14

Neurological complications associated with TTD include

peripheral neuropathy, intellectual impairment, developmental

delays, and impaired motor control/psychomotor skills.51,56 A sys-

tematic review of TTD showed a 2% frequency of peripheral neu-

ropathies in TTD patients.51 In one published case study, motor

nerve conduction studies performed at 6, 14, and 24 months of age

demonstrated a slow conduction velocity, indicating demyelinating

physiology (Table 2).56

TABLE 1 Key features of DNA repair disorders

DNA repair disorders Affected protein/gene

DNA repair pathway/s

affected

Notes on general neurological presentation and

frequencies

Xeroderma

pigmentosum

XPA (XPA), XPB (ERCC3),

XPC (XPC), XPD

(ERCC2)

XPE (DDB2), XPF

(ERCC4), XPG (ERCC5),

XPV (POLH)a

NERa

translesion synthesis128
• Of the genes affected, XPC, XPE, and XPV rarely

show signs of neurological abnormalities39

• The central nervous system is affected in �25% of

XP patients35,39

• Approximately one third of XP patients have

progressive neurodegeneration with neuronal loss39

• 78% of XPA patients show sensorimotor

neuropathy and 50% of XPD patients show a

sensory neuropathy46

Photosensitive

trichothiodystrophy

XPB (ERCC3), XPD

(ERCC2), TTDA

(GTF2H5)

NER • Frequencies of neurological presentations in TTD

patients: peripheral neuropathy 2%, intellectual

impairment 75%, developmental delay 68%,

impaired motor control or psychomotor retardation

37%51,53

Cockayne syndrome CSA (ERCC8), CSB

(ERCC6),

NER • CS is associated with a progressive demyelinating

neuropathy that correlates with clinical severity71

• Parkinson-like symptoms often develop in CS

adolescents70

• A CS imaging study reported brain calcifications in

16 of 18 CS patients, white matter hypoattenuation

in 10 of 18 patients, and cerebral atrophy in all 18

patients evaluated129

Werner syndrome WRN (WRN) Genome stability • Accelerated aging of the brain is a common finding

in WS130

Ataxia telangiectasia ATM (ATM) DSBR • Cerebellar gait ataxia is the most common form of

ataxia in AT with truncal ataxia, and limb ataxia

presenting in a smaller number of AT patients86

• Movement disorders are common in these

patients86

Abbreviations: AT, ataxia telangiectasia; CS, Cockayne syndrome; DSBR, double-strand break repair; NER, nucleotide excision repair; TTD,

trichothiodystrophy; WS, Werner syndrome; XP, xeroderma pigmentosum.
aIndicates that XPV is unique in that it is involved in translesion synthesis not NER.

TABLE 2 Type of peripheral neuropathy associated with DNA repair disorders

DNA repair disorder
Sensory vs motor
neuropathy

Axonal vs demyelinating
neuropathy Age of neuropathy onset

Xeroderma pigmentosum Sensorimotor (XPA),

sensory (XPD)

Axonal Detected as early as 3 years for XPA, detected as early

as adolescence for XPD46

Trichothiodystrophy Motor Demyelinating Detected as early as 6 months of age56

Cockayne syndrome Sensorimotor Demyelinating Severe slowing of conduction velocities observed at

2 years of age71

Werner syndrome Sensorimotor Axonal and demyelinating Neuropathy has been detected in the fourth decade of

life and later, onset unclear80–82

Ataxia telangiectasia Sensorimotor Axonal Childhood onset with progression over time131

Abbreviation: XP, xeroderma pigmentosum.
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As with many of the other disorders in this review, TTD patients

typically have complex health-care needs and require multidisciplinary

clinical care that can include neurology, dermatology, ophthalmology,

orthopedics, rehabilitation medicine, immunology, and genetics.51

Treatments for mildly affected TTD patients typically include symptom-

atic management using sun-protection measures and moisturizers for

the dermatological aspects of the disease (ichthyosis, dry skin, and UV

sensitivity).50 A recent study has demonstrated successful treatment of

the skin features of TTD (improved erythema and reduced itching) with

the monoclonal antibody dupilumab.57 As of yet, there are no reports

of medications being effective for the neurological aspects of TTD.

