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Abstract

This narrative review aims at providing an update on the management of inherited cerebellar ataxias (ICAs), describing
main clinical entities, genetic analysis strategies and recent therapeutic developments. Initial approach facing a patient with
cerebellar ataxia requires family medical history, physical examination, exclusions of acquired causes and genetic analysis,
including Next-Generation Sequencing (NGS). To guide diagnosis, several algorithms and a new genetic nomenclature for
recessive cerebellar ataxias have been proposed. The challenge of NGS analysis is the identification of causative variant, trio
analysis being usually the most appropriate option. Public genomic databases as well as pathogenicity prediction software
facilitate the interpretation of NGS results. We also report on key clinical points for the diagnosis of the main ICAs, includ-
ing Friedreich ataxia, CANVAS, polyglutamine spinocerebellar ataxias, Fragile X-associated tremor/ataxia syndrome. Rarer
forms should not be neglected because of diagnostic biomarkers availability, disease-modifying treatments, or associated
susceptibility to malignancy. Diagnostic difficulties arise from allelic and phenotypic heterogeneity as well as from the pos-
sibility for one gene to be associated with both dominant and recessive inheritance. To complicate the phenotype, cerebellar
cognitive affective syndrome can be associated with some subtypes of cerebellar ataxia. Lastly, we describe new therapeutic
leads: antisense oligonucleotides approach in polyglutamine SCAs and viral gene therapy in Friedreich ataxia. This review
provides support for diagnosis, genetic counseling and therapeutic management of ICAs in clinical practice.
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Introduction

Inherited cerebellar ataxias (ICAs) belong to a large group
of rare and complex neurodegenerative diseases affecting
>4 Mathieu Anheim the cerebellum, but also frequently the spinal cord and the

mathieu.anheim @chru-strasbourg.fr peripheral nerves. ICAs are clinically dominated by progres-
sive cerebellar syndrome, that may lead to significant disabil-
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sively inherited [2, 3]. In addition, up to 500 genes have been
related to neurological disease whose clinical picture may
include cerebellar ataxia [2, 3]. Taken together, the preva-
lence of ICA is close to 1:10 000, making them a common
motive for outpatient referral to neurogenetics center [4].
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this disorder. We consequently aimed at providing such an
update on ICA literature by presenting the main clinical enti-
ties, proposing genetic analysis strategies and describing the
present and future therapeutic perspectives.

Initial approach to a patient with cerebellar
ataxia

Cerebellar ataxia (CA) is usually diagnosed in a patient
complaining gait and balance difficulties. Beside gait ataxia,
neurological examination may reveal cerebellar dysarthria,
dysmetria during nose—finger and heel—shin tests and hypo-
tonia. Cerebellar eye signs are very frequent and can occur
as the earliest clinical features suggesting the cerebellar

Table 1 Main causes of acquired cerebellar ataxia

motor syndrome [5, 6] (Video 1-7). Facing such patients,
many acquired causes of CA should be ruled out before
considering any genetic analysis (Table 1). The family his-
tory should then be investigated in three generations at least
(Fig. 1). It should be kept in mind that the lack of family
history of CA is frequent in autosomal-recessive cerebellar
ataxia (ARCA). The more reliable the clinical status of each
member of the family and the higher number of subjects
whose DNA may be collected, the more likely to establish
the molecular diagnosis.

Most patients with ICA are referred to neurologist, pedia-
trician or geneticist due to insidious symptoms occurrence
associated with slowly progressive worsening of gait imbal-
ance on several months or years. Rarely, ICA is character-
ized by acute onset, especially when related to inborn error

Acute ataxias Vascular disorders

Cerebellar ischemia

Cerebellar hemorrhage

Medications and toxins

Antiepileptic drugs (phenytoin, carbamazepine, oxcarbazepine, lacosamide, lamotrigine,

zonisamide, rufinamide. With benzodiazepines, felbamate, phenobarbital and valproic
acid in the setting of hyperammonemia)

Chemotherapy (cytarabine, fluorouracil, capecitabine, hexamethylmelamine, procar-
bazine, vincristine, cisplatin and oxaliplatin)

Antiarrhythmic (amiodarone, procainamide)

Antibiotics (metronidazole, polymyxins)

Toxins and poisons (alcohol, carbon tetrachloride, heavy metals, phencyclidine, toluene,

pesticides)
Lithium
Infections

Acute cerebellitis (Epstein-Barr virus, varicella-zoster, herpes simplex virus 1, human

herpesvirus 6, influenza A and B, mumps, coxsackie virus, rotavirus, echovirus, SARS-
CoV2, enterovirus, hepatitis A, measles, parvovirus B19, typhoid fever, malaria)

Bacterial infection (Mycoplasma pneumoniae, Listeria monocytogenes, Streptococcus
pneumoniae, Neisseria meningitidis, tuberculosis)

