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Abstract Hereditary cerebellar ataxias (HCAs) are

clinically and genetically heterogeneous neurodegenerative

disorders, characterised by a cerebellar syndrome and other

neurological or non-neurological signs. So far, more than

20 genes have been described in autosomal dominant

HCA; in autosomal recessive HCA, even more genes are

involved, in often more complex phenotypes. Because of

that complexity, the genetic diagnosis of these diseases is

often based on the next-generation sequencing techniques.

In this review paper, we discuss the major contributions

that they have made to the genetic landscape of HCAs.

Numerous novel genes have been identified; still more

have recently been implicated in HCAs in addition to being

responsible for other diseases. The phenotypic spectrum

associated with a single gene constantly gains in com-

plexity. Novel types of mutations or transmissions in

known genes are regularly being identified. All these

factors make genotype–phenotype correlations particularly

difficult. Some but not all of this variability can be ex-

plained by different pathophysiological consequences (loss

of function, gain of function, variable levels of haploin-

sufficiency). This also raises the question of modifier

genes. Finally, we highlight some functional pathways that

increasingly appear important in HCAs.

Keywords Spinocerebellar ataxia � Next generation
sequencing � Novel genes � Genotype-phenotype
delineation � Pathways

Introduction

Hereditary cerebellar ataxias (HCAs) are clinically and

genetically heterogeneous neurodegenerative disorders.

Clinically, they are characterised by a cerebellar syndrome,

with dysarthria, gait or limb incoordination. Ocular

movements are often altered. In many cases, other neuro-

logical or non-neurological systems are also affected as the

disease progresses [1, 2]. Genetically, all modes of trans-

mission have been described. In autosomal dominant (AD)-

HCAs, called spinocerebellar ataxias (SCAs), trinucleotide

CAG expansions are the most frequent mutations, followed

by other non-coding expansions and conventional point

mutations or rearrangements. More than 20 genes and 35

loci have been reported so far, but the genetic causes of

AD-HCAs remain unknown in more than 40 % of cases

[3]. The genetic landscape of autosomal recessive (AR)-

HCAs is even more intricate, with numerous genes in-

volved in complex syndromes [2], as in X-linked HCAs

(ABC7 [4], SLC9A6 [5], PRPS1 [6], FMR1 [7]). This large

genetic heterogeneity renders the genetic diagnosis of in-

herited HCAs difficult; in the last few years, much interest
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has, therefore, been focused on next-generation sequenc-

ing, using either targeted sequencing (TS) [8] or whole-

exome sequencing (WES). The latter has considerably

changed the genetic landscape of HCAs, allowing many

new genes to be discovered; but it has also brought chal-

lenges in terms of genotype–phenotype correlations, with a

broadening of the phenotypes linked to mutations in a

single gene, and the description of novel types of muta-

tions, or transmission modes. In this review, we summarise

the recent advances in the broad panorama of HCA ge-

netics. We also stress some of the common pathways un-

derlining these diseases that have gained in importance

recently.

A bumper harvest of novel genes

Thanks to WES, there has been an explosion in the number

of novel HCA-causative genes (Table 1). In AD-HCAs, new

altered functions are highlighted, such as ribosomal trans-

lation in SCA26, due to mutations in EEF2, associated with

late-onset pure cerebellar ataxia [9]. Loss-of-function mu-

tations in ELOVL5 (SCA38) were found in four independent

pedigrees, and associated with low levels of serum arachi-

donic acid and docosahexaenoic acid [10]. Mutations in

TMEM240 (SCA21) [11] and NOL3 [12] have been de-

scribed in complex phenotypes. In AR-HCAs (SCAR16),

STUB1 mutations were described in three kindred with

early-onset ataxia [13], and one family with ataxia and hy-

pogonadism [14]. STUB1 was subsequently implicated in

later-onset ataxia, with associated pyramidal tract damage

[15]. Another E3 ubiquitin ligase, RNF216, was involved in

two families with AR-HCA, hypogonadism and dementia

[16]. The prominence of the ubiquitin–proteasome pathway

in HCAs [17] is supported by the involvement of UCHL1

[18] and, putatively, UBR4 (EA8) [19] (Table 1).