3.3 | CS

Cockayne syndrome is a rare, autosomal recessive, multisystem disor-

der with an estimated incidence of 1 in 250 000 live births in the

United States, with no known gender, ethnic, or racial clustering.1,58

The genes affected in this disorder are CSA (ERCC8) and CSB (ERCC6),

which encode proteins responsible for TC-NER (Table 1).59 CS is char-

acterized by microcephaly, failure to thrive (in weight and size), progres-

sive dementia, and developmental delay. CS is divided into three types

based on age of onset. In CS type 1, the progressive symptoms are typi-

cally apparent after 1 year of age. CS type 2 is congenital and typically

a severe form of the disease. CS type 3 is characterized by a late onset

after the age of 2 years and is typically a milder form of the disease.58

Cockayne syndrome is recognized as the first NER disorder asso-

ciated with mitochondrial impairment and it is thought that this dys-

function contributes to the accelerated aging and neurodegeneration

phenotypes observed in CS.60 Other compelling data suggest that

CSB is involved in the regulation of gene expression and that this

(as opposed to deficient TC-NER) may be the main cause of neurologi-

cal dysfunction in CS.61 In addition, the CS proteins also appear to

play a role in the maintenance of mitochondrial homeostasis through

NAD+ signaling.62,63

Among CS patients, �25% of cases result from pathogenic variants

in CSA/ERCC8, whereas 75% of cases are caused by CSB/ERCC6.58 In

the setting of CSA or CSB deficiency, DNA damage remains unrepaired

and RNA polymerase progression halts at lesion sites on the transcribed

strand of active genes. The detrimental effects of unrepaired DNA

damage accumulate, simultaneously impeding expression of many

active genes, causing various degrees of cellular dysfunction. This con-

tinuous accrual of unrepaired DNA damage likely compounds CS neu-

rological abnormalities that include brain atrophy (Table 1), brain

calcifications and vascular defects, demyelinating peripheral neuropa-

thy, hypomyelination (central and peripheral), and the accelerated aging

phenotype, all common characteristics of CS (Table 2).64–69

The most common form of peripheral neuropathy observed in CS

patients is sensorimotor demyelinating polyneuropathy, although

other polyneuropathies have also been described.1,70,71 CS patients

display white matter demyelination in the central nervous system

(CNS), atrophy of the cerebrum and cerebellum, and perivascular calci-

fications in the basal ganglia and cerebellum.1 One study assessed

peripheral nerve involvement in CS through a retrospective evaluation

of neurophysiological data on a series of 25 CS patients to determine

whether there was evidence of correlations between neurophysiologi-

cal, clinical, and molecular data.71 The study showed that all

25 patients displayed an electrophysiological pattern that was sugges-

tive of primary sensorimotor demyelinating neuropathy with a correla-

tion between the severity of the neuropathy and overall disease

severity.

Supportive care and regular evaluations with a multispecialty clin-

ical team will help facilitate management of complications.72,73 Spe-

cialties that may be helpful for CS patients include audiology,

cardiology, dentistry, dermatology, otolaryngology, endocrinology,

gastroenterology, genetics, neurology, nephrology, nutrition, ophthal-

mology, pulmonology, and urology.73 Some CS patients develop

tremors, which could originate from basal ganglia lesions, neuropathy,

or both. Tremors due to basal ganglia lesions may in some cases be

managed successfully with the dopamine agonist carbidopa-levodopa,

which is used in Parkinson's disease.70

3.4 | WS

Werner syndrome is an autosomal recessive disease that causes dra-

matic, progressive, accelerated aging and is estimated to affect 1 in

200 000 individuals in the United States and 1 or 2 per 40 000 in

Japan.74 Affected individuals typically undergo healthy development

until puberty, when no growth spurt materializes.74 The accelerated

aging aspects of the disease typically begin to appear in the third

decade of life. Additional WS characteristics include cataracts, skin

ulcers, osteoporosis, type 3 diabetes, and some forms of cancer.74

WS is caused by pathogenic variants in the WRN gene, which

encodes a helicase protein that is important for the unwinding of

DNA (Table 1).74,75 This important protein supports genome stability

and telomere maintenance.76,77 Myelopathy and polyneuropathy have

been reported in WS for over 30 years.78,79 Based on electrophysio-

logical and biopsy studies, the polyneuropathy in WS has variable sen-

sorimotor involvement with axonal and demyelinating physiology,

accompanied at least in some cases by clinical and electrophysiological

evidence for long tract and dorsal column dysfunction in the spinal

cord (Table 2).80–83 This association suggests that WS can affect both

the CNS and peripheral nervous system. Current treatments for WS

involve symptomatic and supportive care with a multidisciplinary clini-

cal team of specialists able to meet the affected individual's needs.75

Specialty clinicians who may be needed include orthopedists, cardiolo-

gists, ophthalmologists, endocrinologists, and neurologists.75 As of

yet, there are no medications known to be effective for the neurologi-

cal aspects of WS.

3.5 | AT

Ataxia telangiectasia, also known as Louis-Bar syndrome, is a rare,

inherited disorder that affects 1 or 2 per 100 000 live births
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worldwide.84 AT is an autosomal recessive disorder caused by muta-

tions in the ataxia telangiectasia mutated (ATM) gene that encodes

the protein ATM (Table 1). AT impacts multiple systems throughout

the body including the nervous and immune systems and is associated

with an increased predisposition for cancer and neurodegeneration.60

The initial presentation of AT is typically an unsteady gait at around

1 or 2 years of age.85,86 Patients with AT can develop a broad range

of clinical phenotypes, including progressive cerebellar ataxia, axonal

polyneuropathy, oculocutaneous telangiectasia, variable immunodefi-

ciencies, tremors, increased susceptibility to malignancies, and meta-

bolic dysfunction.87,88

The ATM gene is located on 11q22-q23 and encodes a serine/

threonine protein kinase that assists in recognizing damaged or bro-

ken DNA strands.21,22 When ATM is deficient, p53 signaling is not

activated and the cell cycle continues without allowing for DNA repair

or activating apoptosis. This allows for replication of abnormal cells

and, ultimately, leads to complications that include a primary immuno-

deficiency disease involving both cellular and humoral immune

systems.89 Due to the increased susceptibility of AT patient cells to

X rays, radiotherapy, and some forms of chemotherapy, these expo-

sures should be avoided if possible.84 Sensorimotor axonal polyneuro-

pathy has been observed in AT patients (Table 2).90 Although it can

develop as young as 5 years of age, the acquired deformity of the feet

(pes cavus) is common in AT patients and becomes apparent by 10 or

11 years of age.84,91

Investigators have studied the ability of several pharmacological

interventions to mitigate neurological manifestations in AT patients.92

Amantadine, fluoxetine, and buspirone can improve balance, speech,

and coordination, whereas tremors in AT patients have been mitigated

with gabapentin, clonazepam, and propranolol, and dystonia has been

successfully treated with trihexyphenidyl.92,93

The use of glucocorticoids (dexamethasone and betamethasone)

has also been shown to improve neurological symptoms in AT.94 How-

ever, the use of these medications can increase the frequency of infec-

tions and have an influence on inflammatory and immune responses.94

The use of nutritional antioxidants is another approach that may slow

the progress of neurodegeneration. Vitamin E and alpha-lipoic acid

have both been shown to improve mitochondrial function in ATM-

deficient lymphoblastoid cells.95 Clinically, current disease management

for AT is focused on symptomatic and supportive care.