Subacute ataxias Autoimmune disorders

Multiple sclerosis, ADEM, celiac disease/gluten ataxia, GAD antibody-associated ataxia,

anti-NMDA receptor antibodies, anti-P/Q voltage-gated calcium channel antibodies,
Homer-3 autoantibodies, contactin-associated protein-like 2 antibodies, anti-M-phase
phosphoprotein-1 antibodies, Hashimoto thyroiditis/encephalopathy, histiocytosis X,
anti-GQ1b antibody syndromes, Bickerstaff encephalitis, neurosarcoidosis, postinfec-
tious cerebellitis, Behcet syndrome, polyarteritis nodosa, systemic lupus erythematosus,
Sjogren syndrome
Paraneoplastic cerebellar degeneration

Infections

Structural causes
Abscess

Lyme disease, Whipple disease, JC virus, HIV, syphilis, tuberculosis and Prion disease

Primary or metastatic tumors

Liver failure (hepatocerebral degeneration)

Chronic ataxias

Vitamin and hormone deficiencies Deficiency in vitamin B1 (Wernicke encephalopathy), B12, E

Hypothyroidism, Hypoparathyroidism

Toxins

Medications

Infections

Autoimmune disorders
Neurodegenerative disorders
Other

Alcohol, heavy metals, phencyclidine, toluene, solvents, pesticides
Antiepileptic drugs, chemotherapy

HIV, tuberculosis, syphilis, Lyme disease, Creutzfeldt-Jakob disease
Progressive multiple sclerosis

Multiple system atrophy, progressive supranuclear palsy

Arnold—Chiari malformation, normal pressure hydrocephalus, superficial siderosis,

psychogenic ataxia

ADEM acute disseminated encephalomyelitis, GAD glutamic acid decarboxylase, HIV human immunodeficiency virus
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Fig. 1 Flowchart of the diagnostic process in cerebellar ataxias. This
flowchart shows the steps in evaluating a patient with cerebellar
ataxia based on clinical and family history, physical evaluation and
paraclinical tests. First, the onset should be differentiated between
acute and subacute/chronic; second, the acquired causes have to be
ruled out by paraclinical investigations as neuroimaging, blood and
cerebrospinal fluid exams; third, if family history is positive for inher-
ited cerebellar ataxia, the clinician should determine the transmis-

of metabolism, such as nonketotic hyperglycinemia, pyru-
vate dehydrogenase deficiency, or mitochondrial encepha-
lomyopathy with lactic acidosis and stroke-like episodes
(MELAS).

An algorithm for investigations
into a patient with suspected cerebellar
ataxia

Several algorithms [7, 8] have been proposed to guide
the diagnosis workup and the genetic analysis in ICA. To
ask for the age at onset and to assess the speed of disease
progression according to the current functional disability
is the first major step (Fig. 1). Among the most frequent
ARCA, an early AO (<10 years) is usual suggestive of
ATX-ATM (ataxia telangiectasia), ATX/HSP-SACS
(ARSACS) and ATX-APTX (AOA1) for instance while
ATX-SETX (AOA2), ATX-SYNEI1, ATX-ANO10 and
POLG-related disease have an onset usually after 10 years
of age. For ATX-FXN (Friedreich’s), the most frequent
ARCA, age of onset generally falls in the first two dec-
ades. Regarding disease progression, patients affected
with ATX-FXN, ATX-ATM, ATX-APTX are confined
to wheelchair faster (in less than 15 years) than those with
ATX-SYNE1, ATX-ANO10 or ATX/HSP-SACS. In auto-
somal dominant CA (ADCA), age at onset is usually earlier
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sion pattern by pedigree in three generations at least. Sporadic forms
should be explored as recessive ones especially in the case of early-
onset (before the age of 40). The main laboratory investigations for
the diagnosis of autosomal-recessive cerebellar ataxias are reported in
the table on the left. *For sporadic patients with unknown or censored
family history, autosomal forms should be also considered. AD auto-
somal dominant, AR autosomal recessive, a-FP alpha-fetoprotein,
CoQ10 Coenzyme Q10, /g Immunoglobulin, Mt mitochondrial

and disease progression slower in case of missense muta-
tions (SCAS5/STPBN2, SCA13/KCNC3, SCA14/PRKCG,
SCA21/TMEM?240, SCA28/AFG3L2) compared to SCAs
due to CAG triplet repeat expansions (SCA3/ATXN3,
SCA2/ATXN2, SCA1/ATXNI, SCA6/CACNAIA,
SCAT/ATXN7, SCA17/TBP) whose age at onset is usually
around 30 to 35 years but disease worsening faster. It should
be pointed out that for SCA3 and SCAG6, age of onset can
be later as the sixth or seventh decade and for the latter the
disease progression is the slowest among polyglutamine
SCAs [9].

The collection of the clinical signs associated to CA is the
second crucial step in the assessment (Table 2). When the
formers are lacking, the following pure forms should be con-
sidered: SCA6/CACNAIA, SCAS/STPBN2, SCA11/TTBK?2,
SCA15-16/ITPR1, SCA22/KCND3, SCA 31/BEAN, SCA
41/TRCP3, ATX-SYNEI1, ATX-ANOI10.