Spontaneous or knock-out mouse models have supported

the pathogenicity of several new genes. Mutations were

found inWWOX in two families with childhood-onset HCA,

generalised tonic–clonic epilepsy and mental retardation

(SCAR12); while the knock-out mice present spontaneous

and audiogenic seizures as well as balance disturbances [20].

In a family with ataxia and sensorineural hearing loss, a

homozygous mutation in SLC9A1 was identified; in the

spontaneous swe mutant mice, degeneration of deep cere-

bellar, vestibular and cochlear nuclei is reported [21]. In

GRID2, loss-of-function mutations have been described in

early-onset ataxia phenotypes with various accompanying

symptoms, concordantly with hotfoot mice [22–24]. Mis-

sense mutations were described in AD congenital to late-

onset HCA [25], as previously reported in lurchermice [26].

The preponderance of mitochondrial dysfunction in

HCAs was confirmed by homozygous COX20 mutations

identified in a family with congenital HCA and complex IV

deficiency [27] and in a patient with dystonia–ataxia syn-

drome [28].

Finally, light has been shed on the vesicular compart-

ment and, more specifically, the synaptic transmission,

with mutations in VAMP1 in AD spastic ataxia (SPAX1)

[29], SNAP25B in AD-HCA with myasthenia and intel-

lectual disability [30], and SNX14 in AR-HCA [31].

The phenotypic apples and bananas of a single gene

Every geneticist knows that mutations in a single gene may

be responsible for different diseases; the best-known ex-

ample in SCAs is probably CACNA1A/SCA6, with muta-

tions responsible for familial hemiplegic migraine type I,

episodic ataxia type II (EA2) [32], and SCA6 [33]. The

genotype–phenotype correlation is not perfect since CAG

expansions are involved in EA2 [34], and, conversely,

point mutations in SCA6 [35]. Recently, loss-of-function

mutations in KCND3, previously implicated in cardiomy-

opathy (Brugada syndrome), were described in nine

families with mild slowly progressive AD-HCA (SCA19

[36]/SCA22 [37]), confirming the involvement of

ionotropic channels in HCAs. Along with the extensive use

of WES for the genetic diagnostic came a broadening of the

phenotypes linked to several genes, either through an en-

largement of the clinical picture previously observed or a

novel implication in a different disease. ATM mutations,

responsible for ataxia–telangectasia, have been described

in several families with atypical presentation, such as later

age at onset, normal levels of alpha-foeto-protein, and a

large range of movement disorders, including dystonia and

tremor [38]. More dramatically, a TGM6 mutation previ-

ously implicated in SCA35 has been shown to segregate

with acute myeloid leukaemia [39].

Several observations have identified ceroid lipofusci-

nosis (CLN) genes, traditionally responsible for wider

neurodegenerative phenotypes, as good candidates in adult-

onset AR-HCA: TPP1/CLN2 in SCAR7 [40], CLN5 in

adult-onset AR-HCA with cognitive decline [41], and

CTSD/CLN10 in AR-HCA with cognitive decline and re-

tinitis pigmentosa [8].

As for why the phenotype linked to a single gene may

vary, the answer is not always obvious. In some cases,

different types of mutations (loss of function versus gain of

function) may occur. In others, the degree of haploinsuf-

ficiency might explain some of the phenotypic variability.

PNPLA6, previously known to cause complex hereditary

spastic paraplegia (SPG39), was recently described as a

cause of Boucher-Neuhäuser and Gordon-Holmes syn-

dromes, as well as spastic ataxia [42], exhibiting a con-

tinuous spectrum of phenotypes including features amongst

spasticity, ataxia, hypogonadism and chorioretinal dystro-

phy, none of them being mandatory (Fig. 1). Recently, it
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was identified in Oliver-McFarlane syndrome, which adds

trichological and pituitary abnormalities to the previous

spectrum. Clinical presentation was shown to correlate

with the degree of enzyme malfunction, with no activity in

the latter [43].