4 | MANAGEMENT AND TREATMENT

Currently, there are no US Food and Drug Administration–approved

therapies for any of the DNA repair disorders, so management of

these diseases and their complications, including the neuropathies,

remains challenging. As these diseases have multiorgan system

involvement, and diagnostic testing for neuropathy, particularly elec-

trodiagnostic (EDx) testing and nerve biopsy, is not uniformly per-

formed, the incidence of these neuropathies is likely underrecognized

and underreported. The variable origins of pain due to individual

physiological, emotional, or cognitive states is another factor that can

impede recognition that one of these patients may be experiencing

symptoms of a neuropathy.96,97 Although more research has been

performed to evaluate neuropathic pain in diabetic patients, under-

standing the underlying mechanisms associated with pain has been

challenging even in such a common disease.98 An added diagnostic

difficulty in younger children within this population involves the strug-

gle they experience in effectively communicating specific discomforts.

Despite the challenges, many patients with DNA repair disorders

do receive comprehensive multidisciplinary care. A common thread

throughout the five DNA repair disorders described herein is the

importance of increased awareness among patients, families, and

health-care providers of the importance of obtaining the most up-to-

date clinical care for the patient. Having multidisciplinary care further

advances patient needs in a collaborative setting.99 This benefits

patient quality of care through the development of disease manage-

ment plans that anticipate symptoms and provide disease-specific

supportive care and advice whenever possible.72,73

Although the supportive approaches just described are important,

other existing neuropathy therapies have been tested in some of

these disorders and may be worth considering on an individual basis.

Knowing that a therapy is effective and has been safely administered

to other patients with specific DNA repair disorders can help to avoid

tragedies such as those that have occurred after metronidazole use in

both CS and XP/TTD patients.100,101

One potential therapeutic target for these disorders may be mito-

chondrial function. Multiple research groups have documented mito-

chondrial deficiencies in CS, WS, and AT and observed how multiple

disease phenotypes (including peripheral neuropathies) overlap with

those of certain classic mitochondrial disorders.102–107 Several of these

observations point toward a possible increase in ROS, suggesting that

antioxidants may be beneficial in these disorders, which have been sup-

ported by studies in disease models.104,108–110 Thus far, however, anti-

oxidant therapy has not been studied systematically in human patients.

Another aspect of mitochondrial dysfunction that is relevant for CS,

XP, AT, and WS is defective mitophagy, which is a decreased ability to

degrade damaged mitochondria.102,103,106,111–115 NAD+ augmentation

has been shown to restore some functions in WS, AT, and CS disease

models, likely through improved mitophagy mechanisms.63,113,115 Such

an approach has not yet been tested in human patients but is likely

on the horizon. It will be of interest to see the impact of such NAD+

supplementation strategies on neuropathies.

Other therapies are currently under development for DNA repair

disorders. Gene therapies are designed either to transfer a healthy

copy of a defective gene to cells and tissues impacted by a disorder or

to transfer genome-editing machinery to correct specific pathological

variants.116 Gene replacement strategies are broadly applicable across

patients with pathogenic variants in the same affected gene, but,

depending on factors such as the target tissue(s) and the timing of

treatment, the therapeutic effect may be diluted over time due to

growth and cell division. In contrast, most genome editing techniques

are designed in variant-specific ways that potentially benefit

subsets of patients harboring specific pathogenic variants, sometimes

also including biologically related variants. Either approach could
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potentially prevent or improve neuropathies in these disorders and

we are pursuing active preclinical studies testing gene replacement

strategies for treatment of the neurological aspects of CS and

XP-CS.117 Other investigators have shown promising results after

ATM cDNA delivery to fibroblasts where the cell-cycle abnormalities

and cellular radiosensitivity were restored in the treated cells.118

Another interesting therapeutic approach that is dependent on

the specific type of pathogenic variant is read-through of aberrant

stop codons (nonsense mutations) and the potential for epigenetic

therapies. A preclinical study using cells from patients with WS dem-

onstrated successful read-through of nonsense mutations using phar-

macological treatments. Both aminoglycosides and ataluren restored

full-length protein expression and WRN function in cellular disease

models of WS.119 Another study demonstrated successful read-

through of XPC mRNA, functional XPC protein expression, localization

of XPC to sites of UV-induced DNA damage, and successful repair in

XP-C–deficient patient cells using G418 sulfate and gentamicin,

and subsequently similar efficacy with reduced toxicity using

small-molecule non-aminoglycoside compounds (PTC124, BZ16, or

RTC14).120 Although promising results have been achieved in preclini-

cal models for a variety of disorders, it is not yet clear how efficacious

these approaches are in human patients.120–122

A major question as new therapies are being developed is how

feasible it will be for the peripheral nerves to be a target organ for

these treatments, and whether the status of any neuropathy should

be an outcome measure for human clinical trials, either for the sake of

improving the neuropathy itself or as a surrogate marker for improve-

ment in the CNS. If the latter, the peripheral nerves have the distinc-

tion of being more easily accessible for direct functional testing than

the CNS. There is precedent for using various configurations of EDx

as outcome measures for human clinical trials. For example, com-

pound muscle action potentials were used in a pivotal trial of gene

therapy for spinal muscular atrophy (SMA),123 and motor unit number

estimation has been studied as a potential outcome measure in the

setting of SMA124,125 and amyotrophic lateral sclerosis.126,127 The use

of these noninvasive neurophysiological measures and derivatives of

these measures in clinical trials will likely expand to other diseases in

the future, including DNA repair disorders.

