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Abstract
Background and Objectives
Clinical manifestations in STXBP1 developmental and epileptic encephalopathy (DEE) vary in
severity and outcome, and the genotypic spectrum is diverse. We aim to trace the neuro-
developmental trajectories in individuals with STXBP1-DEE and dissect the relationship be-
tween neurodevelopment and epilepsy.

Methods
Retrospective standardized clinical data were collected through international collaboration. A
composite neurodevelopmental score system compared the developmental trajectories in
STXBP1-DEE.

Results
Forty-eight patients with de novo STXBP1 variants and a history of epilepsy were included (age
range at the time of the study: 10 months to 35 years, mean 8.5 years). At the time of inclusion,
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65% of individuals (31/48) had active epilepsy, whereas 35% (17/48) were seizure free, and 76% of those (13/17) achieved
remission within the first year of life. Twenty-two individuals (46%) showed signs of developmental impairment and/or
neurologic abnormalities before epilepsy onset. Age at seizure onset correlated with severity of developmental outcome and the
developmental milestones achieved, with a later seizure onset associated with better developmental outcome. In contrast, age at
seizure remission and epilepsy duration did not affect neurodevelopmental outcomes. Overall, we did not observe a clear
genotype-phenotype correlation, but monozygotic twins with de novo STXBP1 variant showed similar phenotype and parallel
disease course.

Discussion
The disease course in STXBP1-DEE presents with 2 main trajectories, with either early seizure remission or drug-resistant
epilepsy, and a range of neurodevelopmental outcomes from mild to profound intellectual disability. Age at seizure onset is the
only epilepsy-related feature associated with neurodevelopment outcome. These findings can inform future dedicated natural
history studies and trial design.

Disease-causing variants in STXBP1 are among the most
common causes for neurodevelopmental disorders and epi-
lepsy with a frequency of up to 1:26,000.1 STXBP1 is a crucial
presynaptic protein involved in neurotransmitter release2,3 and
the most frequent member of SNARE complex-related genes
involved in neurodevelopmental disorders and epilepsy.4

The association between pathogenic variants in STXBP1 and
Ohtahara syndrome was first reported in 2008.5 Since then,
the clinical features of patients with STXBP1 encephalopathy
have been extensively described, leading to the definition
of STXBP1 developmental and epileptic encephalopathy
(STXBP1-DEE) as a neurodevelopmental disorder charac-
terized by intellectual disability (ID), epilepsy (in 95% of
patients), neurologic impairment, and behavioral abnormali-
ties.6 Nevertheless, seizure history and developmental out-
comes present a considerable degree of variability, with no
prognostic factors identified to date.

Several genetic neurodevelopmental disorders currently rep-
resent prime targets for gene therapy or gene regulation
approaches.7,8 However, given the considerable variability in
STXBP1 phenotypes, the best outcome measure and thera-
peutic window remain unknown.

Defining developmental trajectories and discrete subgroups in
STXBP1-related disorders is a prerequisite for designing more
precise natural history studies. Seizure history is considerably
variable between individuals, developmental outcomes range
in severity, and prominent age-dependent clinical features
have been observed in subgroups of individuals. Accordingly,
the heterogeneity and disease-specific features need to be
considered through a natural history study to identify the
domains and windows for possible therapeutic interventions
and to plan for clinical trials. However, longitudinal data are

limited for STXBP1-related disorders, and there remains a
need for targeted studies aiming to assess the developmental
trajectories and natural history of individuals with STXBP1-
DEE. We investigated 48 individuals with de novo STXBP1
variants to define their clinical features, trace the neuro-
developmental trajectories, and dissect the relationship be-
tween neurodevelopment and epilepsy.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
Written informed consent was obtained for genetic analysis
and any clinical and instrumental investigation performed. All
clinical data used in this study were gathered during a routine
diagnostic and clinical activity. Clinical data were provided to
the principal investigator by each referring clinician in a dei-
dentified format in the form of a structured questionnaire.
The study complies with anonymized retrospective studies
regulations and was reviewed by the local Ethics Committee.

Inclusion Criteria and Genetic Analysis
Patients were recruited from those followed up between 2010
and 2020, at 20 neuropediatric clinical centers in 4 different
countries (eTable 1, links.lww.com/NXG/A522). The study
included individuals with de novo STXBP1 variants and a
history of epilepsy, aged >10 months. Molecular testing was
performed in the context of standard diagnostic protocols by
certified Genetic Laboratories using gene panel or whole-
exome sequencing through next-generation sequencing ap-
proaches. Sequencing of parental DNA was performed in all
included cases. Individuals for whom parental DNA se-
quencing was not available were not included in the study.
STXBP1 variants were interpreted according to the American
College of Medical Genetics and Genomics classification.

Glossary
ASM = antiseizure medication; DEE = developmental and epileptic encephalopathy; FCD = focal cortical dysplasia; ID =
intellectual disability.
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Only individuals carrying pathogenic or likely pathogenic
variants were included in the study.9 All identified variants
(missense, stop, indel, frameshift, and splice site) were vali-
dated by Sanger Sequencing and reported according to
the RefSeq transcript NM_003165. Microrearrangements
encompassing the STXBP1 gene were also included.

Collection of Clinical Data and Developmental
Score System Design
The following set of clinical data was required for eligibility:
family history, seizure history (age at onset and seizure freedom,
seizure types, EEG and antiseizure medications at the onset,
follow-up, and last examination), neurologic examination, brain
MRI, neurodevelopmental milestones and outcomes, and be-
havioral features. Epileptic seizures were defined according to
the 2017 International League Against Epilepsy Classification
criteria.10 Patients were identified as seizure free after they
haven’t had seizures for a period 3 times in duration compared
with the longest preintervention interseizure interval.11

Development was assessed through developmental mile-
stones (eye contact, head control, walking, and speech) and
neurologic examination by certified neurologists. Behavioral
abnormalities were evaluated based on the Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition12 by each

referring clinician. The cognitive outcome was defined by
each treating clinician as mild, moderate, severe, or profound
ID (for individuals >6 years old) or cognitive delay (for in-
dividuals <6 years old), based on age-appropriate metrics;
however, this metric was not included in the developmental
score system.

Based on expert consensus, a composite developmental score
system (referred to as STXBP1_DevScore) was created,
to enable the quantitative comparison of developmental tra-
jectories and outcomes in different individuals using a stan-
dardized framework. The score includes 10 domains
comprising of development course, degree of development
(assessed by developmental milestones), and neurologic and
behavioral features. The score is based on the observed and
reported clinical features and the rates of skills acquisition in
the STXBP1 population. A maximum of 10 points corre-
sponds to typical development, and a minimum of 0 points
corresponds to profound developmental impairment in each
domain (see Table 1 for scoring details). The score was ap-
plied only to individuals of at least 3 years of age at the time of
the study. The relationship between epilepsy course and de-
velopment for each individual was evaluated by assessing the
correlation between the total STXBP1_DevScore and its
subscores with age at seizure onset, epilepsy outcome (seizure

Table 1 STXBP1 Composite Developmental Score (STXBP1_DevScore)

Domains Score Explanation

Development course

Examination at birth 0 - 1 0 = delay/abnormality (for examination at birth and neonatal
period: presence of neurologic abnormalities)
1 = typical development (for examination at birth and neonatal
period: absence of neurologic abnormalities)

Neonatal period 0 - 1

Infancy 0 - 1

After 1 year/early childhood 0 - 1

Developmental milestones at last examination (≥ 3 years old)

Head control 0 - 0.5 - 1 0 = no skill (eye contact: absent)

Eye contact 0 - 0.5 - 1 0.5 = partially acquired (eye contact: intermittent)

Walking 0 - 0.5 - 1 1 = acquired

Speech 0 - 0.5 - 1

Neurologic and behavioral features at last examination

Neurologic examination 0 - 0.5 - 1 0 = abnormal

0.5 = mildly abnormal

1 = unremarkable

Behavior 0 - 1 0 = abnormal

1 = no abnormalities

Total 0 (profound developmental disorder)

↕

10 (typical development)
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free vs active epilepsy), age at seizure freedom (if any), and
epilepsy duration.

Patients whowere not seizure free at the last visit were defined as
having active epilepsy. In this group, epilepsy duration was de-
fined as time from the first seizure to the last examination.
Similarly, to analyze the correlation between STXBP1_DevScore
and age at seizure offset, patients with active epilepsy were in-
cluded, using their age at last examination as age at last seizure.

Statistical Analysis
Statistical analyses were performed with one-way ANOVA or
2-way Student t test, using Prism GraphPad software. Cor-
relation analysis for STXBP1_DevScore was performed using
the R Statistical Package. Statistical significance was reported
with a p value cutoff of 0.05.

Data Availability
Anonymized individual clinical data that are not published
within this article will be made available by request from any
qualified investigator.

Results
We collected data from 48 individuals (18 females, 38%)
with de novo STXBP1 variants and a history of epilepsy
(eTable 2, links.lww.com/NXG/A522), including 12 indi-
viduals previously reported in the literature (see references
6, 13–16). The mean age at inclusion was 8.5 years (range:
10 months–35 years). Three individuals deceased between
age 21 months and 11 years because of intractable seizures
and respiratory complications.

Genotypic and Phenotypic Spectrum
in STXBP1-DEE
Genetic Findings
We identified 38 unique de novo STXBP1 heterozygous variants
(16 missense variants, 41%), with eight novel variants (Figure 1,
in red). The variants were distributed across all the functional
domains of STXBP1 protein, with distinct recurrent variants:
p.Arg406Cys (4 individuals; 8%), p.Arg406His (3 individuals;
6%), del 9q33.3–34.11 (3 individuals; 6%), p.Arg551Cys/His/
Leu (3 individuals; 6%), p.Ile19_Lys20delinsMet (2 individuals;
4%), and c.578+1G>A (2 individuals; 4%).

Epilepsy Phenotypes and Histories
No family history for epilepsy or neurocognitive deficits was
reported in 27 individuals (56%), whereas 6 (13%) reported a
family history of seizures (two in first-degree relatives). The
family history was unknown for the remaining 15 individuals.

All 48 individuals had a history of seizures, with a median
onset of 1 month (range 1 day–6 years) (Table 2). Seizure
types at onset consisted mostly of focal motor seizures (31
individuals; types reported: tonic-clonic, myoclonic, focal to
bilateral tonic-clonic) and spasms (14 individuals). Focal
nonmotor seizures with impaired awareness and atypical ab-
sences were also present at onset in four individuals. Seizures
presentedmostly at daily frequency, withmultiple seizures per
day, and occurred in clusters in 12 individuals (25%). During
the disease course, the patients developed spasms or different
types of focal motor seizures and generalized onset motor
seizures. Status epilepticus was reported in three individuals
(6%), two at seizure onset and 1 after 2 years following onset.

Figure 1 STXBP1 Variants Over Exons and Linear Protein Structure

Novel variants are highlighted in red.

4 Neurology: Genetics | Volume 8, Number 3 | June 2022 Neurology.org/NG

http://links.lww.com/NXG/A522
http://neurology.org/ng


At the time of the study, 17 individuals (35%) achieved sei-
zure freedom, and antiseizure medications (ASMs) were
discontinued in 11 individuals (23%). Themedian duration of
seizure-freedom was 48 months (range 3 months–11 years).
Most of these individuals became seizure-free within the 1st
year of life (14; 82%). The median epilepsy duration in this
latter group was 6.5 months (range: 0.3–11.7 months). In-
dividuals with later remission had a median duration of 13
years (range: 2–31 years).

Thirty-one individuals (65%) had active epilepsy at inclusion
(median follow-up of 5.4 years, range: 10 months–28 years).
Seizure frequency at last follow-up remained daily in 16 in-
dividuals (33%); however, it decreased to weekly or monthly
in the remainder of the cohort with active epilepsy. Six (13%)
individuals were seizure free for at least 1 year (median 22.5
months, range: 12–60 months) before seizure recurrence.

Antiseizuremedications ranged from1 to 8 different drug trial(s)
per individual. At last follow-up, 22 patients were still on poly-
therapy treatment. Themost usedASMswere phenobarbital (24
individuals, 50%), valproate (20; 42%), vigabatrin (15; 31%),
adrenocorticotropic hormone (ACTH) (13; 27%), pyridoxine
(14; 31%), levetiracetam (15; 31%), benzodiazepines (11; 23%),

topiramate (11; 23%), and carbamazepine (11; 23%). One in-
dividual (patient 8) underwent resective epilepsy surgery with a
dramatic benefit on seizure frequency (further discussed in the
following section).

EEG with burst suppression at seizure onset was reported in
16 individuals (33%) and hypsarrhythmia was reported in 3
(6%). Sixteen individuals had focal or multifocal epileptiform
discharges. Last EEG was abnormal in 33 individuals (ab-
normal background activity, with or without focal or multi-
focal paroxysmal activity), whereas it was reported to be
almost unremarkable in 5 individuals and was not available
in 10.

Neurologic Status and Brain Imaging
We observed a range of common neurologic features in our
cohort of 48 individuals with STXBP1-related disorders and ep-
ilepsy. At last follow-up (mean age 8.5 years), almost half of the
patients (21 individuals, 46%) presented with hypotonia, both
axial or generalized, or associated with distal hypertonia; 11 in-
dividuals (23%) presented with tetraplegia or tetraparesis, both
spastic or flaccid (mean age 8.7 years). Ataxia was reported in 5
individuals. Other neurologic features were observed including
tremors, erratic eye movements, nystagmus, severe dystonia,

Figure 2 Neurodevelopmental Features in Individuals With STXBP1-DEE Stratified per Age Range at Seizure Onset

(A) Cumulative incidence of neurodevelopmental impairment from birth to early childhood in the overall cohort (n = 48) and per age at seizure onset (<1
month n = 23, 1–12months n = 20, >1 year n = 5). *p = 0.033, one-way ANOVA. (B) Developmental milestones achieved at last assessment in n = 36 individuals
with STXBP1-DEE ≥3 years old (median age 8.35 years, range 3–35 years). (C.a) Development before epilepsy based on age range at seizure onset: neurologic
abnormalities before epilepsy onset were evident in 7/23 individuals (30%) with seizure onset <1month; signs of developmental impairment before epilepsy
onset were evident in 12/20 (60%) of patients with seizure onset between 1 and 12 months and in 3/5 (60%) of patients with seizure onset >1 year. (C.b)
Development after epilepsy onset based on age range at seizure onset: only 2/48 individuals (4%) did not present with impaired development after epilepsy
onset at the last examination (at 10 and 13 months).
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dyskinesia, dysarthria, myoclonus, and choreoathetosis. High
pain threshold was reported by caregivers in one patient. Three
individuals (6%) were reported with postnatal microcephaly. In
5 individuals, neurologic examination was unremarkable. Fif-
teen individuals (31%) presented with motor stereotypies, in-
volving mainly the hands, and oral stereotypies and
stereotypies, involving the head. Nine individuals (19%) had
autistic traits, 3 (6%) had hyperactivity, and 2 (4%) presented
with wake bruxism. Oppositional and self-aggressive behaviors
were reported in 2 individuals. In 5 individuals (10%), no be-
havioral concerns were reported. Ten individuals (21%) pre-
sented sleep disturbances. ID of variable degree was observed
in all individuals aged over 6 years (23, 48%): severe in 17
(74%), mild in three (13%) and profound in three (13%).
Among the individuals <6 years old (25; 52%), only two (8%)
showed no signs of cognitive delay, whereas three (12%)
showed mild delay, three (12%) moderate, 17 (68%) severe,
and 1 (4%) profound delay.

Brain MRI was unremarkable in 25 (52%) individuals and
revealed mild cortical atrophy in seven individuals (15%), thin
corpus callosum in seven (15%), and hypo-/delayed myeli-
nation in four (8%) individuals. Additional findings included
focal hyperintensities in temporal subcortical white matter,
reduced volume of cerebellar hemisphere, basal ganglia
hyperintensity, arachnoid cyst, temporal focal cortical dys-
plasia (FCD) IB and mesial temporal sclerosis (FCD IIIA),
and thickening of the fusiform gyrus.

Genotype-Phenotype Correlation
We compared the electroclinical phenotypes of individuals
carrying the same STXBP1 genotype. Four individuals were
found to carry the recurrent variant p.Arg406Cys and three
the variant p.Arg406His. All but one individual with these
variants had severe phenotypes with early-onset seizures. The
only exception was a single individual with childhood-onset
seizures and severe ID. Three individuals were identified with
variants affecting the p.Arg551 hotspot, including p.Arg551-
Cys, p.Arg551His, and p.Arg551Leu. All individuals had in-
fantile seizure onset (range 10–16 months). Two individuals
with p.Ile19_Lys20delinsMet had late seizure onset (11 and
17 months), no seizure remission, and mild to moderate ID;
however, both acquired the ability to walk and had simplified
language. Furthermore, neuroimaging performed during

childhood was abnormal in both individuals, indicating left
temporal pole FCD IB and left mesial temporal sclerosis
(FCD IIIa) in one, and T2-weighted focal hyperintensities in
the subcortical white matter in temporal poles and smaller size
of the left cerebellar hemisphere in the other. The individual
with FCD IIIa underwent a lobectomy of the left temporal
lobe at 3 years of age and had a dramatic reduction of seizure
frequency (from daily seizures to monthly) and improvement
of development; the mTOR pathway genes panel performed
on the resected tissue was negative. Recurrent c.875G>A
(p.Arg292His) was present in two individuals: both had in-
fantile spasms starting in the first month of life, severe de-
velopmental delay, and sleep disturbances.

Finally, we report monozygotic twins with a de novo STXBP1
pathogenic variant c.578+1G>A (splice site variant in exon 8GT
donor site) and parallel phenotypes and disease course. At 19–20
days after birth, both siblings had neonatal focal motor tonic and
myoclonic seizures, with daily frequency, and bilateral tonic-
clonic seizures during follow-up. Both achieved seizure remission
at 3months and remained seizure free until 2.5 and 4 years, when
seizures relapsed. Their examination at birth was unremarkable,
but development did not progress during infancy. At the last
follow-up (4 years of age), both twins had severe developmental
delay: they achieved head control but were nonambulatory and
nonverbal, and eye contact was intermittent. Both also presented
with hypotonia and stereotypies.

Developmental Trajectories
in STXBP1-DEE
In our cohort, 46 individuals (96%)with STXBP1-DEE displayed
a clinically evident developmental impairment by early childhood
(Figure 2A). Twelve individuals (25%) showed an abnormal
examination at birth, with hypotonia or jerky movements, and
feeding difficulties. In individuals ≥3 years old (36, 75%), we
assessed the developmental milestones at the last examination
(median age 8.35 years, range 3–35 years) (Figure 2B). Head
control was complete in 22 individuals (61%), incomplete in
eight (22%), and not achieved in five (14%). Eye contact was
present in 16 individuals (44%); it was intermittent in 10 (27%)
and absent in nine individuals (25%). Twelve individuals (33%)
could walk autonomously, four (11%) with assistance, and 20

Table 2 Epilepsy Course in Individuals With STXBP1 Disorders Grouped by Age at Seizure Onset

Seizure onset (age range groups)

Whole cohort<1 mo 1–12 mo >12 mo

Seizure onset (individuals, %)
Age at seizure onset: median (range)

23, 48%
7.5 d (1–25 d)

20, 42%
2 m (1–11 m)

5, 10%
2.8 y (1.3–6 y)

48
1 m (1 d–6 y)

Seizure remission (individuals, %) 8, 33% 9, 45% 0% 17, 35%

Age at seizure remission: median (range) 7 m (0.75–12 m) 12 m (1.96 m–31 y) — 7.5 m (21 d–31 y)

Epilepsy duration: median (range) 7 m (0.75–11 m) 7 m (0.8 m–31 y) — 7 m (10 d–31 y)
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Figure 3 Impact of Epilepsy on Development in Individuals With STXBP1-DEE

(A). STXBP1_DevScoredistribution inn = 36 individualswith STXBP1-DEE≥3 years old (medianage8.35years, range3–35 years) basedonageat seizure onset (log10
scale). Seizure onset <1month (n= 15) 1–12months (n= 16), >12months (n = 5). (Pearson correlation coefficient). (B)Developmentalmilestones subscores (mean)
stratified per age range at seizureonset. **p = 0.0049, one-wayANOVA. (C) STXBP1_DevScoredistribution based on age at seizure offset or age at last examination
in the case of active epilepsy (log10 scale). Active epilepsy (n = 23), seizure free (n = 13) (Pearson correlation coefficient). (D) Developmental milestones subscores
(means) stratified per epilepsy outcomes. Active epilepsy (n = 23), seizure free (n = 13). *p = 0.0348. (E) STXBP1_DevScore domain correlations with seizure onset,
offset, and epilepsy duration. Violin plots show only significant correlations (Wilcoxon rank-sum test).
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(56%) were not able to walk at the time of the last assessment.
Similarly, six individuals (17%) acquired the ability to say a few
meaningful words, and three individuals (8%) could say short
sentences.

Because of the observed variability of developmental and
epileptic outcomes, we asked whether epilepsy had an impact
on development in individuals with STXBP1-DEE. When the
individuals were grouped based on their age at seizure onset
(<1 month, 1–12 months, and >12 months), the cumulative
incidence of signs of neurodevelopmental impairment over
time was different between seizure onset groups, especially
between seizure onset <1 month and >12 months (p = 0.033,
one-way ANOVA) (Figure 2A).

Next, we analyzed development before and after epilepsy
onset. Development before epilepsy onset was referred to be
typical (or with no neurologic abnormalities in the neonatal
period) in 26 individuals (54%), whereas 22 (46%) showed
developmental abnormality (or neurologic abnormalities in
the neonatal period), independently from the age at seizure
onset (Figure 2C, left).

After epilepsy onset, most individuals presented impaired
development at last examination (Figure 2C, right). Two
individuals with seizure onset at 0.3 and 10 months did not
show signs of delay at the last follow-up (10 and 13 months).

We used the STXBP1_DevScore, a disease-specific scoring
system, to assess the differences in development across indi-
viduals. We assessed development across various domains
(see Table 1). Individuals with typical development or no
abnormalities in each of the domains were assigned a score of
1, whereas individuals with observed delay or abnormalities
were assigned a score of 0 or 0.5. We applied the STXBP1_
DevScore only to the 36 individuals aged a minimum of 3
years old at the time of the study. The median overall
STXBP1_DevScore in these individuals was 3.5 (range: 0–9).

We observed a correlation between age at epilepsy onset and
STXBP1_DevScore (p = 0.03, Pearson correlation coefficient,
Figure 3A), suggesting that the developmental trajectories
and outcomes are more favorable when epilepsy onset is after
12 months. This correlation was evident also in the de-
velopmental milestones achieved by the different ages at sei-
zure onset groups (Figure 3B), with a prominent difference in
the ability to walk between individuals with seizures onset <1
and >12 months (p = 0.0049, one-way ANOVA).

We then analyzed the impact of epilepsy outcomes in neu-
rodevelopment. No correlation was observed between
STXBP1_DevScore and age at seizure offset (p = 0.64,
Pearson correlation coefficient) (Figure 3C) or the epilepsy
duration (p = 0.86, Pearson correlation coefficient, data not
shown). However, when assessing the duration in individ-
uals with active epilepsy, the age at last evaluation was used,
and we acknowledge that the absence of a correlation

between development and epilepsy duration can be limited.
Similarly, no prominent differences were found between
individuals with seizure remission and individuals with active
epilepsy regarding head control, walking, and speech mile-
stones. However, we noticed a difference (p = 0.0348, t test)
in eye contact, being more present in individuals who ach-
ieved seizure remission (Figure 3D).

Finally, we analyzed the correlation between all domains of
the STXBP1_DevScore and age at seizure onset, seizure re-
mission, and epilepsy duration (Figure 3E). Seizure onset was
significantly correlated with an abnormal examination at birth,
presence of neurologic abnormalities in the neonatal period
and of signs of delay in infantile period, walking and speech
ability, abnormal neurologic examination, and behavioral ab-
normalities (Wilcoxon rank-sum test). Age at seizure re-
mission and epilepsy duration did not show any significant
correlation with any of the STXBP1_DevScore domains. No
correlation was observed between the variant type (missense
vs others) and seizure onset, offset, or epilepsy duration.

Discussion
We report detailed phenotypic data and developmental tra-
jectories of a cohort of 48 individuals with STXBP1-related
epilepsy. The epileptic phenotype in our STXBP1 cohort
shows considerable variability in seizure types and onset. One-
third of individuals became seizure free and most of them
(76%) within the first year of life. We did not identify any
prognostic factors regarding epilepsy offset. About half of the
individuals showed developmental impairment before epi-
lepsy onset.

The most common first-line ASMs, including phenobarbital,
reflected the predominant neonatal-infantile seizure onset in
individuals with STXBP1 variants with no superiority of one
specific ASM or ASMs combination. Dramatic efficacy of
levetiracetam has been reported,17,18 given the specific
mechanism of action of this drug, which binds SV2A and
modulates the neurotransmitter release system. However, we
were not able to confirm this finding in our cohort.

We assessed the impact of epilepsy on developmental out-
comes in our cohort using a composite developmental score,
STXBP1_DevScore. The developmental milestones that
could be achieved were very limited for most individuals, with
speech being the domain with the greatest observed delay and
impairment. When we stratified development based on age at
seizure onset, we observed an almost direct proportionality:
patients with later seizure onset have more favorable de-
velopmental outcomes, especially when assessing the ability
to walk.

When we analyzed the impact of epilepsy remission on de-
velopmental outcomes, we found little difference between
individuals with remitted epilepsy and with active epilepsy.
The individuals with later epilepsy onset still had seizures at
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the time of the study, which affected their ability to make eye
contact, which in this case is regarded as a trait associated with
autistic behavior, rather than a visual engagement defect.
However, our observation may suggest a greater frequency of
features associated with autism in individuals with STXBP1-
DEE and active epilepsy. Thus, seizure control could have a
beneficial impact on behavioral and interactive skills despite
not having an impact on global development. We did not
analyze the social interaction in our cohort, but a recent
study19 showed that social motivation is present in greater
frequency in the STXBP1 cohort than in mixed ID cohorts;
therefore, the precise genetic etiology may be a discriminating
factor in behavioral features.

These observations provide evidence that age at epilepsy
onset but not epilepsy outcome correlates with neuro-
developmental outcome in STXBP1-DEE. We were not able
to conclude whether the relationship between age at epilepsy
onset and development stands as a causal relationship or a
contributing factor or whether there is a genetic basis for the
difference in baseline development. These conclusions are
limited by the number of individuals in this cohort and by the
absence of a control group of individuals with STXBP1-related
disorders without epilepsy (estimated 5% of the reported
cases in the literature6).

The STXBP1_DevScore was elaborated for this study to compare
the development of individuals with STXBP1 using a standardized
framework that integrates developmental trajectories with de-
velopmental outcomes. Disease-specific scoring systems have
been elaborated for other rare disorders based on the need for an
internal control (e.g., Aicardi-Goutieres syndrome,20 Batten dis-
ease,21 SMA,22 and Niemann-Pick type C23). As different genetic
disorders and DEEs can have unique natural disease courses, a
distinct scale system that assesses development across various
domains within STXBP1 disorders is especially critical to ensure
that meaningful differences such as the acquisition of certain skills
are captured between individuals with STXBP1 variants. The
STXBP1_DevScore is not intended for clinical and diagnostic use.
However, we aim to further develop and validate this framework
in prospective studies, adding more granularity and specificity to
each domain, including metrics to measure cognition.

Nevertheless, the results of this study suggest the existence of
distinct subgroups in the STXBP1 population that vary with
regard to their epilepsy course, developmental trajectories,
and outcomes; these phenotypic groups should be further
investigated in the context of natural history studies.

We report the presence of brain MRI abnormalities in indi-
viduals with STXBP1 variants and epilepsy. One patient with
FCD IB underwent a successful lobectomy, and, notably, the
mTOR gene panel on resected tissue resulted negative. A
similar individual was reported with FCD IB and a germline
STXBP1 variant and lesional mosaicism of heterozygous and
homozygous STXBP1 variants; however, mTOR analysis was
not performed.24 Another case report described a patient with

FCD IA,25 who benefited from surgery, but genetics was not
performed on the resected tissue. A casual co-occurrence of the
two conditions cannot be excluded. However, STXBP1 may
have a role in neuronal maturation and migration, especially
radial migration.26,27 Therefore, a genetic diagnosis should not
exclude epilepsy surgery evaluation in individuals with pre-
dominant focal electroclinical features. Fundamental research
should address the hypothesis of the role of STXBP1 in cor-
ticogenesis as a mechanism of neurodevelopmental disorder.

We also report two monozygotic twins with the c.578+1G>A
variant. One other individual with c.578+1G>A variant and
infantile-onset epileptic encephalopathy is reported in the
literature.28 The similarity of the phenotypes and the course
of the disease between the two siblings, but not in the other
reported case, points to shared modifier factors in the un-
derlying genetic architecture that play a role in the phenotypic
variability of STXBP1 phenotypes.

Two probands of our cohort have a positive family history for
seizure in one first-degree relative, but the segregation analysis
confirmed a de novo variant in both cases. Although nearly all
disease-causing STXBP1 variants are de novo, mosaicism was
reported in one family.29 An autosomal recessive mechanism
was described in one family with unaffected heterozygote
members and affected siblings with homozygous variant in
STXBP1, with an apparent gain-of-function effect on release
probability and synaptic transmission.30 Thus, these very rare
cases should be taken into account during genetic counseling
when discussing potential transmission risk.

Genotype-phenotype correlations seem to be limited or absent in
our STXBP1 cohort, as previously reported in the literature.6 The
identified variants span all domains of STXBP1, with no preference
of specific variant types for distinct domains. No significant dif-
ferences were found in individuals with missense variants com-
pared with all the other variants (stop, indel, frameshift, and splice
site) regarding epilepsy onset, remission, and duration, suggesting
that missense variants are equally disruptive for STXBP1 protein
function. A recent study used a computational framework to an-
alyze the phenotypic landscape of >500 individuals with STXBP1-
related disorders, being the most extensive analysis to date.31 The
study shows that protein-truncating variants and deletions in
STXBP1 were more phenotypically similar compared with mis-
sense variants; furthermore, no significant phenotypic similarity
was identified in the major recurrent variants in STXBP1. These
findings confirm the complexity of STXBP1-related disorders.

The involvement of genetic modifiers or epigenetic factors
might determine the expressivity of the disease, as suggested
in other genetically determined epilepsies.32,33 One possible
way to dissect the underlying causes of heterogeneity would
be to look for common variants in other genes and/or reg-
ulatory regions in STXBP1 individuals. Another important
point is the possible emergence of age-dependent differences
in individuals with different variants31,34; therefore, pro-
spective evaluation and adult studies are crucial as they
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might highlight the presence of distinct natural histories in
this condition.

STXBP1 is one of the most common genes implicated in
DEEs.35 In adults with epilepsy and ID, STXBP1 is the 3rd
genetic diagnosis.36 The frequency of STXBP1 variants and the
life-long clinical impact in individuals with STXBP1-related
disorders call for a targeted therapy approach. Insights into
possible targeted interventions have been recently given, with
different approaches ranging from chemical chaperones37,38 to
micro-RNAs modulation39 that will likely be available for hu-
man trials in the upcoming few years. However, as the paradigm
of clinical trials is changing for rare disorders and novel ther-
apies, there is a need for studies leveraging longitudinal data for
therapeutic end points that include cognitive and behavioral
features, beyond epilepsy, and that are tailored to the individ-
uals with STXBP1-related disorders.

The major limitations of our study include selection bias to-
ward individuals with epilepsy, the limited number of indi-
viduals recruited, and the retrospective nature of data, which
restricted some analyses to the evaluation of neuro-
development and of epilepsy duration based on ages at last
assessment. Nevertheless, the standardized data collection
and the use of STXBP1_DevScore allowed us to address the
heterogeneity in the retrospective data concerning neuro-
development and, finally, to compare epilepsy and de-
velopmental trajectories of different individuals and to
identify meaningful correlations.

Disease-causing variants in STXBP1 lead to a severe neuro-
developmental syndrome with epilepsy. However, the epi-
lepsy history and developmental trajectories in individuals
with STXBP1-DEE show diverse patterns of progression. A
disease-specific composite score is, therefore, necessary to
quantify the developmental trajectories among different in-
dividuals and to unravel the relationship between epilepsy and
development. Age at seizure onset was the only epilepsy-
related feature associated with the neurodevelopment out-
come in STXBP1-DEE. These observations point toward a
deep developmental impact of STXBP1 variants that goes
beyond the impact of concomitant drug-resistant epilepsy.
Our findings can inform future dedicated natural history
studies and trial design. Given future clinical trials, an exten-
sive prospective evaluation of individuals with STXBP1-DEE
should be set, including detailed neurocognitive and psy-
chosocial evaluations at different stages, that (1) delineate the
detailed natural histories of the disease, taking into account
the variability of epilepsy and developmental outcomes in
subgroups; (2) identify appropriate and beneficial end-
points and windows for therapeutic interventions; and (3)
specifically address the genetic causes of developmental var-
iability in the STXBP1 population.

Acknowledgment
The authors acknowledge the collaborative network of the
Italian Pediatric Neurology Society (SINP) and the Italian

League Against Epilepsy (LICE). They acknowledge the great
contribution of STXBP1 families, who kindly shared their data
and their stories.

Study Funding
This work was supported by a Neuron ERA-net JTC grant (to
F.Z. and R.T). I.H. was supported by The Hartwell Foundation
through an Individual Biomedical Research Award. This work was
also supported by the National Institute for Neurological Disor-
ders and Stroke (K02 NS112600), the Eunice Kennedy Shriver
National Institute of Child Health and Human Development
through the Intellectual and Developmental Disabilities Research
Center (IDDRC) at Children’s Hospital of Philadelphia and the
University of Pennsylvania (U54 HD086984), and by intramural
funds of the Children’s Hospital of Philadelphia through the Ep-
ilepsy NeuroGenetics Initiative (ENGIN). Research reported in
this publication was also supported by the National Center for
Advancing Translational Sciences of the NIH under Award
Number UL1TR001878. This project was also supported in part
by the Institute for Translational Medicine and Therapeutics
(ITMAT) Transdisciplinary Program in Translational Medicine
and Therapeutics at the Perelman School of Medicine of the
University of Pennsylvania. The study also received support
through the EuroEPINOMICS-Rare Epilepsy Syndrome (RES)
Consortium, by the German Research Foundation (HE5415/3-1
to I.H.) within the EuroEPINOMICS framework of the European
Science Foundation, by theGermanResearch Foundation (DFG;
HE5415/5-1, HE5415/6-1 to I.H.), and by the DFG/FNR IN-
TER Research Unit FOR2715 (He5415/7-1 to I.H). This work
has also been supported by the Italian Ministry of Health (grant
RF-2016-02361949 to F.Z.).