Numerous other examples of phenotypic broadening are

summarised in Table 1 (DNMT1, ELOVL4/SCA34,

C9orf72, UCHL1, GBA2/SPG46, HSD17B4, SRD5A3,

CCDC48C/SCA40, GJB1).

Faced with this high clinical heterogeneity, many at-

tempts have been made to identify a core phenotype linked

to mutations in a given gene. ARCA3, caused by ANO10

mutations, almost always presents as cerebellar atrophy

with lack of neuropathy [44]. All PLA2G6 carriers of

biallelic mutations show a childhood-onset cerebellar at-

rophy preceding brain iron accumulation, with some cor-

relation between the genotype and age at onset [45].

Novel types of mutations/transmission in previously

described genes

On top of the description of novel genes and novel phe-

notypes for genes previously involved in human pathology,

the new era of sequencing also reveals new types of mu-

tations and transmission modes, for variants in previously

described genes. This renders the functional interpretation

of mutations particularly complex. In ITPR1/SCA15, most

of the mutations reported up to 2012 were loss of function,

with only one missense described [46]. Since 2012, three

new missense variants, including one de novo, have been

described [47, 48]. Notably, the variants described in [47]

occur for congenital HCA, which is not the typical phe-

notype of SCA15. In SCA28, missense mutations were

traditionally described in exon 15 and 16 of AFG3L2 [49].

Recently, reports mentioned a deletion of exons 14–16 in

two families with classical presentation [50], a deletion

encompassing the entire gene in a patient with infancy-

onset global developmental delay [51], and a frameshift

mutation leading to a premature stop codon associated with

late-onset HCA and cognitive decline [52]. AFG3L2 was

also recently involved in an AR syndrome comprised of

spastic ataxia and neuropathy, SPAX5 [53]. SPTBN2,

whose in-frame deletions and missense mutations account

for AD-SCA5, was linked to AR ataxia and cognitive im-

pairment, with homozygous loss-of-function mutations [54,

55].

Starting to uncover the genes underlying phenotypic

heterogeneity

These elements of heterogeneity in the phenotype–geno-

type correlations raise the question of potential modifier

genes. In SCAs with (CAG)n-repeats, the negativeT
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correlation between the size of the polyglutamine expan-

sion and the age at onset [56] only accounts for 50–70 % of

its variability. A large cohort study on 1255 affected pa-

tients allowed an assessment to be made of the influence on

the age at onset of the length of the normal allele in trans

(SCA1, 6, 7) and of other (CAG)n-containing genes [57].

Furthermore, intermediate-size CAG repeats in ATXN2

were recently shown to be a risk factor in other neurode-

generative diseases, such as amyotrophic lateral sclerosis

(ALS), frontotemporal dementia with ALS ([29 repeats

[58]), and possibly in Parkinson’s disease ([24 repeats

[59]). Conventional mutations can also act as modifiers. In

a family with optic atrophy plus syndrome and ataxia, a

compound heterozygosity in OPA1 was established, with a

non-pathogenic per se coding variant, and a deep intronic

mutation responsible for aberrant splicing and a premature

stop codon [60].

These specific aspects, that bring Mendelian diseases

beyond their traditional fields, are still not well understood,

and much effort is, therefore, being devoted to them.

Common pathways emerging in HCAs

Genetic advances have allowed the identification of novel

common pathways involved in HCAs. In AD-HCAs,

transcription dysregulation, protein aggregation, RNA

toxicity, ion channels’ function, and mitochondrial path-

ways have recently been extensively reviewed [61]. Au-

tophagy was also described as being important, in

neurodegenerative diseases in general, and more

specifically in SCA3 and SCA14 [61]. Recently, it has been

proven to be impaired in SCA7 patients and knock-in mice

[62]. The early autophagy-associated gene ATG12 was

shown to be upregulated in patients’ peripheral blood

mononuclear cells, correlating with the severity of disease,

which might constitute a useful biomarker for therapeutic

approaches. In AR-HCAs, multiple pathways have been

implicated, including mitochondrial dysfunction, defects of

lipoprotein assembly, deficiency of DNA repair, chaperone

dysfunction [2], and ubiquitin–proteasome complex [17].