5 | CONCLUSIONS

The DNA repair deficiencies are a category of rare disorders repre-

senting multiple individual ultrarare populations that can display

overlapping disease phenotypes, including neuropathies. Although

significant advances are being made to better understand the natural

progression of these disorders and their underlying disease mecha-

nisms, more detailed preclinical experiments and human natural his-

tory studies for DNA repair disorders are needed to prepare novel

therapies for translation into human clinical trials and to determine

optimal outcome measures for such trials, respectively. We antici-

pate that the peripheral nerves will have an important role in the

development of new therapies, either as a target organ or as the

nexus for a surrogate biomarker. There is cause to be optimistic

about future therapeutic development for these serious inherited

disorders.

ACKNOWLEDGMENTS

The authors acknowledge the many patients and families in the DNA

repair disorder communities who inspire our work. We also thank

those in the American Physician Scientists Association Virtual Summer

Research Program, who fortuitously paired Ms Maguina and Dr Pacak

to work together on this project.

CONFLICT OF INTEREST

The authors declare no potential conflict of interest.

DATA AVAILABILITY STATEMENT

Data sharing not applicable - no new data generated

ETHICAL PUBLICATION STATEMENT

We confirm that we have read the Journal's position on issues

involved in ethical publication and affirm that this report is consistent

with those guidelines.

ORCID

Peter B. Kang https://orcid.org/0000-0002-4270-7325

Christina A. Pacak https://orcid.org/0000-0002-7430-124X

REFERENCES

1. Kang P. In: Goddeau R, ed. Neuropathies associated with hereditary

disorders. UpToDate; 2020 Accessed July 20, 2021.

2. Nita M, Grzybowski A. The role of the reactive oxygen species

and oxidative stress in the pathomechanism of the age-related

ocular diseases and other pathologies of the anterior and poste-

rior eye segments in adults. Oxid Med Cell Longev. 2016;2016:

3164734.

3. Kemp MG, Sancar A. DNA excision repair: where do all the dimers

go? Cell Cycle. 2012;11:2997-3002.

4. Chang C. DNA repair. In: Encyclopedia Britannica; 5 Sep. 2016.

5. Kantidze OL, Velichko AK, Luzhin AV, Razin SV. Heat stress-induced

DNA damage. Acta Naturae. 2016;8:75-78.

6. Chatterjee N, Walker GC. Mechanisms of DNA damage, repair, and

mutagenesis. Environ Mol Mutagen. 2017;58:235-263.

7. Brooks PJ, Cheng TF, Cooper L. Do all of the neurologic

diseases in patients with DNA repair gene mutations result from

the accumulation of DNA damage? DNA Repair (Amst). 2008;7:

834-848.

8. Spivak G. Nucleotide excision repair in humans. DNA Repair (Amst).

2015;36:13-18.

9. Pfeiffer P, Goedecke W, Obe G. Mechanisms of DNA double-strand

break repair and their potential to induce chromosomal aberrations.

Mutagenesis. 2000;15:289-302.

10. Rodriguez A, D'Andrea A. Fanconi anemia pathway. Curr Biol. 2017;

27:R986-R988.

11. Negritto MC. Repairing double-strand DNA breaks. Nat Educ.

2010;3:26.

12. Duan M, Speer RM, Ulibarri J, Liu KJ, Mao P. Transcription-coupled

nucleotide excision repair: new insights revealed by genomic

approaches. DNA Repair (Amst). 2021;103:103-126.

13. Ferri D, Orioli D, Botta E. Heterogeneity and overlaps in nucleotide

excision repair disorders. Clin Genet. 2020;97:12-24.

MAGUINA ET AL. 107

https://orcid.org/0000-0002-4270-7325
https://orcid.org/0000-0002-4270-7325
https://orcid.org/0000-0002-7430-124X
https://orcid.org/0000-0002-7430-124X


14. Theil AF, Mandemaker IK, van den Akker E, et al. Trichothiodystro-

phy causative TFIIEbeta mutation affects transcription in highly dif-

ferentiated tissue. Hum Mol Genet. 2017;26:4689-4698.

15. Scharer OD. Nucleotide excision repair in eukaryotes. Cold Spring

Harb Perspect Biol. 2013;5:a012609.

16. Fuss JO, Cooper PK. DNA repair: dynamic defenders against cancer

and aging. PLoS Biol. 2006;4:e203.

17. Fousteri M, Mullenders LH. Transcription-coupled nucleotide exci-

sion repair in mammalian cells: molecular mechanisms and biological

effects. Cell Res. 2008;18:73-84.

18. Featherstone C, Jackson SP. DNA double-strand break repair. Curr

Biol. 1999;9:R759-R761.

19. Mao Z, Bozzella M, Seluanov A, Gorbunova V. Comparison of non-

homologous end joining and homologous recombination in human

cells. DNA Repair (Amst). 2008;7:1765-1771.

20. Rondeau S, Vacher S, De Koning L, et al. ATM has a major role in the

double-strand break repair pathway dysregulation in sporadic breast

carcinomas and is an independent prognostic marker at both mRNA

and protein levels. Br J Cancer. 2015;112:1059-1066.

21. Amirifar P, Ranjouri MR, Yazdani R, Abolhassani H, Aghamohammadi A.

Ataxia-telangiectasia: a review of clinical features and molecular pathol-

ogy. Pediatr Allergy Immunol. 2019;30:277-288.

22. ATM Gene---ATM Serine/Threonine Kinase. Vol 2021. MedLinePlus:

USNLM; 2021.

23. Lavin MF. Ataxia-telangiectasia: from a rare disorder to a paradigm

for cell signalling and cancer. Nat Rev Mol Cell Biol. 2008;9:759-769.