Laboratory investigations and brain imaging

Numerous biological markers presented in Fig. 1 have been
associated with CA, mainly with ARCA. Of note, some of
these diseases, which are summarized in Table 3, are acces-
sible to specific disease-modifying treatments, and should
be consequently systematically searched for.
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Table 2 List of diseases for which cerebellar ataxia is associated with other main clinical features

Clinical feature

Diseases

Chorea

Myoclonus

Dystonia

Parkinsonism

Spastic paraplegia

Pyramidal signs

Oculomotor apraxia
Strabismus or diplopia
Square wave jerks
Hypometric, slow saccades

Vertical supranuclear saccades palsy
Intellectual deficiency

Cognitive decline

ATX-ATM, ATX-APTX, ATX-SETX, ATX-MRE11A, ATX-OPA3
NBIA/DYT/PARK-CP

XFE/ERCC4

SCA2/ATXN?2 (large CAG expansion)

SCA17/TBP, DRPLA/ATNI (in the course of the disease)
SCA48/STUBI1

ATX-ADCK3

MYC/ATX-GOSR2, MYC-SCARB2, MYC/ATX-KCTD7, MYC/ATX-NEU1
PRICKLE1

SCA2/ATXN2, DRPLA/ATN1

SCAI13/KCNC3, SCA14/PRKCG, SCA19/KCND3, SCA21/TMEM240

ATX-ATM, ATX-APTX, ATX-SETX, ATX-NPC
ATX/HSP-HEXA, ATX/HSP-HEXB, NBIA/DYT/PARK-PLA2G6
PNKP, MARS2

HSP/ATX/NBIA-FA2H

DYT/ATX-ATP7B

SCA2/ATXN2, SCA3/ATXN3, SCA17/TBP
DYT/PARK/NBIA-PLA2G6

ATX-POLR3A/ATX-POLR3B

ATX-ATM, ATX-CYP27A1

POLG

DYT/ATX-ATP7B

NBIA/DYT/PARK-PLA2G6

Fragile X-associated tremor ataxia syndrome (FXTAS)
SCA2/ATXN2, SCA3/ATXN3, SCA17/TBP
DYT/PARK/NBIA-PLA2G6

ATX-CYP27A1, ATX/HSP-SACS, ATX/HSP-SPG7, ATX/HSP-POLR3A, ATX/HSP-CLCN2, HSP/
ATX/NBIA-FA2H

MARS?2, GBE1, MTPAP, ATX/HSP-DARS2, HSD17B4

DYT/PARK/NBIA-PLA2G6

ATX-ANO10

SCAI1/ATXN1, SCA3 /ATXN3, SCA7/ATXN7, SCA17/TBP

SCAB/ATXNS, SCA10/ATXN10, SCA14/PRKCG, SCA15/ITPR1 SCA35/TGM6, SCA40/CCDCS88C,
SCA43/MME

ATX-POLR3A/ATX-POLR3B

ATX-ATM, ATX-APTX, ATX-SETX, ATX-MREI11
AOA4/PNKP

ATX-SETX
SCA3/ATXN3

ATX-FXN, POLG
FXTAS
SCA3/ATXN3

SCA2/ATXN2
ATX-NPC, ATX/HSP-SACS, ATX-STUBI

ATX-GRID2, ATX-L2HGDH, ATX-POLR3A, ATX-APTX

ATX-KIAA0226, SCARI2/WWOX, ATX-SNX14, SCAR22/VWA3B, SCAR23/TDP2, MYC/ATX~-
KCTD7, ATX-PEX10, ATX/MYC-TPP1, ATX-SPTBN2, MARS2, ACO2, ATX-WDR73, MGR1,
ATX-PMPCA, ATX-POLR3B, ATX-KCNJ10, SPAX4/MTPAP, OPA3, ATX-VLDLR, SCARS5/
WDR73, ATX-CAS8, ATX-BTD, NBIA/DYT/PARK-PLA2G®6,

SCAI13/KCNC3, SCA19-22/KCND3, SCA21/TMEM?240

ATX-NPC, ATX-CYP27A1, ATX-ANO10, ATX/HSP-PNPLAG6, ATX-ADCK3
NBIA/DYT/PARK-CP, MYC/ATX-KCTD7, GRM1, NBIA/DYT/PARK-PLA2G6
SCA2/ATXN2, SCA17/TBP, DRPLA/ATNI, SCA48/STUBI

FXTAS
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Table 3 Treatments available for inherited cerebellar ataxias

Disease Treatment

ATX-TTP

(Ataxia with vitamin E deficiency)
ATX-CYP27A1
(Cerebrotendinous Xanthomatosis)
ATX-PHYH

(Refsum’s disecase)

ATX-NPC1

(Niemann-Pick disease type C1)
ATX-ADCK3

(ARCA2/SCARY)

ATX-ATM
(Ataxia—telangiectasia)