Disclosure
The authors report no disclosures relevant to this manuscript.
Go to Neurology.org/NG for full disclosures.

Publication History
Received byNeurology: Genetics August 22, 2021. Accepted in final form
March 14, 2022. Submitted and externally peer reviewed. The handling
editor was Massimo Pandolfo, MD, FAAN.

Appendix Authors

Name Location Contribution

Ganna
Balagura,MD,
PhD

Pediatric Neurology and
Muscular Diseases Unit,
IRCCS “G. Gaslini” Institute;
Department of
Neurosciences,
Rehabilitation,
Ophthalmology, Genetics,
Maternal and Child Health,
University of Genoa, Italy;
Department of Functional
Genomics, Center for
Neurogenomics and
Cognitive Research (CNCR),
Vrije Universiteit (VU)
Amsterdam, the
Netherlands

Drafting/revision of the
manuscript for content,
includingmedical writing for
content; Major role in the
acquisition of data; Study
concept or design; Analysis
or interpretation of data

10 Neurology: Genetics | Volume 8, Number 3 | June 2022 Neurology.org/NG

https://ng.neurology.org/content/8/3/e676/tab-article-info
http://neurology.org/ng


Appendix (continued)

Name Location Contribution

Julie Xian, BA Division of Neurology,
Children’s Hospital of
Philadelphia; The Epilepsy
NeuroGenetics Initiative
(ENGIN), Children’s Hospital
of Philadelphia; Department
of Biomedical and Health
Informatics (DBHi),
Children’s Hospital of
Philadelphia, PA

Drafting/revision of the
manuscript for content,
includingmedical writing for
content; Major role in the
acquisition of data; Analysis
or interpretation of data

Antonella
Riva, MD

Pediatric Neurology and
Muscular Diseases Unit, IRCCS
“G. Gaslini” Institute;
Department ofNeurosciences,
Rehabilitation,
Ophthalmology, Genetics,
Maternal and Child Health,
University of Genoa, Italy

Drafting/revision of the
manuscript for content,
includingmedical writing for
content; Major role in the
acquisition of data; Analysis
or interpretation of data

Francesca
Marchese,
MD

Child Neuropsychiatry Unit,
Arnas Civico Di Cristina,
Palermo, Italia

Drafting/revision of the
manuscript for content,
includingmedical writing for
content; Major role in the
acquisition of data

Bruria Ben
Zeev, MD

Edmomd and Lilly Safra
Pediatric Hospital, Sheba
Medical Center and Sackler
School of Medicine, Tel Aviv
University, Ramat Aviv Israel

Drafting/revision of the
manuscript for content,
includingmedical writing for
content; Major role in the
acquisition of data

Loreto Rios,
MD
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Abstract
Background and Objectives
To report on the novel association of biallelic variant in atonal basic helix-loop-helix tran-
scription factor 1 (ATOH1) gene and pontocerebellar hypoplasia (PCH), severe global de-
velopmental delay, intellectual disability, and hearing loss in a family with 2 affected siblings.

Methods
A detailed clinical assessment and exome sequencing of peripheral blood sample were per-
formed. Segregation analysis with Sanger sequencing and structural modeling of the variant was
performed to support the pathogenicity of the variant.

Results
A homozygous missense variant (NM_005172.1:c.481C>G) in the ATOH1 gene was identi-
fied in the proband and his affected sister. The segregation analysis subsequently confirmed its
segregation with an apparently recessive PCH in this family. ATOH1 encodes for the atonal
basic helix-loop-helix (bHLH) transcription factor 1, a core transcription factor in the de-
veloping cerebellum, brainstem, and dorsal spinal cord, and in the ear. The identified variant
results in the p.(Arg161Gly) amino acid substitution in the evolutionarily conserved DNA-
binding bHLH domain of the ATOH1 protein. Biallelic missense variants in this domain were
previously reported to result in disordered cerebellar development and hearing loss in animal
models. In silico homology modeling revealed that p.Arg161Gly in ATOH1 protein probably
disrupts a salt bridge with DNA backbone phosphate and increases the flexibility of the bHLH
helix–both of which together affect the binding capability of the bHLH domain to the DNA.

Discussion
Based on the sequencing results and evidence from structural modeling of the identified variant,
as well as with previous reports of ATOH1 gene disruption, we conclude that ATOH1 may
represent a novel candidate gene associated with the phenotype of PCH, global developmental
delay, and hearing loss in humans.
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Pontocerebellar hypoplasias (PCHs) represent a group of
disorders characterized by hypoplasia of the brainstem and
cerebellum. Disorders in this group generally have a prenatal
onset, and they are usually characterized by a progressive
course and neurodegeneration. Apart from these features,
there is a broad clinical and neuroradiologic variability
within different types of PCH and among patients affected
by the same PCH type. While some patients experience
hypotonia, severe developmental delay, intellectual disabil-
ity, seizures, and hearing loss, others may present with a
milder phenotype and have the ability to walk or sit
independently.1,2

The current classification (as of March 01, 2021; OMIM
database) encompasses 13 distinct types of PCHs with
several subtypes based on clinical features and genetic
causes. To date, 21 PCH-related genes have been reported
in the literature, which play a role in a variety of biologi-
cal processes, including messenger RNA degradation
(EXOSC3, EXOSC8, and EXOSC9), tRNA synthesis
and splicing (AIMP1, RARS2, CLP1, TSEN15, TSEN2,
TSEN34, and TSEN54), RNA processing (TOE1), main-
tenance of mitochondrial function (SLC25A46), seleno-
cysteine synthesis (SEPSECS), vesicular transport (PCLO,
VPS51, VPS53, TBC1D23, and CHMP1A), neuronal mi-
gration (VRK1), and cellular metabolic pathways (AMPD2
and COASY).2 Although the diagnostic yield in patients
with PCH is generally high, a notable proportion of pa-
tients remains undiagnosed, possibly due to noncoding
pathogenic variants in established PCH-associated genes
or due to presence of pathogenic variants in novel PCH
genes. In the recent years, next-generation sequencing has
enabled sequencing of the exomes and genomes of patients
with undiagnosed diseases and thus also enabled identifi-
cation of novel candidate genes, including those leading
to PCH.

In this report, we present a family with 2 siblings affected by
PCH, severe global developmental delay, and hearing loss.
Using exome sequencing (ES), we identified the presence of
an exceedingly rare homozygous missense variant in the
association of biallelic variant in atonal basic helix-loop-helix
transcription factor 1 (ATOH1) in both affected siblings.
Based on the previous evidence of the ATOH1 playing a
central role in cerebellar development, properties of the
identified variant and in silico protein simulation studies for
the variant’s effect on protein function, we hypothesize that
ATOH1 could represent a novel gene associated with a
neurodevelopmental disorder with a striking cerebellar
involvement.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
Informed consent was obtained from the parents of the af-
fected individuals in accordance with guidelines established by
the institutional review boards at their primary site of care.
CARE reporting guidelines were followed while preparing this
article.3

Clinical Investigation
The index patient was referred to the genetic department
because of possible genetic reason for PCH, severe global
developmental delay, intellectual disability, and hearing loss.
A genetic screening was performed within clinical routine;
peripheral blood from the patient and family members was
drawn for sequencing. MRI and CT of the brain were per-
formed in the patient and his affected sister, and images were
interpreted by an experienced neuroradiologist and further
examined within the research group. A physical and neuro-
logic examination was performed on the affected siblings.

ES and Bioinformatic Analyses
ES was performed in the affected proband (II-1, Figure 1)
after in-solution capture with Illumina Nextera Coding
Exome probes targeting 37 Mb of exonic coding sequences
(214,405 coding sequences according to RefSeq gene mod-
els). Sequencing of the enriched shotgun library was per-
formed on the HiSeq 2500 platform in the 2 × 100 reads
paired-end sequencing mode. A median on-target coverage
exceeding 90× was reached (more than 98% of regions were
covered at 20×). Sequencing results were analyzed using an
in-house analysis pipeline, as described in our previous
publications.4,5

First, an analysis of variants in a panel of 21 genes, known to
be involved in PCH (AIMP1, AMPD2, CHMP1A, CLP1,
COASY, EXOSC3, EXOSC8, EXOSC9, PCLO, RARS2,
SEPSECS, SLC25A46, TBC1D23, TOE1, TSEN15, TSEN2,
TSEN34, TSEN54, VPS51, VPS53, and VRK1), was per-
formed. Afterward, we focused the analyses to the applicable
PanelApp gene panels, including Cerebellar hypoplasia
(version 1.39), Intellectual disability (version 3.33), and
Hearing loss (version 2.8). Homozygosity mapping analyses were
performed using an in-house algorithm, followed by the validation
of the findings using Homoyzgosity mapper software.6

Sanger Sequencing
The candidate variant in the ATOH1 gene was confirmed by
Sanger sequencing. In brief, the region containing the mis-
sense mutation in the ATOH1 gene was amplified using a set

Glossary
ATOH1 = Atonal BHLH Transcription Factor 1; bHLH = basic helix-loop-helix; ES = exome sequencing; LoF = loss of
function; PCHs = pontocerebellar hypoplasias; NEUROD1 = neurogenic differentiation factor 1.
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of primers (forward primer: 59-GCCGCCCAGTATTTGC-
TACA-3´; reverse primer: 59-TCTTTTGCGCCATCATCGCT-
39). Sequencing data were analyzed by the Geneious software,
v.2020.0.5.

Homology Modeling
The structure of ATOH1 has not been solved experimentally
to date, so we performed homology modeling. The 2 most
similar homologs found in the Protein Data Bank are com-
plexes of 2 and 4 protein chains and DNA (pdb id: 2QL2 and
2YPA, respectively). We chose as a template the structure
with pdb id. 2QL2, which showed the higher identity per-
centage (60% over the region 160–217, with no gaps) and had
an overall resolution of 2.50 Å.7 The entry contains the crystal
structure of the basic helix-loop-helix (bHLH) domains of the
heterodimer of the neurogenic differentiation factor 1 (gene
NEUROD1) and the bHLH domain of transcription factor
E2-alpha (gene TCF3) bound to DNA.

The chain of the ATOH1 was modeled by homology on the
NEUROD1 chain, using the program DeepView 4.10.8 Of
interest, transcription factor E2-alpha is reported to interact
with ATOH1 in the STRING protein interaction database,9

and the DNA fragment bound by the 2 proteins matches the
AtEAM motif. We thus retained the chains of the transcrip-
tion factor E2-alpha and of the DNA double helix as they are
found in the crystal structure to obtain a bona fide homology
model of the heterodimer complex with DNA.

Free Energy Implicit Solvent Calculations
To estimate the change in free energy of binding upon the
mutation R161 to G, we performed electrostatic calculations
using the program Bluues.10 The structures of the complex
and the isolated proteins (wild-type and mutant) and DNA
were prepared using the program pdb2pqr.11

Molecular surfaces were computed using the program
MSMS12 and read in the program Bluues. The dielectric
constant of water was set to 78.5 and 75 at 298.0 and 310 K,
respectively. The inner dielectric constant was set to 4, 2, and
1 to test the effect of this parameter on the computed free
energy of binding.

Data Availability
Original data can bemade available on request; genetic data or
clinical data sharing may be subject to privacy restrictions.

Results
Clinical Presentation of a Family
We present a family with 2 affected siblings (the proband
and his sister). The proband (Figure 1, II-1), a 14-year-old
White boy, was born vaginally after an uneventful pregnancy
as the first-born twin at 36 weeks of gestation. The second-
born twin experienced intrauterine hypoxia; however, she
showed no clinical and radiologic signs present in the pro-
band and the affected sister. The proband’s birth weight was

2,720 g (50 P), birth length 48 cm (50 P), and head cir-
cumference 35.5 cm (85 P); Apgar 8/9. At his birth, the ages
of the mother and the father were 29 and 30 years, re-
spectively. In the neonatal period, he was breastfed and had
no feeding difficulties. Hypotonia was reported at age 3
months. Motor development was slow. He achieved head
control at age 4 months, sat at age 3 years, and walked with a
walker at age 8 years. He had severe speech delay, used one
word (mum) only, and communicated nonverbally or by
communication symbols. He had severe hearing loss but
declined to use hearing aids. He learned to eat and dress
mostly independently but was not toilet trained. His sleep
pattern was normal. He never had seizures. Behavior dis-
turbances included stereotypic hand movements, bursts of
anger, and the episodes, when he gritted his teeth, looked up,
and hugged his thighs with his hands. At age 14 years, his
weight was 44.5 kg (25 P), height 160.5 cm (35 P), and head
circumference 55.8 cm (44 P). A neurologic examination
revealed horizontal nystagmus, low muscular tone, brisk
reflexes, and intention tremor. He was unable to walk in-
dependently because of severe trunk ataxia. He had soft skin,
hypermobility of the small joints, mild contractures of knees
and elbows, and bilateral valgus feet.

His older affected sister (Figure 1, II-2) was born at full term
by normal vaginal delivery. The family moved to Slovenia
when she was at the age of 10 years. Birth weight was 2,750 g
(5 P). Other anthropometric data at birth were not recorded.
The neonatal period was uneventful. She was breastfed. At the
age of 6 months, hypertonus, hyperreflexia, and repeated
episodes of opisthotonus were reported. Her development
was extremely delayed. She achieved short-term head control
but was not able to sit or walk. She had vision and hearing
impairment and reacted to auditory and tactile stimuli by
smiling and making sounds. She was fed orally and had
problems with constipation. She had frequent apnea attacks
after the age of 20 years. At the age of 10 years, her weight was
31 kg (25–50 P), and her development was estimated to be at
the level of 4 to 6 months. She had no head control, nystag-
mus, opisthotonus, the lower limbs in an adduction position,
and athetosis of the upper limbs.

General laboratory tests including blood cell counts, liver and
kidney function tests, blood glucose levels, lactate and pyru-
vate blood levels, and amino acid and organic acid tests
revealed normal results in both siblings.

An ophthalmologic examination of the siblings at the age of 10
years revealed horizontal nystagmus, convergent strabismus,
and pale optic discs. In addition, the proband had mild peri-
papillary chorioretinal atrophy in the right eye. The proband
showed severe visual impairment (6/50), and his sister pre-
sented with blindness (6/130).

Audiogram and brain-evoked response audiometry per-
formed in the proband showed a severe bilateral sensorineural
hearing loss. His sister was clinically assessed as experiencing
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profound hearing loss because she only responded to loud
auditory stimuli.

Several brain imaging studies were performed in both sib-
lings; however, only CT images from the proband and MRI
from his affected sister were preserved (Figure 2 and eFig-
ure1, links.lww.com/NXG/A523). The consistent findings
were posteriorly thin corpus callosum, small posterior fossa
with the upward displacement of the tentorium, small cer-
ebellum with more severely hypoplastic vermis than hemi-
spheres, and small brainstem (eFigure 1 and eTable 1, links.
lww.com/NXG/A523).

EEG performed in the proband at the age of 14 years showed
slow and irregular background electrical activity with no ep-
ileptiform discharges. There was otherwise no family history
of pontocerebellar dysplasia and hearing impairment, and the
parents were healthy. Because the proband and his sister were
likely affected by the same condition, an autosomal recessive
inheritance was considered.

Genetic Investigation
Initially, we focused the analysis of ES data on the genes with
established association with monogenic disorders. No
known pathogenic or novel variants were identified in the set
of genes associated with PCH or other neurodevelopmental
disorders or hearing loss. In addition, the analysis of mito-
chondrial sequences, patterns of homozygosity, and copy
number variants in the ES data revealed no convincing
causative variants.

We therefore proceeded to the analysis of all variants identi-
fied by ES. We filtered and prioritized the ES variants as
outlined in the Methods section. Performing the filtration
under the recessive model, we identified a homozygous vari-
ant NM_005,172.1:c.481C>G (p.Arg161Gly) in the ATOH1
that was predicted to result in amino acid substitution of
arginine to glycine at position 161 in the sequence of the
protein encoded by the ATOH1. The ATOH1 gene encodes
for the atonal bHLH transcription factor 1, a core transcrip-
tion factor in the developing cerebellum, brainstem, and

Figure 1 Segregation Analysis and Structural Modeling of c.481C>G Variant in ATOH1 Gene

Panel (A) shows the pedigree of the reported family and the results of segregation analysis using Sanger sequencing. A homozygous missense variant in the
ATOH1 (NM_005172.1:c.481C>G) was detected in the proband II-1 and his affected sister II-3. The unaffected sister II-2, mother I-1, and father I-2 were
heterozygous carriers of the variant. Panel (B) shows the staining pattern of the ATOH1 in the developing brain of mice, according to the Allen developing
mouse brain atlas, and demonstrates the widespread expression of ATOH1 gene in the cerebellum in the postnatal day 14 (P14) (Image credit: Allen Institute,
permission has been obtained from the resource creators for reproduction of the image). Panel (C) Homology model of ATOH1 in complex with DNA. The
partnering protein, transcription factor E2 alpha, is shown in transparency. The position of the mutation (R161) is shown in yellow. Panel (C) inlay shows the
detail of the complex of the homology model of wild-type ATOH1 with DNA.
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dorsal spinal cord, and in the ear. The identified missense
variant results in the amino acid substitution within the evo-
lutionarily conserved DNA-binding bHLH domain of the
ATOH1 protein.

Strikingly, the variant was found in a homozygous state despite
being absent from all control populations (gnomAD, GoNL,
UK10K, and the in-house population). No blocks of homo-
zygosity or structural variants were identified in the region of
the ATOH1. The gnomAD currently contains 332 variants of
ATOH1, of which 215 are missense variants, 113 are synony-
mous mutations, and only 4 variants are predicted to result in
the loss of function (LoF). Among the missense and LoF
variants in gnomAD, only 4 are homozygous (p.Asp138Glu,
p.His237Gln, p.Ala291Thr, and p.Glu326Val), and none of
them lie in the evolutionary conserved bHLH domain (p.159-
211) of the ATOH1 protein. In addition, the ATOH1 displays
constraint against missense variants according to the gnomAD
regional constraint data in DECIPHER genome browser
(missense constraint: 0.637, p-value 6.03 × 10−7).

The p.Arg161Gly variant is consistently predicted as damag-
ing by most in silico predictors, and the affected amino acid
position also shows a high degree of evolutionary conserva-
tion, with the arginine position being invariant across species.
This affected amino acid position 161 lies at the beginning of
the evolutionary conserved bHLH domain of the ATOH1
protein called basic region of bHLH domain, which is in-
volved in DNA binding. At the carboxy-terminal end of this
domain is the HLH region, which facilitates interactions with

other transcription factors to form a heterodimer13,14 and
activate target gene transcription. Because our identified
variant is in a basic region of bHLH domain, it may affect the
structural composition of this protein region or influence
binding affinity to DNA.

Based on the evidence presented earlier, we analyzed the seg-
regation of this variant in the reported family. Sanger sequencing
confirmed the homozygous state of the NM_005172.1:
c.481C>G ATOH1 variant in the proband and affected sister.
Both unaffected parents and the proband’s twinwere found to be
heterozygous carriers of the variant, signifying that the variants
segregated with the disease (Figure 1A). This variant was sub-
mitted to a ClinVar database (variation ID:873538).

We analyzed the images of the Allen mouse brain atlas15 and
RNAseq data from the Allen developing human brain project16

and observed that the expression of the ATOH1 and its mouse
ortholog Atoh1 is confined to developing cerebellum and pri-
marily occurs in the prenatal stages of brain development
(Figure 1B, eFigure 2, links.lww.com/NXG/A523).

Because the biallelic variants in ATOH1 have not been con-
clusively associated with monogenic conditions in humans
(apart from a single report without details on the clinical
presentation17), we attempted to use the Matchmaker Ex-
change networks (GeneMatcher, Phenome Central, and
MyGene2) to identify additional patients with biallelic
ATOH1 variants and PCH but failed to identify a suitable
match.

Figure 2 CT and MR Images of the Proband II-1 and His Affected Sister II-3

(A) CT axial image of a proband II-1 demonstrating prominent
hypoplasia of pons, middle cerebellar peduncles, and both
cerebellar hemispheres. The vermis is absent. (B) CT sagittal
image of a proband II-1 resulting in small posterior fossa and
widened 4th ventricle, opened into the cerebellomedullary
cistern and hypoplastic pons. Image courtesy of Allen De-
veloping Mouse Brain Atlas. (C) MR axial image of an affected
sister II-3 showing enlarged 4th ventricle with cer-
ebellomedullary cistern, very hypoplastic pons, middle cere-
bellar peduncles, and cerebellar hemispheres. Please note
also enlarged ocular bulbs. (D) MR sagittal image of an af-
fected sister II-3 shows very hypoplastic pons, cystic 4th
ventricle with absent vermis, and flattened posterior part of
corpus callosum.
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In Silico Modeling of p.Arg161Gly in ATOH1
To determine the potential functional effect of the identified
variant on the function of the ATOH1 protein, we performed
in silico modeling of the p.Arg161Gly change. A bona fide
homologymodel of the complex of the ATOH1/transcription
factor E2 alpha with cognate DNA could be built using the
structure of the NeuroD1/transcription factor E2 alpha/DNA
complex (pdb id. 2QL2) (Figure 1C). A structural analysis of
the homology model of the complex suggests that replacing
R161 with G has 2 main effects:

1. Loss of a salt bridge with DNA backbone phosphate
(Figure 1C), which should reduce the affinity of the
protein for DNA and could also slightly change the
orientation of the helix regarding the major groove of
DNA, with possible implications on DNA recognition;

2. Glycine has a different conformational preference for
arginine, and the helix of the bHLH motif could be more
flexible or disrupted at the beginning, affecting the
relative orientation of other parts of the protein.

We performed continuum electrostatic calculations to assess
the effect of the variant on the free energy of binding DNA.
Although the computed values depend on the assumed inner
dielectric constant and the temperature, in all cases, the esti-
mated change in the free energy of binding was unfavourable
between 1.0 and 2.0 kcal/mol.

We also performed 60 ns molecular dynamics simulations in
explicit water for the complex to check for structural and
dynamical differences. The rather large fluctuations, possibly
due to the small size of the DNA fragment, make, however,
the differences observed in simulations not significant.

Discussion
We report on a family with 2 siblings similarly affected by
PCH, severe global developmental delay, intellectual disabil-
ity, and hearing impairment. Using ES, we identified a ho-
mozygous variant NM_005172.1:c.481C>G (p.Arg161Gly)
in the ATOH1 gene, which segregated with the apparently
recessive PCH in our family with no other mutation
explaining the disease. Although this gene has been shown to
be a crucial factor in cerebellar and CNS development, bial-
lelic ATOH1 gene variants have been reported only once in a
cohort of patients with intellectual disability and CNS ab-
normalities.17 In addition, a recent study reported cose-
gregation of a heterozygous ATOH1 variant with progressive
nonsyndromic hearing loss in a 5-generational pedigree.18

The ATOH1 gene encodes a 354-amino acid protein that
belongs to the bHLH family of transcription factors and is
highly expressed during embryonic and early CNS de-
velopment. The ATOH1 transcription factor is involved in
the regulation of neurogenesis in the cerebellum, brainstem,
and dorsal spinal cord, maintenance of the intestinal secretory
cells, and differentiation of auditory hair cells.19-21

There are several lines of evidence supporting the possible
role of ATOH1 gene defects in cerebellar and neuro-
developmental disease. ATOH1 is one of the earliest markers
of cerebellar granule neuron precursors that maintains cells in
a proliferative state and is essential for their migration during
development of cerebellum.22 It is important that mice
models lacking ATOH1 gene fail to form cerebellar granule
cells and are born with a cerebellum that is devoid of an
external germinal layer.23 The knock-out mice models die
shortly after birth because of respiratory failure.23,24

To date, biallelic variants in ATOH1 were reported only in 2
studies as a possible cause of the disease in humans. In a
cohort of patients with intellectual disability, Anazi et al.
reported a patient with a homozygous LoF variant in ATOH1
(NM_005172.1:c.212del, p.(Gly71Alafs*36)) and a clinical
presentation that largely overlaps with the presentation in the
siblings of this study.17 The reported patient similarly pre-
sented with hypotonia, nystagmus, and global developmental
delay. Furthermore, brain imaging studies revealed a strikingly
similar pattern of severe hypoplasia of the cerebellum and
brainstem with a mild frontal lobe atrophy, further supporting
the role of biallelic ATOH1 variants in PCH. Of interest a
more recent report presented a novel association of a mon-
oallelic ATOH1 variant with hearing loss. The study reported
a C-terminal extension variant (c.1030delC) segregating with
hearing loss with onset at birth or early childhood and pro-
posed the impaired degradation of abnormal ATOH1 pro-
tein.18 Although the siblings reported in our study also
displayed hearing loss, it is not currently clear whether a
similar mechanism of pathogenicity leading to hearing loss
could be relevant in the case of biallelic variants.

The ATOH1 variant we identified in our patients has not yet
been reported in literature or databases of pathogenic or
population variability. Considering it is an exceedingly rare
variant and no consanguinity was reported for this family, we
thought it was peculiar to find it in a homozygous state.
Furthermore, there were no significant blocks of homozy-
gosity identified in the proband’s ES data to explain this ob-
servation. Analysis of segregation confirmed the variant to be
present in homozygous state and that it segregated with PCH
in our family (the affected sister had the same homozygous
variant, while the unaffected parents and second sister were
heterozygous carriers). The variant was also prioritized be-
cause of in silico predictions that consistently predicted the
damaging effect of the p.(Arg161Gly) alteration, which affects
an evolutionarily invariant arginine residue.

The variant we identified affects the DNA binding (bHLH)
domain of the ATOH1 protein. Similarly, animal studies show
that biallelic missense variants affecting this domain of the
ATOH1 transcription factor result in defects of cerebellar
development and function but do not cause lethality. Mouse
models with a homozygous missense variant (p.Ser193Ala)
exhibited cerebellar foliation defects, motor impairments,
partial pontine nucleus migration defects, cochlear hair cell
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degeneration, and profound hearing loss. The authors showed
that this variant partially impairs ATOH1’s ability to upregulate
transcription of its target genes.25 Similarly, another missense
alteration in the bHLH region of ATOH1 (p.Met200Ile)
caused progressive hearing loss because of inner ear hair cell
loss and cerebellar atrophy, reduced cerebella in size, lacking of
external granular cell layers, and improper localization and
migration of Purkinje cells but with normal lifespan inmice.26 It
appears that milder defects of the ATOH1 protein function
caused by biallelic missense variants with partial disruption of
ATOH1 function may be associated with nonlethal disruption
of cerebellar development and hearing loss. Of interest all
studies in animal models consistently report disruption of ear
development and hearing loss, which is also consistent with our
observation of hearing loss in both affected siblings.

To further evaluate the pathogenicity of identified variant
c.481C>G in ATOH1 gene, we analyzed the characteristics of
ATOH1 protein domain, where this mutation occurred. The
p.Arg161Gly substitution lies at the beginning of evolutionary
conservation bHLH domain (p.158-213) of the ATOH1 protein,
which is involved in recognition and binding to a target DNA.
Because the basic DNA binding region is crucial for proper rec-
ognition and binding to the target DNA sequence, the substitution
of a positively charged amino acid Arg to Gly at the beginning of
this region is probably disfavored. Arginine is strongly over-
represented in protein sidechain/DNA backbone interaction,27

providing overall stability of the complex, and possibly distortions
of regular double helix structure, through salt bridges with DNA
phosphates. Substitution of Arg161 with Gly implies loss of a salt
bridge, resulting in an estimated change in free energy of ca. 1.5
kcal/mol unfavorable to complex formation.Moreover, glycine has
unique conformational properties28 that could introduce flexibility
at the beginning of a helix crucial for proper contacts of the protein
with DNAwithin the complex, with a possible slight repositioning
of the complex partners, as suggested also by molecular dynamics
simulations. Overall modeling shows that the mutation changes
the stability of the protein-DNA complex and possibly also its
geometry, implying dysregulation of transcription.

In conclusion, we confirm that ATOH1 is a novel candidate
gene for PCH, severe global developmental delay, intellectual
disability, and hearing impairment. We hypothesize that bial-
lelic missense variants causing partial loss of function of the
DNA-binding domain of the transcription factor ATOH1 may
lead to impaired cerebellar development and hearing loss. Al-
though the evidence is currently too limited to conclusively
prove causality, this report may provide a basis for further
studies on the role of the ATOH1 gene in human disease.
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Abstract
Background and Objectives
The natriuretic peptide (NP) system has been considered an important regulator for ischemic
stroke (IS) with a limited clinical implication. A better understanding of the underlying mo-
lecular mechanisms is urgent. Here, we aimed to examine the role of DNA methylation of NP
system genes in IS.

Methods
DNAmethylation at promoter regions of 4 core NP system genes, e.g., CORIN, FURIN,NPPA,
and NPPB, was measured by targeted bisulfite sequencing in 853 patients with IS and 918
controls. We first examined the association between DNA methylation at each single CpG and
IS, followed by gene-based and gene set analyses to examine the joint associations of DNA
methylation at multiple CpGs in a gene or all 4 genes as a pathway with IS.

Results
After control of covariates and multiple testing, DNAmethylation at 19 of the 36 assayed CpGs
was individually associated with IS at q < 0.05. Higher average methylation levels at the targeted
regions of CORIN (odds ratio [OR] = 0.64, 95% confidence interval [CI]: 0.56–0.73), FURIN
(OR = 0.78, 95% CI: 0.69–0.88), and NPPA (OR = 0.78, 95% CI: 0.69–0.88) were associated
with a lower odds of IS (all q < 0.05). The truncated product method revealed the same gene-
based associations (all q < 0.05) and found that DNA methylation at all 4 NP system genes
together was jointly associated with IS (p = 0.0001).

Discussion
DNA methylation at NP system genes was downregulated in patients with IS. Our results may
unravel a molecular mechanism underlying the regulating effect of the NP system on IS and
highlight the relevance of testing the joint effect of multiple CpGs in the epigenetic analysis.
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Cardiac natriuretic peptides (NPs) play relevant hemody-
namic and antiremodeling actions in the cardiocerebral vas-
cular system due to their biological properties of natriuresis,
diuresis, vasodilation, energy homeostasis, antiproliferation,
antihypertrophy, and anti-inflammation.1-3 These hormones
have been demonstrated to be useful predictors for risks of
stroke4,5 and other cardiovascular diseases (CVD)6-8 in vari-
ous populations. Admittedly, some drugs based on the NP
system, e.g., carperitide, have been produced and used in
clinical settings to treat acute heart failure,9,10 but could cause
some unfavorable side reactions, e.g., severe hypotension10-12

and in-hospital death.13-15 Furthermore, the clinical trans-
lation of the NP system to stroke, a main constituent of CVD,
is also limited. The molecular mechanisms underneath the
association between NPs and stroke are still incompletely
understood, which would undoubtedly assist their clinical
development as drug agents or targets against ischemic stroke
(IS), the most prevalent cerebral vascular disorder and a
leading cause of long-term disability worldwide.

The NP family includes 3 well-characterized hormones—
atrial natriuretic peptide (ANP), B-type natriuretic peptide
(BNP), C-type natriuretic peptide (CNP),16 and the related
protease convertases (furin and corin).17,18 Sequence variants
in their coding genes, e.g.,NPPA (the gene coding ANP),19,20

NPPB (the gene coding BNP),21 CORIN (the gene coding
corin),22,23 and FURIN (the gene coding furin)24,25 but not
NPPC (the gene coding CNP), have previously been related
to susceptibility to IS and its main risk factors, e.g., hyper-
tension and atherosclerosis. Although these studies highlight
the contributions of genetic variants in the NP system to the
risks of IS, additional underlying molecular mechanisms re-
main to be elucidated. The transcripts for NPPA,26 CORIN,27

and FURIN28 have been associated with cardiac disease, al-
though the transcription of NP system genes in IS is limited
studied. As a mediator between genome and environment,
epigenetic factors such as DNAmethylation in the NP system
may affect its function and subsequent biological activities,
thereby representing a candidate molecular mechanism un-
derlying the role of NPs in IS. In fact, dysregulation of DNA
methylation has been associated with IS.29,30 For example,
global DNAmethylation31 and promoter methylation at some
candidate genes, e.g., major histocompatibility complex,32

methylenetetrahydrofolate reductase,33 apolipoprotein E,34

and matrix metalloproteinase-2,35 were previously associated
with IS in small sampled clinical studies. Therefore, we

hypothesized that DNA methylation of the NP system genes
may be associated with IS, but this has not been studied in
humans.

Furthermore, epigenetic studies typically examined the in-
dividual effect of a single CpG methylation, which may be
very small. As such, only testing the effect of a single CpG
methylation on a complex phenotype such as IS may be
insufficient. Examination of the joint effects of DNA meth-
ylation at multiple CpG sites in variate genes in an identical
biological pathway could be welcome in uncovering the
epigenetic basis of IS. Applying a gene set approach, this
study examined the joint association of DNA methylation at
36 CpG loci in 4 core NP system genes (NPPA, NPPB,
CORIN, and FURIN) with IS in 853 patients with IS and 918
age- and sex-matched healthy controls. As a modifiable
molecular modification that regulates gene expression, DNA
methylation at the loci identified may provide the basis for
the development of innovative approaches in the prevention
and treatment of IS.

Methods
Study Participants

Selection of Cases
The China Antihypertensive Trial in Acute Ischemic Stroke
(CATIS) is designed to test whether blood pressure reduction
within the first 48 hours after the onset of an acute IS would
reduce death and major disability at 14 days or hospital dis-
charge.36 After providing written informed consent, 4,071
patients aged over 22 years with first-ever IS were recruited.
Among them, 3,013 patients provided their blood samples
and agreed to participate in the subsequent genetic studies
with the voluntary principles. Of the 3,013 patients with
available DNA samples, 1,000 patients were randomly se-
lected as cases of the present study.