24. Keimling M, Volcic M, Csernok A, Wieland B, Dork T, Wiesmuller L.

Functional characterization connects individual patient mutations in

ataxia telangiectasia mutated (ATM) with dysfunction of specific

DNA double-strand break-repair signaling pathways. FASEB J. 2011;

25:3849-3860.

25. Goodarzi AA, Noon AT, Deckbar D, et al. ATM signaling facilitates

repair of DNA double-strand breaks associated with heterochroma-

tin. Mol Cell. 2008;31:167-177.

26. Schoenaker MHD, Van Os NJH, Van der Flier M, et al. Telangiecta-

sias in ataxia telangiectasia: clinical significance, role of ATM defi-

ciency and potential pathophysiological mechanisms. Eur J Med

Genet. 2018;61:284-287.

27. Mongiardi MP, Stagni V, Natoli M, et al. Oxygen sensing is impaired

in ATM-defective cells. Cell Cycle. 2011;10:4311-4320.

28. Ousset M, Bouquet F, Fallone F, et al. Loss of ATM positively regu-

lates the expression of hypoxia inducible factor 1 (HIF-1) through

oxidative stress: role in the physiopathology of the disease. Cell

Cycle. 2010;9:2814-2822.

29. Kitano K, Yoshihara N, Hakoshima T. Crystal structure of the HRDC

domain of human Werner syndrome protein, WRN. J Biol Chem.

2007;282:2717-2728.

30. Lan L, Nakajima S, Komatsu K, et al. Accumulation of Werner protein

at DNA double-strand breaks in human cells. J Cell Sci. 2005;118:

4153-4162.

31. von Kobbe C, Thoma NH, Czyzewski BK, Pavletich NP, Bohr VA.

Werner syndrome protein contains three structure-specific DNA

binding domains. J Biol Chem. 2003;278:52997-53006.

32. Kleijer WJ, Laugel V, Berneburg M, et al. Incidence of DNA repair

deficiency disorders in western Europe: xeroderma pigmentosum,

Cockayne syndrome and trichothiodystrophy. DNA Repair (Amst).

2008;7:744-750.

33. Christen-Zaech S, Imoto K, Khan SG, et al. Unexpected occurrence

of xeroderma pigmentosum in an uncle and nephew. Arch Dermatol.

2009;145:1285-1291.

34. Abeti R, Zeitlberger A, Peelo C, et al. Xeroderma pigmentosum: over-

view of pharmacology and novel therapeutic strategies for neurolog-

ical symptoms. Br J Pharmacol. 2019;176:4293-4301.

35. Lehmann AR, McGibbon D, Stefanini M. Xeroderma pigmentosum.

Orphanet J Rare Dis. 2011;6:70.

36. Lehmann J, Seebode C, Martens MC, Emmert S. Xeroderma

pigmentosum----facts and perspectives. Anticancer Res. 2018;38:

1159-1164.

37. Lin S, Tamura D, Kraemer KH. Xeroderma Pigmentosum. Rare Disease

Database. Vol 2021. National Organization for Rare Disorders; 2017.

38. Moriel-Carretero M, Herrera-Moyano E, Aguilera A. A unified model

for the molecular basis of xeroderma pigmentosum---Cockayne syn-

drome. Rare Dis. 2015;3(1):e1079362.

39. Fassihi H, Sethi M, Fawcett H, et al. Deep phenotyping of 89 xero-

derma pigmentosum patients reveals unexpected heterogeneity

dependent on the precise molecular defect. Proc Natl Acad Sci USA.

2016;113:E1236-1245.

40. Hand JL, Warner CG. Xeroderma pigmentosum. Vol 2021. UpTo-

Date; 2021.

41. Viana LM, Seyyedi M, Brewer CC, Zalewski C, et al. Histopathology

of the inner ear in patients with xeroderma pigmentosum and neuro-

logic degeneration. Otol Neurotol. 2013;34:1230-1236.

42. Ueda T, Kanda F, Nishiyama M, Nishigori C, Toda T. Quantitative

analysis of brain atrophy in patients with xeroderma pigmentosum

group A carrying the founder mutation in Japan. J Neurol Sci. 2017;

381:103-106.

43. Anttinen A, Koulu L, Nikoskelainen E, et al. Neurological symptoms

and natural course of xeroderma pigmentosum. Brain. 2008;131:

1979-1989.

44. Totonchy MB, Tamura D, Pantell MS, et al. Auditory analysis of xero-

derma pigmentosum 1971-2012: hearing function, sun sensitivity and

DNA repair predict neurological degeneration. Brain. 2013;136:194-208.

45. Lai JP, Liu YC, Alimchandani M, et al. The influence of DNA repair

on neurological degeneration, cachexia, skin cancer and internal neo-

plasms: autopsy report of four xeroderma pigmentosum patients

(XP-A, XP-C and XP-D). Acta Neuropathol Commun. 2013;1:4.

46. Lehky TJ, Sackstein P, Tamura D, et al. Differences in peripheral

neuropathy in xeroderma pigmentosum complementation groups A

and D as evaluated by nerve conduction studies. BMC Neurol. 2021;

21:393.

47. Brooks BP, Thompson AH, Bishop RJ, et al. Ocular manifestations of

xeroderma pigmentosum: long-term follow-up highlights the role of

DNA repair in protection from sun damage. Ophthalmology. 2013;

120:1324-1336.

48. Xeroderma pigmentosum. Vol 2021. NIH-NCATS: Gard; 2020.

rarediseases.info.nih.gov

49. Kurban M, Christiano AM. Inherited disorders of the hair. In:

Rimoin D, Pyeritz R, Korf B, eds. Emery and Rimoin's Principles and

Practice of Medical Genetics. 6th ed. Elsevier; 2013:1-22.

