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The genetics of cerebellar ataxia



The clinico-genetic connection in the postgenomic era

Clinical expertise Neurogenetics and Lab expertise

Deep 
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Best pipeline, even beyond 
standard of care

Exact genetic diagnosis



General ataxia investigations: Susan L. Perlman: Ataxia Disorders. An overview for Physicians (ISBN: 0-943218-14-4)

Exclude acquired
causes



Inherited Ataxias

Slowly progressive

• Early onset (<20yrs) – Usually Autosomal Recessive

• Late onset (>20yrs) – Usually Autosomal Dominant

• Sporadic or idiopathic – ILOCA (onset often 40’s - 80’s), 
      MSA (onset 50-60)



Adapted from: Depienne, C AJHG Volume 108, Issue 5, P764-785

Repeats - timeline
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Whole genome long-read sequencing era
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Many named neurological disorders are caused by repeat expansions
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Progressive 
degenerative ataxia

Autosomal recessive or 
no FH

Autosomal dominant 
inheritance or no FH

AAO >20 years 
old

AAO <20 years 
old

Autosomal recessive cerebellar 
ataxias, X-linked and 

mitochondrial inherited

Harding’s 
classification

ADCA I
(ataxia + additional 

signs)
SCA 1, 2, 3, 4, 8, 12,

17, ITPR1, DNCT1 etc

ADCA II
(cerebellar + 

maculopathy)
SCA 7

ADCA III
Pure cerebellar 

syndrome
SCA 5, 6, 10, 11, 

15 etc

AAO >50 years old
Late-onset ataxia

FRDA, FMR1, SPG11, 
CYP27A1 (CTX), ANO10, 

mitochondrial

Traditional classification



General ataxia investigations: Susan L. Perlman: Ataxia Disorders. An overview for Physicians ( ISBN: 0-943218-14-4)



General ataxia investigations: Susan L. Perlman: Ataxia Disorders. An overview for Physicians (ISBN: 0-943218-14-4)



Spinocerebellar ataxia, Klockgether et al, Nature Reviews Disease Primers volume 5, Article number: 24 (2019)

SCA worldwide distribution

https://www.nature.com/nrdp
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SCA6

AAO50 AAO35

Same number of repeats – likely genetic modifying factors



Movement Disorders Clinical Practice, Volume: 2, Issue: 3, Pages: 313-315, First published: 22 May 2015, DOI: (10.1002/mdc3.12179) 

Case 1: A 57‐year‐old, with unremarkable medical and 
pharmacological history, complained of a progressive gait 
imbalance for 7 years.

His father (case 2), a 91‐year‐old, presented progressive 
cognitive decline and gait difficulties for 10 years.

The sister of case 1 (case 3), a 60‐year‐old woman, presented 
a mild postural tremor of upper limbs for 1 year. 

Gowers Case



Very large repeat 

diseases

Such as C9ORF72 

and RFC1

Often over 150 repeats (GGGGCC). Not amenable to MiSeq or HiSeq 

SCA1, 2, 3, 6

7, 12, 17, HD,

MD, Kennedy’s

Repeat diseases



Question 1

What is the initial genetic test that should be done in a dominantly inherited 
ataxia?

A. Exome or genome sequencing to identify point mutations in known ataxia 
genes

B. SCA repeat expansions, mainly focusing on SCAs1-3, 6, 7

C. Microarray for deletions



General ataxia investigations: Susan L. Perlman: Ataxia 
Disorders. An overview for Physicians (ISBN: 0-943218-14-4)

Recessive ataxias FRDA
Usually homozygous or 
compound heterozygous 
repeat expansion in FXN.
Can be a combination of 
expansion + point mutation
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ANO10‐Related Spinocerebellar Ataxia

Movement Disorders, Volume: 40, Issue: 2, Pages: 385-386, First published: 08 January 2025, DOI: (10.1002/mds.30107) 



Question 2

In Friedreich’s ataxia what are the genetic causes?

1. Biallelic repeat expansions and rare point mutations in the Frataxin gene

2. Homozygous repeat expansions

3. Chromosome 9 deletions and point mutations in the Frataxin gene



The Clinical Spectrum of Autosomal‐Dominant Episodic Ataxias

Movement Disorders Clinical Practice, Volume: 1, Issue: 4, Pages: 285-290, First published: 28 July 2014, DOI: (10.1002/mdc3.12075) 

mds25489

FGF14



68y diagnosed PD, reported slurred speech and balance falls at 55y. 
Developed word‐finding difficulty, slow thinking, forgetfulness, 
clumsiness, hand tremors, abnormal gait

 mdc313085-sup-0002-videos2.mp4

61y referred as PSP. first symptoms were a slowly progressive 
wide‐based gait balance disturbances then slurred speech at 
48 years. later dysphagia with liquids and vertical gaze difficulties
mdc313085-sup-0001-videos1.mp4

NPC



• Rare neurovisceral lysosomal storage disorder caused by biallelic variants in either NPC1 (~95%) 
or NPC2 (~5%)

• NPC1 and NPC2 encode two proteins involved in intracellular trafficking of cholesterol and other 
lipids

• Deficiency of either protein leads to accumulation of unesterified cholesterol, gangliosides, and 
other lipids within the lysosome/late endosome compartment.