Selection of Controls
A number of 1,000 controls were selected by frequency
matching on age and sex from the 3,999 community indi-
viduals free of CVD and with available DNA samples par-
ticipating in the Prevention of Metabolic syndrome and
Multi-metabolic disorders Study (PMMS),37 a community-
based prospective cohort study of CVD and its risk factors in
Chinese adults.

Glossary
ANP = atrial natriuretic peptide; BMI = body mass index; BNP = brain natriuretic peptide; CATIS = China Antihypertensive
Trial in Acute Ischemic Stroke; CI = confidence interval; CNP = C-type natriuretic peptide; CVD = cardiovascular disease;
DBP = diastolic blood pressure; EWAS = epigenome-wide association study; FDR = false discovery rate; GTEx = Genotype-
Tissue Expression; HDL-C = high-density lipoprotein cholesterol; IS = ischemic stroke; LDL-C = low-density lipoprotein
cholesterol; NP = natriuretic peptide; OR = odds ratio; PMMS = Prevention of Metabolic syndrome and Multi-metabolic
disorders Study; SBP = systolic blood pressure; wTPM = weighted truncated product method.
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The selection of study participants of our study was illustrated
in Figure 1. After excluding 229 samples (147 cases and 82
controls) failed in methylation quantification, a total of 1,771
participants including 853 IS cases and 918 age- and sex-
matched controls were included in the final analysis.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study protocols of CATIS were approved by the in-
stitutional review boards at Soochow University in China and
Tulane University in the United States. The protocols of the
PMMS were approved by the Soochow University Ethics
Committee. Written informed consent was obtained from all
study participants.

Quantification of DNA Methylation
Using genomic DNA isolated from peripheral blood, DNA
methylation levels of 4 core NP system genes including
NPPA, NPPB, CORIN, and FURIN were quantified by tar-
geted bisulfite sequencing.38,39 This method has been used
in validation of DNA methylation status identified by re-
duced representation bisulfite sequencing 40 and the Illumina
HumanMethylation 450K BeadChip.41 The genomic coordi-
nates, targeted sequences, and primers for sequencing were
shown in eTable 1 (links.lww.com/NXG/A524). DNA sam-
ples were bisulfite treated using the EZDNAMethylation-Gold
Kit (Zymo Research, Inc., Irvine, CA) following the manufac-
turer’s protocol. The treated samples were then sequenced by
Illumina HiSeq 2000 (Illumina, Inc., San Diego, CA). The
bisulfite-treated reads were mapped to the genome, and
methylation calling was processed by using BS-Seeker2.42 For
quality control, non-CpG cytosines were applied as internal

control to monitor the efficiency of bisulfite conversion. The
percentage of the converted non-CpG cytosines was calculated
as conversion rate of each DNA sample. The samples with a
bisulfite conversion rate <98% were excluded. We then calcu-
lated the average coverage as well as the missing rate for each
CpG site and those with average coverage less than 20× were
further filtered out. A total of 36 CpG sites in the CORIN (9
CpGs), FURIN (7 CpGs), NPPA (9 CpGs), and NPPB (11
CpGs) genes were finally assayed and included in analysis.

Assessment of Risk Factors
As detailed in eMethods (links.lww.com/NXG/A524) de-
mographic data, lifestyle factors, body mass index (BMI),
blood pressure, fasting glucose, and blood lipids were
collected.

Statistical Analysis
Clinical characteristics of study participants were presented in
patients with IS and healthy controls, respectively. All statis-
tical analyses were performed using SAS statistical software
(version 9.4; SAS Institute, Cary, NC).

Single CpG Association Analysis
The Student t test was applied to examine the difference in
methylation levels at CpG sites between IS cases and
healthy controls. To examine the association between DNA
methylation at each CpG locus and IS, we constructed a
logistic regression model in which prevalent IS (y/n) was
the dependent variable and DNA methylation at each CpG
site was the independent variable, adjusting for age, sex,
education level, cigarette smoking, alcohol consumption,
BMI, low-density lipoprotein cholesterol (LDL-C), high-
density lipoprotein cholesterol (HDL-C), hypertension,
and diabetes. Multiple testing was controlled by adjusting
for the total number of CpG loci tested using false dis-
covery rate (FDR) approach, and an FDR-adjusted p value
(i.e., q value) of less than 0.05 was considered statistically
significant.

Gene-Based Association Analysis
To examine whether DNA methylation at multiple CpG
sites was jointly associated with IS, we treated the average
methylation level of multiple CpG sites in a gene as a sub-
stitute for the methylation level of the targeted region and
similarly examined its association with prevalent IS. The
rationale of using the average methylation level to present
the regional methylation is the highly correlation among
neighboring CpG sites as shown in eFigure 1 (links.lww.
com/NXG/A524). We also used the weighted truncated
product method (wTPM) as previously described,43 based
on the results of the single CpG association analyses. This
method combines p values of all CpGs in a chosen gene that
reaches a preselected threshold (e.g., raw p < 0.1 in this
study). The regression coefficient of each individual CpG
methylation was included as weights in the wTPM statistic.
Multiple testing for gene-based analysis was controlled by
adjusting for the total number of genes.

Figure 1 Flowchart Illustrating the Selection of Study
Participants

CATIS = China Antihypertensive Trial in Acute Ischemic Stroke; PMMS =
Prevention of Metabolic syndrome and Multi-metabolic disorders Study.
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Gene Set Association Analysis
To test whether DNA methylation of the NP system genes
affects IS, we similarly performed the wTPM by including all
genes with a raw gene-based p value of less than 0.1. The
weight was set as 1 for every gene in the model. The wTPM
has been evaluated by simulation studies44 and applied to
epigenetic analysis.39,45 The Genotype-Tissue Expression
(GTEx) database was applied to examine whether the
CORIN, FURIN, NPPA, and NPPB genes were expressed in
white blood cells and target organs of IS, e.g., artery and heart.
The integrative DNA methylation (iMethyl) database was
applied to examine whether the CpG sites assayed presented
in white blood cells and regulated gene expression.46

Data Availability
The data sets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: Dryad doi:
10.5061/dryad.tqjq2bw15, datadryad.org/stash/share/
FhZdX3QGYvUwoSS3C2jnrl088vJhhkDrwkMSknJQBcc.

Results
Clinical Characteristics
A total of 853 patients with prevalent IS (mean age 62 years,
53% men) and 918 age- and sex-matched healthy controls

(mean age 61 years, 55% men) were included in the current
study. Their clinical characteristics were presented in Table 1.
As expected, cases of IS had more metabolic risk factors, such
as hypertension, diabetes, dyslipidemia, and obesity than their
healthy controls (all p < 0.05). We did not find any significant
differences in cigarette smoking and alcohol consumption
between the 2 groups.

Single CpG Association Between DNA
Methylation of NP System Genes and IS
Table 2 presents the DNA methylation levels of 4 core NP
system genes in patients with IS and their healthy controls. Of
the 36 CpG sites assayed, DNA methylation levels at 25 CpG
sites seemed to be lower in patients with IS than that in
healthy controls (all p < 0.05). After the correction of multiple
testing, the group differences persisted at 23 CpG sites in-
cluding 9 in the CORIN gene, 6 in the FURIN gene, and 8 in
the NPPA gene (all q < 0.05). The average methylation levels
of the targeted regions at these 3 genes were also significantly
decreased in patients with IS compared with controls (all p
< 0.05).

Figure 2 shows the association between DNA methylation
level at each CpG site and IS, after adjusting for age, sex,
education level, cigarette smoking, alcohol consumption,
BMI, LDL-C, HDL-C, hypertension, and diabetes. DNA
methylation levels at 22 of 36 CpG sites assayed were

Table 1 Clinical Characteristics of Ischemic Stroke Cases and Healthy Controls

Characteristics Healthy controls Ischemic stroke cases p Value

No. of participants 918 853 —

Age, y 61.2 ± 12.2 62.5 ± 12.1 0.260

Sex, men (%) 503 (54.79) 453 (53.11) 0.507

Education level, high school or above (%) 580 (63.18) 732 (85.81) <0.001

Current smoking, n (%) 348 (37.91) 294 (34.47) 0.145

Current drinking, n (%) 253 (27.56) 222 (26.03) 0.500

Hypertension, n (%) 325 (35.40) 670 (78.55) <0.001

Diabetes, n (%) 27 (2.94) 165 (19.34) <0.001

Body mass index, kg/m2 22.36 ± 3.37 25.09 ± 3.39 <0.001

Systolic blood pressure, mm Hg 134.6 ± 20.7 168.1 ± 16.8 <0.001

Diastolic blood pressure, mm Hg 80.0 ± 10.8 97.0 ± 10.7 <0.001

Fasting glucose, mmol/L 5.04 ± 1.18 6.78 ± 2.82 <0.001

Total cholesterol, mmol/L 4.66 ± 0.96 5.12 ± 1.16 <0.001

Triglycerides, mmol/L 1.56 ± 1.15 1.89 ± 4.96 0.054

LDL cholesterol, mmol/L 3.17 ± 0.97 2.94 ± 0.98 <0.001

HDL cholesterol, mmol/L 1.34 ± 0.33 1.30 ± 0.41 0.032

Abbreviations: HDL = high-density lipoprotein; LDL = low-density lipoprotein.
All results were expressed with mean ± SD, unless otherwise noted.
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Table 2 DNAMethylation Level of Each Single CpG in Four Core NP System Genes in Ischemic Stroke Cases and Healthy
Controls

CpG loci (GRCh37) Relative to TSS (bp)

Methylation level (%, mean ± SD)

Raw p value qHealthy controls Ischemic stroke cases

CORIN

Chr4:47840096 27 39.04 ± 10.46 35.51 ± 8.31 1.91E-14 1.18E-13

Chr4:47840051 72 16.14 ± 8.71 13.40 ± 6.87 8.02E-13 4.24E-12

Chr4:47840038 85 10.76 ± 7.07 9.06 ± 5.20 2.13E-08 5.62E-08

Chr4:47840029 94 12.58 ± 8.16 10.35 ± 6.23 3.55E-10 1.31E-09

Chr4:47840012 111 15.36 ± 8.28 13.22 ± 6.29 2.65E-09 7.53E-09

Chr4:47839981 142 18.91 ± 9.66 15.14 ± 7.10 1.20E-19 1.11E-18

Chr4:47839946 177 14.72 ± 9.98 11.96 ± 7.37 1.12E-10 4.60E-10

Chr4:47839941 182 17.90 ± 11.84 14.53 ± 8.87 3.99E-11 1.85E-10

Chr4:47839933 190 17.11 ± 12.47 14.45 ± 9.37 7.46E-07 1.62E-06

Average 18.06 ± 8.75 15.29 ± 6.49 1.74E-13 —

FURIN

Chr15:91415964 1,196 49.54 ± 6.32 47.68 ± 6.47 1.55E-09 5.20E-09

Chr15:91415975 1,207 13.63 ± 4.11 10.76 ± 3.17 1.37E-56 5.09E-55

Chr15:91416006 1,238 62.68 ± 6.04 62.19 ± 5.76 7.61E-02 1.08E-01

Chr15:91416008 1,240 41.41 ± 5.92 39.92 ± 5.60 6.51E-08 1.60E-07

Chr15:91416047 1,279 51.73 ± 5.81 50.99 ± 5.72 7.08E-03 1.14E-02

Chr15:91416060 1,292 35.44 ± 5.84 34.68 ± 5.66 5.73E-03 9.63E-03

Chr15:91416118 1,350 40.43 ± 5.97 40.43 ± 5.46 1.00E+00 1.00E+00

Average 42.12 ± 4.50 40.95 ± 4.37 3.32E-08 —

NPPA

Chr1:11908353 −513 29.44 ± 4.83 26.35 ± 5.12 3.91E-37 7.24E-36

Chr1:11908348 −508 93.14 ± 2.18 92.77 ± 2.94 2.81E-03 4.95E-03

Chr1:11908299 −459 23.19 ± 3.94 22.07 ± 3.91 2.50E-09 7.53E-09

Chr1:11908200 −360 68.62 ± 6.24 67.17 ± 7.30 7.72E-06 1.50E-05

Chr1:11908182 −342 81.77 ± 4.65 80.83 ± 5.57 1.31E-04 2.43E-04

Chr1:11908178 −338 40.83 ± 5.73 38.40 ± 6.47 1.35E-16 9.98E-16

Chr1:11908168 −328 50.61 ± 6.09 49.12 ± 7.05 2.28E-06 4.69E-06

Chr1:11908165 −325 30.89 ± 6.08 29.26 ± 6.83 1.41E-07 3.25E-07

Chr1:11908142 −302 36.37 ± 7.22 36.54 ± 8.46 6.43E-01 7.00E-01

Average 50.54 ± 4.47 49.17 ± 5.33 6.09E-09 —

NPPB

Chr1:11919160 −168 26.61 ± 9.62 26.25 ± 9.80 4.49E-01 5.53E-01

Chr1:11919144 −152 28.95 ± 10.10 28.15 ± 9.94 1.01E-01 1.39E-01

Chr1:11919141 −149 27.35 ± 9.99 27.05 ± 9.50 5.21E-01 5.84E-01

Chr1:11919135 −143 28.84 ± 10.11 29.19 ± 10.27 4.72E-01 5.63E-01

Continued
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negatively associated with risks of having IS (all p < 0.05).
After further adjusting for multiple testing, 19 single CpG
associations persisted (q < 0.05), including 9 in CORIN, 3 in
FURIN, and 7 in NPPA.

Gene-Based and Gene Set Associations
BetweenDNAMethylation of NP SystemGenes
and IS
The regression using the average level of multiple CpG sites in a
targeted region as the independent variable found that hyper-
methylation at the targeted regions of CORIN (odds ratio [OR]
= 0.75, 95% confidence interval [CI]: 0.69–0.82), FURIN (OR=
0.75, 95% CI: 0.66–0.86), and NPPA (OR = 0.78, 95% CI:
0.69–0.88) were significantly associated with a decreased risk of
having IS (Figure 2). The wTPM combining the p values of
single CpG associations revealed similar gene-based associations
at the level of q < 0.05 (Table 3). Gene set analysis revealed that
DNA methylation in all 4 NP system genes as a pathway was
jointly associated with the risks of having IS (p = 0.0001). The
GTEx database showed that the CORIN, FURIN, NPPA, and
NPPB genes were not only expressed in white blood cells but
also expressed in the artery and heart. As illustrated in Figure 3,
among the 36 CpG sites assayed, the iMethyl database showed
that DNA methylation at 34 CpG sites could occur in white
blood cells, and 9 CpG sites (2 at CORIN, 5 at FURIN, and 2 at
NPPB) were expression quantitative trait methylations.

Discussion
In a relatively large sample of patients with IS and well-matched
healthy controls, we demonstrated that the promoter regions of
the CORIN, FURIN, and NPPA genes were significantly
demethylated in patients with IS. Using a gene-family ap-
proach, we demonstrated that altered DNA methylation in

these NP system genes jointly contributed to IS risks, in-
dependent of metabolic and behavioral factors. Our results may
unravel a molecular mechanism underneath the potential role
of the NP system in the pathogenesis of IS and suggest that
simultaneously testing the joint effects of multiple CpG sites in
a gene or multiple genes in a pathway is a powerful approach in
the epigenetic analysis of human complex traits.

Although mountains of evidence from basic, population,
and genetic studies have demonstrated the potential role of
natriuretic peptides in IS and other cardiovascular
diseases,4-8 the clinical implications, therapy in particular,
of NPs in cardiovascular disease are still limited.13,15 Our
study trying to unraveling the molecular mechanisms un-
derlying the associations between NPs and IS may help
translate NPs into clinical practice of IS. In line with our
study, accumulating studies suggest the involvement of
epigenetic factors such as DNA methylation in the path-
ogenesis of IS in both humans and animal models. For
example, global DNA methylation was upregulated in the
brain of mice models of IS.47 Epigenome-wide association
studies (EWASs) have been conducted in multiple pop-
ulations and found many methylation markers of IS.48,49

Nevertheless, the assayed CpG loci located at NP system
genes including NPs and their receptors and protease
convertases failed to pass the genome-wide significant
level in previous EWAS studies, probably due to the rela-
tively small effect of a single CpG methylation on a com-
plex trait such as IS. The selection of CpG sites assayed
may be a relevant factor too. Of the 36 CpG sites assayed in
our study, 13 CpG loci were included in prior EWAS
studies, but their methylation levels were not genome-
widely associated with IS. As observed in our study, of the
7 CpG loci assayed at FURIN promoter, DNA methylation
at 5 CpG sites was nominally associated with IS (raw p <

Table 2 DNA Methylation Level of Each Single CpG in Four Core NP System Genes in Ischemic Stroke Cases and Healthy
Controls (continued)

CpG loci (GRCh37) Relative to TSS (bp)

Methylation level (%, mean ± SD)

Raw p value qHealthy controls Ischemic stroke cases

Chr1:11919133 −141 34.73 ± 10.25 34.85 ± 10.38 8.20E-01 8.67E-01

Chr1:11919117 −125 31.23 ± 11.04 31.31 ± 11.98 8.97E-01 9.22E-01

Chr1:11919096 −104 34.04 ± 11.16 33.65 ± 12.66 4.97E-01 5.74E-01

Chr1:11919047 −55 10.35 ± 6.74 11.05 ± 7.65 4.86E-02 7.20E-02

Chr1:11919019 −27 7.49 ± 5.73 7.21 ± 5.43 3.08E-01 4.06E-01

Chr1:11919011 −19 7.97 ± 6.09 8.26 ± 6.51 3.51E-01 4.47E-01

Chr1:11918989 3 32.78 ± 11.11 31.63 ± 11.75 4.03E-02 6.21E-02

Average 24.57 ± 4.49 24.42 ± 4.61 4.83E-01 —

Abbreviation: TSS = transcription start site.
p Value indicates the significance level of differences in methylation levels between ischemic stroke cases and healthy controls tested by the t test. q Value
indicates the significance level after adjusting for multiple testing by false discovery rate.
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0.05), with only 3 CpG sites survived multiple testing (q <
0.05). However, the combined effects of multiple CpG
sites could be somewhat larger. For example, although
DNA methylation at 4 of 7 CpG loci assayed within the
FURIN gene lost significant associations with IS in our
study after adjustment for covariates and multiple testing,
gene-based analysis revealed a significant joint association
of all 7 CpG sites in this gene with IS. Such a phenomenon
was also observed in previous epigenetic studies.39,45,50,51

This highlights the importance of testing the joint epige-
netic effect of multiple CpG loci on human complex traits.

Similarly, a complex trait like IS is most likely contributed to
many genes in one or more biological pathways. Testing the

contribution of one individual gene may be insufficient and does
not comply with the true biology. Therefore, we examined the
joint effect of 4 core NP system genes as a pathway on IS. The
result shows that the NP system genes as a pathway were jointly
associated with IS, although not all individual genes showed a
significant association with IS. Together, our findings suggest
that examination of the joint epigenetic effects of DNA meth-
ylation at multiple CpG sites in a gene or a pathway may rep-
resent a preferred approach for epigenetic analysis of human
complex traits.

As an interface between the fixed genome and dynamic en-
vironment, DNA methylation represents a mechanism
through which our changing environment can affect the

Figure 2 Forest Plot Illustrating the Single CpG Associations Between DNAMethylation of Four Core NP SystemGenes and
Ischemic Stroke

Odds ratios indicate the risks of having ischemic stroke associatedwith per 5% increase inDNAmethylation levels at each CpG site andwith per SD increase in
the average of all CpG sites in a gene, adjusting for age, sex, education level, cigarette smoking, alcohol consumption, BMI, LDL-C, HDL-C, hypertension, and
diabetes. q indicates the significance level after multiple testing correction by false discovery rate approach. BMI = bodymass index; CI = confidence interval;
HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol.
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pathogenesis of IS. However, very few studies, to the best of
our knowledge, systemically examined the effect of DNA
methylation at genes involved in the NP system, which plays
an integral role in the regulation of salt-water balance and
volume homeostasis52 on the risks of IS and other cardio-
vascular diseases. Our study examined the association be-
tween DNA methylation at NP system genes and IS. Our
results provide initial evidence that altered DNA methylation of

key NP system genes may play an important role in the path-
ogenesis of IS. The other strength of our study is the application
of innovative statistical approaches to test the combined effects
of multiple CpG sites in a gene or multiple genes in the NP
system pathway. Our study also has some limitations. First, the
case-control study design precludes causal inference. It is still
unclear whether altered methylation at NP system genes is a risk
factor, consequence, or just an accompanying phenomenon of
IS. Second, we only studied Chinese adults. Thus, the general-
izability of our results to other ethnic populations is of concern.
Third, we studied DNA methylation using genomic DNA from
peripheral blood but not the target organs of IS, e.g., brain and
artery. However, accumulating evidence indicated that epige-
netic modifications may not be limited to the affected tissue but
could also be detected in peripheral blood.53 Fourth, we had no
data on cell types. The effects of individual variations of cell types
on the association betweenNP system genes methylation and IS
cannot be controlled. Fifth, although we found differential
methylation of the CpGs in NP system genes associated with IS,
the observed differences in DNAmethylation at individual CpG
sites were so small in terms of magnitude that their utility as
potential biomarkers are questionable. Nevertheless, our pre-
vious study including 69 monozygotic twin pairs found that a
0.85% of twin-pair difference in methylation at the BMAL1
gene was significantly associated with insulin resistance.50 The
role of NP system genes methylation in IS is still needed to be
further studied. Sixth, we only measured DNA methylation
levels at the promoter region of the NP system genes. Whether
DNA methylation at gene body of these genes was associated
with IS is unknown. Finally, the present study is a secondary
data analysis based on genes assayed in a previous candidate

Table 3 Gene-Based and Gene Set Associations of DNA
Methylation in 4 Core NP System Genes With
Ischemic Stroke

NP system genes Raw p valuea q

Gene-based association

CORIN 3.00E-04 0.0004

FURIN 1.00E-04 0.0002

NPPA 1.00E-04 0.0002

NPPB 3.53E-01 0.3530

Gene set association

NP system 1.00E-04

Abbreviation: NP = natriuretic peptide.
a Combined raw p values of the single CpG associations for gene-based
analysis and raw p values of gene-based associations for gene set analysis
by the weighted truncated product method. In this model, the corre-
sponding regression coefficients of single CpG associations presented in
eTable 2 (links.lww.com/NXG/A524) were included as weights for testing the
gene-based association, and the weights were set as 1 for testing the gene
set association.

Figure 3 Schematic Illustration of the Regulatory Potential of the CpG Sites Assayed Produced by the Integrative DNA
Methylation (iMethyl) Database

The targeted region is yellow highlighted. CpG_PBMC indicates the CpG loci presented in white blood cells. HM450 indicates the CpG loci included in Infinium
HumanMethylation450 BeadChip. eQTM indicates the CpG loci whose methylation was associated with gene expression. eQTM = expression quantitative
trait methylation; PBMC = peripheral blood mononuclear cell.
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gene-based study that did not include all the NP system genes
(e.g., the receptors of peptides and NPPC).

In summary, our results demonstrated that DNA methylation
of the 4 core NP system genes was jointly associated with IS.
These findings also highlight the importance of examination
of the effect of DNAmethylation jointly rather than separately
on human complex traits in the epigenetic analysis.
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Abstract
Background and Objectives
We investigated the genetic basis and brain metabolism and blood flow of a Japanese family
with spinocerebellar degeneration (SCD), with multiple affected members for 3 generations.

Methods
After excluding DNA repeat expansion (RE) of common SCD genes by fragment analysis, we
performed whole-exome sequencing (WES) and whole-genome sequencing (WGS). Homo-
zygosity mapping was performed using these data. REs were investigated with WGS data using
ExpansionHunter Denovo and Expansion Hunter.

Results
WES and WGS were unable to identify likely pathogenic variants, and homozygosity mapping
failed to narrow down the locus. However, ExpansionHunter Denovo detected REs in intron 2
of the RFC1 gene and led us to the diagnosis of RFC1-related disorders. Subsequent repeat-
primed PCR and Southern blot hybridization analyses revealed that 3 of 6 patients and 1
suspected individual had expansions of AAGGG ((AAGGG)exp) and (ACAGG)exp repeats in a
compound heterozygous state and 3 had a homozygous (ACAGG)exp. The patients showed a
variety of clinical features, including adult-onset ataxia, sensorimotor neuropathy, head tremor,
parkinsonism, dystonia, and cognitive impairment. A comparison of previous reports with those
of the family in study suggested that motor neuropathy could be a feature of compound
heterozygous patients and biallelic (ACAGG)exp patients. Cognitive function tests showed
cognitive impairment with a predominance of frontal lobe dysfunction. Examination of MRI,
SPECT, and 18F-fluorodeoxyglucose-PET showed clear cortical damage with frontal lobe
predominance in 1 case, but no cerebral damage was evident in the other 2 cases.

Discussion
Our report shows the usefulness of WGS and RE detection tools for SCD of unknown cause.
The studied family with RFC1-related disorders included patients with (ACAGG)exp and
(AAGGG)exp in a compound heterozygous state and was characterized by motor neuropathy.
Based on the results of cognitive function tests and imaging studies, 1 patient presented with
cognitive impairment due to frontal lobe metabolic changes, but there were also patients who
presented with cognitive impairment without apparent cerebral metabolic or blood flow,
suggesting that other factors are also associated with cognitive impairment.
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Spinocerebellar degeneration (SCD) is a heterogeneous group
of diseases, with ataxia being the core symptom caused by the
degeneration of the cerebellum or its connecting pathways, and
includes many diseases resulting from genetic abnormalities.
Expansion of short tandem repeats (repeat expansions, REs) is
a common cause of hereditary SCD, and repeat-primed PCR
and fragment analysis have been widely used to detect REs.1

However, because these techniques cannot comprehensively
detect REs, the demand for a comprehensive method to detect
REs has increased. Along with long-read sequencing, which is
quite powerful for detecting REs,2 several RE detection tools
using short-read sequencing data have been recently de-
veloped,3 including Expansion Hunter and ExpansionHunter
Denovo (EHdn). However, there are still few reports on de-
tection of REs using these tools.4–7

Cerebellar ataxia, neuropathy, and vestibular areflexia syn-
drome (CANVAS) is a rare hereditary disease characterized
by progressive late-onset ataxia, sensory axonal neuropathy,
and bilateral vestibulopathy, which was first described in the
1990s8,9 and is caused by a biallelic AAGGG RE in intron 2
of the RFC1 gene.10 Biallelic ACAGG RE was also found to
be a cause of CANVAS in 2020,11 and the ACAGG and
AAGGG REs are thought to have arisen from a single origin
because they share the same conserved core haplotype.11

Because the causative gene has been identified, the detailed
symptoms and new symptoms are now characterized more
extensively, and there are reports showing the clinical form
of multiple system atrophy,12,13 dopa-responsive parkin-
sonism,14 cognitive impairment,15,16 chorea, and dystonia.15

RFC1-related disorders are considered a spectrum of dis-
orders with variable combinations of 5 core features: cere-
bellar ataxia, sensory neuropathy, vestibulopathy, cough,
and autonomic dysfunction that transcends the framework
of CANVAS.15

Here, we report a Japanese family with RFC1-related disor-
ders, with multiple affected members for 3 generations. Al-
though it was difficult to make a diagnosis based on clinical
symptoms because of a wide variety of atypical clinical man-
ifestations and to identify the locus because of the complex
family structure, RE detection by whole-genome sequenc-
ing (WGS) and subsequent analysis revealed that 3 of 6 pa-
tients and 1 suspected individual had AAGGG expansion
((AAGGG)exp) and (ACAGG)exp in a compound heterozy-
gous state, and 3 had homozygous (ACAGG)exp. A detailed
comparison of clinical findings with previous reports of

homozygous RE of AAGGG and ACAGG, and consideration
of brain imaging and cognitive impairment, is shown in the
present study.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consent
This study was approved by the Institutional Review Board
Committee of Hamamatsu University School of Medicine
(approval no. 19-339, 2020/03-02). Written informed con-
sent was obtained from the participants before the study, and
consent to use information and samples of the deceased in-
dividuals was obtained from the family.

Participants
A total of 11 Japanese individuals (6 affected, 4 unaffected,
and 1 suspected individual), belonging to a village in Japan
and distantly related, participated in this study (Figure 1).
Spinocerebellar ataxia (SCA) types 1, 2, 3, 6, 7, 8, 10, and 17 as
well as dentatorubral-pallidoluysian atrophy and Friedreich
ataxia were excluded by fragment analysis.

Clinical Evaluation
We collected all clinical data from clinical assessments. To
assess brain atrophy, we analyzed 3DT1-weightedMRI images
of 3 patients (III-9, III-11, and IV-9) using voxel-based specific
regional analysis system for Alzheimer disease (VSRAD) soft-
ware (VSRAD Advance 2) (Eisai, Tokyo, Japan). Three-
dimensional stereotactic surface projections were used to an-
alyze the results of N-isopropyl-123I-ρ-iodoamphetamine
SPECT and 18F-fluorodeoxyglucose (18F-FDG) PET, which
were performed in 2 patients.

Next-Generation Sequencing
Genomic DNA was isolated from blood using standard
techniques. We used the DNA of deceased individuals, which
was obtained for genetic testing before this study and then
stored at our facility. Whole-exome sequencing (WES) was
performed on 5 affected individuals (III-7, III-8, III-9, III-11,
and IV-9) and 2 unaffected individuals (III-10 and III-12), and
WGS was performed on III-9, III-11, and III-12. For WES,
DNA was captured using an xGen Exome Research Panel kit
(IDT, San Diego, CA) and sequenced on a NextSeq500
(Illumina, San Diego, CA) with 75-bp paired-end reads. For
WGS, DNA was sequenced on a DNBSEQ-T7 (MGI Tech,
Shenzhen, China) with 150-bp paired-end reads. Reads were

Glossary
CANVAS = cerebellar ataxia, neuropathy, and vestibular areflexia syndrome; CCAS = cerebellar cognitive affective syndrome;
DIG = digoxigenin; EHdn = ExpansionHunter Denovo; FAB = frontal assessment battery; 18F-FDG = 18F-fluorodeoxyglucose;
MMSE = Mini-Mental State Examination; RE = repeat expansion; RP-PCR = repeat-primed PCR; SCA = spinocerebellar
ataxia; SCD = spinocerebellar degeneration; VSRAD = voxel-based specific regional analysis system for Alzheimer disease;
WES = whole-exome sequencing; WGS = whole-genome sequencing.
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aligned to the reference genome (GRCh38) using BWA-
MEM (version 0.7.17). Duplicated reads were removed us-
ing Picard (version 2.20.3), and local realignment and base
quality recalibration were performed using GATK (version
3.8.1). Variants were identified using GATK Hap-
lotypeCaller. The final variants were annotated with Anno-
var to predict the functional impact of the coding variants
and to assess allele frequency using the following databases:
an in-house database of 218 control exomes, the Human
genetic variation database,17 the ToMMo 8.3KJPN18 allele
frequency panel, and the gnomAD19 database. We focused
on rare variants with minor allele frequencies below 1% in
the 4 databases. Damage prediction was performed using
SIFT,20 PolyPhen-2,21 MutationTaster,22 and CADD23

programs. The eXome-Hidden Markov Model,24 relative
depth of coverage ratios,25 and Canvas Copy Number Var-
iant Caller26 were used to detect the copy number variant.
Structural variants and mobile element insertions were
detected using the Manta Structural Variant Caller27 and
Mobster,28 respectively.

Homozygosity Mapping
Homozygosity mapping was performed using Homo-
zygosityMapper29 using WES data.

Detection of REs
To detect REs, EHdn v0.9.030 and ExpansionHunter31 were
performed using default parameters. EHdn can detect REs
across the entire genome without the need for specifying the
location of REs in advance.30 After identification of
(ACAGG)exp by EHdn, Expansion Hunter was used to con-
firm the (ACAGG)exp in RFC1.

Flanking PCR and Repeat-Primed PCR
We performed flanking PCR to confirm the presence of REs
in intron 2 of RFC1 using primers used in a previous study.10

We then performed repeat-primed PCR (RP-PCR) for
AAGGG, ACAGG, AAAGG, and AAAAG repeats to de-
termine the motif of the repeat using the same primers used in
previous studies.10,11

Southern Blot Hybridization Analysis
A total of 10 μg of DNA was digested by EcoRI (New England
Biolabs, Ipswich, MA) for 16 hours, and then, samples were
electrophoresed on a 1% agarose gel for 8 hours at 50 V
together with GeneRuler 1 kb Plus DNA Ladder (Thermo
Scientific, Waltham, MA). After recording the position of the
DNA ladder, the lane of the DNA ladder was removed. The
remaining gel was depurinated in 0.25 M HCl for 15 minutes

Figure 1 Pedigree Chart of the Families Who Participated in This Study

Open symbols represent nonaffected individuals, filled in symbols affected individuals, and the gray symbol an individual with suspected disease. The circles
around the numbers represent the people from whom DNA was obtained. * represents those for whom WES was performed, and † represents those for
whombothWES andWGSwere performed. The bars andnumbers next to them indicate the haplotypes associatedwith themotifs of repeats. The color of the
bars reflects the repeatmotif: white indicates (AAAAG)exp, black indicates (AAGGG)exp, and horizontal stripes indicate (ACAGG)exp. The number next to the bar
represents the genotype of the SNVs, and the genotypes are expressed as 1 for the reference allele and 2 for the minor allele. M1, M2, and W represent the
genotypes of the repeats, with M1 representing (AAGGG)exp, M2 representing (ACAGG)exp, and W representing (AAAAG)exp. SNV = single nucleotide variant;
WES = whole-exome sequencing; WGS = whole-genome sequencing.
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and denatured in 0.4 M NaOH/0.6 M NaCl for 30 minutes.
DNA fragments were transferred to a positively charged nylon
membrane (Cytiva, Marlborough, MA) by capillary blotting.
The digoxigenin (DIG)-labeled probe was created by PCR
using the PCR DIG Probe Synthesis Kit (Roche Applied Sci-
ence, Penzberg, Germany) using fragments of genomic DNA
cloned into the pGEM-T Easy Vector (Promega, Madison,
WI) as templates. Primer pairs used for the cloning of the
gDNA fragment and PCR amplification of the DIG-labeled
probe were the same as those used in a previous study.10 After
prehybridization at 46°C inDIGEasyHyb (RocheDiagnostics,
Basel, Switzerland) for 30 minutes, the membrane was hy-
bridized at 46°C for 16 hours in 5 mL of DIG Easy Hyb
containing 10 μL of DIG-labeled probe. The membrane was
washed twice with 0.1% sodium dodecyl sulfate/2X standard
sodium citrate for 5 minutes and then washed twice with 0.1%
sodium dodecyl sulfate/0.5X standard sodium citrate at 65°C

for 15 minutes. For detection of the DIG-labeled hybridized
probe, CDP-Star (Roche Diagnostics) was used as a chemilu-
minescent substrate. Chemiluminescence was detected using
FUSION FX7.EDGE (M& S Instruments, Osaka, Japan). The
size of each band was determined by measuring the length of
each band from the edge of the membrane and comparing it to
the location of the marker that had been recorded. The number
of repeats was calculated from the difference in size between
each band and the wild-type band.