50. Cecelia A, Bellcross DT, DiGiovanna JJ. Trichothiodystrophy. National

Organization of Rare Disorders; 2021. https://rarediseases.org

51. Faghri S, Tamura D, Kraemer KH, Digiovanna JJ. Trichothiodystrophy:

a systematic review of 112 published cases characterises a wide spec-

trum of clinical manifestations. J Med Genet. 2008;45:609-621.

52. Trichothiodystrophy. Genetic conditions. Vol 2021. MedLinePlus:

USNLM; 2021.

53. Itin PH, Sarasin A, Pittelkow MR. Trichothiodystrophy: update on

the sulfur-deficient brittle hair syndromes. J Am Acad Dermatol.

2001;44:891-920. quiz 921-894.

54. Giglia-Mari G, Coin F, Ranish JA, et al. A new, tenth subunit of TFIIH

is responsible for the DNA repair syndrome trichothiodystrophy

group A. Nat Genet. 2004;36:714-719.

55. Deen J. Trichothiodystrophy. In: Oakley A, ed. DermNet NZ. Derm-

Net New Zealand Trust; 2022.

56. King MD, Gummer CL, Stephenson JB. Trichothiodystrophy-

neurotrichocutaneous syndrome of Pollitt: a report of two unrelated

cases. J Med Genet. 1984;21:286-289.

57. Gruber R, Zschocke A, Zellner H, Schmuth M. Successful treatment

of trichothiodystrophy with dupilumab. Clin Exp Dermatol. 2021;46:

1381-1383.

108 MAGUINA ET AL.

https://www.rarediseases.info.nih.gov
https://rarediseases.org


58. Cockayne syndrome. Rare Disease Database. Vol 2021. National

Organization for Rare Disorders: NORD; 2021.

59. Saijo M. The role of Cockayne syndrome group A (CSA) protein in

transcription-coupled nucleotide excision repair. Mech Ageing Dev.

2013;134:196-201.

60. Prates Mori M, de Souza-Pinto NC. Role of mitochondrial dysfunc-

tion in the pathophysiology of DNA repair disorders. Cell Biol Int.

2018;42:643-650.

61. Wang Y, Chakravarty P, Ranes M, et al. Dysregulation of gene

expression as a cause of Cockayne syndrome neurological disease.

Proc Natl Acad Sci USA. 2014;111:14454-14459.

62. Okur MN, Fang EF, Fivenson EM, Tiwari V, Croteau DL, Bohr VA.

Cockayne syndrome proteins CSA and CSB maintain mitochondrial

homeostasis through NAD(+) signaling. Aging Cell. 2020;19:e13268.

63. Okur MN, Mao B, Kimura R, et al. Short-term NAD(+) supplementa-

tion prevents hearing loss in mouse models of Cockayne syndrome.

NPJ Aging Mech Dis. 2020;6:1.

64. Cockayne syndrome. Genetic conditions. Vol 2021. MedLinePlus:

USNLM; 2021.

65. Sasaki K, Tachi N, Shinoda M, Satoh N, Minami R, Ohnishi A. Demy-

elinating peripheral neuropathy in Cockayne syndrome: a histopath-

ologic and morphometric study. Brain Dev. 1992;14:114-117.

66. Schenone A, Rolando S, Ferrari M, Romagnoli P, Tabaton M,

Mancardi GL. Peripheral neuropathy in Cockayne syndrome. Ital J

Neurol Sci. 1986;7:447-452.

67. Vos A, Gabreels-Festen A, Joosten E, Gabreels F, Renier W,

Mullaart R. The neuropathy of Cockayne syndrome. Acta Neuro-

pathol. 1983;61:153-156.

68. Dabbagh O, Swaiman KF. Cockayne syndrome: MRI correlates of

hypomyelination. Pediatr Neurol. 1988;4:113-116.

69. Pacak CA, Brooks PJ. The past, present, and future of modeling

Cockayne syndrome---a commentary on "rat model of Cockayne

syndrome neurological disease.". DNA Repair (Amst). 2020;88:

102788.

70. Neilan EG, Delgado MR, Donovan MA, et al. Response of motor

complications in Cockayne syndrome to carbidopa-levodopa. Arch

Neurol. 2008;65:1117-1121.

71. Gitiaux C, Blin-Rochemaure N, Hully M, et al. Progressive demyelin-

ating neuropathy correlates with clinical severity in Cockayne syn-

drome. Clin Neurophysiol. 2015;126:1435-1439.

72. Cockayne Syndrome: A Manual for Healthcare Providers. NICS; 2021.

73. Cockayne Syndrome: A Manual for Parents and Caregivers. NICS;

2021.

74. Werner syndrome. Vol 2021. MedLinePlus: USNLM; 2021.

75. Oshima J. Werner Syndrome. Rare Disease Database. Vol 2021.

National Organization for Rare Disorders; 2021. https://

rarediseases.org

76. Oshima J, Sidorova JM, Monnat RJ Jr. Werner syndrome: clinical

features, pathogenesis and potential therapeutic interventions. Age-

ing Res Rev. 2017;33:105-114.

77. Sickles CK GG. Progeria. Vol 2021. StatPearls Publishing; 2021.

78. Blanc F, Hillion B, Rass B, Vexiau P, Lazrak R, Civatte J. Werner's

syndrome with early onset with hyperandrogenism caused by ovar-

ian hyperthecosis, acanthosis nigricans and peripheral neuropathy

[in French]. Ann Dermatol Venereol. 1990;117:785-786.

79. Haustein J, Pawlas U, Cervos-Navarro J. The Werner syndrome: a

case study. Clin Neuropathol. 1989;8:147-151.

80. Anderson NE, Haas LF. Neurological complications of Werner's syn-

drome. J Neurol. 2003;250:1174-1178.