ERCC4

(XFE progeroid syndrome)
DYT/ATX-ATP7B (Wilson’s disease)
MTTP

(Abetalipoproteinemia)

Miglustat

a-tocopherol (vitamin E)
Chenodeoxycholic acid, ursodeoxycholic acid, cholic acid and taurocholic acid

Diet with phytanic acid restriction, plasmapheresis for acute presentation

Oral supplementation of coenzyme Q10

Avoid exposure to sun and radiations

D-penicillamine, trientine, zinc acetate/sulfate and liver transplantation in acute forms
Fat-soluble vitamins (vitamin A, E, D, K) low-fat diet

PxMD-SLC2A1
(GLUT! deficiency)
PxMD-KCNA1
(Episodic ataxia type 1)
PxMD-CACNAIA
(Episodic ataxia type 2)

Ketogenic diet and triheptanoin
Carbamazepine

Acetazolamide
4-aminopyridine or baclofen (useful for downbeat nystagmus treatment)

Ophthalmological evaluation, including fundus and
optical tomography coherence, might be helpful to iden-
tify peculiar ocular characteristics, such as optic atrophy in
ATX-SPG7 [10] and cone rod dystrophy in SCA7 [11].

Electroneuromyography findings are of paramount impor-
tance for categorizing ARCAs [7], which can be divided into
3 groups (listed according to frequency of the genetic from
among each group): (i) ARCA with sensory neuronopathy,
such as ATX-FXN and CANVAS/RFC1, POLG-related dis-
eases and ataxia with vitamin E deficiency (ATX-TTPA);
(ii)) ARCA with both sensory and motor axonal neuropa-
thy, such as ATX-ATM, ATX/HSP-SACS, ATX-SETX,
ATX-APTX, ATX-CYP27A1, ATX-PHYH; (iii) ARCA
with a supplemental demyelinating component, such as
ATX/HSP-SACS, ATX-CYP27A1 and ATX-PHYH.
Patients displaying peripheral neuropathy are usually more
severely disabled and more frequently experience falls. In
ADCA, peripheral neuropathy is also frequently found in
SCA3/ATXN3 (with frequent disabling pain) or SCA2/
ATXN?2 for instance.

Brain MRI allows to identify the presence or the absence
of a marked cerebellar atrophy. Obvious cerebellar atrophy is
reminiscent of ATX-ATM, ATX/HSP-SACS, ATX-SETX,
ATX-SYNEI1, ATX-ADCK3, ATX-APTX (which are
ARCA), or SCA14/PKRG, SCAS5/STBN2, SCA13/KCNC3
(which are ADCA due to missense mutations). Conversely,
the lack of cerebellar atrophy is suggestive of ATX-FXN or

@ Springer

ATX-TTPA. Facing a prominent pons atrophy combined
with a more subtle cerebellar atrophy, CAs due to CAG
triplet repeat expansions should be considered, such as (in
order of relative frequency), SCA3/ATXN3, SCA2/ATXN?2,
SCA1/ATXNI1, SCAT/ATXN7, SCA6/CACNAIA,
SCA17/TBP and DRPLA/ATNI. Other imaging clues sug-
gestive of a specific entity may also be found on brain MRI
such as linear stripes of the pons in T2-weighted or FLAIR
axial slides in ATX/HSP-SACS, white matter hyperinten-
sities in corpus callosum, middle cerebellar peduncle and
cerebral white matter in FXTAS/FMR1, bilateral dentate
nuclei and olivary nuclei hyperintensities in POLG-related
CA or ATX-PRDX3 as well as cortical hyperintensities dur-
ing epileptic fits or stroke-like episodes in ATX-ADCK3.

Genetic analysis strategy
Expansion detection

ICA is the group of inherited diseases that includes the
largest number of distinct short tandem repeat mutations,
including dominant coding together with dominant and
recessive noncoding expansions. Initial screening for the
most frequent expansions, which are listed in Table 4, is an
efficient initial approach for the diagnosis of ICA, even in
the absence of a family history if the phenotype is thought
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compatible with these genes. Molecular diagnosis can be
easily achieved by simple PCR fragment size analyses or
by repeat-primed PCR amplifications, while this would be
missed with classical short read exome sequencing. More
sophisticated techniques including Southern blot analyses,
long range PCR or repeat sequencing, might be required to
detect some of these mutations, such as biallelic expansions
in RFCI responsible for CANVAS. Future developments
of long-read genome sequencing are awaited to hopefully
detect both expansions and point mutations.

Sanger sequencing

Dideoxynucleotide chain termination sequencing, also
named Sanger sequencing, is a method of genetic sequenc-
ing that only allows detection of a few genetic variants per
testing. Its use is now restricted to cases with prior knowl-
edge of the defective gene (usually based on the biochemical
screen, such as for ATX-TTPA or other metabolic diseases),
confirmation of familial segregation for a mutation already
identified in an affected relative, genetic counseling and
confirmation of a mutation previously identified by Next-
Generation Sequencing (NGS).