However, as new genes are described, the multiplicity of

Fig. 1 Schematic

representation of the phenotypic

spectrum linked to newly

described genes involved in

ataxia plus hypogonadism.

RNF216 mutations are

responsible for a uniform

phenotype (dark red) with

constant clinical signs [16].

Apart from severe

D-bifunctional protein

deficiency, the ataxia plus

hypogonadism phenotype

caused by HSD17B4 mutations

is also rather homogeneous

(dark blue) [108–110]. In

contrast, PNPLA6 (orange) and

STUB1 (light blue) have been

shown to induce variable

phenotypes, with no or few

mandatory signs [13–15, 42,

43]. This illustrates the

complexity of genotype–

phenotype correlations,

accentuated with the next

generation sequencing era
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pathways involved increases. Rather than discussing all the

pathways involved in detail, we shall concentrate on the

ones that stand out, either because of recent advances or

because of recent implication in HCAs.

Channels are not only involved in episodic ataxias

Channels function has long been an on-going topic in the

field of SCAs. The first channel to be implicated in the

disease was CACNA1A, encoding the alpha-1a voltage-

dependent calcium channel type P/Q, whose small polyg-

lutamine expansions [33], but also point mutations [35], are

responsible for SCA6. It was long debated whether the

phenotype was due to a toxic effect of the polyglutamine

stretch or to an altered channel activity [63, 64]. The

pacemaking activity of Purkinje cells (PC) was shown to be

irregular in a mouse with spontaneous Cacna1a mutation

[65]. However, the link between irregular firing and

symptoms severity is not linear [66]. A second cistron

encoded by CACNA1A was recently described, with a

transcription factor role on genes involved in neurite out-

growth of PC, which is altered with a 33 glutamine ex-

pansion [67]. The pathophysiology of SCA6 might,

therefore, involve multiple pathways.

Other genes encoding channels have recently been in-

volved in SCA pathology, namely KCNC3/SCA13 and

KCND3/SCA19/SCA22, in which the pathogenicity result

from loss of function. The first human mutations in KCNC3

were associated with channel malfunction in Xenopus

oocytes [68]. Recently, loss-of-function mechanisms were

confirmed in mammalian cells, through reduced surface

expression, shorter half-life [69], or Golgi retention and

malformation for the p.R420H mutation [70]. The loss of

function associated with KCND3 mutations seems to occur

through impaired membrane trafficking (p.F227del [37]) or

endoplasmic reticulum retention (p.T352P, p.M373I,

p.S390N [36]). While coexpressed with their regulatory

beta subunit Kv channel-interacting protein 2, the mem-

brane localization was restored for all but p.S390N mutant.

However, patch-clamp studies proved that these complexes

were either not or less functional than with the wild-type

protein.

The product of FGF14, whose mutations cause SCA27

[71], was shown to interact with the pore-forming subunits

of Na? channels [72]. In hippocampal neurons, the

p.F145S mutant exerts a dominant negative effect on the

wild-type protein interaction with the channel, decreasing

the neurons’ excitability [72], reminiscent of the attenuated

spontaneous firing of Fgf14-/- PC [73]. In granule cells,

both FGF14 knock-down and overexpression of the mutant

protein were recently shown to reduce Ca2? currents, alter

vesicular recycling, and, consequently, lower excitatory

post-synaptic currents to the PC [74].

In the family of ligand-gated ion channels, only ITPR1/

SCA15 has so far been implicated in humans [61]. Of in-

terest is the recent involvement of GRID2 biallelic loss-of-

function mutations in AR-HCAs [22–24]. In mouse, the

Lurcher gain-of-function point mutation in Grid2 is re-

sponsible for a spontaneous cation leak, inducing PC death

[26]; the same mutation, and others nearby, were found in

patients with a semi-dominant inheritance pattern of either

late-onset or congenital HCA [25].