Niemann Pick Disease type C NPC1 gene (95%)
NPC2 gene (5%)

Presentation Age onset Clinical manifestations

Early infantile <2 years Fetal ascites; neonatal liver disease; prolonged jaundice;
pulmonary infiltrates.

Late infantile 2 to <6 years Hypotonia and developmental delay; with time, vertical
supranuclear saccadic palsy becomes; clumsiness; ataxia.

Juvenile 6 to <15 years Clumsiness; ataxia; academic difficulties; global cognitive
impairment; regression; vertical supranuclear gaze palsy;
seizures; gelastic cataplexy; dystonia and/or spasticity.

Adolescent/adult > 15 years All of the neurologic and/or psychiatric manifestations (early-
onset dementia; treatment-resistant depression;
schizophreniform illness; apparent bipolar disease).

Other Various Some individuals present with isolated splenomegaly in
childhood, and may not develop neurologic manifestations for
many years. Occasionally, adults have splenomegaly without
neurologic manifestations.



Autosomal recessive or 
no FH

Autosomal dominant 
inheritance or no FH

Idiopathic late-
onset ataxia (ILOCA)

Late-onset ataxia
AAO >50 years old

Multiple system 
atrophy (MSA) - C

Age at onset

CANVAS - RFC1 expansions
FGF14 expansions

ILOCA – unusual 
types such as SCA6, 

many still -ve

Late-onset presentation of 
known recessive and 

dominant genetic causes or 
late-onset specific variants 

Disease prevalence

Widespread genetics 
changing classification
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Phenotypic spectrum; Sensory neuropathy <---> CANVAS <---> ILOCA
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Expanding the genetic basis of ataxia
More than one dozen hereditary ataxias are caused by repeat expansions. A newly discovered expansion may be 

the first known common genetic cause of late-onset ataxia.

Vikram Shakkottai and Henry Paulson

A
dvances over the past 25 years have 
brought the genetic underpinnings 
of cerebellar ataxia into greater 

focus. Beginning with the discovery of 
polyglutamine-encoding CAG-repeat 
expansions as the cause of the most 
common dominantly inherited ataxias1 and 
continuing with the discovery of a GAA 
expansion as the basis of the most common 
recessively inherited ataxia in Friedreich’s 
ataxia2, it has become increasingly clear 
that expansions of microsatellite repeats 
often underlie hereditary ataxia. Currently, 
more than one dozen ataxias are known to 
be caused by various repeat expansions3,4. 
In this issue, Cortese et al.5 now add an 
important new repeat expansion to the 
list—one that may prove to be the first 
known common genetic cause of late-onset 
cerebellar ataxia.

Pentanucleotide expansion in RFC1
Cerebellar ataxias are a large group of 
neurodegenerative disorders characterized 
by changes in gait, speech and coordination 
that often progress to require wheelchair 
confinement and eventually cause death. 
Defining the genetic basis of early-onset 
or dominantly inherited forms of ataxia is 
now fairly straightforward6,7. This is not 
so, however, for late-onset, sporadic ataxia, 
in which genetic testing is often a futile 
exercise; consequently very little is known 
about the genetic basis of this group. 
Some late-onset cerebellar ataxias are 
accompanied by sensory loss and vestibular 
dysfunction, comprising a syndrome 
termed cerebellar ataxia, neuropathy, 
vestibular areflexia syndrome (CANVAS)8. 
This particular subset of late-onset ataxia, 
which can occur sporadically or clustered 
in families, was the focus of the  
current study.

Using linkage analysis, Cortese et al. 
defined a locus at chromosome 4p in 29 
individuals from 11 families with CANVAS. 
After exome sequencing failed to identify a 
common mutation, the authors performed 
whole-genome sequencing and identified 
a homozygous AAGGG repeat expansion, 
ranging from ~400 to ~2,000 repeats and 

arising from an Alu element in intron 
2 of the replication factor C subunit 1 
(RFC1) gene (Fig. 1). In contrast, normal 
individuals bear combinations of similar 
pentanucleotide repeats (AAAAG or 
AAAGG) of variable length at this locus, but 
no homozygous AAGGG expansions.