Next-generation sequencing

Next-Generation Sequencing (NGS) is defined by the par-
allel sequencing of multiple genes in a single test. Given
the large number of genes involved in ICA and the impor-
tant clinical overlap between the different entities, NGS has
become the method of choice for the genetic diagnosis of
ICA. Panel sequencing, which consists in the testing of a
predefined list of genes, is a suboptimal option because of
low positive yield and the absence of the most recently iden-
tified genes [12]. Thus, exome (all protein-coding genes),
“Mendelian”-exome (all known disease genes), and whole
genome sequencing are increasingly being used as first tier
diagnostic tools [13]. The major challenge for positive diag-
nosis is variant interpretation and sorting among the wealth
of generated data. Thus, the most effective approach is usu-
ally trio analysis, which requires the parallel sequencing of
the patient and both parents. Trio analyses solve the mode of
inheritance issue: recessive mutations must be biallelic, i.e.
each parent has to be heterozygous for the mutation while
the patient has to be compound heterozygous or homozy-
gous, dominant mutation must be inherited from the affected
parent (or from the affected branch in case of reduced pen-
etrance) or be de novo, meaning absent from both parents if
they are both unaffected.

Another difficulty related to NGS is pathogenicity pre-
diction for missense variants, which are defined by the
replacement of a single amino acid by another one in a
protein sequence, especially when facing atypical clinical
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presentations. An average of 9000 missense variants are
identified in each exome or genome sequencing, while only
a single of them accounts for the phenotype in Mendelian
disorders. Pathogenicity prediction based on conservation
and structure (such as SIFT, PolyPhen2 and CADD algo-
rithms) have a reasonable sensitivity but low specificity. In
contrast, truncating variants (occurrence of a stop codon or
short frameshift indel) and copy number variations (dele-
tions and duplications) usually have a higher pathogenicity
score but are less common. When a trio analysis is com-
bined with pathogenicity assessment and matching with
disease variants and common polymorphisms reported in
public databases, the outcome usually yields a short list of
variants that can be confronted with clinical data and subse-
quent targeted paraclinical investigations. Despite the recent
advances in the genetics of ICA, the incapacity to identify
the causative variant still occurs in many families, indicat-
ing that challenges lie ahead to unravel the missing genetic
causes of this phenotype.

The genetic nomenclature of ARCAs

A new transparent, adaptable nomenclature of ARCA has
been proposed according to the International Parkinson and
Movement Disorder Society [2]. Sixty-two entities were
indicated with ATX prefix followed by gene name present-
ing ataxia as the main feature, and 30 have a double prefix
when ataxia is combined with another prominent movement
disorder (e.g. ATX/HSP, combination of ataxia and spastic
paraparesis). Another interesting clinical and pathophysi-
ological classification of ARCA was proposed excluding
forms for which ataxia is minor or rare feature and identify-
ing 59 main disorders [14].

Clue clinical features for the diagnosis
of inherited cerebellar ataxia

Friedreich-ataxia (ATX-FXN)

ATX-FXN is a multisystem disorder with an age at onset
mostly before 25, and a progressive evolution with CA,
sensory neuronopathy, pyramidal signs, leading to wheel-
chair after 10 years of evolution. Cardiomyopathy, diabetes,
scoliosis, deafness and optic neuropathy may occur. Brain
MRI usually demonstrates no cerebellar atrophy, but cervi-
cal spinal cord atrophy is common. Despite a less severe
phenotype, late (> 25 years) and very late (>40 years)
onset Friedreich ataxia should not be missed. These forms
are characterized by a spastic ataxia with preserved or even
brisk deep tendon reflexes. Dysarthria, muscle wasting,
ganglionopathy, scoliosis and cardiomyopathy occur less
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frequently than in typical early onset Friedreich ataxia [15].
ATX-FXN is due in the majority of cases to biallelic GAA
repeat expansions in the first intron of the FXN gene, and
in 2% of cases, to combination of one GAA expansion and
one FXN point mutation or deletion in the other allele [16].
Frataxin, encoded by FXN, is involved in mitochondrial iron
homeostasis and the assembly and transfer of iron—sulfur
clusters to various mitochondrial enzymes and components.
FXN mutations should be searched for firstly in case of sus-
pected ARCA when the phenotype is compatible.

Cerebellar ataxia, neuropathy and vestibular
areflexia syndrome (CANVAS)

Cerebellar ataxia with neuropathy and vestibular areflexia
syndrome (CANVAS) was first described by Migliaccio
et al. [17]. The classic phenotype-associated sensory neu-
ronopathy, cerebellar and sensory ataxia, vestibular are-
flexia, dysautonomia and chronic cough. Additional clinical
features, including parkinsonism or motor neuron disorders
have recently been described [18]. Brain MRI showed fre-
quent cerebellar atrophy and optional cervical posterior
columns changes. Biallelic intronic AAGGG repeat expan-
sions in the RFCI gene encoding a subunit of a DNA poly-
merase accessory protein have been recently identified as
the cause of CANVAS [19]. In CANVAS, the number of
the pentanucleotide repeat expansion of RFCI is increased
from 11 up to more than 400 repeats (400-2000) and there
is a modification of the AAAAG or AAAGG reference
sequence. Although further works are warranted to deter-
mine the mechanism underlying RFCI-related disorders, the
absence of RFCI expression alteration in mutation carriers
argue against a loss of function mechanism [19]. Owing to
the frequency of the heterozygous AAGGG repeat expansion
in the normal population (0.7%), CANVAS/RFCI appear to
be a common cause of late-onset ARCA [19].