Haplotype Analysis
We investigated variants around RFC1 to confirm the con-
servation of the previously reported ancestral core
haplotype10,11 associated with REs using WGS data of III-9,
III-11, and III-12. We confirmed the genotypes of each single
nucleotide variant by Sanger sequencing for individuals whose
data were not subjected to WGS.

Figure 2 Results of Repeat Searches Using the Repeat Expansion Detection Tools

(A) Graph of Expansion Hunter results for ACAGG repeats. The data suggest an increase in the number of repeats in affected individuals III-9 and III-11
compared with those in the 28 controls. (B) The depth of aligned reads in RFC1 was visualized by Integrative Genomics Viewer. There are clear gaps in the
repeat region of RFC1 in affected III-9 and III-11, and the depth was lowered in unaffected III-12 compared with a control individual. (C) The sequences of the
soft-clipped reads showed repeats of AAGGG and ACAGG in III-9, ACAGG in III-11, and AAGGG and AAAAG in III-12.
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Data Availability
All data not published in this article will be shared on request
from any qualified investigator.

Results
Genetic Investigations
We were unable to identify likely pathogenic variants by
routine WES and WGS analyses described in the Methods
section. Homozygosity mapping could not narrow down the
homozygosity region shared in patients (eFigure 1, links.lww.
com/NXG/A527). Considering REs, we used EHdn for
genome-wide screening of REs in 2 patients (III-9 and III-11)
compared with WGS data from 28 controls and found that
ACAGG expansion at intron 2 of RFC1 exhibited a top p value
(0.01) among the candidate REs. Of interest, EHdn identified
approximately 28 and 13 depth-normalized counts of an-
chored in-repeat reads in III-9 and III-11, respectively, raising

the possibility of another repeat motif expansion in III-11.
ExpansionHunter confirmed the ACAGG expansion in III-9
and III-11 (Figure 2A). Integral Genome Viewer showed a
reduced read depth of WGS in this region (Figure 2B), and
the soft-clipped read sequence in this region suggested
AAGGG and ACAGG pentanucleotide repeats in affected III-
9, ACAGG pentanucleotide repeats in affected III-11, and
AAGGG pentanucleotide repeats in nonaffected III-12
(Figure 2C). Flanking PCR was unable to amplify any
bands in all 6 patients and IV-10 with suspected disease status,
suggesting biallelic REs, whereas all unaffected individuals had
1 allele of an intermediate RE (Figure 3A). No intermediate
REs of pathologic repeat motifs have been found so far,32

suggesting that such intermediate REs are probably REs of
nonpathological repeat motifs. Expansion of repeats was
confirmed by Southern blot hybridization analysis, except for
2 individuals (III-10 and III-12, Figure 3B). Determination of
repeat motifs by RP-PCR indicated that III-1, III-11, and IV-9
had biallelic (ACAGG)exp, and III-7, III-8, III-9, and IV-10

Figure 3 Results of Flanking PCR, RP-PCR, and Southern Blot Hybridization Analysis

(A) The flanking PCR showed a frag-
ment of 348-bp in healthy controls (C-
1 and C-2) but could not amplify any
fragments in affected individuals (III-
1, III-7, III-8, III-9, III-11, IV-9, and IV-10),
which suggests that there were bial-
lelic repeat expansions. In unaffected
individuals (II-1, II-6, III-10, and III-12),
bands were observed around
900–1,000 bp, suggesting that there
was at least 1 intermediate repeat
expansion. (B) Southern blot hybrid-
ization analysis using genomic DNA
from 6 patients, 1 suspected in-
dividual, and unaffected relatives
probed with DIG. The target bands
were marked with a red diamond. In
the experiment shown on the left,
genomic DNA that has been stored
for a long time was used. Patients (III-
1, III-7, III-8, III-9, III-11, and IV-9) and a
suspected individual (IV-10) showed
either 2 bands or 1 overlapping band
much longer than 5 kb. Unaffected
individuals (II-1 and II-6) and controls
(C-1 and C-2) showed at least 1 band
of approximately 5 kb in size. The
target bands were unclear in III-10
and III-12. (C.a-b) Representative ex-
amples of RP-PCR targeting patho-
logic (AAGGG)exp and (ACAGG)exp and
nonpathologic (AAAGG)exp and
(AAAAG)exp in III-9 (C.a) and IV-9 (C.b).
III-9 was positive for (AAGGG)exp and
(ACAGG)exp in a compound heterozy-
gous state, and IV-9 was positive for
(ACAGG)exp. DIG = digoxigenin; RP-
PCR = repeat-primed PCR.
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had (AAGGG)exp and (ACAGG)exp in a compound hetero-
zygous state (Figure 3C, Table 1, and eFigure 2). However, all
unaffected individuals (II-1, II-6, III-10, and III-12) had 1
allele of the nonpathogenic intermediate (AAAAG)exp, and 1
allele of pathogenic (AAGGG)exp and (ACAGG)exp in a
compound heterozygous state (Table 1 and eFigure 2).

Haplotype Analysis
We selected informative variants from the WGS data and
constructed the haplotypes associated with each repeat motif
(eTable 1, links.lww.com/NXG/A527). Both the (AAGG-
G)exp and (ACAGG)exp motifs also shared the core ancestral
haplotype described in previous reports10,11 (eTable 1). In our
cases, the (ACAGG)exp motif partially shared the haplotype of
the Niue patient,11 which is widely observed in non-European
populations. The (AAGGG)exp motif partially shared the
haplotype of Caucasian patients.10 Notably, detailed analysis of
core haplotypes revealed that each pathologic RE had different
haplotypes, indicating that they arose from the 2 ancestors who
independently developed (AAGGG)exp and (ACAGG)exp
(Figure 1, eTables 2 and 3). These results suggest that although
2 pathologic REs arose from the same origin (shared core
ancestral haplotype), the family under study might have 2 an-
cestors who independently developed (AAGGG)exp and
(ACAGG)exp.

Clinical Features
We summarized the symptoms of the patients in eTable 4
(links.lww.com/NXG/A527) and the comparison of the
clinical manifestations for each genotype with previous re-
ports in Table 2. We also show the brain MRI in Figure 4 and
eFigure 3, 18F-FDG PET in Figure 5, A and B, and SPECT in
Figure 5C. All 6 patients but not VI-10 presented with ataxic
gait at age 44–66 (average 57.7) years. IV-10 evaluated at age

52 years presented only with sensory neuropathy, not ataxic
gait, and because she also had diabetes mellitus, it was difficult
to distinguish whether the sensory neuropathy was caused by
RFC1 REs or diabetes mellitus. Many core symptoms of
RFC1-related disorder,15 including ataxia (7/8, 87.5%), sen-
sory neuropathy (7/7, 100%), bilateral vestibulopathy (2/3,
66.7%), cough (5/7, 71.4%), and autonomic dysfunction (4/
7, 57.1%), were commonly observed in this family. In addi-
tion, a variety of other rare symptoms were observed in the
family. Atrophy and weakness of the distal muscles, suggesting
motor neuropathy, were observed in 5 patients (5/7, 71.4%).
Slightly irregular no-no head tremor at approximately 3 Hz in
the sitting and standing positions was observed in 5 patients
(5/7, 71.4%). In addition, parkinsonism was observed in 3
patients (3/7, 42.9%) and dystonia in 1 patient (1/7, 14.3%)
(eFigure 4, A–C). III-8 and III-9 had obvious cognitive im-
pairment and eventually had difficulty communicating. Cog-
nitive function tests were performed for III-9, III-11, and IV-9.
Although III-11 and IV-9 showed no obvious cognitive im-
pairment, all 3 individuals showed a decline in the frontal
assessment battery (FAB) compared with the Mini-Mental
State Examination (MMSE) (eTable 4). MRIs of 7 individuals
showed cerebellar atrophy in 6 cases, with IV-10 as the ex-
ception. Atrophy around the Sylvian fissure was characteristic
of III-8 and III-9 (eFigure 3). VSRAD was performed in III-9,
III-11, and IV-9. III-9 was characterized by atrophy of the gray
matter of the cerebrum, especially around the Sylvian fissure,
whereas III-11 was characterized by severe atrophy of the
cerebellar gray matter without cerebral atrophy (Figure 4,
A–C). 18F-FDG PET performed on III-9 showed a strong
decrease in glucose metabolism in the frontal lobe rather than
in the cerebellum (Figure 5A). 18F-FDG PET of III-11 and
SPECT of IV-9 showed a decreased glucose metabolism and
blood flow mainly in the cerebellum (Figure 5, B and C). The

Table 1 Summary of Characteristics of Repeat Expansion in Family Members

Individual Affected Flanking PCR product

RP-PCR

Genotype Repeating unit sizeAAGGG ACAGG AAAAG

II-1 No Intermediate expansion − + + (ACAGG)exp/(AAAAG)interexp 700, 80

II-6 No Intermediate expansion − + + (ACAGG)exp/(AAAAG)interexp 1,900, 80

III-1 Yes − − + − (ACAGG)exp/(ACAGG)exp 2,000, 800

III-7 Yes − + + − (AAGGG)exp/(ACAGG)exp 2,100, 800

III-8 Yes − + + − (AAGGG)exp/(ACAGG)exp 2,000, 600

III-9 Yes − + + − (AAGGG)exp/(ACAGG)exp 2,000, 600

III-10 No Intermediate expansion + − + (AAGGG)exp/(AAAAG)interexp Undetermined

III-11 Yes − − + − (ACAGG)exp/(ACAGG)exp 1,900, 800

III-12 No Intermediate expansion + − + (AAGGG)exp/(AAAAG)interex Undetermined

IV-9 Yes − − + − (ACAGG)exp/(ACAGG)exp 1,900, 1,900

IV-10 Suspected − + + − (AAGGG)exp/(ACAGG)exp 1,900, 700

Abbreviations: exp = expansion; interexp = intermediate expansion; RP-PCR = repeat-primed PCR.
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detailed medical history of representative cases III-9 and IV-9
is presented in the Supplemental Material.

Discussion
Our study clearly demonstrated the utility of WGS and RE
detection tools for genetic diagnosis of a family with hereditary
SCD, in which candidate genes could not be narrowed down
because of a complex family structure and atypical clinical

presentation. Individuals with RFC1-related disorders present
with a wide spectrum of symptoms, and it is often difficult to
suspect the disease when symptoms are few in the early stages
or when the disease presents with many atypical symptoms,
as in this family under study. For patients with SCA, after
fragment analysis for some representative repeat disorders,
targeted resequencing panel or exome analysis is sometimes
performed,1 but the diagnostic rates of targeted resequencing
panels and exome analysis are reported to be as low as 17% and
36%, respectively.33 One possible reason for this low diagnostic

Table 2 Comparison of Clinical Features

Genotype
(ACAGG)exp/
(ACAGG)exp

(AAGGG)exp/
(ACAGG)exp (AAGGG)exp/(AAGGG)exp (AAGGG)exp/(AAGGG)exp

(ACAGG)exp/
(ACAGG)exp

Reference Our report Our report Cortes et al.41 Traschütz et al.15 Scriba et al.11

Tsuchiya et al.39

Total number 3 3 100 70 4

Averageageatonsetof ataxia, y 54 58.67 52 53 54.67

Last examination after onset
of ataxia, y

17 13 11 NA 17

Cough, n (%) 1/3 (33.3) 3/3 (100) 64/100 (64) 46/64 (71.88) 4/4 (100)

Sensory symptom, n (%) 3/3 (100) 2/2 (100) Abnormal pinprick lower limbs
74/100 (74)

61/61 (100) 1/1 (100)

Dysarthria, n (%) 3/3 (100) 3/3 (100) 40/100 (40) 44/67 (65.67) 3/3 (100)

Ataxic gait, n (%) 3/3 (100) 3/3 (100) Unsteadiness 83/100 (83) 70/70 (100) 3/3 (100)

Nystagmus, n (%) 3/3 (100) 3/3 (100) 55/100 (55) NA 1/1 (100)

Limb ataxia, n (%) 3/3 (100) 3/3 (100) Abnormal finger-nose 49/100 (49)
Abnormal heel-shin 52/100 (52)

Dysdiadochokinesia 44/
62 (70.97)

1/1 (100)

Muscle atrophy, n (%) 3/3 (100) 2/3 (66.7) NA 11/54 (20.37) 2/3 (66.67)

Muscle weakness, n (%) 3/3 (100) 2/3 (66.7) 0/100 (0) 3/54 (5.56) 2/3 (66.67)

Fasciculation, n (%) 1/3 (33.3) 0/3 (0) NA NA 3/3 (100)

Autonomic dysfunction, n (%) 1/3 (33.3) 3/3 (100) 32/100 (32) 39/63 (61.90) 1/1 (100)

Head tremor, n (%) 2/3 (66.7) 3/3 (100) NA NA NA

Resting tremor, n (%) 2/3 (66.7) 1/3 (33.3) NA NA NA

Bradykinesia, n (%) 2/3 (66.7) 1/3 (33.3) NA NA NA

Cognitive impairment, n (%) 2/3 (66.7) 2/3 (66.7) NA 13/52 (25) NA

NCS, n (%)

Small or absent SNAPs 2/2 (100) 3/3 (100) 100/100 (100) 42/42 (100) 3/3 (100)

Small CMAPs 2/2 (100) 1/3 (33.3) 2/100 (2) Motor neuropathy 18/45
(40.0)

2/3 (66.67)

Brain MRI, n (%)

Cerebellar atrophy 3/3 (100) 3/3 (100) 67/100 (67) Vermal atrophy 48/55
(87.27)
Hemispheric atrophy 33/
47 (70.21)

3/3 (100)

Cerebral atrophy 1/3 (33.3) 2/3 (66.7) 19/100 (19) 20/55 (37) NA

Abbreviations: CMAP = compound muscle action potential; NA = not available; NCS = nerve conduction study; SNAP = sensory nerve action potential.
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rate is that hereditary SCD includes many disorders caused by
REs. In Japan, SCA3 and SCA6 are themost common causes of
autosomal dominant SCD, as is the trend worldwide, but
SCA31 and dentatorubral-pallidoluysian atrophy, which are
rare inWestern countries, are more common in Japan, whereas
SCA1 and SCA2 are relatively rare.34,35 As rare diseases, there
are reports of RE diseases resulting from intronic REs such as
SCA1036 and SCA36.37 In autosomal recessive SCD, Frie-
dreich ataxia is common inWestern countries but has not been

reported in Japan. Although it has been reported that RFC1-
related disease is not a rare disease in Western countries, the
prevalence of RFC1-related disease in Japan has not yet been
reported. However, several cases of RFC1-related disease have
been reported in Japan38,39; thus,RFC1-related diseasemay not
be a rare disease. The use of WGS and repeat detection tools is
very simple and would increase the detection rate of rare repeat
disorders that might be overlooked in targeted resequencing
panels and exome analysis.

Figure 4 MRIs Analyzed by VSRAD

MRIs of III-9 at age 77 years (A), III-11 at age 75 years (B), and IV-9 at age 57 years (C), analyzed using VSRAD. Z-score maps displayed on an anatomically
standardized MRI template are shown. (A) In III-9, atrophy of the cerebral gray matter around the Sylvian fissure, part of the frontal lobe, and part of the
cerebellum, as well as atrophy of the white matter in the cerebellum, brainstem, and thalamus, were observed. (B) In III-11, strong cerebellar gray matter
atrophy and cerebellar whitematter atrophy were observed, but little cerebral atrophywas detected. (C) Atrophy of the cerebellar gray andwhitematter and
mild atrophy of the cerebral gray matter were observed in IV-9. VSRAD = voxel-based specific regional analysis system for Alzheimer disease.
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There are a variety of repeat motifs in REs of RFC1 intron
2,10,11,40 but only 2 motifs, AAGGG and ACAGG, have been
known to cause RFC1-related disorders. Most cases of RFC1-
related disorders, especially in Europe, have biallelic (AAGG-
G)exp, whereas only 4 cases in 3 families of the Asian-Pacific
area have been reported to have biallelic (ACAGG)exp.

11,39 Our
family included 3 patients and a suspected case (IV-10) with
(AAGGG)exp and (ACAGG)exp in a compound heterozygous
state and 3 patients with biallelic (ACAGG)exp. To compare
the clinical symptoms for each genotype, we summarized our
cases, 2 large cohort studies of RFC1-related disorder with

biallelic (AAGGG)exp, and previously reported cases of biallelic
(ACAGG)exp (Table 2). IV-10 was not included in this com-
parison. The core symptoms ofRFC1-related disorders, such as
ataxia, sensory neuropathy, and cough, appear to be in-
distinguishable between each genotype. Vestibular dysfunction
should also be considered, but in our cases, the examination
was insufficient, and no comparison could be made. Atrophy
and muscle weakness of distal muscles, indicating motor neu-
ropathy, were more common in patients with (AAGGG)exp
and (ACAGG)exp in compound heterozygous state (66.7%,
66.7%) and patients with biallelic (ACAGG)exp (100%, 100%)

Figure 5 Analysis of Brain Metabolism and Blood Flow Using SPECT or 18F-FDG-PET

(A and B) 18F-FDG PET results of III-9 (A)
and III-11 (B). Z-score maps of reduced
uptake of 18F-FDG by anatomically
standardized brain are shown. (A) A
strong decreased glucose metabolism
around the Sylvian fissure and in the
frontal lobe was observed in III-9. (B) A
strongly decreased glucose metabo-
lism in the cerebellumwas observed in
III-11. (C) 123I-IMP SPECT imaging of IV-
9. Z-score maps displayed on an ana-
tomically standardized MRI template
are shown. Decreased blood flow in
the cerebellum and frontal lobe was
observed in IV-9. 123I-IMP = N-iso-
propyl-123I-ρ-iodoamphetamine; 18F-
FDG = 18F-fluorodeoxyglucose.
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than in patients with biallelic (AAGGG)exp (not available, 0%
41

and 20.37%, 5.56%15). It has been reported that biallelic
(ACAGG)exp cases are characterized by muscular atrophy and
fasciculation due tomotor neuropathy,11 and the results obtained
for the family under study were consistent with this report.

In the family under study, involuntarymovements, such as head
tremor, laryngeal dystonia, and striatal foot, were observed. A
study reported 6 of 57 RFC1-related disorder patients pre-
sented with involuntary movements (oral-facial dyskinesia,
oral-facial dystonia or chorea of the extremities).15 Further-
more, a patient in this study exhibited head tremors as a
symptom, similar to that observed in patients of the present
study; thus, head tremors were subsequently considered to be
one of the symptoms of RFC1-related disorder. In our family,
involuntary movements were one of the reasons why RFC1-
related disorders were not initially considered a causative dis-
ease, and it should be known that patients with RFC1-related
disorders can present with a variety of involuntary movements.

In the family under study, some patients presented with
cognitive impairment and cerebral atrophy. A report showed
that 25% of RFC1-related disorders were complicated by
cognitive impairment,15 and another showed that 2 of 4 pa-
tients with RFC1-related disorder had decreased MMSE or
FAB.16 Cerebral atrophy with parietal lobe predominance has
previously been found in 37% of patients with RFC1-related
disorders.15 A study analyzed brain volumes of patients with
RFC1-related disorder and reported widespread and relatively
symmetric atrophy of the cerebellum and basal ganglia, at-
rophy of the brain stem, and atrophy of the cerebral white
matter, mainly in the corpus callosum and deep corridors,
whereas damage to the cerebral cortex was limited.42

To investigate in detail the cognitive impairment of RFC1-
related disorders, we examined the relationship between brain
atrophy, metabolic or blood flow changes, and cognitive im-
pairment. In our cases, 2 patterns of brain atrophy and met-
abolic or blood flow changes were observed: cerebral
dominant and cerebellar dominant. III-9 showed perisylvian
atrophy and metabolic changes, and III-8 showed only peri-
sylvian atrophy. III-11 and IV-9 showed atrophy and meta-
bolic or blood flow changes, mainly in the cerebellum.
However, regardless of the pattern of brain atrophy and
metabolic or blood flow changes, cognitive function tests were
characterized by stronger impairment in the FAB compared
with the MMSE. III-9 clearly showed stronger atrophy and
metabolic changes of the frontal lobe than the cerebellum,
suggesting that frontal lobe metabolic changes were largely
responsible for cognitive impairment. However, III-11 and
IV-9 showed cognitive impairment in cognitive function tests
without obvious cerebral metabolic or blood flow changes,
suggesting that factors other than cerebral metabolic or blood
flow changes may be related to cognitive impairment. Cog-
nitive dysfunction caused by cerebellar disorders, which is
called cerebellar cognitive affective syndrome (CCAS),43 has
been revealed in recent years, and because III-9 has

particularly strong cerebellar atrophy, CCAS is considered
one of the possible causes of cognitive impairment. The de-
gree of cerebral damage varies widely, even within the same
family, and in some cases, cerebral damage was stronger than
cerebellar damage and was thought to be the cause of cog-
nitive impairment. Considering that cortical damage has been
reported to be mild in RFC1-related disorders in the previous
report,42 the ACAGG allele may be prone to show a variety of
phenotypes of cortical damage. However, only 1 case was
proved to have severe cortical damage, and whether the
ACAGG allele is associated with cortical symptoms needs to
be further investigated.

A previous study reported that there was no association be-
tween age at onset and the number of AAGGG repeat units on
either the smaller or larger allele.10 In our family, III-1, III-7,
III-8, III-9, and III-11, in whom the larger expansion allele had
about 2000 repeats and the smaller allele about 600–800 re-
peats, presented ataxia in their late 50s. In contrast, IV-9, in
which both alleles had about 1900 repeats, developed ataxia at
age 44 years, indicating an earlier onset than the other family
members. In this family, the number of repeats of the 2 alleles
may be related to the age at onset of ataxia. However, this
study included a small number of cases, and thus, this finding
needs to be examined in a larger number of cases.

Previous studies have reported that patients with (AAGGG)exp
shared the same core haplotype as in the Caucasian cohort10

and that the core haplotype was also shared by other non-
Caucasian patients with RFC1-related disorder.38,44 These re-
sults suggest that the (AAGGG)exp has a single origin, most
likely in Europe.10 Furthermore, it was reported that patients
with the (ACAGG)exp shared the same core haplotype as those
with (AAGGG)exp in the Asian-Pacific CANVAS cohort.11

These findings suggest that (ACAGG)exp also originates from
the same origin as the (AAGGG)exp.

11 However, in the current
family under study, a detailed examination of the informative
variants between the core haplotypes revealed that the
(AAGGG)exp and (ACAGG)exp had different haplotypes
(Figure 1 and eTable 3, links.lww.com/NXG/A527). Homo-
zygosity mapping also did not detect homozygous regions in
the corresponding area. Considering these findings, we suggest
a novel hypothesis that these 2 pathologic REs have likely
originated from independent ancestors.

We have shown that WGS and repeat detection tools are very
effective for comprehensive genetic testing in SCD. Our
RFC1-related disease family included patients with (ACAG-
G)exp and (AAGGG)exp in a compound heterozygous state,
which were characterized by motor neuropathy and patients
with homozygous (ACAGG)exp. Brain imaging suggested
frontal lobe predominant cortical metabolic changes to be the
likely cause of cognitive impairment in one case with RFC1-
related disorders, whereas others presented with cognitive
impairment but no noticeable metabolic or blood flow
changes in the cerebrum. Because we have studied only a
small number of patients, the relationship between genotype
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and symptoms, as well as cerebral metabolic or blood flow
changes and cognitive impairment, needs to be further ex-
amined in more individuals.
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Abstract
Background and Objectives
Friedreich ataxia (FRDA) is a neurodegenerative disease caused by a GAA triplet repeat (GAA-
TR) expansion in intron 1 of the FXN gene. Patients have 100–1,300 GAA triplets compared
with less than 30 in healthy controls. The GAA-TR expansion leads to FXN silencing, and
consequent frataxin protein deficiency results in progressive ataxia, scoliosis, cardiomyopathy,
and diabetes. The overt heterogeneity in age at onset and disease severity is explained partly by
the length of the GAA-TR, in which shorter repeats correlate with milder disease. Evidence of
variegated silencing in FRDA suggests that patients with shorter repeats retain a significant
proportion of cells with FXN genes that have escaped GAA-TR expansion–induced silencing,
explaining the less severe frataxin deficiency in this subpopulation. In ex vivo experiments, the
proportion of spared cells negatively correlates with GAA-TR length until it plateaus at 500
triplets, an indication that the maximal number of silenced cells has been reached. In this study,
we assessed whether an analogous ceiling effect occurs in severity of clinical features of FRDA
by analyzing clinical outcome data.

Methods
The FRDA Clinical Outcome Measures Study database was used for a cross-sectional analysis
of 1,000 patients with FRDA. Frataxin levels were determined by lateral flow immunoassays.

Results
The length of the GAA-TR in our cohort predicted frataxin level (R2 = 0.38, p < 0.0001) and age
at onset (R2 = 0.46, p < 0.0001) but only with GAA-TRs with ≤700 triplets. Age and disease
duration predicted performance on clinical outcome measures, and such predictions in linear
regression models statistically improved in the subcohort of patients with >700 GAA triplets.
The prevalence of cardiomyopathy and scoliosis increased as GAA-TR length increased up to
700 GAA triplets where prevalence plateaued.

Discussion
Our data suggest that there is a ceiling effect on the clinical consequences of GAA-TR length in
FRDA, as would be predicted by variegated silencing. Patients with GAA-TRs of >700 triplets
represent a subgroup in which the severity of clinical manifestations based on GAA-TR length
have reached maximal levels and therefore display limited clinical variability in disease
progression.
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Friedreich ataxia (FRDA), an autosomal recessive neurode-
generative disorder, is most commonly caused by homozy-
gosity for a guanine-adenine-adenine triplet repeat (GAA-TR)
expansion in intron 1 of the FXN gene.1 Patients have
100–1,300 GAA repeats compared with <30 in non-FRDA
individuals. The expanded repeat induces epigenetic silencing
of the FXN gene, leading to frataxin protein deficiency and the
clinical manifestations of progressive ataxia, cardiomyopathy,
scoliosis, and diabetes. Patients most commonly present with
ataxia in their early teen years, but age at onset and severity of
symptoms are heterogenous in FRDA, a phenomenon that is
partially explained by the length of the GAA-TR.2,3 Longer
GAA-TRs typically are associated with lower cellular frataxin
levels, earlier age at onset, and more severe disease.2-4

Historically, it has been presumed that in FRDA, the GAA-TR
is present in every cell, and therefore, FXN is silenced to the
same degree in every cell, resulting in all cells equally expressing
5%–30% of non-FRDA frataxin levels based on GAA-TR
length. By contrast, a recent model of variegated gene silencing
in FRDA revealed that the pattern of FXN silencing is instead
analogous to position effect variegation (PEV). A phenomenon
originally described inDrosophila spp., PEV occurs when a gene
is located abnormally close to a source of repressive chromatin,
resulting in epigenetic silencing of the gene, but only in a
proportion of cells. The resulting phenotype inDrosophila spp.
is a mosaic compound eye containing both white and red eyes
due to variegated silencing of the red pigment expressing gene.5

In a fluorescent reporter cell model, the GAA-TR itself acts as a
source of heterochromatin that spreads bidirectionally resulting
in gene silencing. As in PEV, the spreading is more extensive in
some cells, resulting in stochastic pattern of gene silencing
within a population of cells where some cells escape silencing.6

Recently, a study based on ex vivo analysis of peripheral blood
mononuclear cells (PBMCs) from patients with FRDA further
supported the PEV model of silencing in FRDA.7,8 High-
resolution epigenetic mapping revealed that nearly all FXN
genes in cells of patients with FRDA are silenced and express
<5% FXN. Only a small subpopulation of FXN genes escape
silencing (and express approximately 100% FXN), giving an
overall apparent average of 5%–30% residual FXN levels in a
given population of cells. Patients with shorter GAA-TRs have
a higher proportion of spared cells, explaining their lesser de-
gree of frataxin deficiency (approximately 30% residual FXN)
and milder disease.

In the variegated silencing model in PBMCs, the proportion
of spared cells decreases with increasing GAA-TR length until
it plateaus at 500 triplets, at which the maximum of both
number of silenced cells and severity of FXN deficiency has
been reached. If such an effect occurs in affected tissues in
patients, there should be a similar ceiling effect of GAA-TR
length on clinical severity. Patients with GAA-TR levels
greater than this ceiling would constitute a subpopulation
with relatively similar frataxin levels and potentially more
homogeneous clinical features when controlling for disease
duration and age. Based on the variegated silencing model

described in PBMCs, we aimed to determine whether the
clinical features of FRDA reach a similar ceiling in which
severity of symptoms reaches a maximum and worsens min-
imally past a certain GAA-TR length. This would refine
methods for preclinical data analysis, design of clinical trials,
and determining prognosis for clinical care. In this study, we
have tested the variegated silencing model in a clinical data set
from a large natural history study in FRDA.7-10

Methods
FRDA Clinical Outcome Measures Study
Data Set
We used a cross-section of data from the FRDA Clinical
Outcome Measures Study (FACOMS), a natural history
study established to collect medical history and track pro-
gression of symptoms of patients with FRDA over time; its
features have been previously reported.9-12 The data used
from the most recent visit included GAA-TR repeat length
(n = 1,000), age (n = 990), age at onset (n = 1,000), frataxin
level in whole blood (n = 498), clinical outcome measures
(9-hole peg test, n = 1,000; timed 25-foot walk, n = 1,000;
modified Friedreich ataxia rating scale neurologic score, n = 988;
and activities of daily living questionnaire scores, n = 921), and a
history of diagnosis of cardiomyopathy, scoliosis, and diabetes.
Inclusion criteria for this study were GAA-TR length and age at
onset (n = 1,000 patients with FRDA). Frataxin level in whole
blood was measured by lateral flow immunoassays.13-15 Frataxin
data were averaged across 1–5 replicates from each participant.
The frataxin assay used here should detect both mitochondrial
frataxin and the recently characterized extramitochondrial fra-
taxin, frataxin-E.16 Linear regression analysis via StataSE17
software determined correlation coefficients (R2) and signifi-
cance (p) values.

Standard Protocol Approvals, Registrations,
and Patient Consents
Full consent from all participants and institutional review board
approval were obtained for the FACOMS data collection study
fromwhich the data for this article were sourced. Consent forms
and institutional review board documentation are kept on file.

Data Availability
The FACOMS data set used in this study is available through
The Critical Path Institute Friedreich’s Ataxia Integrated
Clinical Database.17

Results
Triplet-repeat expansions with >700 GAAs do not signifi-
cantly contribute to linear clinicopathologic correlations in
FRDA.

In this cohort, patients with FRDA had a median GAA1
(shorter allele) length of 690 ± 235 triplets and median age at
onset of 11 ± 9 years (Table 1). Linear correlations of
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GAA1 length with frataxin level and age at onset agree with
historical observations across the entire cohort (Figure 1A:
R2 = 0.38, p < 0.0001; B: R2 = 0.46, p < 0.0001).2,3,9-12

However, stratifying the data based on GAA1 repeat length
using continuously increasing bins of GAA size (i.e., ≤200
GAAs, ≤300 GAAs, ≤400 GAAs…) revealed that GAAs of
≤700 contributed most to such correlations. The correla-
tion coefficient improved for these measures as patients
with longer GAA1 lengths were added until the improve-
ment plateaued at 700 GAAs. Similarly, creating decreasing
bins of GAA-TR length (i.e., >900 GAAs, >800 GAAs,
>700 GAAs…) identified no correlation of GAA-TR length
and either frataxin level or age at onset until GAA-TR
lengths of less than 700 were included; the strength of the
correlation continually increased as bins with shorter GAA-
TRs were included. This indicates a ceiling effect at 700
triplets greater than which inclusion of participants with
>700 triplets does not add any significant variability in
frataxin level or age at onset (Figure 1, C and D). A cor-
relation comparing frataxin level with age at onset (both
downstream consequences of the GAA repeat length) also
showed some evidence of a ceiling effect, albeit a less ob-
vious ceiling than the one produced by the GAA length
itself (eFigure A and B, links.lww.com/NXG/A528), in-
dicating that the ceiling effect is produced by the upstream
GAA-TR length, not frataxin level. To rule out that the
increase in correlation coefficients was not only due to an
increase in sample size as more patients were added to the
correlation model, we used a rolling analysis in which in-
creasing numbers of participants were included at different
mean GAA-TR lengths (eFigure 2, links.lww.com/NXG/
A528). In this model, increasing numbers of participants
improved R2 values, but improvement again plateaued as
mean GAA values increased. In addition, cohorts of indi-
viduals with high mean GAA lengths had extremely low R2

values even at large number of participants. This illustrates

a ceiling effect at a GAA length of 700 on frataxin level and
age at onset.

Patients With >700 GAA Triplets Demonstrate
Less Heterogeneity in Progression
We then assessed the effect of GAA-TR length on hetero-
geneity of disease course by examining the relationship of
clinical outcome measures with disease duration in patients
with GAA-TRs longer than 700 triplets and in the entire
cohort. In all instances, the correlation coefficient improved
when analysis was restricted to patients with GAA-TRs
longer than 700 triplets (Figure 2, A–D, Table 2). Using age
as a predictor of clinical outcome measures gave similar re-
sults (Table 2). Overall, the change in clinical outcome
measures over time was more homogeneous in the subgroup
of patients with GAA-TRs longer than 700 than across the
entire cohort or in the subcohort of individuals with less
than 700.