More on mitochondrial dysfunction

Mitochondrial dysfunction has long been implicated in

HCAs, with involvement of mutations in mitochondrial

DNA, deficiency of coenzyme Q10 production, bioener-

getic alterations (POLG, C10orf2), dysregulation of mi-

tochondrial fusion–fission balance, and apoptosis (MFN2,

OPA1, SACS, PPP2R2B/SCA12) [61]. Recent develop-

ments in the field include the growing list of genes in-

ducing mitochondrial complex deficiency and cerebellar

involvement (TTC19 and complex III [75]; COX20 and

complex IV [27, 28]). Also of interest is the growing

importance of protein quality control, with accumulating

evidence of functional effects of AFG3L2 alterations

(SCA28), and cerebellar symptoms in SPG7 patients. The

mitochondrial inner membrane protein encoded by

AFG3L2 belongs to the family of m-AAA proteases, ei-

ther in homo-oligomeric or in hetero-oligomeric com-

plexes with paraplegin, encoded by SPG7 [76]. Knock-out

of Afg3l2 induces mitochondrial network fragmentation

and reduced mitochondrial uptake of Ca?? in mouse

embryonic fibroblasts [77]. In PC, early abnormal mito-

chondrial dynamics, respiratory dysfunction and neu-

rodegeneration are imputed to decreased mitochondrial

protein synthesis [78]. Depletion in Afg3l2 is also re-

sponsible for mitochondria anterograde transport defect

[79]. In patients with SPG7 mutations, whose clinical

picture includes cerebellar ataxia, skeletal muscle cells

showed multiple mitochondrial DNA deletions and res-

piratory chain deficiencies in complexes I, III and IV [80].

In three patients with heterozygous SPG7 mutations,

cerebellar signs and atrophy were described in the ab-

sence of spasticity [81].

Glutamate transmission

Glutamate transmission is also of increasing importance in

HCAs. Involvement of GRID2, encoding the glutamate

receptor q2 protein (GluRD2), which belongs to the family

of ionotropic glutamate receptors, has already been men-

tioned above. STUB1-encoded protein has been shown, in

combination with Fbx2, to promote the ubiquitination and
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subsequent degradation of the NR2A subunit of N-methyl-

D-aspartate receptors [82], an ability that was impaired in

the mutant proteins [13]. SPTBN2 protein product, whose

mutations account for SCA5, stabilises the glutamate

transporter EAAT4 at the cell membrane [83]; in SCA5

cerebellum extracts, EAAT4 levels were decreased, as was

previously reported in SCA23 [84], and in SCA1 trans-

genic mouse [85]. GluRD2 membrane levels were also

lower than in controls [83]. Recently, metabotropic gluta-

mate receptor 1a (mGluR1a) was shown to have reduced

localization at dendritic spines and decreased function in a

SCA5 mouse model [86]. GluRD2, mGluR1 and PKCc,
whose mutations are responsible for SCA14, were all

shown to interact in regulating synaptic transmission in PC

[87].

Lipids biosynthesis as a growing pathway in HCAs

Lipids biosynthesis is a newly recognised pathway of

importance in HCA pathology. It has previously been

implicated in hereditary spastic paraplegia, with the de-

scription of mutations in CYP7B1/SPG5A, FA2H/SPG35,

DDHD2/SPG54, DDHD1/SPG28 [88], CYP2U1/SPG56

[89], B4GALNT1/SPG26 [90], and GBA2/SPG46 [91].

Nonsense GBA2 mutations were shown responsible for a

spastic ataxia phenotype, arguing for a loss-of-function

mechanism, inducing glucosylceramide accumulation in

the ER in brain and testis of Gba2-KO mice [92].

PNPLA6, which encodes a bifunctional enzyme with a

role in fatty acids and glycerophosphocholine synthesis,

and in 2-arachidonoyl lysophosphatidylinositol catalyza-

tion, has been mentioned above [42, 93]. Mutations in

PLA2G6, encoding phospholipase A2, account for a large

phenotypic spectrum, but childhood-onset cerebellar

ataxia is a core element [45]. Finally, ELOVL4 and

ELOVL5, which code for elongases of very long chain

fatty acids were, respectively, implicated in SCA34 and

SCA38 [10, 94].