Ataxia telangiectasia (ATX/ATM)

ATX-ATM, the second most frequent ARCA after
ATX-FXN, is characterized by CA, telangiectasias, ocu-
lomotor apraxia, dystonia, sensorimotor axonal neuropathy
as well as elevated AFP serum level (markedly increased
in 90% of patients, often above 100 pg/L (normal <5 ug/L)
[20]. ATX-ATM mostly starts around 2 years of age then
progressively worsens, leading to the loss of independ-
ent walking by 10 years and to death before 18 years [21],
although some patients experience later onset, milder phe-
notype or longer life span. ATX-ATM patients are prone
to recurrent infections because of immunodeficiency and
to increased cancer risk (especially hematologic malig-
nancies) and sensitivity to ionizing radiations. ATM gene
encodes a phosphatidylinositol-3-kinase involved in cell

cycle progression, cellular response to DNA alterations and
maintenance of genome stability [22].

ATX/HSP-SPG7

Disease onset is generally in the fourth decade [23] and the
CA can be the main feature and precede spastic parapare-
sis. Optic neuropathy, progressive external ophthalmople-
gia, parkinsonism and cognitive impairment can enrich the
phenotype [10]. In the last few years, SPG7 appeared as a
frequent cause of slowly progressive CA [13] beyond spas-
tic paraplegia. Brain MRI revealed cerebellar atrophy [23,
241, and in some cases dentate nucleus hyperintensity on
T2 sequences [24]. SPG7 is due to mutation in the gene
encoding paraplegin, a mitochondrial protein [25]. Geno-
type—phenotype correlations have been described for this
gene since p.Ala510Val variants was associated with a later
onset cerebellar phenotype as compared to loss of function
variants with spasticity-predominant phenotype [23].

SCA3/ATXN3

SCA3, or Machado—Joseph disease, is the most frequent
SCA worldwide especially in Portugal, Brazil, China, the
Netherlands, Japan and Germany [26]. Founder mutations
are responsible for the higher prevalence in these countries,
in particular for families of Portuguese—Azorean ancestry
and other founder haplotypes are reported in Japan and Ger-
many [27]. Disease occurs in adulthood, and the phenotype
also includes pyramidal signs, parkinsonism, dystonia, hypo-
metric saccades, diplopia, painful axonal neuropathy and
depression [28]. Facial myokymia are also highly prevalent
in SCA3 but not particularly specific. Polyglutamine (polyQ)
expansion in ATNX3 gene is responsible for SCA3 and pro-
vokes protein aggregates that form intranuclear inclusions
with subsequent neuronal loss. Recent publications have
suggested specific retinal architecture alteration in SCA3
[29].

SCA36/NOP56

CA is associated with tongue atrophy and fasciculations
then skeletal muscle atrophy in limbs and trunk, lower motor
neuron disease being confirmed by electroneuromyography.
Other clinical signs are ptosis, postural tremor, mild cer-
ebellar cognitive affective syndrome (CCAS) [30] and deaf-
ness. For the latter, its association with cerebellar ataxia may
guide the clinician toward a specific diagnosis as SCA36
[31]. Large hexanucleotide GGCCTG repeat expansions in
the first intron of the NOP56 gene are responsible for SCA36
[32]. Nop56 protein is highly expressed in Purkinje cells,
motor neurons of hypoglossal nucleus and the spinal cord
anterior horn explaining the phenotype [32].
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SCA37/DAB1

SCA37 is a late-onset pure, slowly progressive cerebellar
ataxia with a severe lower limbs dysmetria, dysphagia and
oculomotor abnormalities [33]. Indeed, a remarkable clini-
cal feature is the early vertical eye movement disorders as
saccadic pursuit and dysmetria, which may anticipate CA.
SCA37 is the last reported SCA associated with repeat
expansion and due to insertion of ATTTC pentanucleo-
tide in the noncoding region of DABI [34]. This insertion
modifies the normal allele (ATTTT),_4, in the pathogenic
variant (ATTTT)gy_7o(ATTTC)5;_75(ATTTT)sg o9, With
a negative correlation between age at disease onset and
repeat size of ATTTC.