Cortese et al. determined an allelic 
frequency of 0.7% for the expanded AAGGG 
sequence in the European population. 
Given this relatively high frequency, they 
screened an additional 150 sporadic cases 
of late-onset ataxia. Remarkably, 22% 
had homozygous expansions at the RFC1 
locus, and this percentage increased to 
62% in the 51 individuals also reporting 
sensory neuronopathy and to 92% in the 12 
individuals exhibiting all three core features 
of CANVAS. For full-blown CANVAS 
clinical syndrome, the RFC1 expansion 
thus appears to be a common cause, at least 
among Europeans.

Elusive disease mechanism
The finding of a high carrier frequency, 
approaching that of Friedreich’s ataxia, 
underscores the potential importance of this 
discovery. The finding that this recessive 
ataxia may account for up to 20% of 
sporadic cases of late-onset ataxia may be a 
game-changer for genetic analysis in adults 
with ataxia. First, however, this finding 
must be validated in a larger cohort, in both 
European and non-European populations. 
This repeat expansion is also the first major 
genetic cause of ataxia to be discovered 
through whole-genome sequencing, and 
it is not likely to be the last. Its discovery 
through whole-genome sequencing 
underscores that ‘missing’ genetic causes 
of ataxia that are not captured by exome 
sequencing still remain.

Precisely how this intronic expansion 
causes disease is unclear, despite efforts by 
Cortese et al. to determine the mechanism. 
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Fig. 1 | A new repeat expansion linked to late-onset cerebellar ataxia. A homozygous pentanucleotide 

expansion in intron 2 of RFC1 may be a relatively frequent cause of sporadic late-onset cerebellar ataxia, 

particularly when associated with additional neurological features of CANVAS.

NATURE GENETICS | VOL 51 | APRIL 2019 | 580–583 | www.nature.com/ naturegenetics
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CANVAS – ~30%



WGS analysis reveals reduced coverage of an intronic STR in RFC1

Chr4



Repeat-primed PCR and long-range PCR confirm AAGGG 
expansion in familial and sporadic CANVAS cases

Out of 150 patients with sporadic late-onset ataxia and 33 (22%) carried the recessive 

AAGGG repeat expansion,  The percentage increased to 63% (32 out of 51) in cases with  

late-onset cerebellar ataxia and sensory neuronopathy and 92% (11 out of 12) in cases will 

full CANVAS – Cortese, Nat Genet 2019



N=100

(A) Symptoms at disease onset and during disease.

Brain, Volume 143, Issue 2, February 2020, Pages 
480–490, https://doi.org/10.1093/brain/awz418

https://doi.org/10.1093/brain/awz418


FGF14 expansion, ~30% late-onset ataxia 
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3. Molecular Validation

FGF14, transcript variant 1

FGF14, transcript variant 2 (GAA)n

FGF14, transcript variant 1

FGF14, transcript variant 2 (GAA)n

Rafehi et al., AJHG 2023, Pellerin, D., et al., N. Engl. J. Med. 2023.

FGF14 expansion 



FGF14 expansion clinical features of spinocerebellar ataxia 27B 
(SCA27B)

CORE CLINICAL FEATURES

• Slowly progressive pan-cerebellar syndrome

• Average AOO: 60y (range: 30-90)

• Episodic onset (50%)

• Downbeat nystagmus (50%)

• Visual disturbances (diplopia, oscillopsia)

• Intolerance to alcohol and physical activity

• Vertigo and/or dizziness (30%)

VARIABLE FEATURES

• Postural tremor

• Autonomic dysfunction

• Pyramidal tract signs (mild)

RADIOLOGICAL FEATURES

• Isolated cerebellar atrophy (75%)

Rafehi et al., AJHG 2023, Pellerin, D., et al., N. Engl. J. Med. 2023.  

Thank you to Dr Mathilde Renaud for kind sharing of videos



FGF14 GAA repeat expansions cause haploinsufficiency

Neuropathological findings Expression

16 of 19

NEJMoa2207406_Pellerin(Brais)  Content2(author)  Thu Dec 08 2022 15:27:30

Figure3. ImagingandNeuropathologicalFindingsinPatientswithGAA-FGF14–RelatedAtaxia.