Aggregation processes strike again

Protein aggregation is a long-known hallmark of multiple

neurodegenerative diseases, though its role in degeneration

is still debated. In polyglutamine expansions, aggregates

are mostly found in the nucleus [61]. Alongside these well-

described inclusions, amyloidogenic processes, which are

traditionally associated with Alzheimer’s disease, are in-

creasingly being implicated in cerebellar malfunction. Stop

mutations in ITM2B have long been recognised to account

for British and Danish familial dementias, through the

accumulation of a newly synthesised amyloidogenic pro-

tein [95, 96]. The phenotype, however, is not circum-

scribed to CA, but also includes dementia and spastic

paraplegia. More strikingly, PKCc was recently established

as an amyloidogenic protein. SCA14-linked mutations

seem to accelerate the amyloid-like fibril formation [97].

Implications in clinical practice

As previously mentioned, the extreme intricacy in HCAs

genetics makes it practically impossible to Sanger se-

quence all implicated genes one by one. Nowadays, the

prominent technique for molecular diagnosis would either

be TS [8] or WES [98], which allow massive parallel se-

quencing of many or all of the HCA-implicated genes. TS

provides optimised coverage of targeted regions, and is still

more cost-effective than WES. On the other hand, as new

genes are described on a constant basis, the list of se-

quenced ones becomes obsolete even before the sequenc-

ing run is launched. Whole-genome sequencing technically

overcomes pitfalls of both techniques, with more harmo-

nious coverage, higher rate of mutation detection, and non-

exonic DNA sequencing, allowing molecular diagnosis in

previously unsolved case [99]; however, costs in se-

quencing and bioinformatics processing still postpone its

wide-scale use in diagnosis. In all cases, as the phenotypic

spectrum associated with a specific gene broadens, and new

types of mutations or transmission modes are described, an

open mind should be kept in deciphering the pathogenicity

of newly found mutations. However, caution should be

taken as not all mutations are disease-causing. Converging

evidences of the mutation causality, including database

frequency, conservation or pathogenicity scores, and seg-

regation within the family, are necessary, but not always

sufficient, to establish a diagnosis. Functional testing of

every variant is not yet conceivable in clinical practice. As

to overcome the lack of convincing clues, efforts might be

invested to set up publicly available locus-specific

databases [100, 101]. Even if challenged, genotype–phe-

notype correlations are still a major element in the caus-

ality sentence for a given variant.

Conclusion

The heterogeneous genetic landscape of HCAs raises

challenges regarding the molecular diagnosis. Not all genes

are known as yet, and new ones are constantly being dis-

covered, either as novel genes involved in human diseases

or known genes newly implicated in HCAs. Moreover, the

phenotypic spectrum of known genes is widely extending

along with the use of next-generation sequencing as a di-

agnostic tool. Novel types of mutations or transmission

modes for well-described genes are discovered. The golden

age of strict genotype–phenotype correlations seems to

have receded with the advent of new technologies.
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However, caution must be exercised when seeking to in-

terpret new variants in known genes, especially when they

are associated with new phenotypes, as many are not dis-

ease-causing. Efforts should be directed towards describing

the core phenotypes for each gene, but in many cases, none

of the clinical signs is mandatory. Therefore, the trend for

genetic diagnosis in clinical practice is to use TS or WES.

In the latter case, the interpretation of results can also be

challenging. In this respect, the classification of genes

amongst the common networks is crucial to identify cau-

sative genes in undiagnosed patients. However, in the ab-

sence of sufficient arguments to validate new genes (lack of

other affected cases to enable an analysis of co-segregation,

absence of additional families), the proof of involvement is

often difficult to achieve. Conversely, the description of

multiple genes in a common pathway is essential for the

pathophysiological understanding of HCAs, and for the

future development of common therapeutic targets. We

must stress the importance of genetic followed by func-

tional studies (cell biology, biochemistry, animal models,

etc.) to validate new genes, elucidate the mechanisms un-

derlying HCAs and decipher new treatment approaches.
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