SCA48/STUB1

SCAA48 is due to STUBI (STIP1 Homology And U-Box
Containing Protein 1) gene mutation [35] encoding the
CHIP protein, a ubiquitin ligase/co-chaperone. STUBI
biallelic mutations were first described as responsible for
ARCA with hypogonadism and short stature [36] then in
a Spanish family for dominantly inherited CA and cogni-
tive impairment [35]. CCAS or Schmahmann’s syndrome,
based on the concept of “dysmetria of thought” created
in’90 s [37], which includes executive deficits, attentional
dysfunctions, language difficulties, visual-spatial mem-
ory impairment, impaired socio-emotional processes with
social cognition deficits, apathy and disinhibited behavior
is commonly found in SCA48 [35]. The median age at
disease onset is 42 years and in several cases cognitive
impairment can preceed cerebellar ataxia [35]. Novel
STUBI mutations were reported in six Italian families and
in a larger French cohort with dominant ataxia, confirming
this phenotype and its high frequency among dominant
ataxias [38].

Ataxia—pancytopenia syndrome/SCA49/SAMD9YL

Ataxia—pancytopenia syndrome is characterized by CA,
cytopenia (that must be searched for) and myeloid malig-
nancies. Missense mutations in SAMDOYL cause the auto-
somal-dominant Ataxia—Pancytopenia syndrome [39].
SAMDOIL acts as a tumor suppressor with antiproliferative
function. Given the hematopoietic mosaicism, the ger-
mline variant should be searched for in skin fibroblasts
rather than in blood. It is important to test family members
because of the risk for the carriers to develop hemato-
logical malignancies and the possibilities to be healthy
hematopoietic stem cells donors [40].

@ Springer

FXTAS/FMR1

Fragile X-associated tremor/ataxia syndrome (FXTAS)
includes action tremor, CA, cognitive decline, peripheral
neuropathy, parkinsonism, depression and anxiety [41].
Typical MRI findings are brain atrophy including cerebellar
atrophy and typical but not specific middle cerebellar pedun-
cles, periventricular area and corpus callosum splenium
hyperintensities. FXTAS is due to fragile X premutation (55
up to 200 CGG triplet repeat) that is a 5" untranslated region
of the FMRI gene (whose complete mutation is responsible
for fragile X syndrome (FXS) mainly characterized by intel-
lectual deficiency) [42]. FXTAS is due to sequestration of
proteins by abnormal FMR1 mRNA, production of toxic
FMRPolyG protein as well as consequences of DNA dam-
age repair process activation [42]. FXTAS affects 40-75%
of ageing male premutation carriers and 15-20% of women
premutation carriers. The diagnosis of FXTAS is crucial
to provide appropriate genetic counseling especially to
patients’ daughters who are at risk of developing FXTAS,
primary ovarian insufficiency and of having sons affected
with Fragile X syndrome.

What is controversial or remains to be
elucidated?

Conditions with both dominant and recessive
presentations

Both dominant and recessive inheritance patterns are
described for several genes involved in cerebellar ataxia.
Few cases with dominant inheritance have been reported
for SPG7. In the largest cohort of 241 SPG7 patients, carry-
ing two variants, 6% of patients presented with a dominant
pattern of transmission [23]. Heterozygous relatives may
present impaired balance and mild cerebellar atrophy, occur-
ring later than homozygous carriers do [10]. Some variants
seem to be associated with dominant cases, as p.Arg485_
Glu487del [43]. However, for these cases, the presence of
pathogenic variant in another gene cannot be excluded.

Pathogenic STUBI variants were initially described in
autosomal-recessive ATX-STUBI [36] then in autosomal-
dominant SCA48 [35].

SPTBN?2 can be inherited in both autosomal recessive and
dominant fashion, responsible for ATX-SPTBN2 [44] and
SCAS [45], respectively. SCAS is an adult-onset, slowly pro-
gressive pure CA whereas ATX-SPTBN2 is characterized
by early-childhood onset and complicated phenotype.

GRID2 may also be either recessively or domi-
nantly inherited, the latter being reported with the vari-
ant p.Leu656Val [46]. Before that, only null mutations
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in homozygous state were described as responsible for
SCARI18 [47] with a more severe phenotype.

Ataxia or spastic paraplegia?

It is frequent that clinicians encounter patients presenting
with both spastic paraparesis and cerebellar features. Promi-
nent spastic phenotype might lead to difficulties in assess-
ing cerebellar ataxia. This is the case in polyQ SCAs, with
clear genotype—phenotype correlation for large expansions
in SCA1/ATXN1, SCA3/ATXN3 and SCA7/ATXN7 pre-
senting as spastic paraplegia. In addition, ATX/HSP-SACS
(ARSACS) in childhood and ATX/HSP-SPG?7 in adulthood,
present as spastic ataxia, both with autosomal-recessive
transmission [48]. A slow progression and a clinical triad
characterize the first: cerebellar ataxia, lower-limb spastic-
ity and axonal and demyelinating sensorimotor neuropathy.
Some investigations can help in diagnosis as fundoscopy
allowing the identification of myelinated retinal nerve fibers
and brain MRI showing linear pontine hypointensities and
cerebellar atrophy. Adulthood onset, though rare, has been
reported [49]. Other important spastic ataxias are cerebro-
tendinous xanthomatosis (ATX-CYP27A1), late-onset Frie-
dreich ataxia and adult-onset Alexander disease. Among new
genes, CAPNI was identified initially as a HSP-related gene
(SPG76), but has been recently linked to spastic ataxia [50].