81. Malandrini A, Dotti MT, Villanova M, Battisti C, Federico A. Neuro-

logical involvement in Werner's syndrome: clinical and biopsy study

of a familial case. Eur Neurol. 2000;44:187-189.

82. Umehara F, Abe M, Nakagawa M, et al. Werner's syndrome associ-

ated with spastic paraparesis and peripheral neuropathy. Neurology.

1993;43:1252-1254.

83. Oshima J, Hisama FM. Search and insights into novel genetic alter-

ations leading to classical and atypical Werner syndrome. Gerontol-

ogy. 2014;60:239-246.

84. Rothblum-Oviatt C, Wright J, Lefton-Greif MA, McGrath-

Morrow SA, Crawford TO, Lederman HM. Ataxia telangiectasia: a

review. Orphanet J Rare Dis. 2016;11:159.

85. Lyonnet DS. Ataxia-telangiectasia. Orphanet; 2022.

86. Petley E, Yule A, Alexander S, Ojha S, Whitehouse WP. The natural

history of ataxia-telangiectasia (A-T): a systematic review. PLoS One.

2022;17:e0264177.

87. Nissenkorn A, Levy-Shraga Y, Banet-Levi Y, Lahad A, Sarouk I,

Modan-Moses D. Endocrine abnormalities in ataxia telangiectasia:

findings from a national cohort. Pediatr Res. 2016;79:889-894.

88. Boder E, Sedgwick RP. Ataxia-telangiectasia (clinical and immunolog-

ical aspects). Psychiatr Neurol Med Psychol Beih. 1970;13-14:8-16.

89. Moin M, Aghamohammadi A, Kouhi A, et al. Ataxia-telangiectasia in

Iran: clinical and laboratory features of 104 patients. Pediatr Neurol.

2007;37:21-28.

90. Crawford TO. Ataxia telangiectasia. Semin Pediatr Neurol. 1998;5:

287-294.

91. Seshachalam A, Cyriac S, Reddy N, Gnana ST. Ataxia telangiectasia:

family management. Indian J Hum Genet. 2010;16:39-42.

92. Lavin MF, Gueven N, Bottle S, Gatti RA. Current and potential thera-

peutic strategies for the treatment of ataxia-telangiectasia. Br Med

Bull. 2007;81-82:129-147.

93. Nissenkorn A, Hassin-Baer S, Lerman SF, Levi YB, Tzadok M,

Ben-Zeev B. Movement disorder in ataxia-telangiectasia: treatment

with amantadine sulfate. J Child Neurol. 2013;28:155-160.

94. Broccoletti T, Del Giudice E, Amorosi S, et al. Steroid-induced

improvement of neurological signs in ataxia-telangiectasia patients.

Eur J Neurol. 2008;15:223-228.

95. Ambrose M, Goldstine JV, Gatti RA. Intrinsic mitochondrial dysfunc-

tion in ATM-deficient lymphoblastoid cells. Hum Mol Genet. 2007;

16:2154-2164.

96. Wilcox CE, Mayer AR, Teshiba TM, et al. The subjective experience

of pain: an FMRI study of percept-related models and functional

connectivity. Pain Med. 2015;16:2121-2133.

97. Rodrigues AC, Kang PB. Neuropathic and myopathic pain. Semin

Pediatr Neurol. 2016;23:242-247.

98. Ossipov MH, Porreca F. Challenges in the development of novel

treatment strategies for neuropathic pain. NeuroRx. 2005;2:650-661.

99. Walsh MF, Chang VY, Kohlmann WK, et al. Recommendations for

childhood cancer screening and surveillance in DNA repair disorders.

Clin Cancer Res. 2017;23:e23-e31.

100. Abiona A, Cordeiro N, Fawcett H, et al. Metronidazole-induced

hepatitis in a teenager with xeroderma pigmentosum and trichothio-

dystrophy overlap. Pediatrics. 2021;148(4):peds.2021-050360.

101. Wilson BT, Strong A, O'Kelly S, Munkley J, Stark Z. Metronidazole

toxicity in Cockayne syndrome: a case series. Pediatrics. 2015;136:

e706-e708.

102. Scheibye-Knudsen M, Croteau DL, Bohr VA. Mitochondrial deficiency

in Cockayne syndrome. Mech Ageing Dev. 2013;134:275-283.

103. Scheibye-Knudsen M, Ramamoorthy M, Sykora P, et al. Cockayne

syndrome group B protein prevents the accumulation of damaged

mitochondria by promoting mitochondrial autophagy. J Exp Med.

2012;209:855-869.

104. Pascucci B, Lemma T, Iorio E, et al. An altered redox balance medi-

ates the hypersensitivity of Cockayne syndrome primary fibroblasts

to oxidative stress. Aging Cell. 2012;11:520-529.

105. Valentin-Vega YA, Maclean KH, Tait-Mulder J, et al. Mitochondrial

dysfunction in ataxia-telangiectasia. Blood. 2012;119:1490-1500.

106. Li B, Iglesias-Pedraz JM, Chen LY, et al. Downregulation of the

Werner syndrome protein induces a metabolic shift that compro-

mises redox homeostasis and limits proliferation of cancer cells.

Aging Cell. 2014;13:367-378.

MAGUINA ET AL. 109

https://rarediseases.org
https://rarediseases.org


107. Andrade LN, Nathanson JL, Yeo GW, Menck CF, Muotri AR.

Evidence for premature aging due to oxidative stress in iPSCs from

Cockayne syndrome. Hum Mol Genet. 2012;21:3825-3834.

108. Cordisco S, Tinaburri L, Teson M, et al. Cockayne syndrome type a

protein protects primary human keratinocytes from senescence.

J Invest Dermatol. 2019;139:38-50.

109. Gueven N, Becherel OJ, Birrell G, et al. Defective p53 response and

apoptosis associated with an ataxia-telangiectasia-like phenotype.