Surprisingly, not all clinical features of FRDA reflected a
ceiling effect at 700 repeats. In this cohort, the prevalence
of cardiomyopathy, scoliosis, and diabetes was 59%, 81%,
and 7%, respectively (Figure 3, A–C). For cardiomyopathy
and scoliosis, the prevalence increased as GAA-TR length
increased up to 700 GAA triplets, where it plateaued, a
phenomenon that was not altered with longer disease
duration (eFigure 3 A, B, links.lww.com/NXG/A528).
However, the prevalence of diabetes was similar when
assessed across the entire cohort or when stratified by GAA
repeat length. An increased prevalence of diabetes was seen
in patients with longer repeats only when data were ana-
lyzed over time (Figure 3C, eFigure C, links.lww.com/
NXG/A528).

Discussion
This study demonstrates that severity of clinical features of
FRDA generally increases with increasing GAA-TR length
up to 700 triplets where a plateau occurs, creating a ceiling
effect. The subcohort of patients with GAA-TRs of >700
triplets show limited clinical variability in disease pro-
gression due to GAA-TR length. Our data further support
the variegated silencing model by demonstrating that a
ceiling effect exists in GAA-TR length on clinically measured
frataxin levels and with severity and prevalence of clinical
features of FRDA. Such a ceiling effect of frataxin levels on
age at onset was far less prominent, consistent with the
model that the GAA-TR is the causal event of the ceiling
effect rather than the degree of frataxin loss, which is likely
ultimately determined by the GAA repeat length and other
upstream factors.

One of the main analytical challenges in FRDA is un-
derstanding the heterogeneity among patients. Many clinical
studies have used GAA-TR as a continuous variable for
analysis of clinical features and biomarker results.18-24

However, the relatively linear effects of GAA-TR length are

Table 1 Patient Demographics

Data point

Female, %;
n = 1,000

50.4

GAA1,a median ± SD (range);
n = 1,000

690 ± 235 (18–1,320)

GAA2,a median ± SD (range);
n = 1,002

930 ± 217 (99–1,733)

Ageb, median ± SD (range);
n = 990

26.5 ± 15.1 (7–85)

AoOb, median ± SD (range);
n = 1,000

11 ± 9.4 (1–75)

Whole blood frataxin level,c

median ± SD (range); n = 498
20.9 ± 16.3 (1.5–109)

a Number of triplets.
b In years.
c % of non-Friedreich ataxia control level.
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confined to lengths less than 700. Because disease pro-
gression in patients with GAA-TRs of >700 triplets is rela-
tively homogeneous, it may be reasonable to stratify data
above and below this cutoff point in both preclinical studies
and clinical trials.

The present findings also may have specific implications for
different therapies or modifiers of the FRDA phenotype.
The primary cause of FRDA is frataxin deficiency, which
varies in severity based on the GAA-TR length; the severity
of FRDA also reflects variation in downstream events or
unknown variables among patients. Based on the present
results and the molecular concept of variegated silencing,8

agents that alter gene silencing should produce the greatest
effects on clinical status or frataxin levels in participants with
GAA-TR lengths of less than 700. By contrast, participants
with GAA-TRs of greater than 700 might prove most useful
in assessing agents acting on disease aspects other than gene

silencing because this group has the greatest homogeneity in
frataxin levels. This matches the results in the MOXIe trial
for omaveloxolone, an agent not thought to alter frataxin
levels. When patient data were stratified by GAA-TRs
(greater than or less than 675 triplets), the subcohort with
≥675 triplets responded better to omaveloxolone and with
less interindividual variability than patients with <675
triplets.25

The prevalence of cardiomyopathy and scoliosis was
higher in patients with >700 triplets but did not change
throughout disease progression for any subgroup analyzed
in this study. The prevalence of diabetes was also higher in
patients with >700 GAA triplets but differed from car-
diomyopathy and diabetes in that it increases with disease
duration. When analyzed as a function of desease duration,
we noted a paradoxically higher prevalence of diabetes in
patients with ≤700 triplets compared with that of either the

Figure 1 GAA1 Length Is Predictive of Blood Frataxin Level and Age of Onset Only in Sub-cohorts of Patients With Less Than
700 GAA Triplets

Linear regression analysis comparing GAA1 length with blood frataxin level (A) and age of onset (AoO) (B) in the entire cohort (All samples) and for
subgroups stratified by GAA1 length. Correlation coefficient (R2) values are plotted for each subgroup. Black data points represent results for patients
with less than or equal to the GAA1 cutoffs listed on the X-axis (e.g., less than or equal to 200 triplets, 300 triplets). Red data points represent results for
patients with greater than the GAA1 cutoffs listed on the X-axis (e.g., greater than 200 triplets, 300 triplets). Filled data points indicate p < 0.01; open data
points indicate n.s. Linear regression plots comparing GAA1 length with blood frataxin level (C) and AoO (D) for the entire cohort stratified by GAA1 less
than or equal to 700 triplets (gray circles, black fit line) or more than 700 triplets (white circles, red fit line).
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entire cohort or patients with >700 triplets when the
analysis was restricted to patients with disease durations of
less than 10 years. This may reflect the smaller sample size
in the subcohort of patients with disease duration <10
years (average disease duration in this cohort = 17 ± 11
years).

While the present data support variegated silencing as a
mechanism for the observed ceiling effects in clinical fea-
tures, there are both alternative explanations and differ-
ences between this study and the previous ex vivo study.
Previous ex vivo data on variegated silencing in FRDA8

found the GAA-TR ceiling cutoff length to be 500 triplets,
which differs slightly from our finding of 700 triplets. The
discrepancy could reflect differences in sample sizes be-
tween the 2 studies (approximately 70 patients vs ;1,000
patients), differences in GAA repeat lengths or mechanisms
of silencing between different tissues, or the relative gran-
ularity of data between the studies. The ex vivo study used
DNA methylation measured at single DNA strand level to
give highly accurate and precise molecular results. This
study used clinical data that are inherently more variable.
Although the ex vivo study had fewer participants, the data
were less variable. The difference in analysis of GAA-TR
lengths could also contribute to the differing results

between studies. GAA-TRs were measured in house for the
ex vivo study, but for this study, they were obtained from
genetic testing results produced by different laboratories
around the country during diagnosis for each patient,
possibly introducing error from site-to-site variability.
Frataxin transcript levels in the ex vivo study were mea-
sured in PBMCs with RT-qPCR. In this study, frataxin
protein levels were measured in whole blood—a method
now known to be measuring both mitochondrial and
extramitochondrial frataxin (frataxin-E), which is found in
high abundance in erythrocytes. The function of frataxin-E
and its importance to FRDA clinical features is unknown.
Its mere presence, however, adds an extra variable in this
study compared with the ex vivo study.

The clinical data presented in this study cannot alone
implicate variegated silencing in FRDA, but function to
bolster previous molecular data. The ceiling effects seen on
disease features are analogous to the ceiling effects seen on
the number of silenced FXN genes in populations of FRDA
cells. A complementary and convincing clinical observa-
tion is the fact that some patients with FRDA with short
GAA-TRs overlap with asymptomatic carriers and even
controls in frataxin levels (see range of frataxin level in
Figure 1) but still develop the disease, while carriers with even

Figure 2 Predictions of Neurological Dysfunction by Disease Duration Are Better in the Sub-cohort of Patients With >700
GAA Triplets Compared to the Entire Cohort

Linear regression analysis comparing disease duration with clinical outcomemeasures: modified Friedreich ataxia rating scale (mFARS) (A), activities of daily
living (ADL) (B), timed25-footwalk (T25FW) (C), and 9-hole peg test (9HPT) (D). Light gray data points andblack fit line=results for the entire cohort (All pts). Dark
gray data points and red fit line = results for patientswith greater than 700 triplets. Top R2 value (black text) is for the entire cohort, bottomR2 value (red text) is
for the sub-cohort of patients with >700.
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the lowest levels of frataxin are clinically normal. The varie-
gated silencing model explains this conundrum; carriers have
one fully functional FXN gene in every cell, while at most
only half of the cells (based on molecular data from the ex
vivo study) in patients with short GAA-TRs have a func-
tional FXN gene. The severity (or presence) of disease fea-
tures in FRDA is not dictated by relative frataxin deficiency
alone but rather the relative proportion of cells/FXN genes
that escape GAA-TR–mediated silencing. The proportion of

escaped cells reaches a minimum when GAA-TR length
approaches 500–700 triplets, producing a ceiling effect on
everything downstream (including clinical severity). The
relative absence of a ceiling effect between frataxin levels and
clinical severity suggests the mediator of the ceiling effect is
in fact upstream from frataxin, i.e., the GAA-TR.

Study Funding
The authors report no targeted funding.

Figure 3 Prevalence of Cardiomyopathy and Scoliosis Increases in Patient Cohorts as GAA1 Length Increases Until It
Plateaus at 700 GAA Triplets

Prevalence of cardiomyopathy (A), scoliosis (B), and diabetes (C) for the entire cohort (n = all) and for sub-cohorts stratified by GAA1 length.

Table 2 The Predictive Value of Disease Duration and Age on Measures of Disease Progression in FRDA Is Highest in
Patients With >700 GAA Triplets

Comparison with mFARS R2 p Value Comparison with ADL R2 p Value

Disease duration All pts (n = 996) 0.33 <0.0001 Disease duration All pts (n = 925) 0.35 <0.0001

GAA1 ≤700 (n = 561) 0.33 <0.0001 GAA1 ≤700 (n = 525) 0.34 <0.0001

GAA1 >700 (n = 435) 0.47 <0.0001 GAA1 >700 (n = 400) 0.42 <0.0001

Age All pts (n = 996) 0.07 <0.0001 Age All pts (n = 925) 0.1 <0.0001

GAA1 ≤700 (n = 561) 0.07 <0.0001 GAA1 ≤700 (n = 525) 0.11 <0.0001

GAA1 >700 (n = 435) 0.33 <0.0001 GAA1 >700 (n = 400) 0.26 <0.0001

Comparison with T25FW R2 p Value Comparison with 9HPT R2 p Value

Disease duration All pts (n = 373) 0.23 <0.0001 Disease duration All pts (n = 765) 0.22 <0.0001

GAA1 ≤700 (n = 240) 0.23 <0.0001 GAA1 ≤700 (n = 464) 0.22 <0.0001

GAA1 >700 (n = 133) 0.33 <0.0001 GAA1 >700 (n = 301) 0.33 <0.0001

Age All pts (n = 373) 0.13 <0.0001 Age All pts (n = 765) 0.04 <0.0001

GAA1 ≤700 (n = 240) 0.16 <0.0001 GAA1 ≤700 (n = 464) 0.04 <0.0001

GAA1 >700 (n = 133) 0.13 <0.0001 GAA1 >700 (n = 301) 0.2 <0.0001

Linear regressions comparing measures of neurological progression (modified Friedreich ataxia rating scale [mFARS], timed 25-foot walk [T25FW], activities
of daily living [ADL], and 9-hole peg test [9HPT]) to disease duration and age for the entire cohort (All pts), only patients with GAA1≤700 triplets, and only
patients with GAA1>700 triplets.
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Abstract
Background and Objectives
Genetic testing has become an integral part of health care, allowing the confirmation of
thousands of hereditary diseases, including neuromuscular disorders (NMDs). The reported
average prevalence of individual inherited NMDs is 3.7–4.99 per 10,000. This number varies
greatly in the selected populations after applying population-wide studies. The aim of this study
was to evaluate the effect of genetic analysis as the first-tier test in patients with NMD and to
calculate the disease prevalence and allelic frequencies for reoccurring genetic variants.

Methods
Patients with NMD from Latvia with molecular tests confirming their diagnosis in 2008–2020
were included in this retrospective study.

Results
Diagnosis was confirmed in 153 unique cases of all persons tested. Next-generation sequencing
resulted in a detection rate of 37%. Two of the most common childhood-onset NMDs in our
population were spinal muscular atrophy and dystrophinopathies, with a birth prevalence of
1.01 per 10,000 newborns and 2.08 per 10,000 (male newborn population), respectively. The
calculated point prevalence was 0.079 per 10,000 for facioscapulohumeral muscular dystrophy
type 1, 0.078 per 10,000 for limb-girdle muscular dystrophy, 0.073 per 10,000 for non-
dystrophic congenital myotonia, 0.052 per 10,000 for spinobulbar muscular atrophy, and 0.047
per 10,000 for type 1 myotonic dystrophy.

Discussion
DNA diagnostics is a successful approach. The carrier frequencies of the common CAPN3,
FKRP, SPG11, andHINT1 gene variants as well as that of the SMN1 gene exon 7 deletion in the
population of Latvia are comparable with data from Europe. The carrier frequency of the
CLCN1 gene variant c.2680C>T p.(Arg894Ter) is 2.11%, and consequently, congenital
myotonia is the most frequent NMD in our population.
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Genetic testing has become an integral part of health care, allowing
the confirmation of thousands of hereditary diseases, including
neuromuscular disorders (NMDs). In a single decade, genetic tests
have been established as a reliable tool for routine diagnostics and
are undoubtedly effective for diagnosing persons with alleviated
and atypical symptoms, or those in the presymptomatic period,
and are useful for diagnosing multiple inherited diseases in one
person. Furthermore, genetic results have recently provided the
option of custom-tailored management or treatment of genetic
disorders, particularly NMDs. Targeted gene therapy options were
another breakthrough for patientswithNMDs.Recently, a number
of patients with spinal muscular atrophy (SMA) and Duchenne
muscular dystrophy were able to receive gene therapy and con-
sequently had substantially better outcomes,1,2 emphasizing the
need for a precise and timely genetic diagnosis.

The average prevalence of all inherited NMDs is 37–49.93 per
100,000. This number varies greatly in the selected populations
after applying population-wide studies. In 2017, a meta-analysis
of epidemiology of SMA was performed, and reported an av-
erage estimated prevalence of 1–2 per 100,000 and an in-
cidence of 1 per 10,000 live births.4 In 2021, significantly
different prevalence values were calculated using an SMA ge-
netic test in newborn screening pilot studies. The prevalence
was as high as 1 in 6,910 in Germany5 and as low as 1 in 17,947
in the New England Newborn Screening program in Mas-
sachusetts, USA.6 Another example is myotonic dystrophy type
1, which has a calculated prevalence of 10.4 per 100,000.3,7 In
2021, using dried blood spot cards from the newborn screening
program in the state of New York, Johnson et al.8 calculated a
×5 higher prevalence of 4.76 per 10,000 births for the disease.

Historically, the performance of muscle biopsy analysis with
standard histochemistry, supplemented by additional im-
munocytochemical studies and/or Western blot analysis,
was paramount in the diagnostic workup for patients with
neuromuscular diseases. In the absence of this diagnostic
tool, since 2008, there has been a natural shift toward genetic
tests as a first-line option for NMDs in our population. Our
objective was to evaluate the effect of genetic analysis as the
first-tier test in patients with NMD in the population of
Latvia.

Methods
Participants
Data of molecular testing from the medical records of all
patients suspected to have a hereditary NMD were included
in this observational retrospective study. Two main centers in
Latvia offered genetic diagnosis and counseling for the Latvian
population.

Demographic and genetic data from the Medical Genetics
Clinic, Children’s Clinical University Hospital in 2015–2020,
and the Latvian Biomedical Research and Study Center in
2008–2020 were included in this study. The inclusion start

date differed between the 2 centers because routine DNA
diagnostics for genetic diseases only became available at the
Medical Genetics Clinic, Children’s Clinical University Hos-
pital in 2015. Genetic tests were performed at both clinical
and private laboratories as well as research centers nationally
and abroad. These included neuromuscular disease gene
panels, whole-exome sequencing (WES), whole-genome se-
quencing, and nucleotide repeat expansion/contraction ge-
netic tests.

In addition, reports (2008–2020) of myotonic dystrophy type
1, spinobulbar muscle atrophy, and SMA were included from
the respective national laboratories directly (eTable 1, links.
lww.com/NXG/A529).

For the population data, the control group consisted of
190 randomly selected healthy, unrelated individuals from
the Genome Database of the Latvian Population, who
represented the general population. For the population
screening of SMN1 and SMN2 copy numbers, DNA sam-
ples of 282 healthy volunteers, regardless of their ethnicity,
were obtained from the Genome Database of the Latvian
Population.9

Standard Protocol Approval, Registration, and
Patient Consent
Data collection was performed in accordance with the per-
mission Nr. 27 issued by the Central Medical Ethics Com-
mittee of Latvia. The study was performed in accordance with
the ethical standards as laid down in the 1964 Declaration of
Helsinki and its later amendments.

All participants or their parents/legal guardians (in the case of
children younger than the age of consent) signed an informed
consent form if included in the research project.

Statistical Analysis
Demographic data were obtained from the Central Statistical
Bureau of Latvia.10 For SMA and dystrophinopathies, which
present during early childhood, birth prevalence was calcu-
lated. SMA tests confirmed 27 positive cases among children
born in 2008–2020; the number of newborns in this period
was 267,713. The prevalence of dystrophinopathy was cal-
culated, with 13 affected boys born in 2015–2020 of 62,284
newborn baby boys in this period. In December 2020, the
point prevalence of the following adult-onset diseases was
calculated in the population of Latvia (n = 1,907,675):
facioscapulohumeral muscular dystrophy (FSHD), myotonia
congenita, limb-girdle muscular dystrophy, spinobulbar
muscular atrophy (male population), and myotonic dystro-
phy type 1. In addition, the 95% confidence interval (CI) was
calculated.

Allelic Frequency
All variants, but not the SMN1/SMN2 exon 7 copy number,
were analyzed by direct sequencing in the control group to
obtain an allelic frequency in the population. SMN1, SMN2,
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Table 1 Identified Variants in Patients With Neuromuscular Disease

Gene Variant identified in a patient Gene Variant identified in a patient

ACTA1 c.1106C>T p.(Pro369Leu) DMD Deletion 44 exon

AR (CAG)–50 repeats Duplication 56–57 exons

(CAG)–48 repeats Deletion 45–48 exons

(CAG)–54 repeats Deletion 8–12 exons

(CAG)–47 repeats DNAJB6 c.279C>G, p.(Phe93Leu)

(CAG)–53 repeats DYSF c.4135T>C, p.(Cys1379Arg)

CACNA1A c.(784+1_785-1)_(978+1_979-1)del c.5668-824C>T

CAMTA1 c.2500_2501del, p.(Ser834Glnfs*67) FKRP c. 204_206del

CAPN3 c.550del p.Thr184fs (n = 3) c.826C>A, p.(Leu276Ile) (n = 7)

c.643T>C p.(Ser215Pro) (n = 2) LAMP2 c.(64+1_65-1)_(864+1_865-1)dup

c.1043del p.(Gly348fs) LMNA c.1357C>T, p.(Arg453Trp)

c.1079G>T, p.(Trp360Leu) MT-TK m.8344A>G

c.1333G>C p.(Gly445Arg) (n = 2) MUSK c.1274_1278del, p.(Glu425Alafs*30)

CLCN1 c.1746-20C>G (n = 3)
c.1437_1450del p.(Pro480fs) (n = 2)

MYBPC1 c.1875>T, p.(Arg625Ser)
c.742G>A, p.(Glu248Lys)

c.1438C>T p.(Pro480Ser) (n = 2) MYH7 c.3830G>C, p.(Arg1277Pro)

c.1649C>T p.(Thr550Met) NEB c.2211+5G>A

c.2680C>T p.(Arg894Ter) (n = 19) c.18665delG, p.(Cys6222Phefs)

COL6A1 c.930+189C>T c.19324C>T, p.(Arg6442Trp)

COL6A3 c.7447A>G p.(Lys2483Glu) POMGNT1 c.448G>C, p.(D150H)

c.8074delT p.(Tyr2692MetfsTer15) c.1324C>T, p.(Arg442Cys)

DCTN1 c.1740G>T, p.(Gln580His) c.1539+1G>A

DDC c.476C>T, p.(Ala159Val) c.1814G>A, p.(Arg605His)

DMD c.(31+1_32-1)_(93+1_94-1)dup POMT1 c.229+2T>C

c.188del, p.(Pro63Glnfs*12) c.512T>G, p.(Leu171Arg)

c.572C>A, p.(Ser191Ter) PRG4 c.6_7dup, p.(Trp3Tyrfs*17)

c.1399dup, p.(Thr467Asnfs*16) SCN11A c.665G>A, p.(Arg222His)

c.(?_-1)_(3786+1_3787-1)del TTN c.99673+1G>A

c.4729C>T, p.(Arg1577Ter) UNC80 c.2707G>A, p.(Ala903Thr)

c.5773G>T, p.(Glu1925Ter) c.3356G>C, p.(Ser1119Thr)

c.6292C>T, p.(Arg2098Ter)

c.6420del, p.(Lys2140Asnfs*23)

c.8120delA, p.(A2708Lfs*18)

c.8443C>T, p.(Gln2815Ter)

c.8944C>T, p.(Arg2982Ter)

Abbreviation: DMD = dystrophinopathy.
In bold are represented novel genetic variants, which were absent from ClinVar or LOVD databases.
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and RPP30 concentrations were measured using a Bio-Rad
QX200 Droplet Digital PCR system. QuantaSoft Analysis Pro
(Bio-Rad) was used for droplet cluster classification and
Poisson function applications to calculate absolute and rela-
tive SMN1, SMN2, and RPP30 copy numbers. Details of the
PCR and ddPCR assays are available in Supplement (eMet-
hods, links.lww.com/NXG/A529).

Data Availability
Anonymized data not published within this article will be
made available on request from any qualified investigator. The
statistical analysis plan is available in the Supplement.

Results
The disease-associated variant was found in 62 of 137 patients
with a suspected NMD seen at the Children’s Clinical Uni-
versity Hospital and in 59 of 151 patients seen at the Latvian
Biomedical Research and Study Center. Altogether, diagnosis
was confirmed in 100 unique cases of 267 persons tested (there
was an overlap of 21 patients because analysis was initiated by 1
center, and the patient was transferred to the other center),
with a total detection rate of 37%. Independently, 3 genetic
laboratories in Latvia reported their diagnostic findings from
2008 to 2020, with SMA confirmed in 47 of 254 persons tested
(27 of whom were born in 2008–2020), myotonic dystrophy
type 1 identified in 9 individuals (data from 2 laboratories), and
5 unrelated male patients diagnosed with Kennedy disease.
NMD diagnosis was confirmed in 153 persons in total, and this
will be further analyzed in this study (eTable 1, links.lww.com/
NXG/A529). All the identified unique genetic variants are
listed in Table 1, and the number of individual cases is denoted

in brackets. If the pathogenic variant was discovered in multiple
members of the same family, it was considered a single case.
Two and 3 different genetic disorders were simultaneously
discovered, each in a single patient, which considerably com-
plicated their clinical phenotype.

The calculated birth prevalence was 1.01 per 10,000 (95% CI:
0.66–1.47) for SMA and 2.08 per 10,000 (newborn male pop-
ulation, 95% CI: 1.11–3.57) for dystrophinopathies. The point
prevalence was 0.079 per 10,000 (95% CI: 0.044–0.113) for
FSHD type 1, 0.073 per 10,000 (95% CI: 0.040–0.123) for
nondystrophic congenital myotonia, 0.078 per 10,000 (95% CI:
0.044–0.113) for limb-girdle muscular dystrophy (LGMD),
0.047 per 10,000 (95% CI: 0.022–0.090) for type 1 myotonic
dystrophy, and 0.052 per 10,000 male population (95% CI:
0.016–0.122) for spinobulbar muscle atrophy. A summary of all
point prevalence values and their comparison with published
data is provided in Table 2. Patients with LGMD were divided
into the following subgroups: LGMD R1 calpain3-related (n =
6), LGMD D1 DNAJB6-related (n = 4), LGMD R2 dysferlin-
related (n = 1), and LGMD R9 dystroglycan-related (n = 4).

Reoccurring variants of the CAPN3,CLCN1, and FKRP genes
were identified in unrelated individuals, and their allelic fre-
quencies were calculated using samples from the Genome
Database of the Latvian Population. Allelic frequencies of
these variants are listed in Table 3. In addition, we determined
the allelic frequencies of common variants of the HINT1 and
SPG11 genes, which are responsible for neuromyotonia/
axonal neuropathy and autosomal recessive spastic paraplegia
11, respectively, because of their observed frequencies in our
population. The obtained data are listed in Table 3. In

Table 2 Prevalence per 10,000 for SMA, DMD, FSHD1, Congenital Myotonia, LGMD, DM1 and BSMA

Disorder/group of
disorder

No. of
patients (n)

Present study birth and point
prevalence per 10,000

95% confidence interval,
present study

Published data prevalence
per 10,000

SMA 27 1.01 0.66–1.47 0.1–1.0i

DMD 13 2.08 1.11–3.57 1.98j

FSHD1 15 0.079 0.044–0.113 1.2a

Congenital myotonia 14 0.073 0.040–0.123 0.075b–0.9k

LGMD 15 0.078 0.044–0.113 0.52c

DM1 9 0.047 0.022–0.90 1.04d–4.76e

BSMA 5 0.052f 0.016–0.122 0.228–1.5g,h

Abbreviations: BSMA = bulbospinal muscular atrophy; DM1 =myotonic dystrophy type 1; DMD = dystrophinopathy; FSHD1 = facioscapulohumeral muscular
dystrophy, type 1; LGMD = muscular dystrophy, limb-girdle; SMA = spinal muscular atrophy.
a Reference 18.
b Reference 19.
c Reference 20.
d Reference 7.
e Reference 8.
f Reference 21.
g Reference 22.
h Reference 23.
i Reference 4.
j Reference 15.
k Reference 24.
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addition, we determined the copy numbers of SMN1 and
SMN2 exon 7 because a homozygous deletion of SMN1 exon
7 is a common cause of SMA.11 We identified 6 individuals
carrying 1 copy of SMN1 exon 7; therefore, the estimated
carrier frequency in the population of Latvia was 2.1% or 1 of
47 individuals. The frequencies of 2, 3, and 4 copies of the
SMN1 gene were 94.7%, 2.8%, and 0.4%, respectively. The
SMN2 copy number ranged from 0 to 3. The frequencies of 0,
1, 2, and 3 copies of the SMN2 gene were 6.4%, 37.2%, 54.3%,
and 2.1%, respectively (Table 4).

Discussion
In the past decade, medical care of patients with NMD in
Latvia has purposefully shifted toward using DNA diagnostics
as the first-line confirmatory test. After essential clinical,
electrophysiologic, and biochemical investigations have been
performed, all patients with a suspected NMD are referred to
clinical geneticists. Larger and more informative tests are
preferred over a sequential diagnostics approach. Exceptions
include situations when individual tests for facioscapulo-
humeral muscle dystrophy or myotonic dystrophy are pri-
marily ordered. In this study, we summarize more than 10
years of experience using the current approach.

The profile of the identified disorders combines patients carrying
frequent European pathogenic variants of the FKRP, CAPN3,
and CLCN1 genes, as well as some ultrarare cases, such as those
carrying theMYBPC1 pathogenic variant that causes congenital
myopathy and myogenic tremor. The diversity of these results
confirms the necessity of approaches using larger gene panels or
WES. However, the numbers of identified patients carrying the
FKRP gene variant c.826C>A p.(Leu276Ile) (n = 7) and the
CLCN1 gene variant c.2680C>T p.(Arg894Ter) (n = 19) war-
rants a discussion about testing for these single genetic changes
before gene panel testing or WES is performed in patients with
relevant clinical symptoms or transferring this step in medical
care to additionally trained specialists prior to genetic counseling.
This suggestion is supported by the identified allelic frequency of

the CLCN1 gene variant c.2680C>T p.(Arg894Ter) in the
population of Latvia (2.11%), which is higher than that in the
non-Finnish European population (0.34%) and the population
of Estonia (1.93%), as reported in the gnomAD database.12

Allelic frequency data in conjunction with the already identified
patients led us to hypothesize that congenital myotonia caused
by the CLCN1 gene variant c.2680C>T p.(Arg894Ter) is the
most frequent NMD in Latvia.

The situation with calpainopathy in our population is com-
plicated by the presence of the frequent allele c.1746-20C>G,
with conflicting interpretation of its pathogenicity.13 This al-
lele was identified in 3 cases in a trans compound heterozy-
gous state with another pathogenic/likely pathogenic
recessive variant. Until further studies are performed to con-
firm or refute its role in the development of limb girdle muscle
dystrophy, patients with this allele require individual case-by-
case management by clinical geneticists together with an NMD
team. While the high frequencies of the pathogenic variants

Table 4 Spinal Muscular Atrophy Carrier Screening
Results

Gene Copy number Frequency, %

SMN1 0 0

1 2.1

2 94.7

3 2.8

4 0.4

SMN2 0 6.4

1 37.2

2 54.3

3 2.1

4 0

Table 3 Allele Frequency for the Selected Variants

Gene Variant
AF in European population
(non-Finnish),a %

AF in Estonian
population,a %

AF in Latvian population,
present study,%

CAPN3 c.1746-20C>G 0.46 1.47 2.37c

c.550del p.(Thr184fs) 0.04 0.21 0.16b

CLCN1 c.2680C>T p.(Arg894Ter) 0.34 1.93 2.11c

FKRP c.826C>A p.(Leu276Ile) 0.23 0.19 0.30b

HINT1 c.110G>C p.(Arg37Pro) 0.046 0.31 1.10c

SPG11 c.2431C>T p.(Gln811Ter) 0.0078 0.15 0.53c

Abbreviation: AF = allele frequency.
a gnomADv2.1.1.
b Reference 25.
c Present study.
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c.826C>A p.(Leu276Ile) of the FKRP gene and c.550del
p.(Thr184fs) of the CAPN3 gene in Latvia are similar to those
in other European populations, the frequency of the CAPN3
gene variant c.1746-20C>G is significantly higher at 2.37%.
Nevertheless, the current data do not allow us to draw con-
clusions about its role in the pathogenesis of calpainopathy.

Since 2008, DNA diagnostics have helped to diagnose 37% of
our patients with NMD. This detection rate is not directly
compatible with those in previous publications because the
genetic tests mentioned in those studies have evolved over
time. Only small gene panels and limited copy number anal-
ysis were available 10 years ago, while WES, enriched with
mitochondrial genome analysis, can be the first-line option
nowadays. Nevertheless, very similar results were reported by
Harris et al. in cohorts of patients with LGMD for whomWES
was performed instead of sequential gene panel testing. They
were able to genetically diagnose 37% of patients, and al-
though the total diagnostic yield of standard sequential testing
was not much lower at 33%, it was less timely.14

To ascertain the validity of our results, point prevalence was
calculated, and the results were compared with those from
published studies. Pediatric patients are a priority for ge-
netic counseling and testing. Some of the most common
childhood-onset NMDs in our population were SMA and
dystrophinopathies, with a birth prevalence of 1.01 per
10,000 and 2.08 per 10,000 (male population), respectively,
which are comparable with data published by other
countries.5,15,16 The carrier frequency of the SMN1 exon 7
deletion varies between 1 of 40 and 1 of 100 individuals,
depending on geographic origin and ancestry.17 The carrier
frequency in the population of Latvia was 1 of 47 individuals
or 2.1%, which matches with the general European genetic
landscape. SMA and dystrophinopathies are the most com-
mon disorders, and specialists are well-trained to recognize
them. Accessibility of gene therapy for these diseases in-
tensifies the pressure for early diagnosis, and the industry
offers regular training for specialists to raise awareness of
these disorders.

The unavailability of genetic testing on a regular basis for
adults before 2015 left this group of patients in a particularly
sorrowful situation. This is well represented in our disease
prevalence calculations; the number of identified patients with
myotonic dystrophy type 1 and FSHD is at least 10 times
lower than in published studies from Europe and the USA.8,18

A possible explanation for this is the complicated stepwise
genetic test of the DMPK gene and the difficulties justify-
ing further investigation of cases with inconclusive genetic
screening results. Access to myotonic dystrophy type 1
and FSHD confirmatory level tests in national laboratories
would facilitate the diagnosis of patients, allowing all involved
specialists, cardiologists, ophthalmologists, and, most impor-
tantly, neurologists to order these tests directly. The pheno-
typic variability observed as well as anticipation makes
identifying these diseases more difficult.

Study Funding
This work was supported by the European Regional De-
velopment Fund (Project No.: 1.1.1.1/18/A/097. “Func-
tional and genetic research of rare unidentified neuromuscular
disorders”).

Disclosure
The authors have no conflict of interest to report. Go to
Neurology.org/NG for full disclosures.

Publication History
Received by Neurology: Genetics December 21, 2021. Accepted in final
form March 30, 2022. Submitted and externally peer reviewed. The
handling editor was Margherita Milone, MD, PhD.

Appendix Authors

Name Location Contribution

Baiba Lace,
PhD

Medical Genetics Clinic,
Children’s Clinical University
Hospital; Latvian Biomedical
Research and Study Centre,
Riga, Latvia

Drafting/revision of the
article for content, including
medical writing for content;
major role in the acquisition
of data; study concept or
design; and analysis or
interpretation of data

Ieva Micule,
MD

Medical Genetics Clinic,
Children’s Clinical University
Hospital, Riga, Latvia

Drafting/revision of the
article for content, including
medical writing for content;
study concept or design; and
analysis or interpretation of
data

Viktorija
Kenina, PhD

Rare Disease Centre, Riga
East Clinical University
Hospital, Riga, Latvia

Major role in the acquisition
of data; analysis or
interpretation of data

Signe Setlere,
MD

Neurology Department,
Children’s Clinical University
Hospital, Riga, Latvia

Major role in the
acquisition of data;
analysis or interpretation
of data

Jurgis
Strautmanis,
MD

Neurology Department,
Children’s Clinical University
Hospital, Riga, Latvia

Major role in the acquisition
of data; analysis or
interpretation of data

Inese
Kazaine, MD

Neurology Department,
Children’s Clinical University
Hospital, Riga, Latvia

Major role in the acquisition
of data; analysis or
interpretation of data

Gita Taurina,
MD

Medical Genetics clinic,
Children’s Clinical University
Hospital, Riga, Latvia

Major role in the acquisition
of data; analysis or
interpretation of data

Daiga
Murmane,
PhD

Medical Genetics Clinic,
Children’s Clinical University
Hospital, Riga, Latvia

Major role in the acquisition
of data; analysis or
interpretation of data

Ieva
Grinfelde,
MD

Medical Genetics Clinic,
Children’s Clinical University
Hospital, Riga, Latvia

Major role in the
acquisition of data;
analysis or interpretation
of data

Liene
Kornejeva,
MD

Riga Maternity Hospital,
Riga, Latvia

Drafting/revision of the
article for content, including
medical writing for content;
major role in the acquisition
of data

Zita Krumina,
PhD

Riga Stradins University,
Riga, Latvia

Study concept or design

6 Neurology: Genetics | Volume 8, Number 3 | June 2022 Neurology.org/NG

http://ng.neurology.org/lookup/doi/10.1212/NXG.0000000000000685
http://neurology.org/ng


References
1. Aartsma-Rus A, Bremmer-Bout M, Janson AAM, Den Dunnen JT, Van Ommen GJB,

Van Deutekom JCT. Targeted exon skipping as a potential gene correction therapy
for Duchenne muscular dystrophy. Neuromuscul Disord. 2002;12(suppl):S71-S77.