PanelA shows severe vermis atrophy (arrowhead) on sagittal T1-weighted magnetic resonance imaging in a female patient at 88 years of 

age. PanelB shows a midsagittal section of the postmortem cerebellum of the same patient at 94 years of age, in which anterior vermis 

atrophy is visible (arrowhead); PanelC shows an age-matched control for comparison. PanelD shows a hematoxylin and eosin–stained 

section of the cerebellar vermis in the patient, and a control is shown for comparison in PanelE. Widespread loss of Purkinje cells, with a 

shrunken appearance of rare residual Purkinje cells (arrow), a gliotic and rarefied molecular layer (black asterisk), and reduced numbers of 

cells in the granule-cell layer (blue asterisk) can be seen in the patient. PanelsFandH show calbindin immunohistochemical analysis of 

the vermis from the same patient with GAA-FGF14–related ataxia and a control, respectively. Severe loss of Purkinje neurons with markedly 

rarefied dendritic network in the molecular layer is seen in the patient, whereas in the age-matched control, the Purkinje cells show dense 

dendritic arborization in the molecular layer. In the inset shown in PanelG, Purkinje-cell loss is also evident with Bielschowsky tinctorial 

silver stain, which highlights the processes of basket cells, resulting in an “empty basket”  appearance. PanelsI andJ show the cerebellar 

hemisphere of a patient with GAA-FGF14–related ataxia and a control, respectively; in the patient, the Purkinje cells are reduced in number 

(arrows), but the molecular layer shows less prominent gliosis and the cell density in the granule-cell layer is much better preserved than in 

the vermis. All staining was performed with appropriate negative and positive controls. Pathological findings in the cerebellum were similar 

in the two French Canadian patients with GAA-FGF14–related ataxia for whom postmortem tissue was available. The scale bar in Panels D 

through F and Panels H through J indicates 100 µm, and the scale bar in Panel G indicates 60 µm.
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Treatment response of GAA-FGF14 patients to 4-AP

Off

Off

Wilke et al, Brain, Volume 146, Issue 10, October 2023, Pages 4144–4157



Question 3

In late onset ataxia (over age 50 years) which two genes are the main genetic causes?

1. SCA2 and SCA3 expansions

2. RFC1 and FGF14 expansions

3. Frataxin and CACNA1A point mutations



Ataxia, developed walking problems and myoclonus

Best 2022 diagnostic approach:
1. Exome or genome sequencing
2. Sequence EPM2A/SCARB2 only
3. Do an axillary skin biopsy

Progressive myoclonic ataxia, e. g.;
Lafora body disease
Myoclonic epilepsy with ragged red fibers 
North Sea progressive myoclonus epilepsy
Action myoclonus-renal failure syndrome

10 years ago

20 years ago

https://doi.org/10.1002/mds.25114

Progressive myoclonic ataxia, speech problems. 
Progressive cognitive decline

Current

https://doi.org/10.1002/mds.25114


What about the WGS –ve patients and families

Familial disease
Genome –ve
Trio/Quad

Long-read sequencing
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Louis Ptáček

Utah



Clinical manifestation of spinocerebellar ataxia type 4 (SCA4)

Age-of-onset
Median 39 years

Range: 19 to 59 years



42

56-year-old M
Symptom onset: 35 years

35-year-old M
Symptom onset: 25 years

62-year-old M
Symptom onset: 59 years

Years after symptom onset

3 different individuals from the same family with varying ages of onset



Chen …….Ptacek, Mov Disord 2024 Mar;39(3):486-497

Methods for repeat expansion detection



Nanoporetech.com



Real-time target enrichment through adaptive sampling – see protocol

Input region of interest: 16q22 in this case

YESNO

DNA ejected from pore for further sequencing Sequencing continues of the target strand

Images adapted from nanoporetech.com



Structural variants: 

>50bps

Structural variant 
calling

Long-read sequencing over 16q22 
region of linkage

GGC expansion: Segregating insertion in 
ZFHX3

Segregating structural variation without a priori specification 
of variant type, size or motif

U
ta

h
Io

w
a

57 GGC repeats

53 GGC repeats

ZFHX3

52 GGC repeats

48 GGC repeats

49 GGC repeats



ZFHX3

Exonic GGC repeat expansion in ZFHX3

Four SCA4 paper: Andreas Puschmann and 
colleages (AJHG), Per Svenningsson and 
colleagues (J Intern Med) and Stephan Pulst 
and colleagues (Nat Genet).

Any undefined SCA family; we use either 
PacBio Revio WGS or ONT genome



Thanks for your attention

Prof. Houlden’s Lab

NHNN/UCL Teams

Thanks to Profs Kailash Bhatia, Andrew Lees, Nick Wood, 
Niall Quinn and others for many slides and videos

Grateful for kind invitation and hosting.

Grateful to all patients and families
Grateful to our funders
UCL Queen Square – clinicians and the neurogenetics lab
We are grateful to many international collaborators worldwide
and we are keen to collaborate with others.



Call for collaborations Hereditary geniospasm Fahr’s disease NBIA syndromes

Non-HD adult-onset 
chorea

Dystonia/Parkinsonism 
of unknown etiology

Email: h.houlden@ucl.ac.uk 

Long-read sequencing

mailto:h.houlden@ucl.ac.uk
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