Unique genotyping strategies

With the emergence of NGS, which is increasingly avail-
able, cheap and efficient, and permit the identification of
many variants (including those with unknown significance)
one may be tempted to perform NGS early on in the diag-
nosis work for a given patient, sometimes even before any
laboratory investigation. The strategy to first genotype, that
could be less expensive and more pragmatic, requires a close
collaboration between geneticists and clinicians to interpret
the genetic results based on phenotype. However, suitable
clinical examination, exclusion of acquired causes, a precise
delineation of the phenotype and follow-up of the patients
are thoroughly recommended.

Treatments and future therapeutic development
perspectives

Only a limited number of ICA patients can benefit from a
specific disease-modifying treatment (in Table 3). A Guide-
line Development Group composed by ataxia experts from
United Kingdom provided recommendations with levels of
evidence for medical interventions [51]. Supportive treat-
ments proposed to the patients are physical therapy, speech
therapy and occupational therapy. With regular practice of
physiotherapy, which is recommended, improvement of CA

was demonstrated [52]. Speech therapy is suggested for
management of dysarthria and swallowing difficulties as
well as psychological support. For more information, there
are dedicated websites: http://ataxia-global-initiative.net/, a
platform for clinical research. https://spatax.wordpress.com,
international research network; https://ataxia.org and https://
www.ataxia.org.uk/ for research support and education, as
well as the website of the European Rare Disease network
for webinars and fellowship applications http://www.ern-
rnd.eu. Transcranial direct current stimulation (tDCS), aim-
ing to modulate the excitability of the cerebellum, reported
encouraging, but not replicated, results [53].

Curative therapies are in development for several CA. As
for Huntington Disease, they derive from antisense oligonu-
cleotides (ASOs) for SCA1/ATXNI [54], SCA2/ATXN 2[55],
SCA3/ATXN3 [56] and SCA7/ATXN7 [57] mice model.
For SCA36/NOP56, ASOs showed RNA-foci reduction in
patient iPSCs [58]. The perspective of ASOs clinical trials in
humans in the next few years is realistic and the first clinical
trial for SCA3 patients began in early 2022 (NCT05160558).
Accumulated ataxin 1, 2, 3 and 7 proteins are promising
target engagement biomarkers. Specific bioassays to quan-
tify mutant ataxin-3 in blood, CSF, peripheral blood mono-
nuclear cells and fibroblasts are used [59]. Allele-specific
approaches are advisable since consequences due to wild
type protein decrease could be harmful. Other therapies tar-
geting RNA inhibiting gene expression are RNA interference
(RNAI), micro RNA (miRNA), short hairpin RNA (shRNA)
[60], gene editing strategies (CRISPR/Cas9) [61]. For now,
in ATX-FXN, the only treatment that has shown positive
results is omaveloxolone. In a phase 2 trial, omaveloxolone
administration (150 mg/day) for 48 weeks showed signifi-
cant neurological improvement as decreased of mFARS
scores as compared to placebo [62, 63]. In ATX-FXN, deliv-
ery of frataxin-expressing AAV showed sensory neuropathy
rescue in a conditional mouse model with complete frataxin
deletion [64]. Another strategy to restore the frataxin expres-
sion was tested on mouse model YG8R by CRISPR/Cas9-
mediated genome editing [65].

Although, gene therapies have been successful in mice
models, major difficulties as technological challenges, lack
of biomarkers and economic efforts arise in using these
therapies in patients [61].

Genetic counseling

Genetic counseling covers transmission pattern in the family,
information about possibilities of presymptomatic testing
especially in dominant diseases and prenatal diagnosis. For
entities that present both, autosomal dominant and recessive
inheritance patterns, genetic counseling is challenging. In
diseases where no preventive measures exist, but the sever-
ity leads to the wish to find out about the genetic status,
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presymptomatic testing is a choice that is not only medical
in the absence of preventive treatment. The major reason
for taking the test for SCAs is to plan a family, but a minor-
ity of expansion carriers choose to perform prenatal testing
or preimplantation genetic diagnosis [66]. A specific care
setting should be provided to support parents and families
through these life choices.

Conclusion

In this review, we provide to clinicians the key points for
clinical, laboratory and genetic investigations when inherited
cerebellar ataxia is suspected. The most frequent entities
for each transmission pattern are discussed more in detail
in order not to miss the diagnosis. New genes are constantly
identified thanks to the increased availability of exome/
genome and the development of new techniques as long-
read sequencing. This lead to broaden phenotypic spectrum
for some genes and to describe either recessive or dominant
inheritance patterns, complicating the diagnostic process.
As for therapy, curative treatments are not available, except
for some subtypes, which is why gene therapies are eagerly
awaited.
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