2. Chiriboga CA, Swoboda KJ, Darras BT, et al. Results from a phase 1 study of nusi-
nersen (ISIS-SMN(Rx)) in children with spinal muscular atrophy. Neurology. 2016;
86(10):890-897.

3. Norwood FL, Harling C, Chinnery PF, Eagle M, Bushby K, Straub V. Prevalence of
genetic muscle disease in Northern England: in-depth analysis of a muscle clinic
population. Brain. 2009;132(11):3175-3186.

4. Verhaart IEC, Robertson A, Wilson IJ, et al. Prevalence, incidence and carrier fre-
quency of 5q-linked spinal muscular atrophy–a literature review. Orphanet J Rare Dis.
2017;12(1):124-215.

5. Vill K, Schwartz O, Blaschek A, et al. Newborn screening for spinal muscular atrophy
in Germany: clinical results after 2 years. Orphanet J Rare Dis. 2021;16(1):1-10.

6. Hale JE, Darras BT, Swoboda KJ, et al. Massachusetts’ findings from statewide
newborn screening for Spinal muscular atrophy. Int J Neonatal Screen. 2021;7(2):1-11.

7. Siciliano G, Manca M, Gennarelli M, et al. Epidemiology of myotonic dystrophy in
Italy: re-apprisal after genetic diagnosis. Clin Genet. 2001;59(5):344-349.

8. Johnson NE, Butterfield RJ, Mayne K, et al. Population-Based prevalence of myotonic
dystrophy type 1 using genetic analysis of statewide blood screening program. Neu-
rology. 2021;96(7):e1045–e1053.

9. Rovite V, Wolff-Sagi Y, Zaharenko L, Nikitina-Zake L, Grens E, Klovins J. Genome
Database of the Latvian Population (LGDB): design, goals, and primary results.
J Epidemiol. 2018;28(8):353-360.

10. CSP. Central statistical Bureau of Latvia. Accessed December 21, 2021. csp.gov.lv.
11. Nurputra DK, Lai PS, Harahap NI, et al. Spinal muscular atrophy: from gene discovery

to clinical trials. Ann Hum Genet. 2013;77(5):435-463.
12. Karczewski KJ, Francioli LC, Tiao G, et al. The mutational constraint spectrum

quantified from variation in 141,456 humans. Nature. 2020;581(7809):434-443.
13. Landrum MJ, Lee JM, Benson M, et al. ClinVar: improving access to variant inter-

pretations and supporting evidence. Nucleic Acids Res. 2018;46(D1):D1062-D1067.
14. Harris E, Topf A, Barresi R, et al. Exome sequences versus sequential gene testing in

the UK highly specialised Service for Limb Girdle Muscular Dystrophy. Orphanet J
Rare Dis. 2017;12(1):151-212.

15. Crisafulli S, Sultana J, Fontana A, Salvo F, Messina S, Trifirò G. Global epidemiology
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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegener-
ative disorder. Progressive degeneration of upper and lower
motor neurons in the motor cortex, brainstem, and spinal
cord in ALS leads to various patterns of spasticity and flaccid
limb weakness as well as dysarthria and dysphagia. Up to
50%–65% of patients with ALS may have a range of cognitive
impairment, thus reflecting pathology in additional cortical
regions.1 The incidence is estimated to be 2–3 per 100,000.2

About 10% of ALS cases have a first-degree relative with the
disorder, which have helped uncover Mendelian causes of
disease, termed familial ALS (FALS). Sporadic ALS (SALS)
cases also have genetic risk factors, as evidenced by twin
studies that indicate 61% heritability of SALS, yet only a
fraction of these factors have actually been resolved.3 From a
phenotypic standpoint, familial and SALS cases are similar in
presentation with the major difference that the mean age at
onset is about 10 years later for individuals with SALS relative
to FALS.4 Males have a;1.5-fold increased risk of developing
SALS,5 although this increased incidence is not observed in
familial cases.4 Early death occurs due to aspiration and re-
spiratory failure in 2–5 years after the first recognition of
symptoms,6 although specific clinical presentations of motor
dysfunction can be quite heterogeneous.

There is not one biological test to confirm the diagnosis of
ALS; the diagnosis is made clinically based on a specific
phenotypic presentation to distinguish it from the broader
classification of motor neuron diseases (MNDs). Classical
ALS is defined as involving both upper and motor neurons.
Less common variant forms are categorized along the broader
diagnosis of ALS/MND. Approximately 3% of patients with
ALS/MND will have isolated upper motor neuron in-
volvement manifesting as pure spasticity over a longer dura-
tion of time and absence of other cognitive symptoms, which
is termed primary lateral sclerosis.7 On the other end of the
motor neuron spectrum, there are patients who only develop
lower motor neuron dysfunction leading to weakness and
amyotrophy termed progressive muscular atrophy (PMA).
PMA is also rare, accounting for 3%–10% of ALS/MND.8

Clinical diagnosis requires precision as there are many other
disease processes that mimic ALS including mechanical, in-
fectious, neoplastic, and autoimmune that affect motor neu-
rons and corticospinal tract function. To address the
complexity in diagnosis, there have been widely accepted
clinical and electrodiagnostic criteria established that derive
from the definition that classical ALS involves multiple spinal
regions as well as both upper and lower motor neuron in-
volvement. To be given a diagnosis of clinically definite ALS, a

patient must have both upper and lower MNDs across 3
spinal regions or bulbar and 2 spinal regions. Alternatively,
patients can be diagnosed with clinically probable ALS if
criteria are satisfied by upper and lower motor neuron in-
volvement in 2 regions. Electrodiagnostic studies can also
provide evidence of lower MND even in the absence of
clinically evident signs.9

Provided an accurate clinical diagnosis, the neuropathologic
features are similar across most cases. Although the majority
of ALS brains show no significant gross abnormalities, de-
generation coalesces as atrophy in the anterior nerve roots of
the spinal cord as well as occasional atrophy in the precentral
gyrus.10 In patients who have clinical symptoms suggestive of
frontotemporal dementia (FTD), this atrophy may extend to
the frontal and temporal lobes. Microscopically, the de-
generation of motor neurons is often observed as a reduction
in neurons with associated astrogliosis in the anterior horn of
the spinal cord and lower cranial motor nuclei in the brain-
stem as well as a more mild loss of motor neurons in primary
motor cortex.10 Particularly in the cortex, some nonspecific
features of neurodegeneration, such as microvacuolation or
spongiosis, may also appear.11

Initial Discoveries and Classical
Approaches to Detect ALS Genes
Our current toolkit for investigating genetic causes of ALS
includes linkage analysis, candidate gene analysis, genome-wide
association studies (GWASs), whole-exome sequencing
(WES), and whole-genome sequencing (WGS). Each of these
methods have individual strengths and weaknesses, and are
optimized for asking specific kinds of genetic questions and
have a unique use among the various discovery strategies for
ALS-related genes. We highlight the kinds of studies in which
each of these technologies excel as well as their weaknesses that
need to be considered when designing and interpreting in-
vestigations in Table 1. Linkage studies rely on models of
Mendelian inheritance and have been the most effective at
identifying causal genes. Linkage analysis has accounted for
about 25% of implicated genes (Figure 1A). Following these
discoveries, the same genes can be identified to be associated
with SALS cases using other approaches. Therefore, linkage
analysis provides a robust launching point toward diagnosing
ALS. With the knowledge acquired from linkage studies, the
approach of candidate gene analysis can be leveraged to in-
vestigate hypotheses derived from the elucidation of associated

Glossary
AD = Alzheimer disease; ALS = amyotrophic lateral sclerosis; FALS = familial ALS; FTD = frontotemporal dementia; GO =
Gene Ontology;GWAS = genome-wide association study;HSP = hereditary spastic paraplegia;MND = motor neuron disease;
PMA = progressive muscular atrophy; rAAV = recombinant adeno-associated virus; RBP = RNA-binding protein; SALS =
sporadic ALS; SMA = spinal muscular atrophy; WES = whole-exome sequencing; WGS = whole-genome sequencing.
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Table 1 Critical Look at the Strengths and Weaknesses Among Methods of Gene Discovery

Method Strengths Weaknesses

Classic

Linkage analysis • Confidence of genetic signal when sufficiently large pedigrees are used • Few pedigrees remain unresolved

• Segregation analysis possible • Time consuming to collect

• Can test for modifiers (e.g., age at onset) • Only detects highly penetrant genes with Mendelian
inheritance patterns

Candidate gene
analysis

• Hypothesis driven, avoids losing statistical signal after multiple correction • Winner’s curse: results are published only for significant
associations

• Can bolster and improve proposed theories of pathogenesis • Prior knowledge of pathogenic mechanism is necessary

• Neglects opportunities for novel hypotheses

Genome-wide
association
studies

• Cost-effective, enabling analysis of large cohorts •Does not detect causative variant (or sometimes even the
causative gene) at a locus

• Finds reproducible risk factors • Requires precise control of diagnostic criteria and
population structures (could result in spurious
associations)

• Can generate polygenic risk scores • Prioritizes common variants (>1%), although imputation
methods can be used to detect rare variants

Whole-exome
sequencing

• Identifies rare variants that are causative or have a strong effect • Only detects coding variants, thus may miss other risk
factors like intronic, promoter, and enhancer variants

• Focuses on high-priority areas of the genome (exons/coding variants)

Whole-genome
sequencing

• Captures almost all of the genome • Short-read sequence length can miss structural variants
and repeat expansions

• Identifies noncoding contributions to disease (enhancers, promoters,
and deep intronic variants)

• Currently is costly per sample

• Can identify rare variants

Nascent

Integrative
approaches

• Compare pathogenic variant frequency differences between different ethnic cohorts • Positive signals may be rare and diverse and thus below
statistical significance

• Generate polygenic models and identify associations with other neurologic diseases

• Matches genomic data with transcriptomic and/or proteomic data to generate cause-
and-effect hypotheses

• Detect expression quantitative trait loci (eQTLs)

• Tease out environmental variables

Long-read
sequencing

• Can resolve structural variants and repeat expansions • Costly and impractical for large populations

• Harder to compare findings against databases of known
nonpathogenic variants

Somatic tissue
analysis

• Identify genetic variants that affect neurodegeneration even if they are not transmitted
to subsequent generations, matching the sporadic nature of amyotrophic lateral
sclerosis

•Need access to the various different tissue regions within
the same patient

• Elucidate regional differences in the brain • May miss variants that have already caused
degeneration of tissue

• Difficult to ascertain how common or how significant the
finding because it will often be on a by-case basis

We compare and contrast the types of studies in which classic and nascent methods are best suited for as well as important considerations of shortcomings
when using any of these methods.
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pathways and genes that operate in tandem with, and similarity
to, previously implicated genes. Candidate gene investigations
contribute to 17% of ALS gene discoveries to date. Finally,
GWAS andWES can be used more broadly to identify variants
within or near genes that are associated with a risk of SALS
incidence. These techniques have accounted for 32% and 21%
of discoveries, respectively. Since 1993, many genes have been
implicated as either causal or contributing risk, and the accel-
erating pace of technological advancement has led to an ever-
increasing number of discoveries per year of postulated genetic
contributions to ALS (Figure 1B). We highlight 46 genes with
strong evidence of disease causation or association in Table 2
(along with several more putative ALS genes in eTable 1, links.
lww.com/NXG/A519), and we explore the technologies con-
tributing to their discovery. Many of these genes have been the
subject of excellent recent reviews,12-16 and here, we address
them in the context of technological advancement and impli-
cations for future investigations.

Linkage Studies
Classical genetics approaches including genetic linkage stud-
ies have been successful in identifying pathogenic variants in
;50%–60% of patients with a strong family history of ALS
and 10%–20% of SALS.16 The first gene discovered to show
linkage to familial inheritance of ALS was superoxide dis-
mutase 1 (SOD1) in 1993.17 Pathologic variants are primarily
missense, with a few translation termination variants appear-
ing near the end of the protein, which account for 5%–10% of
individuals with FALS. Although it was first hypothesized that
SOD1 contributed to disease by loss of the ability to eliminate
reactive oxygen species, it is now generally accepted that this
loss of function has a very minimal impact and that SOD1
pathogenic variants actually lead to errors in the stability of
the protein. This can cause it to fold incorrectly, not unlike
prions, which can propagate misfolding among other SOD1
proteins ultimately leading to aggregation.18

Identification of pathogenic variants in the RNA-binding pro-
tein (RBP) TDP-43, encoded by the gene TAR DNAbinding
protein (TARDBP), gave us more detailed insight into ALS
pathology and its relationship to RBPs and splicing
regulation.19-22 Normally, TDP-43 is localized to the nucleus,
but in patients with TARDBP variants and in SALS cases, it
shifts to the cytoplasm and builds up as insoluble aggregates.23

This cytoplasmic redistribution prevents TDP-43 from serving
its normal function regulating mRNA splicing and leads to
aberrant splicing patterns for several genes.24 A heightened
focus of the field to examine RBPs led to the identification of
pathogenic variants in FUS RNA binding protein (FUS), a
related heterogeneous ribonuclear protein, detected in 1%–3%
of individuals with FALS.25-27 A revolutionary finding for the
field informing us of an additional pathologic mechanism was
pedigrees with ALS, FTD, or both found to carry hex-
anucleotide repeat expansions in C9orf72-SMCR8 complex
subunit (C9orf72).28,29 Repeat expansions have been detected
in about 40% of FALS and surprisingly 3%–7% of sporadic
individuals as well.30-32 C9orf72 repeat expansions have also
been identified in FTD, and about 15% of ALS cases also have
FTD that can arise before the diagnosis of ALS.33

These 4 genes are the most well-defined causative genes for
ALS and their pathologic consequences are reflected among
the molecular hallmarks of disease. All forms of ALS dem-
onstrate ubiquitin-positive neuronal cytoplasmic inclusions in
degenerating motor neurons.34 With some notable excep-
tions, these ubiquitinated inclusions are comprised of TDP-
43, p62, and other proteins. The abnormal TDP-43 inclusions
observed in ALS can have varied morphology, including fine
skeins, coarse skeins, dot-like inclusions, and dense round
inclusions10 (Figure 2). In contrast, the motor neurons of
patients with SOD1 pathogenic variants contain abnormal
ubiquitinated neuronal inclusions, but in contrast to most
other forms of ALS, these ubiquitinated inclusions are com-
prised of accumulated SOD1 protein and not TDP-43.35 Al-
though these TDP-43-negative/SOD1-positive inclusions are

Figure 1 Discovery Methods and Frequency (per Year) of ALS-Associated Genes

(A) The percent contribution of various genediscoverymethods to the current repertoire of 64ALS implicated genes thatwehighlight. (B) The number of novel
ALS gene discoveries per year. GWAS = genome-wide association study; WES = whole-exome sequencing.
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Table 2 Summary of 46 Genes Associated With ALS

Gene (ref) Method Bearing Pathogenic variant characteristics

ALS2e59 Linkage analysis Likely causative LoF related to endosomal transport

ANGe60 GWAS Likely causative LoF related to angiogenesis

ANXA11e61 WES Likely causative Neurotoxic cytoplasmatic aggregates in neurons, defective transport

ATXN2e15 Candidate gene Modifier Repeat expansion

ATXN341 GWAS Modifier Repeat expansion

C9orf7228,29 Linkage analysis Definitive Repeat expansion

CHCHD10e62 WES Likely causative Mitochondrial instability, affects TDP-43

CHMP2Be63 Candidate gene Likely causative Impairment of autophagy

CHRNA3e64 Candidate gene Likely causative Impairment of neurotransmission

DAOe65 Linkage analysis Likely causative LoF leading to buildup of waste products

DCTN1e66 Linkage analysis Likely causative LoF, aggregates with TDP-43, impairs neuron function, synaptic instability

DNAJC7e67 WES High risk Protein truncation variant

ERBB4e68 Linkage analysis Likely causative Interrupts signaling, including neuregulin

EWSR138 Candidate gene Likely causative Low complexity domain, aggregation

FIG4e69 Candidate gene Likely causative LoF affecting vesicular trafficking

FUS25,26 Linkage analysis Definitive Low complexity domain, aggregation

GLE1e70 Candidate gene Likely causative Imbalance of nuclear/cytoplasmic localization, haploinsufficiency

GLT8D1e71 WES Likely causative Substrate binding site, haploinsufficiency

hnRNPA139 Linkage analysis Likely causative Low-complexity domain, affects splicing

hnRNPA2B139 Linkage analysis Likely causative Low-complexity domain, affects splicing

KIF5A46 GWAS Definitive LoF affecting cargo binding

MATR3e72 Linkage analysis Likely causative Can form aggregates with RBPs, interacts with splicing factors

NEFHe73 Candidate gene Likely causative Interferes with neurofilament cross-linking, aggregation, cell stress

NEK1e74 WES Modifier LoF disrupting endosomal trafficking

NIPA1e75 GWAS Modifier Poly alanine expansion, interaction with TDP-43 and C9orf72, aggregation

OPTNe76 Homozygosity
mapping

Likely causative LoF affecting NFKB, causes ER stress

PFN147 WES Likely causative Disrupts axonal transport

PON1,2,3e26 Candidate gene Risk Gene-environment interactions leading to cell stress

PRPHe77 Candidate gene Likely causative Interferes with neurofilament cross-linking, aggregation, cell stress

SARM1e78 GWAS Risk Unknown

SETXe79 Linkage analysis Likely causative Unknown

SIGMAR1e80 Linkage analysis Likely causative Leads to mitochondrial injury, ER stress, and TDP-43 mislocalization

SOD117 Linkage analysis Definitive Prion-like propagation, misfolding

SPG11e81 WES Likely causative Leads to accumulation of lipids in lysosomes

SQSTM1e82 Candidate gene Likely causative Impaired stress granule formation, impairs mitophagy

TAF1537 Candidate gene Likely causative Low-complexity domain, aggregation

TARDBP19-21 Linkage analysis Definitive Low-complexity domain, splicing misregulation, nuclear mislocalization, and cytoplasmic
aggregation

Continued
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characteristic of SOD1 ALS neuropathology, abnormal SOD1
inclusions have been rarely observed in sporadic forms of
ALS.35 Similarly, patients with ALS related to pathogenic
variants in FUS often demonstrate ubiquitinated neuronal

inclusions, which are comprised of mutant FUS protein—and
not TDP-4310—although there are still cases in which the 2
still colocalize demonstrating that better characterization of
molecular pathologies is still needed.36

Table 2 Summary of 46 Genes Associated With ALS (continued)

Gene (ref) Method Bearing Pathogenic variant characteristics

TBK1e74 WES Likely causative LoF leading to dysfunction of phosphorylation

TIA1e83 WES Likely causative Low-complexity domain, aggregation

TUBA4Ae84 WES Likely causative Unstable microtubule polymerization

UBQLN2e85 Linkage analysis Likely causative Low-complexity domain, dysfunction of UPS, and aggregation

UNC13A44 GWAS Modifier Intronic SNVs

VAPBe86 Linkage analysis Likely causative Leads to aggregation in the ER

VCPe87 WES Likely causative Affects aggregation and mitochondrial stress and affects FUS and TDP-43

VEGFe88 GWAS Modifier Promoter variant affects expression and angiogenesis and becomes burdensome during
oxidative stress

WDR7e44 Linkage analysis Modifier Intronic repeat expansion

Abbreviations: ALS = amyotrophic lateral sclerosis; GWAS = genome-wide association study; LoF = loss of function; SNV = single nucleotidevariation; WES =
whole exome sequencing.
Extended details and additional genetic associations in eTable 1, links.lww.com/NXG/A519. Listed in the first column are the genes and representative
references associating them with ALS. The second column names the method used for discovery. The third column notes the causal bearing of the genetic
association to development of disease or whether pathogenic variants act as modifiers of disease. And finally, a brief description of the gene’s pathogenic
variant characteristics.

Figure 2 Common Neuropathologic Findings in ALS Subtypes

(A–D) Hematoxylin and eosin (H&E)/Luxol fast blue (LFB)-stained sections demonstrating reduction of motor neurons and astrogliosis in the anterior horn of
the spinal cord. Occasionally, eosinophilic intracellular inclusions termed Bunina bodies (TARDBP pathogenic variant, H&E/LFB with inset) are identified. (E–J)
Ubiquitinated intracellular inclusions comprised predominantly of phosphorylated TDP-43 (pTDP-43) present in patients with a TARDBP pathogenic variant,
TBK1 pathogenic variant, and a C9orf72 repeat expansion. These inclusions aremorphologically heterogeneous and can take the formof coarse or fine skeins,
dot-like inclusions, or dense round inclusions. (K–L) Immunohistochemistry demonstrating inclusions that are positive for p62 and ubiquitin in individuals
with SOD1 pathogenic variants that have similar morphologies to the TDP-43 inclusions of the aforementioned genetic subtypes but are themselves negative
for pTDP-43 immunoreactivity. Listed is the magnification in each panel. ALS = amyotrophic lateral sclerosis.
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Case/Control Analysis of
Candidate Genes
Candidate genes can be hypothesized to be involved in ALS
based on their similarity with previously discovered genes or
pathogenic mechanisms. An example of a candidate gene
approach is a study that was initiated by a yeast functional
screen of RBPs to find proteins that show the most similar
aggregation pathology as TDP-43. Subsequently, the genes
TATA-box binding protein associated factor 15 (TAF15) and
EWS RNA binding protein 1 (EWSR1) were selected to be
sequenced among many cases and controls, which identified
variants associated with disease.37,38 Similarly, the identifica-
tion ofTARDBP and FUS ignited an interest to focus on RBPs
among other familial cases. Most notable is the linkage of
heterogeneous nuclear ribonucleoproteins A1 and A2b1
(HNRNPA1) and (HNRNPA2b1) within autosomal domi-
nant families in which investigators specifically narrowed their
genetic search to proteins harboring prion-like domains.39

However, there is an important consideration for candidate
gene approaches. The method excels at bolstering prior hy-
potheses of pathogenesis, yet as a consequence, it discrimi-
nates against findings that may refute these hypotheses and
neglects the development of novel hypotheses.

Genome-Wide Association Studies
ALS researchers contributed to some of the early successful
GWAS findings. These studies point to several significant
loci including at ACSL5, C21orf2, DPP6, GPX3-TNIP1,
MOBP, SCFD1, SARM1, UNC13A, and others.40-45 Many
GWAS investigations have been able to identify several
genes per study owing to robust data acquisition, and this
has led the way in uncovering variants associated with
sporadic cases.14 Furthermore, subsequent studies that
screen new populations frequently replicate previous find-
ings including those found from linkage analysis and can-
didate gene analysis. Obtaining convincing genetic findings
from GWASs will always be a function of the sample size,
population structure and composition, and the genetic ef-
fect of individual loci. More recent GWAS investigations
leverage novel algorithms and imputation methods to im-
prove sensitivity.14

The drawback of GWAS’s broad approach is that significant
gene variant associations can only be considered risk alleles,
and subsequent studies will need to delve further into iden-
tifying actual causal variants and their contribution to disease
pathology. Despite this, GWAS design is improving and still
remains a practical technique leading to some of the most
recent findings. Another improvement that has yet to be
thoroughly incorporated is more stringent selection of phe-
notypes. Given the heterogeneity of ALS pathology, more
careful consideration of specific phenotypes may generate
novel signals.

Whole-Exome Sequencing
WES takes an approach that attempts to identify an en-
richment of coding variants that are more likely to be causal
as opposed to GWAS, which is mostly only capable of
identifying risk genes. WES can still be used in conjunction
with the latest GWAS investigations to home-in on the
relevance of significant GWAS signals. Using large data sets,
researchers can identify variants enriched among patients
with ALS. WES following a significant GWAS hit identified
pathogenic variants in kinesin family member 5A
(KIF5A).46 The identification of KIF5A variants clustering
at the C-terminal cargo-binding domain in ALS is particu-
larly compelling because pathogenic variants in other re-
gions of the gene including the N-terminal motor domain
cause hereditary spastic paraplegia (HSP). Although both
ALS and HSP are motor neuron disorders, the phenotypes
are quite distinct. HSP arises from a dying back of upper
motor neurons and typically has an earlier age at onset with
longer disease duration. One proposed model for how 2
similar, but distinct, disorders can have variants in the same
gene is that in HSP, the pathogenic changes broadly restrict
anterograde cargo transport, whereas in ALS, they act on
specific cargo proteins. WES can also be used to elucidate
genes in FALS that have failed to be identified by linkage
analysis as with PFN1.47 In many cases, unaffected indi-
viduals also have nonsynonymous variants in genes nomi-
nated by WES approaches, and it is the increased burden of
variants that can be damaging to protein function in ALS
cases that ultimately contributes to disease. As more sam-
ples undergo WES (and WGS), a better resolution of the
critical regions of genes and their functional implications
can be established.

Whole-Genome Sequencing
The rapid decline in sequencing costs has enabled WGS
technology to supplant WES. WGS techniques bypass some
of the challenges of WES including probe coverage and can
provide a comprehensive profile of variants across the ge-
nome. As many genes with coding variants have presumably
already been identified in ALS, WGS represents an addi-
tional layer of detail to examine some of the noncoding
contributors to disease such as those that may lie in pro-
moters, enhancers, or introns. One such strategy is to look
for accumulations of variants in bins across the genome.48

The same strategy can be used near ALS candidate genes to
identify regions far from coding exons. For example, using
linkage analysis coupled with RNA analysis, we identified a
deep intronic variant in SOD1, which led to the inclusion of a
cryptic exon in intron 4.49 Variants at or around the cryptic
SOD1 exon can now be identified with WGS techniques,
along with other sites at genes critical for development of
ALS. Despite the vast capability of WGS to scan almost the
entire content of the genome, there are important technical
limitations. For instance, WGS has limited capacity in
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identifying tandem repeat expansions because the length
of short reads is often shorter than the length of repeats.
The complete sequence coverage afforded by WGS enables

regions to be reanalyzed to identify variants in regions such
as promoter/enhancer elements and protein binding sites as
additional genetic and molecular discoveries are made.

Figure 3 STRING Network Analysis Reveals Distinctive Clusters of Interactions Among Implicated Genes

Node colors represent 5 groups from k-means clustering. Edge thickness represents a confidence score of gene-gene interaction based on data collected
from experimental and database records (thinnest is < 0.15, thickest is > 0.9).51 Orphan nodes are listed in the top left, colors reflecting associated
clusters.

8 Neurology: Genetics | Volume 8, Number 3 | June 2022 Neurology.org/NG

http://neurology.org/ng


Consolidating Our Knowledge of ALS
Genetics to Generate Theories
of Pathology
Based on the genes identified for ALS so far, we can draw
important conclusions regarding common pathways im-
plicated and convergence toward ALS phenotypes and/or
related diseases. The finding that TDP-43 mislocalization
to cytoplasmic aggregates present in the overwhelming
majority of patients with ALS50 indicates a central pa-
thology from which we can work backward to understand
genetic and environmental triggers to disease progression.
One step we can take toward understanding ALS is to take
a holistic view of how the vast array of ALS-indicated genes
is related to one another. One strategy is to construct
network clusters based on the confidence of experimental
evidence of functional associations using resources such as
STRING (Figure 3).51 A second strategy can leverage our
understanding of these genes’ ontological roles to hy-
pothesize additional genetic candidates involved in these
central processes that can be screened for among patients
(Figure 4).

Based on the vast amount of functional evidence gathered
from investigating the effects of genetic variants in model
systems, a few general understandings and theories of pa-
thology have been popularized.52 Most of the genes involved
can be segregated into a few overarching categories: RNA
binding, proteostasis, cytoskeletal, and metabolism/redox
(eTable 1, links.lww.com/NXG/A519). Ontologically, there
is an enrichment of more diverse cellular processes including
stress response, endomembrane system organization, locali-
zation, and RNA splicing regulation (Figure 4). An intriguing
observation is that the most confident and interconnected
cluster among our network of genes (highlighted in pink) is
most strongly enriched for Gene Ontology terms related to
RNA splicing (Figure 3). This supports theories of patho-
genesis that centralize on one of the main consequences of
TDP-43 mislocalization being aberrant splicing of many tar-
get genes. Of course, caution must be taken when making
these interpretations because they could simply be a result of a
greater investigative depth of these genes among the scientific
community.

Harking back to attempting to understanding why TDP-43
and RNA regulation is a central pathology, many studies have

Figure 4 Revigo Gene Ontology (GO) Summary Based on the GO Panther Biological Processes Complete Statistical
Overrepresentation Teste57,e58

Axes reflect 2D semantic space similarity between GO terms. Color represents the number and variety of lower-level GO terms encompassed by the broader
category. Size of each point represents the total number of ALS-implicated genes included in the GO category.
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shownmolecular similarities among the proteins involved and
their pathogenic characteristics (Table 1). An essential com-
ponent of RNA regulation relies on the mechanisms by which
RNA molecules interact with proteins. Highly active and
ubiquitous RBPs often rely on a condensationmechanism like
liquid-liquid phase separation mediated by low-complexity
domains.53 This mechanism must be dynamic and versatile.
Because RNA regulation is spread among many proteins, any
disruption to this fine-tuned mechanism can create bottle-
necks in global homeostasis that are chronically exacerbated.
Given that other critical functions are wrapped into this in-
teraction network, this leads to additional imbalances in
splicing regulation, nuclear export, and cytoskeletal traffick-
ing, as well as microRNA expression. In the case of non-RBPs,
pathologic aggregation can attract components of the pro-
teostasis network and reduce its overall efficiency. RNA ag-
gregates, including tandem repeats, can also misappropriately
sequester RBPs from performing their proper function or
synthesize peptide repeats that also interfere with proteostasis
machinery. Overall, motor neurons, among other affected cell
types, are extremely sensitive to disruptions in cellular ho-
meostasis that chronically accumulate beyond cells’ capacity
to manage.54

Challenges in ALS Genetics and
Exploring Emerging Solutions
Larger Data Sets, Integrated Approaches, and
Novel Computational Strategies
We have witnessed a recent push to have central repositories
with an organized structure of hundreds or thousands of
samples. What is becoming apparent is that single gene
identifications may become increasingly infrequent, and a
combination of genetic factors likely contributes to ALS

susceptibility. Project MinE is at the forefront of these ap-
proaches, with efforts to sequence the genome and connect
findings with transcriptome, epigenome, and noncoding ge-
nome findings.55,56 Other data sets are also taking integrative
approaches and providing resources for researchers at large for
straightforward access to sample data. The Answer ALS con-
sortium is one such approach, which provides whole genome
data along with induced pluripotent stem cell lines and their
corresponding transcriptome data, thereby saving researchers
precious time and resources in trying to generate their own
version of these lines. Collectively, these powerful resources
will propel novel gene discoveries, especially in combination
with state-of-the-art genomic methods and technologies.

Using integrative approaches that link TDP-43 binding sites
with transcriptional changes has helped uncover places where
loss or cytoplasmic redistribution of TDP-43 leads to im-
proper activation of cryptic exons, for example, in the middle
of intron 1 of stathmin 2 (STMN2).57,58 This activation leads
to a prematurely truncated STMN2 protein product, which is
detrimental to neuronal outgrowth. More recently, another
aberrant splice product creating a cryptic exon was identified
in unc-13 homolog A (UNC13A).59 Intriguingly, UNC13A is
a well-established GWAS hit for ALS,44 and one of the lead
single nucleotide variations (formerly single nucleotide
polymorphisms) at this locus is directly in the cryptic exon
that is generated.

With larger and more complex genomics data becoming
available, the ability to process the data by individual re-
searchers is becoming increasingly challenging. Novel machine
learning and artificial intelligence applications are helping re-
solve some of the complexity of data analysis revealing con-
nections between genetic variants that are not immediately
obvious. These strategies have been used successfully for

Figure 5 Percentage of the Listed ALS-Indicated Genes Associated With Other Diseases

For each non-ALS disease listed horizontally, the per-
centage of ALS-indicated genes that also have relevance
to that disease is plotted. AD = Alzheimer disease; ALS =
amyotrophic lateral sclerosis; ASD = autism spectrum
disorder; CMT = Charcot-Marie-Tooth; FTD = fronto-
temporal dementia; HD = Huntington disease; HSP =
hereditary spastic paraplegia; MS = multiple sclerosis;
MSP = multisystem proteinopathy; PD = Parkinson dis-
ease; SCA = spinocerebellar ataxia; SMA = spinal mus-
cular atrophy.
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imaging analysis60 and are a promising direction in the context
of ALSe1. Recently, novel computational approaches have
attempted to incorporate protein interactions and pathway data
into machine learning modelse2. An accurate ALS diagnosis is
important when curating increasingly larger collections of cases
as there is considerable overlap between genetic associations of
ALS and associations with other related disorders (Figure 5).