Cancer Res. 2006;66:2907-2912.

110. Chatre L, Biard DS, Sarasin A, Ricchetti M. Reversal of mitochondrial

defects with CSB-dependent serine protease inhibitors in patient

cells of the progeroid Cockayne syndrome. Proc Natl Acad Sci USA.

2015;112:E2910-E2919.

111. Fang EF, Scheibye-Knudsen M, Brace LE, et al. Defective mitophagy

in XPA via PARP-1 hyperactivation and NAD(+)/SIRT1 reduction.

Cell. 2014;157:882-896.

112. Sarkar A, Stellrecht CM, Vangapandu HV, et al. Ataxia-telangiectasia

mutated interacts with Parkin and induces mitophagy independent

of kinase activity. Evidence from mantle cell lymphoma. Haematolo-

gica. 2021;106:495-512.

113. Fang EF, Kassahun H, Croteau DL, et al. NAD(+) replenishment

improves lifespan and healthspan in ataxia telangiectasia models via

mitophagy and DNA repair. Cell Metab. 2016;24:566-581.

114. Sumpter R Jr, Sirasanagandla S, Fernandez AF, et al. Fanconi anemia

proteins function in mitophagy and immunity. Cell. 2016;165:

867-881.

115. Fang EF, Hou Y, Lautrup S, et al. NAD(+) augmentation restores

mitophagy and limits accelerated aging in Werner syndrome. Nat

Commun. 2019;10:5284.

116. National Initiative for Cockayne Syndrome. Cockayne Syndrome: A

Manual for Healthcare Providers. 1st ed; 2020. https://nics-online.

org/providers.html2020

117. Pacak CAAG. Optimized production and validation of rationally

designed AAV vectors for Cockayne syndrome gene therapy. FDA

Center for Biologics Evaluation and Research; 2022.

118. Carranza D, Torres-Rusillo S, Ceballos-Perez G, et al. Reconstitution

of the ataxia-telangiectasia cellular phenotype with lentiviral

vectors. Front Immunol. 2018;9:2703.

119. Agrelo R, Sutz MA, Setien F, et al. A novel Werner syndrome

mutation: pharmacological treatment by read-through of nonsense

mutations and epigenetic therapies. Epigenetics. 2015;10:329-341.

120. Kuschal C, DiGiovanna JJ, Khan SG, Gatti RA, Kraemer KH. Repair

of UV photolesions in xeroderma pigmentosum group C cells

induced by translational readthrough of premature termination

codons. Proc Natl Acad Sci USA. 2013;110:19483-19488.

121. Brendel C, Klahold E, Gartner J, Huppke P. Suppression of nonsense

mutations in Rett syndrome by aminoglycoside antibiotics. Pediatr

Res. 2009;65:520-523.

122. Borgatti M, Altamura E, Salvatori F, D'Aversa E, Altamura N.

Screening readthrough compounds to suppress nonsense mutations:

possible application to beta-thalassemia. J Clin Med. 2020;9(2):289.

123. Mendell JR, Al-Zaidy S, Shell R, et al. Single-dose gene-replacement

therapy for spinal muscular atrophy. N Engl J Med. 2017;377:

1713-1722.

124. Kang PB, Gooch CL, McDermott MP, et al. The motor neuron

response to SMN1 deficiency in spinal muscular atrophy. Muscle

Nerve. 2014;49:636-644.

125. Schneider C, Wassermann MK, Grether NB, Fink GR, Wunderlich G,

Lehmann HC. Motor unit number estimation in adult patients with

spinal muscular atrophy treated with nusinersen. Eur J Neurol. 2021;

28:3022-3029.

126. Shefner JM, Watson ML, Simionescu L, et al. Multipoint incremental

motor unit number estimation as an outcome measure in ALS.

Neurology. 2011;77:235-241.

127. Sleutjes B, Bystrup Jacobsen A, Tankisi H, et al. Advancing disease

monitoring of amyotrophic lateral sclerosis with the compound mus-

cle action potential scan. Clin Neurophysiol. 2021;132:3152-3159.

128. Cordonnier AM, Lehmann AR, Fuchs RP. Impaired translesion

synthesis in xeroderma pigmentosum variant extracts. Mol Cell Biol.

1999;19:2206-2211.

129. Koob M, Laugel V, Durand M, et al. Neuroimaging in Cockayne

syndrome. AJNR Am J Neuroradiol. 2010;31:1623-1630.

130. Kakigi R, Endo C, Neshige R, Kohno H, Kuroda Y. Accelerated aging

of the brain in Werner's syndrome. Neurology. 1992;42:922-924.

131. Kwast O, Ignatowicz R. Progressive peripheral neuron degeneration

in ataxia-telangiectasia: an electrophysiological study in children.

Dev Med Child Neurol. 1990;32:800-807.

How to cite this article: Maguina M, Kang PB, Tsai A-C,

Pacak CA. Peripheral neuropathies associated with DNA repair

disorders.Muscle & Nerve. 2023;67(2):101‐110. doi:10.1002/

mus.27721

110 MAGUINA ET AL.

https://nics-online.org/providers.html2020
https://nics-online.org/providers.html2020
info:doi/10.1002/mus.27721
info:doi/10.1002/mus.27721

	Peripheral neuropathies associated with DNA repair disorders
	1  INTRODUCTION
	2  DNA REPAIR AND GENOME STABILITY PATHWAYS
	3  NEUROPATHIES IN DNA REPAIR AND GENOME INSTABILITY DISORDERS
	3.1  XP
	3.2  TTD
	3.3  CS
	3.4  WS
	3.5  AT

	4  MANAGEMENT AND TREATMENT
	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ETHICAL PUBLICATION STATEMENT
	REFERENCES