Ethnic Differences
Identifying genetic risk factors in multiethnic populations is
currently a priority for researchers and represents an emerging
yet still understudied feature of ALS.41,42,e3-e5 This research
is important because additional genetic risk factors can be
identified leading to potential breakthroughs in our un-
derstanding of ALS pathobiology. For example, the frequency
of pathogenic variants in ALS-causing genes is considerably
different in China compared with Europe and North America,
with a less prominent role for C9orf72 repeat expansions.e6

Using samples from diverse ethnic groups has been successful
at identifying or independently validating certain risk factors
for African American individuals, who have a greater preva-
lence of Alzheimer disease (AD).e7,e8 Not only are some of
the GWAS hits different in AD,e9 but relative risk at known
loci for AD can be dramatically different, such as increased risk
for ATP binding cassette subfamily A member 7(ABCA7)
variants in African Americanse10 compared with in non-
Hispanic Whites.e11,e12 Examining local ancestry around a
GWAS hit can also reveal that variants that have a stronger
effect in certain populations.e13

Oligogenic (or Polygenic) Model
Two or more sequence variants that on their own have a low
probability of causing disease may have an additive or syner-
gistic role in tandem, as has been identified in a proportion
(1%–4%) of FALS and SALS cases.e14 Some modifying genes
may have no bearing on disease susceptibility but could in-
fluence the age at onset and progression of ALS. An example is
the ataxin 2 gene (ATXN2),e15 where intermediate CAG repeat
expansions numbering 27–33 (but not >34, which causes spi-
nocerebellar ataxia 2)e16 are enriched in patients with ALS.e17

Modifier genes can also explain how genes that are ubiquitously
expressed (as in the case with SOD1, which also accounts for as
much as 1% of brain proteine18) proceed to elicit only a motor
neuron-specific phenotype. Despite several risk genes having
been reported fromGWAS, there is still a lack of understanding
about the functional significance of these variants. This presents
an opportunity for RNA sequencing and use of disease models
to interpret the potential contributions of these variants.
Computational approaches have attempted to elucidate poly-
genic explanations and epistatic mechanisms. However, such
approaches are computationally demanding, and the resources
are not yet available to make groundbreaking discoveries.e1

Gene and Environment Interactions
Several environmental risk factors have been proposed and
interrogated for ALS.Many of these candidates originated due
to increased prevalence of ALS in a particular occupation or
geographical region. An unusual cluster of ALS cases was
observed in Guam,e19 and although several hypotheses have
been proposed regarding the specific neurotoxic agent, es-
pecially L-beta-N-methylamino-L-alanine, the connection is
still a subject of debate.e20 Increased clusters of ALS have also
been observed in the Kii peninsula of Japan.e21 More recently,
false morel mushrooms (Gyromitra gigas) have been proposed
as a risk factor for a cluster of ALS cases in the French Alps.e22

Military veterans are also at increased risk for developing ALS,
especially those that served in the Middle East, perhaps due to
repeated head trauma or exposure to neurotoxins.e23-e25 A
unique discovery in this regard is risk variants in paraoxonases
1, 2, and 3 appeared to render soldiers more vulnerable to
toxins that would trigger ALS pathology often associated with
Gulf War syndrome.e26 Similarly, paraoxonase variants have
also been connected to ALS and other neurologic disease in
populations frequently exposed to pesticides.e27,e28 It is likely
that variants in additional candidate genes predispose indi-
viduals to toxic damage on exposure to chemical agents.
Traumatic brain injury among veterans and sports players
may also increase the probability of developing ALS or modify
the severity of disease in addition to genetic causes.e29,e30 And
there is evidence that sterile alpha and TIR motif containing 1
(SARM1) deletion modifies axon injury response.e31,e32

Mendelian randomization models are a powerful emerging
tool that enable the discovery of causal genetics and envi-
ronmental risk factors through use of summary statistics data
resulting from GWASs. Although results have been mixed,
there are suggestions that ALS susceptibility can be linked to
type 2 diabetes, smoking, cholesterol, and physical acti-
vity.e33,e34 Improvement in phenotypic measurements and
controlling for possible confounding variables couldmake this
approach more practical.

Somatic Tissue Analysis for
Pathogenic Variants and
Repeat Expansions
Work in brain samples from individuals with autism has
revealed somatic mutation events in single cells that may have
been challenging to detect using bulk tissuee35 as well as so-
matic variants from high-density (;×250) coverage DNA
sequencing.e36 A similar scenario may exist for ALS, although
one of the challenges of single-cell studies is that if a cell with
an offending variant dies and is cleared, the variant will not be
picked up from genomic analyses. It is notable that in the
same individual, C9orf72 expansion carriers can have a much
longer repeat length in the frontal cortex vs cerebellum.e37

This is in line with other repeat disorders, where expansions
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are unique to the affected brain region, such as huntingtin
(HTT) somatic mutations in the striatum.e38 It follows that
sensitive and mutation-prone loci may precipitate pathology
by somatic mutation events, which could explain a failure to
identify a single genetic cause in some patients.

Long-Read Sequencing for Repeat
Expansions and Structural Changes
A substantial fraction of the missing genetic contribution to
ALS may come from tandem repeat expansions, 40 of which
have been found to cause neurodegenerative diseases.e39,e40

Our ability to identify such repeats is limited from the tech-
nical limitations of WES and WGS. The advent of long-read
sequencing technology represents an emerging strategy to
uncover the contribution of repeat expansions to ALS. In-
creasing examples of repeat expansions with a much larger
internal sequence length (in contrast to short repeats such as
the C9orf72 expansion) associated with disease are being
found to have associations with AD and schizophrenia/
bipolar disorder.e41-e43 Recently, expansions of a much larger
69-nt repeat in an intron of WD repeat domain 7 (WDR7)
were found to be enriched in length in several ALS cohorts
using long-read sequencing and length estimates from WGS
data.e44 Repeat expansions such as those ATXN2 andWDR7
commonly appear insufficient on their own to cause disease,
but the prevalence of their expansions in the general pop-
ulation is much higher than the number of individuals with
ALS. Therefore, these repeats should be treated as potential
modifiers of ALS or risk factors similar to how we interpret
GWAS hits. In the case ofWDR7, the expansion event can be
coupled with a FUS variant to elicit disease.e44

Copy number variants have also been explored in the context of
ALS, and some examples have been identified.e45-e47 By per-
forming long-read sequencing, the relative frequency of these
changes can be compared with background population rates,
and we can detect whether there are certain chromosomal
regions and breakpoints enriched in ALS. Moreover, the ap-
proach will help detect other tandem repeats throughout the
genome in an unbiased manner to reveal their relative contri-
bution to ALS.

Conclusions
Like many neurodegenerative disorders, understanding the
contributions of the many genes that are implicated in ALS
remains a challenge. Classical techniques of gene discovery re-
main effective, and although no single approach can capture a
complete picture of ALS genetics, each has strengths and
weaknesses and geared toward answering specific genetics
questions. The tremendous breadth of genetic, clinical, and
neuropathologic information acquired thus far have aided the
field in proposing a more complete model of disease. Using the
most recent knowledge of common pathways can guide more
refined hypotheses and experimental designs to identify

additional candidate genes either causative on their own or
subtle modifiers and risk loci that increase or decrease
predisposition.

One of the ultimate objectives in uncovering the genetics of
ALS is to develop accurate gene therapy solutions to correct
pathogenic variants. The gene therapy field is accelerating,
and recent successes give hope that we can leverage our
understanding of ALS genetics to develop effective treat-
ments. The Food and Drug Administration approval of
recombinant adeno-associated virus (rAAV) delivery of
retinoid isomerohydrolase RPE65 (RPE65) for the treat-
ment of retinal degeneration and rAAV survival of motor
neuron 1, telomeric (SMN1) for spinal muscular
atrophye48,e49 are model examples. The approval was the
culmination of decades of research into designing a safe and
potent delivery vector. Progress in bioengineering and iso-
lation of capsids with enhanced properties or tropism, in-
cluding the ability to cross the blood-brain barrier and
transduce neurons, afford the possibility of targeted delivery
to specific neuronal subtypes and enhancing delivery
throughout the nervous system.e50-e53

Examples of promising gene therapy solutions for ALS
include the delivery of antisense molecules targeting SOD1
and C9orf72, which now are progressing to clinical tri-
als.e54-e56 The advantage of using genes with known path-
ogenic variants is that therapies conceivably can be
commenced before symptom onset, as is often the case for
rAAV-SMN1 delivery. This has the advantage of restoring
motor neuron function before decline. Although therapies
targeting familial inherited pathogenic variants are arguably
the most promising for ALS, they only apply to a subset of
patients, which minimizes their utility for treating the
greater majority of ALS cases. However, given that up to
97% of individuals with ALS are positive for TDP-43 in-
clusions,50 there may be an opportunity for gene therapy
targeting TDP-43 to restore functionality, which could
benefit many more patients.

An accurate diagnosis in the clinic and neuropathologic
characterization are required for continuing success at
identifying novel and rare genetic associations. So far, our
collection of ALS genetic associations point to TDP-43
and RNA regulation as one of the most likely convergent
mechanisms. However, it remains to be seen how wide-
spread and how strong of a bearing on disease alternative
pathologic mechanisms may have such as gene-
environmental interactions, noncoding genetic modifiers
of disease, and somatic variants. Currently, techniques
better suited to finding subtle and elusive contributors to
disease should be brought to the forefront. Integrative
analyses, somatic mutation analysis, and long-read se-
quencing technologies are some of the most promising
new approaches for novel gene discovery beyond the scope
of protein-coding variants. Computational approaches
toward identifying mechanisms of genetic epistasis and
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pleiotropy are still in their infancy but show great poten-
tial. Importantly, ALS genetic research is accelerating, and
there is hope for the future that we can create a more
complete picture of disease as well as develop successful
therapeutic interventions.
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Abstract
In 2011, a pathogenic hexanucleotide repeat expansion in the C9ORF72 gene was discovered to
be the leading genetic cause of amyotrophic lateral sclerosis (ALS) and frontotemporal de-
mentia (FTD). Before this, the C9ORF72 gene and its protein were unknown. The repeat
expansion was found to cause both haploinsufficiency and gain of toxicity through aggregating
RNA products and dipeptide repeat proteins. A worldwide effort was then initiated to define
C9ORF72 ALS/FTD and unravel the pathogenic mechanism for the development of thera-
peutic options. A decade later, C9ORF72 genetic testing is readily available. There is now an
increasing appreciation that C9ORF72 not only is the leading genetic cause of ALS/FTD but
may contribute to a spectrum of disorders. This article reviews what is currently known about
the C9ORF72 expansion and how C9ORF72 expansion manifests in ALS, FTD, psychiatric
disorders, and movement disorders. With therapeutic strategies fast approaching the clinic,
earlier recognition of possible C9ORF72 expansion related disorders is even more paramount
to improve patient care.
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Before the identification of the C9ORF72 gene in 2011, it had
been known for some time that a gene or genes associated
with frontotemporal dementia (FTD)-amyotrophic lateral
sclerosis (ALS) resided on human chromosome 9 using ge-
netic linkage analysis in pedigrees segregating ALS or FTD or
both phenotypes.1,2 Mok et al.3 described a ;140-kb risk
haplotype on chromosome 9p21 that was shared by chro-
mosome 9p-linked families and showed significant association
with FTD and ALS in several populations. The presence of
the same haplotype across multiple families suggested that
most individuals carried the same pathogenic variant. Finding
the haplotype in individuals with ALS or FTD also supported
the notion that the same mutation could cause disparate
phenotypes.

Two groups identified the disease-causing chromosome 9p
mutation using different approaches and succeeded simulta-
neously. The collaborative group led by Rademakers per-
formed detailed sequencing of the C9ORF72 gene and
identified a polymorphic GGGGCC (G4C2) hexanucleotide
repeat (HRE) located between the 2 noncoding C9ORF72
exons 1a and 1b.4 Analysis of this HRE in samples from
members of a family with autosomal dominant ALS/FTD
showed an aberrant segregation pattern with all affected in-
dividuals appearing homozygous. They suspected that lack of
segregation was due to the presence of an unamplifiable re-
peat expansion and developed a repeat-primed PCR (RP-
PCR) method (see below) designed to detect expanded
G4C2 repeats. The presence of repeat expansions was
detected by RP-PCR in all affected family members, but not in
unaffected relatives, which was subsequently confirmed by
Southern blot analysis. The maximum size of the repeat in
controls was 23 units, whereas in affected individuals, it was
estimated at 700 or more repeats.

The collaborative group led by Traynor used an approach that
emphasized enrichment of the chromosome 9p region fol-
lowed by massive parallel sequencing.5 Enrichment tech-
niques encompassed flow sorting of chromosome 9 or
enrichment of the target region using 43,000 custom oligo-
nucleotide baits covering a total of 2.58 MB in the chromo-
some 9p FTD/ALS locus. Subsequent manual alignment of
sequence reads in the target region identified the HRE in the
C9ORF72 gene. Defining a pathogenic expansion as >30 re-
peats, they found that 113 of 402 ALS cases and 2 of 478
controls from Finland had an expanded repeat using rp-PCR
analysis. None of the African samples carried >15 G4C2

repeats (average: 3; range: 0–15) providing the first sugges-
tion that repeat alleles may differ in specific populations. In
Finish familial ALS cases, 52 (46.4%) had the expansion. In-
dependently confirming the pathogenic role of the G4C2
repeat in FTD, they also found a 29% occurrence of expanded
repeats in Finnish FTD cases. Indeed, C9ORF72-ALS fre-
quency varies widely based on ethnicity and geographic re-
gion and is most common in European and North American
populations, accounting for about 40% of ALS cases with a
family history of ALS and 8% of ALSwithout a family history6;
in contrast, it is rarely found in Asian populations.7-10 A recent
study in 140 South Africans with sporadic ALS identified 10
cases (7%) of pathogenic C9ORF72 expansions: 4 White and
6 Cape mixed Africans—ancestry derived from European
settlers, Indigenous tribes, and Indian Islanders, among oth-
ers.11 This regional variance, increased risk among those with
a family history—along with the common haplotype—
suggests a single common founder, who originated from
Finland.12,13 Modeling estimates have dated this founder to
around 500 AD, which closely coincides with the beginning of
the Viking invasions from Finland. Alternatively, a competing
hypothesis is that the identified common haplotype contrib-
utes instability to the C9ORF72 region; thus, the region itself
predisposes to the creation of expansion.14 A recent study of
593 patients with ALS in India discovered the presence of C9
expansion in 3.2% (19/593) of patients with ALS where
47.4% (9/19) positive cases belonged to the eastern region of
India. The common haplotype was present in 11 of the 19
cases.15 Although pathogenic C9 expansions appear to be
most prevalent in individuals of European ancestry, recent
work supports the need for increased testing in more diverse
populations.11,15,16

Pathogenesis of C9ORF72 Expansion
C9ORF72 Expansion and Morphologic Findings
Mechanisms of neuronal dysfunction in the setting of
C9ORF72 expansion are currently not clear. Pathologically, in
most, but not all, patients with C9ORF72 ALS/FTD, aggre-
gation of TAR DNA-binding protein 43 (TDP-43) occurs in
clinically correlated cortical and spinal motor neurons and the
frontal cortex.17 The histopathologically unique TDP-43 sub-
types A and B are the predominant inclusions found in
C9ORF72 patients. TDP-43 is primarily nuclear; however, in
patients with ALS/FTD, posttranslationally altered TDP-43
proteins are found to aggregate the cytoplasm. A pathologic

Glossary
ALS = amyotrophic lateral sclerosis; ASD = autism spectrum disorder; ASO = antisense oligonucleotide; CE = capillary
electrophoresis; DM1 = myotonic dystrophy; DPR = dipeptide repeat protein; FTD = frontotemporal dementia; FTDbv =
behavioral variant FTD; FTLD = frontotemporal lobar degeneration; FTSD = frontotemporal lobe spectrum disorder; HD =
Huntington disease; HRE = hexanucleotide repeat; NPC = nuclear pore complex; PD = Parkinson disease; RAN = repeat-
associated non-ATG; rp-PCR = repeat-primed PCR; TDP-43 = TAR DNA-binding protein 43.
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link between abnormal TDP-43 and C9ORF72 expansion is
currently under extensive investigation. The collaborative study
group led by Rothstein recently provided evidence that nuclear
accumulation of CHMP7, a critical mediator of nuclear pore
complex (NPC) function, is sufficient to cause TDP-43 mis-
localization to the cytoplasm and subsequent dysfunction.
Impaired nuclear export of CHMP7 led to reduced expression
of NPC components and contributed to TDP-43 mislocaliza-
tion, dysfunction, and downstream deficits in neuronal survival.
CHMP7 expression was also found to be elevated in post-
mortem neuronal tissue of patients with C9ORF72 ALS.18

Approximately 50%–60% of patients with ALS will develop
frontotemporal dysfunction, ranging from dementia (FTD)
to one or more problems with neuropsychological, language,
or speech function. These are collectively known at the
frontotemporal spectrum disorders of ALS and are discussed
in greater detail below. Anatomically, sporadic FTD and
C9ORF72-FTSD have similar morphologic changes in the
brain, with atrophy of the anterior insula, anterior cingulate,
amygdala, and striatum; those with C9ORF72-FTSD, how-
ever, display more involvement of the medial pulvinar thala-
mus. Increased cerebellar atrophy has also been shown in
C9ORF72-FTSD and ALS, though less consistently.17

Pathogenesis and Allele Size
There is debate surrounding both the pathogenic allele size
for C9ORF72-ALS and the correlation of size of the expan-
sion and disease severity. Pathologic expansions are typically
hundreds to thousands of repeats in length, although disease
has been seen with smaller expansions. Alleles with greater
than 30 repeats are generally considered pathogenic for
C9ORF72-ALS5; yet, although relatively rare, intermediate-
length alleles of 20–30 repeats may increase the risk for
C9ORF72-ALS19-21 and parkinsonism.22 C9ORF72 expan-
sion size has been suggested to correlate with age at onset of
ALS23,24—an association common in many neurologic repeat
expansion diseases—other studies, however, have failed to
demonstrate this.10,25 One of the confounding factors for both
of these debates is the somatic instability of the expansion,
specifically that the repeat size is highly variable from tissue to
tissue, often with a significant increase in size in the CNS in
comparison to blood-derived DNA, which most studies are
based on.26 A second factor is the variety of testing modalities
that make determining the size of the expansion often un-
reliable or incomparable.

The secondary structure of the C9ORF72 expansion has been
shown to contribute to expansion and contraction of repeat
lengths27 and cause cell-to-cell transmission of dipeptide re-
peat proteins (DPRs),28 which are found in aggregates
throughout the CNS of C9ORF72 patients.29,30 Conceivably,
then, just a small population of cells with pathogenic
C9ORF72 expansions could be present in the CNS and ini-
tiate the disease process. Such somatic variations would be
missed by routine blood DNA testing that evaluates germline
cells. A recent report found no evidence of C9ORF72

expansion in spinal cord tissue of patients with ALS negative
for C9ORF72 expansions31 providing further support that
normal C9ORF72 expansions are stable26 and expansion in-
stability occurs only when restricted to expanded alleles.32

Repeat length variability in tissues of patients with very large
C9ORF72 expansions has been reported,26 but as these
studies suggest pathogenic expansions likely occur in most if
not all cells. It remains unclear whether an exact number of
repeats trigger disease or whether other factors are more
important than repeat length.

Pathophysiology of C9ORF72 Expansion
Several mechanisms are hypothesized to explain C9ORF72 ex-
pansion pathogenesis, with RNA toxicity and repeat-associated
non-ATG (RAN) translation being the 2 major ones (Figure 1B
and Figure 1C), and loss of C9ORF72 function likely of lesser
importance (Figure 1D). C9ORF72 transcript levels and protein
expression are decreased in patients with C9ORF72 ALS/
FTD,4,33,34 yet neurodegenerative features are not found in loss
of function models.35-37 C9ORF72 expansion occurs within an
intron and therefore undergoes canonical transcription. Toxic
gain of function occurs when expansion RNA transcripts block
the transcription of other genes by sequestering RNA-binding
proteins.38-41 Products from RAN translation of C9ORF72
expansion can also exert deleterious effects on cellular pro-
cesses. First discovered in spinocerebellar ataxia type 8 and
myotonic dystrophy (DM1), RAN translation is now known to
occur in many microsatellite expansion–related diseases, in-
cluding C9ORF72-ALS/FTD.29,42-44 RAN translation begins
in hairpin forming expansion regions independent of the ca-
nonical ATG start codon. Multiple RAN products can be
produced from different reading frames as expansionmutations
are often bidirectionally transcribed.42,45 RAN proteins can
cause cytoplasmic mislocalization and block splicing of genes
related to mitochondrial, neuronal, and pre-mRNA splicing
function.46 In addition, they can disrupt the ubiquitin proteo-
some system, form aggregates trapping macromolecular com-
plexes, and cause vesicle and endoplasmic reticulummembrane
deformation.47,48 The contribution of individual RAN proteins
to disease is unclear. C9ORF72-RAN protein expression is
toxic in zebrafish49 and induces neurodegeneration in
mice.47 In particular, the arginine-containing proteins (pol-
yPR and polyGR) show the greatest toxicity.38,50 These
C9ORF72-RAN toxicity studies used repeat lengths of fewer
than 90 units, whereas human C9ORF72 disease often in-
volves repeat lengths in the hundreds to thousands. Con-
tinued investigation is necessary to better define the
structure and pathogenesis of C9ORF72-RAN proteins.

C9ORF72 Expansion and Nuclear Transport
Compositional changes to the NPC occur early in C9ORF72
disease with associated reduction in NPC expression and
cytoplasmic mislocalization of componentry.51 Critical in
maintaining overall cellular function, disruption of the NPC
and nuclear export influences neuronal viability and is a
common feature in neurodegenerative disorders. C9ORF72
expansion disrupts nucleocytoplasmic transport either via
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direct interaction of C9ORF72 RNA fragments with nuclear
pore proteins or through RAN protein disruption of the NPC.
PolyPR-containing RAN proteins bind to regions enriched in
phenylalanine/glycine repeats within the complex, thereby
plugging the pore and blocking nuclear export.52 Whether
nuclear transport deficits are a cause or consequence of
other cellular events in C9ORF72 disease is actively being
investigated.

C9ORF72 Testing Methods
Clinical testing for C9ORF72 has been available since 2012.53

Reliable and consistent analysis of the C9ORF72 expansion
across multiple laboratories, however, has proven to be
problematic with a high incidence of both false-positive and
negative test results.54 The characterization of the C9ORF72
expansion is complex due to its GC-rich DNA region and the
presence of sequence variations at the 39 end of the repeat

region.55 This creates a challenge for utilization of conven-
tional PCR-based fragment analysis, and therefore, at a min-
imum, a combination of gene-specific and RP-PCR is needed
for the assessment of large repeat expansions. RP-PCR was
first developed in 1996 as an approach to detect the CAG
repeat expansion in the DMPK gene that causes DM1.56 RP-
PCR is essentially a 3-primer PCR, where one primer flanks
the repeat, another is complementary to the repeat with a tail,
and a third binds within the repeat region. This generates a
heterogeneous mixture of fragments differing in size by 1
repeat that are then analyzed via capillary electrophoresis
(CE) (Figure 2). Because of CE size constraints, the maxi-
mum fragment size that can be analyzed by PCR is 145 repeats
in length, anything larger must be evaluated with Southern
blot. The capability to size larger repeats makes Southern blot
the advocated gold standard; however, it is may not detect
small or intermediate expansion, and few laboratories offer
it.57 Interpretation of expansion size is inconsistent among
laboratories with cutoffs for normal, intermediate, and

Figure 1 Proposed Mechanisms of C9ORF72 Expansion

(A) The C9ORF72 gene contains a polymorphic hexanucleotide (GGGGCC) repeat in a noncoding region. (B) RNA transcripts with the C9ORF72 repeat
expansions are produced by both sense and antisense transcription, resulting in the accumulation of nuclear and cytoplasmic aggregation of both sense and
antisense repeat-containing RNA. Repeat-containing RNA can cause sequestration of essential RNA-binding proteins leading to defects in pre-mRNA splicing.
(C) Expansion repeat is a substrate for non–ATG-dependent translation event that generates dipeptide repeat proteins that cause toxicity through aggre-
gation and altering multiple essential cellular functions. (D) Repeat expansion can interfere with transcription and cause downregulation of C9ORF72 gene
expression and loss of C9ORF72 protein function. Adapted fromGitler et al. There has been an awakening: Emergingmechanisms C9orf72mutations in FTD/
ALS. Brain Res. 2016;1647.
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expanded alleles varying significantly.58 Most laboratories do
not report allele sizes within the normal range due to inability
to detect fewer than 25, and what constitutes a pathogenic
allele size may vary from lab to lab. (Figure 3). Amplicon-
length analysis using primers flanking the repeat motif can
resolve ambiguous cases where sequence variants interfere
with PCR results. Combining amplicon-length analysis and
bidirectional 59 and 39 RP-PCR is recommended for greatest
sensitivity and specificity.54,55 Several laboratories offering
certified C9ORF72 testing are listed in the Table.

Recommendations for C9ORF72
Genetic Testing
Clinician surveys reveal a growing consensus (;93%) to offer
genetic testing to patients with familial ALS.57 Whether to
extend testing in cases of sporadic ALS is less clear. With the
growing availability of clinical trials for C9ORF72-ALS, and
very recently FTD, testing should be offered to any patient
diagnosed with either condition, particularly of European
ancestry.57 Recent studies identified the C9ORF72 expansion
as accounting for 75%–79% of pathogenic variants in ALS. It

Figure 2 Variable

(A) RP-PCR/CE representative profile for a heterozygote normal range repeats denoted by the arrows indicate repeat with corresponding size below (2 and
10). (B) RP-PCR/CE fragment representative of a normal expanded repeats of (2 and 27), note the diminishing signal peak as the repeat becomes larger. (C) RP-
PCR/CE representative of an expanded repeat greater than 30.

Figure 3 Variable Interpretations of the C9orf72 Hexanucleotide Repeat Number Among Commercial Laboratories

Jennifer Roggenbuck. Neurol Genet.
2021;7:e542.
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is becoming increasingly evident, therefore, that at least in US
clinics, the prevalence of pathogenic variants in genes other
than C9ORF72may be much lower than originally thought.16

Presymptomatic testing may be considered for adult relatives
of patients with C9ORF72 disease, but only when combined
with extensive genetic counseling and psychological as-
sessment. The limitations of testing should be emphasized
as the penetrance of C9ORF72-related disease remains
unclear. A few studies report a penetrance of 80%–90% by
age 80 years, yet others report a much lower rate.6,59,60

Clinical guidelines for C9ORF72 testing in both sporadic
and familial ALS/FTD might allow us to better understand
the incidence of C9ORF72 expansion in our diverse pop-
ulation and guide decision making for testing affected
persons of non-European descent, in which the incidence
rates are likely significantly lower.

C9ORF72 ALS
Clinically, patients with C9ORF72 ALS are relatively in-
distinguishable from nonexpanded patients, with a few
exceptions. One of the most obvious is the increased risk
among patients with a family history of ALS or FTD,
particularly in those of Caucasian ethnicity. A second ex-
ception is the coexistence of cognitive and behavioral
impairment—most commonly behavioral variant FTD
(FTDbv), which is seen in about 50%.e1-e3 There is a
reported increased risk of bulbar-onset ALS (up to
40%),e2,e3 although this has not been supported in all
cohorts.10,e4 The age at onset ranges from the 2nd to the
9th decades, with a peaked age-related prevalence in the
5th decade.59 Penetrance is high, although incomplete, and
is estimated to be 80%–90% by age 80 years.6,e5 Duration
of disease (from onset to death) is comparable to that of

patients with ALS without C9ORF72 expansions, although
on average, death occurs earlier by 1.8 years.e3

Nonmotor Symptoms in ALS
The most common nonmotor symptom in patients with ALS
is bvFTD. The other FTD subtypes, semantic and progressive
aphasia, are uncommon in patients with ALS.e6 FTDbv is
diagnosed clinically based on established criteria and is
characterized by progressive deterioration of personality, so-
cial norms, and cognition.e7 Ultimately, FTD is caused by
frontotemporal lobar degeneration (FTLD), which is a
pathologic diagnosis based on the presence of proteinaceous
inclusions containing either tau or TDP-43 proteins found in
neural tissue at autopsy. Frontotemporal lobe spectrum dis-
order (FTSD) represents a lesser degree of symptoms,
manifesting as apathy, disinhibition, compulsivity, loss of
empathy, and executive dysfunction.e8,e9 Screening tests for
elements of FTD/FTSD have been developed for use in ALS
clinics.e10,e11

Among patients who present with dementia and fulfill the
criteria for FTD, about 15% also have motor features con-
sistent with ALS or develop such over a short time.e12 Among
patients with ALS, a lesser percentage fulfill the criteria for
FTD, and a larger number have elements of FTSD—in 274
patients with ALS assessed with a clinical screening tool, 6.5%
had a score consistent with FTD and 54.2% consistent with
FTSD.e13 FTSD symptoms usually begin a few years before
onset of weakness but are frequently unrecognized by the
family.

Patients with ALS can develop psychiatric disease including
mood (13.7%) and neurotic (6.2%) disorders and rarely
personality disorders and schizophrenia.e14 Schizophrenia in
the form of a single, late-onset psychotic episode occurring

Table Commercial C9ORF72 Testing Laboratories

Name Method
Turnaround
time Website

UCSF RP-PCR and Southerna 4–6 wk testmenu.com/UCSFClinLab/Tests/811648

Labcorp RP-PCRb 2–4 wk labcorp.com/tests/620017/c9orf72-genetic-testing-repeat-expansion

MAYO Clinic Laboratories RP-PCRc 5–11 d mayocliniclabs.com/test-catalog/Overview/35377

Invitae RP-PCRd 10–21 d invitae.com/pt/physician/tests/444002/#info-panel-assay_information

Athena Diagnostics RP-PCRe 14–21 d athenadiagnostics.com/view-full-catalog/c/c9orf72-dna-test

Prevention Genetics RP-PCRf 10–12 d preventiongenetics.com/testInfo?
val=C9orf72+Gene+Hexanucleotide+Repeat+Expansion

Fulgent Genetics RP-PCRC 2 wk fulgentgenetics.com/repeatexpansion-c9orf72

Abbreviation: RP-PCR = repeat-primed PCR.
a Reference normal >30.
b Maximum reportable sizing 65 repeats.
c Can provide size up to 145 repeats.
d Sizing accuracy expected to be ±1 repeat alleles greater than or equal to 31 repeats.
e Reference range: normal <21 repeats.
f Assay designed to only detect pathogenic expansions.
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1–5 years before onset of ALS although has been observed in
population-based studies. Other symptoms include drug use/
abuse and suicide. All are present a long period before onset of
weakness.e15 Similarities also exist between symptoms of
bvFTD and those in autism spectrum disorder (ASD), in-
cluding social isolation, obsessive compulsion, inflexibility,
and stereotypy of speech.e16

Whether there is an increased incidence of nonmotor symp-
toms in patients with ALS and relatives with C9ORF72 ex-
pansions, particularly psychiatric symptoms, is difficult to
answer with precision. Although C9ORF72 expansion is the
most common genetic abnormality associated with ALS, the
percentage is only moderately high and varies among pop-
ulations; thus, the number of patients and families available
for study is relatively small.e14,e17 C9ORF72 expansion size
varies among patients with ALS. There is also variable ex-
pression of expansion size within different tissues from a pa-
tient (blood and brain). There does not appear to be a
phenotypic correlation with expansion number and ALS or
FTD/FTSD.17

When investigating the incidence of dementia in family
members, the type of dementia is not commonly assessed
rigorously for type. In both patients and family members,
psychiatric symptoms can bemissed as they are frequently not
diagnosed. Furthermore, the incidence of any psychiatric
disorder in the general population is relatively high, and
methods of query for these disorders vary, making compari-
sons among studies and robust generalizations difficult.

C9ORF72 Expansions in PatientsWith
ALS and FTD/FTSD and Families
Nonmotor symptoms occur in patients with ALS with and
without C9ORF72 expansions. In a study of 60 patients with
ALS and FTD, ;20% had repeat expansions, and 80% had
normal repeat numbers.e18 The associations below are con-
sidered statistically significant.

An Australian study involving 89 patients with the diagnosis of
FTD and ALS and 1,414 first- and second-degree relatives
found the following associations: among patients with FTD,
32% had a family member with ASD, whereas only 9% with
ALS had an affected family member. Comparing other psy-
chiatric disorders, in patients with FTD or ALS, there were no
differences in the percentages of family members with a
psychotic, mood, or bipolar disorder or risk of suicide. Family
members of patients with FTD and patients with ALS were
more likely to have any psychiatric disorder if the family had
C9ORF72 expansions.e19

In a study of 127 patients with ALS and 2,116 first- and
second-degree relatives from an Irish ALS registry, the fol-
lowing were noted: 61% of patients with ALS reported greater
than one first- and second-degree relative with psychiatric

symptoms, in contrast to 38.6% in a control population.
Among families with greater than 3 affected family members,
the diagnostic breakdown was schizophrenia, suicide, autism,
and alcoholism. All patients with ALS with a C9ORF72 ex-
pansion had 1 family member with psychiatric diagnoses, and
in those with 3 or more affected members with psychiatric
diagnoses, only 20.7% had an expansion. The data support a
strong connection between ALS and psychiatric disorders, but
the presence of a C9ORF72 expansion did not associate with
greater numbers of affected family members. Of note, de-
pression was not overrepresented in patients with ALS.e16

A study based on a Scottish national motor neuron disease
(ALS) registry used a uniform 4-generation family history to
assess dementias and psychiatric disorders in the patient and
family and also included assessment for frontotemporal lobe
dysfunction.e9 Determination of C9ORF72 repeat expansion
was available for 84.9% (256/305), and 9.3% had disease-
causing expansions. Among the patients with ALS, FTD was
identified in 5.6% and FTSD in 51.1%, with apathy the most
common behavioral change in 29.7%. A family history of
dementia was reported in 29% (76/266). The above associ-
ations were not linked with C9ORF72 status, and cognitive
and psychiatric features in patients and family members were
felt to represent a general overlap or continuum with these
conditions and ALS.

Movement Disorders
Initial studies of patients with C9ORF72 ALS/FTD noted the
presence of additional motor symptoms with parkinsonian fea-
tures, suggesting that C9ORF72 expansion could cause a more
heterogeneous syndrome.e20-e22 Movement disorders occur
frequently in patients withC9ORF72 expansion and can precede
the diagnosis of ALS/FTD.Movement disorders can also be the
initial or sole manifestation of C9ORF72 expansion.e23 Parkin-
sonism is a prevalent (;40%) feature of C9ORF72-ALS/FTD,
particularly in those with bvFTD where prevalence can increase
to 75%.e20C9ORF72 expansion–associatedmovement disorders
are clinically heterogeneous and frequently found in combina-
tion. Tremor and parkinsonism were the most frequent move-
ment disorders reported in a recent cohort study.e23 Although
there are no consensus guidelines, several studies provide sup-
port for testing for C9ORF72 expansion in persons presenting
with parkinsonism, tremor, distal myoclonus, cervical dystonia,
and chorea with orofacial involvement in the setting of familial
neurodegenerative conditions.

C9ORF72 Expansion Carriers, Typical Parkinson
Disease, and Parkinsonism
There is no evidence that C9ORF72 positivity (as defined by
>60 repeat units) contributes a significant risk for Parkinson
disease (PD). Yet, several studies have shown an increased
risk associated with intermediate repeat expansions (20–30
units).e24,e25 The clinical significance of this finding is limited
due to the relatively small number of cases, and further studies
are needed to explore this correlation. Likely, there are
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disease-modifying genetic and environmental factors pre-
sent that may partially explain the inconclusive link be-
tween C9ORF72 expansion number and PD. Of interest,
patients with PD with intermediate expansions appear to be
quite Dopa responsive, which is not the case in most
C9ORF72 patients harboring larger expansions and dis-
playing parkinsonian features as part of a more complex
phenotype.e20,e24,e26

Patients with C9ORF72-FTD/ALS who develop parkinson-
ism often present with the typical symptoms of asymmetric-
onset akinetic rigidity with prominent bradykinesia and little
or no tremor.e20,e28 On average, patients with C9ORF72-
FTD/ALS with parkinsonism present at a younger age (;52
years), with parkinsonian signs typically manifesting in the
first 2 years of disease and even earlier in familial FTD/ALS
cases.4,e20,e28 In a review of 45 C9ORF72 patients with par-
kinsonism, the syndrome consisted of hypokinetic rigidity
without resting tremor (61%) with both asymmetric (59%)
and symmetric (41%) distributions. Additional features in-
cluded upper motor neuron signs (60%), lower motor neu-
ron signs (36%), cognitive dysfunction (85%), behavior/
personality changes (55%), and psychiatric symptoms (29%).
Family history yielded evidence of ALS (31%) and FTD
(21%).e28

Among the few histopathologically confirmed studies, the
presence of parkinsonism in C9ORF72 patient correlated
with TDP-43 and p62 pathology within the basal ganglia.
Across 2 large studies of autopsy-proven PD (pooled
sample size >800 patients), just 1 C9ORF72 expansion
carrier (>30 units) had both typical PD (diffuse Lewy
bodies throughout the neocortex and TDP-43 pathology
with FTLD) and C9ORF72-mediated pathology consisting
of p62-positive, TDP-43–negative neuronal cytoplasmic
inclusions in the hippocampus and cerebellar granule
cells.e26,e29 The distinct pathology in the substantia nigra in
these cases suggests a unique mechanism for C9ORF72-
mediated parkinsonism.e29,e30

C9ORF72 and Atypical Parkinsonian Syndromes
The prevalence of C9ORF72 expansion in atypical parkinso-
nian syndromes is difficult to determine based on only a few
case reports and small cohort studies. C9ORF72 expansion
has been found in patients with dementia with Lewy bodies,
corticobasal syndrome, and progressive supranuclear palsy. It
has been suggested, however, that these cases constitute in-
complete diagnoses as ALS/FTD signs are often absent in the
beginning.e27,e28,e31

C9ORF72 expansion is now recognized as the leading genetic
cause of Huntington-like (Huntington disease [HD]-like)
disease, which is clinically indistinguishable from HD but
without the diagnostic CAG repeat expansion in the HTT
gene.e32,e33 Further neuropathologic studies elucidating
whether C9ORF72-mediated pathology occurs in HD-related
brain regions are needed; however, there does not appear to

be a causal relationship between C9ORF72 expansion and
HD. That C9ORF72 expansion can cause HD-like disease
does support the findings that atypical movement disorders
including chorea, dystonia, tremor, myoclonus, and rigidity
can be present among C9ORF72 expansion carriers.e33 With
limited cases, it is unclear if there is age-related penetrance or
disease anticipation. It is feasible that even intermediate-
lengthC9ORF72 expansions can interact with repeats of other
genes, thereby altering the phenotypic presentation of HD
and other repeat disorders.e34-e37 Conversely, the repeats of
other disease-causing expansions can interact with and in-
fluence the C9ORF72 phenotype.e36

C9ORF72 Mouse Models
There are several mouse models probing the pathogenic
mechanism of C9ORF72 expansion. As discussed previously,
the pathogenesis of C9ORF72 expansion is thought to be due
to loss of C9ORF72 function, gain of toxicity from expansion
RNA, or via products of RAN translation. Likely, there is a
synergetic effect among these processes, which may also be
disease or tissue specific given the heterogeneity that is ob-
served across similar repeat lengths.

Gain of Toxicity Models
Transgenic mouse models carrying the intronic C9orf72 ex-
pansion have been generated by several groups.35,e38,e39 Al-
though all develop molecular characteristics of ALS/FTD,
only 2 models reported behavioral and pathologic pheno-
types.35,e40 The model backgound appears to exert influential
effects on phenotype. In the C57 black 6 (C57Bl/6) back-
ground C9orf72 expansion resulted in age-dependent cognitive
deficits and mild hippocampal neuronal loss at 12 months.
Conversely, on the Friend Virus B NIH Jackson (FVB/NJ)
background C9orf72 expansion resulted in length and dose-
dependent phenotypes, includingmotor dysfunction and ALS/
FTD neurodegenerative features.e40 Consistent with human
disease, there is variable penetrance in these animals, with some
developing acute disease (;30%) and others showing milder,
slowly progressing phenotypes (;40%) or no detectable
phenotype (;25%). End-stage, acutely affected mice had se-
vere hippocampal and cortical degeneration, weakness, and
paralysis of one or both hindlimbs. Motor neuron loss, neu-
roinflammation, gait abnormalities, decreased survival, and
aggregation of RAN proteins were detectable in both acutely
and slowly progressing mice.e40 These mice (FVB C9-500)
were deposited at The Jackson Laboratory (JAX) in 2017 and
are available to the research community. To note, follow-up
studies with these mice have shown disparate phenotypes, in-
cluding the absence of survival and motor deficits,e41 with this
difference being ascribed to differing research methods.e42 A
recent study did show a robust ALS/FTD phenotype in this JAX
FVB C9-500 cohort that was prevented with an antibody against
the poly-GAdipeptideRANproteins. This study provides support
not only for the relevance of this model for study but also that
RAN protein pathology is a driving mechanism for C9ORF72
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disease.e43 Other groups have now also reported decreased sur-
vival and similar findings in these JAX FVB C9-500.e42,e44

Loss of Function Models
Loss of C9orf72 in zebrafishe45 and Caenorhabditis eleganse46

causes motor deficits, whereas there is no neurodegenerative
phenotype in mice with reduced or eliminated expression
of C9ORF72. Decreased lifespan is seen in these animals
resulting from age-dependent abnormalities independent of
the nervous system, including splenomegaly and lymph node
enlargement.35-37 The selective elimination ofC9ORF72 from
neurons and glial cells, at least in mice, does not cause motor
neuron degeneration, motor deficits, or disease.e47 An un-
resolved question has been whether reduced C9ORF72
production from the affected allele synergizes with gain of
toxicity mechanisms from repeat expansion to drive disease.
To better understand this, one groupe48 developed a cohort of
mice in which neither, one, or both endogenous C9orf72 al-
leles are inactivated and express transgenes encoding either 66
repeats or a 450 repeat-containing C9orf72 gene that does not
encode the C9ORF72 protein. Reduction or elimination of
C9ORF72 protein resulted in early accumulation of
DPR proteins, cognitive deficits, and hippocampal neural

degeneration. Both genotypes in the reduction or absence of
C9ORF72 had reduced lifespan. These studies support the
ALS/FTD C9ORF72 model that pathogenesis is a result of
reduced C9ORF72 function synergizing with repeat-
dependent gain of toxicity (Figure 4).

Clinical Trials
There are several compounds that have entered the pipeline
and are progressing toward clinical use. Most of these thera-
peutics use antisense oligonucleotides (ASOs) targeting the
sequences adjacent to the HRE in the first intron of the
C9ORF72 pre-mRNA. Doing so can direct degradation of
repeat-containing RNAs, without lowering the level of
C9ORF72 protein encoding mRNA.35 A phase 1b/2a trial
(FOCUS-C9) is currently investigating the safety and toler-
ability of an ASO selectively targeting transcriptional variants
containing the HRE expansion (G4C2), thereby sparing
C9ORF72 protein. The study has recently been opened to
patients with C9ORF72 ALS/FTD. Preclinical work dem-
onstrated knock down of repeat-containing transcripts in the
spinal cord and cortex and knock down of 80% of DPRs in the

Figure 4 Synergistic Effect of C9ORF72 Gain of Toxicity and Loss of Function

Loss of C9orf72 function exacerbates the accumulation of poly-dipeptide repeat proteins and leads to cellular toxicity. ZhuQ, et al. Reduced C9ORF72 function
exacerbates gain of toxicity from ALS/FTD-causing repeat expansion in C9orf72. Nat Neurosci. 2020;23(5):615–624.
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cortex. These results persisted for at least 6 months. Simi-
larly, Biogen has an ongoing phase 1 trial with BIIB78, an-
other ASO shown to knock down toxic mRNA while
preserving normal C9ORF72 protein. Preclinical studies
showed that a single IV dose reduced toxic RNA and di-
peptide aggregates and attenuated behavioral and cognitive
deficits.35

Alector, Inc. recently announced that patients with C9ORF72
ALS have been dosed in a phase 2 study evaluating the safety
and efficacy of AL001, a monoclonal antibody designed to
elevate progranulin levels in the brain. There is also a phase 2
study enrolling symptomatic patients with C9ORF72 FTD.
Progranulin is a key immune modulator in the brain, and low
levels of progranulin are associated with TDP-43 aggregation.
AL001 has shown encouraging results in patients with FTD
who harbor progranulin mutations, increasing progranulin
levels and normalizing cerebral inflammatory markers. The-
oretically, if inflammation can be normalized and TDP-43
aggregation decreased in patients with C9ORF72 ALS/FTD,
this may represent a novel therapeutic approach that is ex-
pansion independent.

Highlights
C9ORF72 expansion is the most common genetic cause of
ALS/FTD in European and North American populations,
with the haplotype likely arising from a single founder.
Recent studies, however, highlight the importance of
recruiting a more diverse population of affected individuals
to better understand the worldwide prevalence and geo-
graphic variance.

There is growing recognition that in addition to ALS/FTD,
C9ORF72 expansion likely contributes to a spectrum of dis-
orders. Movement disorders, particularly parkinsonism, are
frequently observed in C9ORF72 expansion carriers and can
precede the onset of ALS/FTD symptoms or present in iso-
lation. While there does not appear to be an association be-
tween C9ORF72 pathogenic expansion and Parkinson
disease, it is the most frequent phenocopy of Huntington
disease.

The pathogenic mechanism ofC9ORF72 expansion is actively
being explored in various animal models. RNA toxicity and
products of RAN translation are thought to be leading con-
tributors; however, recent findings suggest reduction in
C9ORF72 synergizes with gain of toxicity from repeat ex-
pansion to cause early accumulation of DPR proteins and
neural degeneration.

With commercial testing widely available, consensus guide-
lines would help establish consistent repeat length inter-
pretations and address genetic testing and counseling for
patients and families with both familial and sporadic disease.
As C9ORF72 expansion targeted therapies are approaching

clinical approval, the offer and decision to test is even more
important.

Expansion targeting therapies are expected to enter the
clinic in the next few years with several studies having
recently opened to patients with C9ORF72 ALS/FTD.
These opportunities represent an exciting time for the
study of C9ORF72 disease and highlight the importance to
continue to advance our understanding of the mechanism,
prevalence, and natural history of C9ORF72-related
disorders.
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Abstract
Objectives
Vanishing white matter (VWM), an inherited leukoencephalopathy affecting the brain and the
spinal cord, is most often a childhood-onset progressive disorder, generally presenting with
ataxia. The adult-onset VWM is relatively rare with slowly progressive cognitive dysfunction
dominating the clinical presentation. We report a case of adult-onset VWM from the Indian
subcontinent.

Methods
Exome sequencing.

Results
A 58-year-old woman with young-onset diabetes and hypertension presented with gradually
progressive cognitive decline beginning at age 40 years. She had early and predominant ex-
ecutive dysfunction and emotional lability and late involvement of memory and navigation. In
addition to cognitive dysfunction, the patient experienced bladder and bowel incontinence
along with a spastic gait. She also had primary infertility and menopause at age 40 years. Two of
the patient’s sisters had primary infertility; one of them had urine and stool incontinence along
with gait disturbance. An MRI examination of the brain showed diffuse, symmetrical T2/fluid-
attenuated inversion recovery white matter hyperintensities. On genetic testing, the patient was
found to be homozygous for c.687T>G variation in the EIF2B3 gene.

Discussion
Adult-onset VWM is rare. Infertility in an adult patient with progressive cognitive decline
should raise a suspicion of VWM.
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Vanishing white matter (VWM) is an autosomal recessive
leukoencephalopathy affecting the brain and spinal cord,
typically presenting with childhood ataxia. The adult-onset
VWM is relatively rare with slowly progressive cognitive
dysfunction dominating the clinical presentation. We report a
case of a woman with VWM presenting as dementia and
infertility from the Indian subcontinent.

Case
A 58-year-old woman, a product of fourth-degree consanguin-
eous marriage, presented with a progressive cognitive decline
beginning at 40 years. At the onset, she experienced executive
dysfunction in the form of difficulty in planning and performing
official work. After 6–8 years, she developed difficulty in man-
aging finance, visuospatial disorientation, and emotional lability.
Later, she developed gradual recent memory loss, followed by
long-term memory loss. For the past 10 years, she experienced
progressive spastic gait and episodic bladder and bowel in-
continence; however, she was ambulatory and able to feed
herself. The patient had primary infertility and menometror-
rhagia with menopause at 40 years. Two of the patient’s sisters
had primary infertility, and one of them experienced a history of
urine and stool incontinence with gait disturbance. On exami-
nation, patient had anMMSE score of 13/30 with predominant
frontal and parietal dysfunction on detailed assessment. She had
upper motor neuron signs in all the limbs. Routine investiga-
tions including thyroid profile and vitamin B12 level were nor-
mal. Ultrasound pelvis showed small ovaries and uterus with
thin endometrial lining. The patient having presented at age 58
years, the hormonal assay was not conducted because it was less
likely contributory. An MRI examination of the brain (Figure)
showed diffuse, symmetrical leukoencephalopathy involving the
cerebral hemispheres. Genetic testing for the 5 eIF2B genes was
performed, and the patient was found to be homozygous for the
c687T>G in the EIF2B3 gene.

Discussion
The age at onset and clinical presentation of VWM is var-
iable severe encephalopathy in infancy, spasticity and

cerebellar ataxia in childhood, and cognitive decline and
spastic paraparesis in adulthood.1-4 The adult-onset cases
are being increasingly reported in the past 2 decades.4 The
oldest reported age of presentation is 66 years5

In adults, the disease generally has a chronic progressive
course with cognitive decline, psychiatric symptoms, and
motor signs, more frequent than cerebellar ataxia. Seizures
have been commonly reported in adult patients.2,3 Al-
though it is less common in late-onset cases, rapid neuro-
logic deterioration can occur with minor head trauma,
febrile infections, or delivery.1,2 In an adult series of 16
cases of VWM, symptom onset with the precipitating factor
occurred in 2 and clinical worsening in 6, and death after
stress-induced deterioration occurred in 2 cases.2

Adult-onset VWM is more frequent in female than male
patients.2 Wei et al. reviewed 33 female patients, older than
16 years and with genetically confirmed VWM. The mean
age at onset in these patients was 36.8 years (range: 16–66
years), which is similar to the age of presentation of our
patient. Impaired cognition (predominantly affecting exe-
cution and memory) was present in 20 patients with a mean
MMSE score of 19.5 (range: 4–27), motor dysfunction was
detected in 29 patients, and seizures were observed in 10
patients.3

The presence of ovarian failure with leukodystrophy (ovar-
ioleukodystrophy) has been reported in 62%–72.7% of adult
women with VWM.2,3 Secondary amenorrhea is commoner
than primary amenorrhea, infertility, and menorrhagia.2,3

Our patient had primary infertility, menometrorrhagia, and
secondary amenorrhea that clinched the diagnosis of VWM.

An MRI examination of the brain in VWM shows diffuse
white matter involvement with T1 hypointense and
hyperintensities similar to CSF signals on T2/fluid-
attenuated inversion recovery and proton density se-
quences.6 Corpus callosum is commonly involved in adult
patients. The affected white matter shows lactate and glu-
cose peaks on MRS.6 Over time, MRI shows progressive

Figure MRI Brain in Ovarioleukodystrophy

Axial MRI brain T2-weighted (A) and fluid-attenuated inversion recovery (FLAIR) (B) images show almost symmetrical confluent areas of hyperintense white
matter that appear hypointense on T1-weighted images (C). The FLAIR image also shows multiple foci of cystic degeneration within the hyperintense areas.
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rarefaction and cystic degeneration of the affected white
matter.

VWM is caused by mutations in any of the 5 genes (EIF2B1-5)
encoding the subunits of eukaryotic translation initiation factor
(eIF2Bα, β, γ, δ, and e) with EIF2B5 being themost commonly
mutated.2,3 Most cases of ovarioleukodystrophy reported in the
literature are due to mutations in EIF2B2, EIF2B4, and EIF2B5
genes.7 Overall, the mutations in the exon 3 of the EIF2B3 gene
are rarely reported.8 Our patient tested positive for ho-
mozygous mutation c687T>G in the EIF2B3 gene. This
variant has previously been reported in a homozygous state
in patients with VWM.8 There is no specific treatment
for VWM. Avoidance of stressful situations such as trauma
and active management of fever can prevent rapid
deterioration.

Conclusion
VWM should be considered in adults presenting with de-
mentia and white matter changes on brainMRI. Infertility and
menstrual abnormalities are other clues that should raise a
suspicion of VWM.
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Abstract
Objectives
4H leukodystrophy is a rare autosomal recessive hypomyelinating disorder characterized by
several combinations of motor dysfunction, abnormal dentition, and ophthalmic and endocrine
abnormalities. To date, only a single Korean case report of pediatric leukodystrophy caused by the
POLR1C sequence variation has been published, while there are no reports on the POLR3B,
POLR3A, or POLR3K variants.

Methods
Genetic tests of Korean sibling pairs with primary amenorrhea due to normosmic isolated
hypogonadotropic hypogonadism and cognitive or behavioral symptoms were performed by
whole-exome sequencing (WES). TheWES results were validated by direct Sanger sequencing.

Results
We identified biallelic variations in the POLR3B gene of p.Tyr685* and p.Tyr746Cys, which
have not been associated with 4H leukodystrophy. Both sequence variants lie in the hybrid-
binding domain of the protein RPC2. The protein structure analysis predicted that cysteine
substitution of the phylogenetically conserved amino acid tyrosine can cause destabilization.

Discussion
The siblings reported are the first POLR3B-related hypomyelinating leukodystrophy cases in
Korea. Our report expands the mutational spectrum of 4H leukodystrophy and suggests that it
is mandatory to consider its diagnostic possibility in adult patients presenting with primary
amenorrhea and mild cognitive or behavioral symptoms.
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Human RNA polymerase III (Pol III) defects reportedly cause
autosomal recessive hypomyelinating leukodystrophy com-
bined with hypodontia and hypogonadotropic hypogonadism
and are collectively termed as 4H leukodystrophy.1,2 The most

common genetic cause of 4H leukodystrophy is the POLR3B
gene (MIM #614381) encoding RPC2, which is the second
largest subunit of Pol III, followed by POLR3A, POLR1C, and
POLR3K variations.1-4 To date, only 1 pediatric leukodystrophy

Figure POLR3B Sequence Variation Analysis and Cerebral MRI Findings in a Korean Family With 4H Leukodystrophy

(A) Pedigree of the study family showing segregation of POLR3B variants; the proband is indicated by the arrow. A novel nonsensemutation (POLR3B c.2055T>A,
p.Tyr685*; indicatedbyblank arrows)was found in the 2 siblingsand theirmother,while amissensemutation (POLR3B c.2237A>G,p.Tyr746Cys; indicatedby solid
arrows) was present in bothpatients and their father. (B.a–d) BrainMRI of patient 1. Fluid-attenuated inversion recovery (FLAIR) axial images shownonenhancing
diffuse high-intensity areas involving the white matter of both cerebral hemispheres. T1-weighted sagittal image shows thinning of the corpus callosum and a
small pituitary structure. (C.a–d) Brain MRI of patient 2. The axial FLAIR, T2-weighted coronal and T1-weighted sagittal images reveal the confluent cerebral white
matter abnormalities predominantly involving the periventricular areas and descending tract with the small pituitary gland. (D) Ribbon diagram of human RNA
polymerase III (PDB ID: 7D59) and the mapping of the missense mutation (p.Tyr746Cys) in the boxed area. (E and F) Close-up view of the in silico predicted
structural models. The wild-type (TYR-746) andmissensemutation (CYS-746) are presented in green color (please refer to Table 2). (G) POLR3Bmutation lollipop
plot. Novel mutations found in our siblings (red) and published pathologic variants mapped onto the structural domains of the POLR3B gene.1,2,4,6
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case report with POLR1C variants has been published inKorea.3

In this study, we present the first Korean siblings with adult-
onset hypomyelinating leukodystrophy and hypogonadotropic
hypogonadism associated with biallelic POLR3B variations,
p.Tyr685* and p.Tyr746Cys. These variants have not yet been
reported as a part of this syndrome.

Case Presentation
Patient 1
The proband (II-1, Figure, A) is a woman who first visited our
neurology clinic at age 33 years with a 2-year history of pro-
gressive memory disturbance. She developed mild gait difficulty
and eventually resigned fromher job as a nurse 8months ago. She
had a medical history of primary amenorrhea, which was gyne-
cologically diagnosed as normosmic isolated hypogonadotropic

hypogonadism at age 20 years. Neurologic examinations revealed
a stooped posture with mild bilateral postural hand tremor and
spastic gait. Her Montreal Cognitive Assessment score was 24,
and she failed to complete the clock showing “10minutes past 11
o’clock” in the clock drawing test. Brain MRI findings revealed
diffuse hypomyelination with a small pituitary gland and thin
corpus callosum (Figure, B).

Patient 2
The first clinical manifestation of patient 2 (II-2, Figure, A),
the proband’s younger sister, was primary amenorrhea due to
normosmic isolated hypogonadotropic hypogonadism, which
was diagnosed at age 19 years. At age 30 years, a neurologic
examination revealed mild right hand dystonic posturing;
however, no other movement disorder or gait disturbance was
observed. She complained of forgetfulness and anxiety, while
neuropsychological tests did not reveal any cognitive

Table 1 Clinical Data and Laboratory Results of Study
Patients

Characteristic Patient 1 Patient 2

Current age, y/sex 34/F 32/F

Ethnicity Korean Korean

Initial neurologic
symptoms/onset age, y

Cognitive decline with
gait disturbance/31

Mild forgetfulness/30

Cerebellar features — —

Muscle strength Normal Normal

Deep tendon reflexes Mild hyperreflexia Normoreflexia

Epilepsy — —

Abnormal dentition — —

Ocular abnormality — —

Endocrine abnormality + +

FSH, mIU/mL 0.40 4.67

LH, mIU/mL <0.07 0.99

Estradiol, pg/mL 20.25 <9.0

Very long-chain fatty acid Normal Normal

Arylsulfatase A Normal Normal

Hexosaminidase A and B Normal NI

Beta-galactosidase Normal NI

Plasma lactate/pyruvate Normal/normal Normal/normal

Olfactory function Normal Normal

MMSE total score 27/30 30/30

MoCA total score 24/30 29/30

Abbreviations: CADD = combined annotation dependent depletion; CON-
DEL = CONsensus DELeteriousness score; FSH = follicle-stimulating hor-
mone; INPS = impact of non-synonymous mutations on protein stability; LH
= luteinizing hormone; MMSE = Mini-Mental State Examination; MoCA =
Montreal Cognitive Assessment; NI = not investigated; PROVEAN = protein
variation effect analyzer; SIFT = Sorting Intolerant From Tolerant program.

Table 2 In Silico Predictions of Pathogenicity and Protein
Stability of POLR3B Mutations

In silico prediction p.Tyr746Cys p.Tyr685*

CADDa (score) Deleterious (28.5)

SIFTb (score) Damaging (<0.00) —

Polyphen-2 HumDivc

(score)
Probably damaging (1.000) —

Polyphen-2 HumVarc

(score)
Probably damaging (0.999)

PROVEANd (score) Deleterious (−8.215)

Mutation Tastere Disease causing Disease
causing

DUETf (DDG) Destabilizing (−1.218 kcal/mol) —

CONDELg (score) Decrease the stability of protein
structure (0.873)

INPS3Dh (DDG) Reduced stability (−1.901 kcal/mol)

DynaMuti (DDG) Destabilizing (−0.749 kcal/mol)

I-Mutant 3.0j

(I-MutantDDG)
Destabilizing (−1.07 kcal/mol) —

a cadd.gs.washington.edu; if the CADD score is >20, the sequence variation is
predicted tobeamong the top1%ofdeleterious variants in thehumangenome.
b sift.bii.a-star.edu.sg; an SIFT score ranges from 0 to 1. If the SIFT score is
<0.05, the mutation is predicted to be damaging.
c genetics.bwh.harvard.edu/pph2; HumVar and HumDiv prediction values
range from 0 (benign) to 1.00 (probably damaging).
d provean.jcvi.org/seq_submit.php; if a PROVEAN score is <−2.5, the muta-
tion is predicted to have a deleterious effect.
e mutationtaster.org.
f biosig.unimelb.edu.au/duet; predicted stability change (DDG) expressed in
kcal/mol; DDG ≥0 as stabilizing and DDG <0 as destabilizing.
g bg.upf.edu/fannsdb; the CONDEL scores range from 0.0 (neutral) to 1.00
(deleterious).
h inpsmd.biocomp.unibo.it/inpsSuite/default/index3D; the negative and
positive protein stability change (DDG) values on single-point variation are
predicted to be destabilizing and stabilizing, respectively.
i biosig.unimelb.edu.au/dynamut; DDG ≥0 as stabilizing and DDG <0 as
destabilizing.
j gpcr2.biocomp.unibo.it/cgi/predictors/I-Mutant3.0/I-Mutant3.0.cgi; the I-
MutantDDG allows to predict whether a mutation can destabilize (the I-
MutantDDG <−0.5 kcal/mol) or largely stabilize (the I-MutantDDG >0.5 kcal/
mol) the protein.
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impairment. Confluent fluid–attenuated inversion recovery
and T2 high-intensity areas in the periventricular white matter
and a small pituitary structure were observed on her brain
MRI finding (Figure, C).

Clinical features and laboratory findings are summarized in
Table 1. No hirsutism, virilization, abnormal dentition, or oph-
thalmic abnormalities were reported in our cases. The extended
family history was unremarkable. After obtaining written in-
formed consents, genomic DNA was extracted from the blood
samples of patients 1, 2, and their parents. Whole-exome se-
quencing revealed compound heterozygosity for a novel non-
sense variation c.2055T>A (p.Tyr685*) and a missense variation
c.2237A>G (p.Tyr746Cys) in the POLR3B gene, which were
confirmed by direct Sanger sequencing (Figure, A). The clinically
unaffected parents were heterozygous carriers. There were no
mutations in the POLR3A, POLR1C, or POLR3K genes.2,3 The
nonsense c.2055T>A mutations were not found in the Korean
Variant Archive,5 the 1000 Genomes Project Database, ExAC,
dbSNP, or the Korean ReferenceGenomeDatabase (KRGDB).5

The missense c.2237A>G was present only in the heterozygous
state in the KRGDB at a very low frequency (rs1228870515,
minor allele frequency = 0.000582). In silico analysis using
combined annotation dependent depletion (CADD) SIFT, and
Polyphen-2 predicted these alterations to be pathogenic
(Table 2). Protein stability analysis of the missense c.2237A>G
(p.Tyr746Cys) determined that the cysteine substitution of the
phylogenetically conserved tyrosine can cause destabilization
(Table 2 and Figure, D–F).5,6 The present variations are located
in the RPC2 hybrid-binding domain, which binds the short Pol
III DNA–RNA hybrids.6 Several reported 4H leukodystrophy
cases carry variants throughout this domain (Figure, G).

Discussion
Our sibling pairs presented with primary amenorrhea in early
adulthood and therefore were initially evaluated in gynecology
and endocrinology clinics. Neurologic assessments were
delayed till several years later. The initial presentation of the
isolated hypogonadotropic hypogonadism and absence of ab-
normal dentition or cerebellar ataxia, which are the clinical
hallmarks of 4H leukodystrophy, is noteworthy and can be
clinically misleading. Moreover, anMRI examination of patient
2 showed confluent involvement confined to the periven-
tricular white matter, which is consistent with the previous
studies revealing that diffuse hypomyelination was not obliga-
tory for 4H leukodystrophy.7 Of interest adult-onset hypo-
gonadotropic hypogonadism without or with mild neurologic
or dental anomalies has been previously reported only in as-
sociation with the biallelic variations of the POLR3B gene.2,4 A
phenotypic variant related to several specific POLR3B muta-
tions can be considered in which the dental and cerebellar
symptoms manifest at a later course of the disease.2,4

In conclusion, the siblings reported are the first POLR3B-re-
lated hypomyelinating leukodystrophy cases in Korea. Our

report expands the mutational spectrum of 4H leukodystrophy
and suggests that it is mandatory to consider its diagnostic
possibility in adult patients presenting with primary amenor-
rhea and mild cognitive or behavioral symptoms.

Study Funding
This work was supported by the National Research Founda-
tion of Korea (NRF) grant funded by the Korea government
(MSIT) (No. 2021R1F1A1062478).

Disclosure
The authors report no disclosures. Go to Neurology.org/NG
for full disclosures.

Publication History
Received by Neurology: Genetics November 16, 2021. Accepted in final
form February 7, 2022. Submitted and externally peer reviewed. The
handling editor was Raymond P. Roos, MD, FAAN.

References
1. Perrier S, Gauquelin L, Fallet-Bianco C, et al. Expanding the phenotypic and mo-

lecular spectrum of RNA polymerase III-related leukodystrophy. Neurol Genet. 2020;
6(3):e425. doi: 10.1212/NXG.0000000000000425.

2. Richards MR, Plummer L, Chan YM, et al. Phenotypic spectrum of POLR3B muta-
tions: isolated hypogonadotropic hypogonadism without neurological or dental
anomalies. J Med Genet. 2017;54(1):19-25. doi: 10.1136/jmedgenet-2016-104064.

3. Han JY, Kim SY, Cheon JE, Choi M, Lee JS, Chae JH. A familial case of childhood
ataxia with leukodystrophy due to novel POLR1C mutations. J Clin Neurol. 2020;
16(2):338-340. doi: 10.3988/jcn.2020.16.2.338.

Appendix Authors

Name Location Contribution

Hui-Jun
Yang, MD,
PhD

Department of Neurology,
Ulsan University Hospital,
University of Ulsan College of
Medicine, South Korea

Drafting/revision of the
article for content, including
medical writing for content;
major role in the acquisition
of data; study concept or
design; and analysis or
interpretation of data

Gyeongmin
Park, MD,
PhD

Department of Radiology,
Ulsan University Hospital,
University of Ulsan College of
Medicine, South Korea

Drafting/revision of the
article for content, including
medical writing for content;
major role in the acquisition
of data; study concept or
design; and analysis or
interpretation of data

Il Seong
Nam-
Goong, MD,
PhD

Department of Internal
Medicine, Ulsan University
Hospital, University of Ulsan
College of Medicine, South
Korea

Major role in the acquisition
of data and analysis or
interpretation of data

Jun-Woo
Ahn, MD,
PhD

Department of Obstetrics
and Gynecology, Ulsan
University Hospital,
University of Ulsan College of
Medicine, Ulsan, South
Korea

Major role in the acquisition
of data and study concept or
design

Young
Cheol
Weon, MD,
PhD

Department of Radiology,
Ulsan University Hospital,
University of Ulsan College of
Medicine, South Korea

Major role in the acquisition
of data; study concept or
design; and analysis or
interpretation of data

4 Neurology: Genetics | Volume 8, Number 3 | June 2022 Neurology.org/NG

https://ng.neurology.org/content/8/3/e667/tab-article-info
http://neurology.org/ng


4. Billington E, Bernard G, Gibson W, Corenblum B. Endocrine aspects of 4H leuko-
dystrophy: a case report and review of the literature. Case Rep Endocrinol. 2015;2015:
314594. doi: 10.1155/2015/314594.

5. Jung KS, Hong KW, Jo HY, et al. KRGDB: the large-scale variant database of 1722
Koreans based on whole genome sequencing. Database (Oxford). 2020;2020:baz146.
doi: 10.1093/database/baz146.

6. Arimbasseri AG, Maraia RJ. RNA polymerase III advances: structural and tRNA
functional views. Trends Biochem Sci. 2016;41(6):546-559. doi: 10.1016/
j.tibs.2016.03.003.

7. La Piana R, Cayami FK, Tran LT, et al. Diffuse hypomyelination is not obligate for
POLR3-related disorders. Neurology. 2016;86(17):1622-1626. doi: 10.1212/
WNL.0000000000002612.

Neurology.org/NG Neurology: Genetics | Volume 8, Number 3 | June 2022 5

http://neurology.org/ng


CLINICAL/SCIENTIFIC NOTE OPEN ACCESS

On Spinocerebellar Ataxia 21 as a Mimicker of
Cerebral Palsy
Johanna van der Put,* Dalia Daugeliene, MD,* Åsa Bergendal, PhD, Malin Kvarnung, MD, PhD,

Per Svenningsson, MD, PhD, and Martin Paucar, MD, PhD

Neurol Genet 2022;8:e668. doi:10.1212/NXG.0000000000000668

Correspondence

Dr. Paucar

martin.paucar-arce@sll.se

Abstract
Objectives
Sporadic variants in ataxia genes may mimic cerebral palsy (CP). Spinocerebellar ataxia 21
(SCA21), a very rare autosomal dominant disease, was discovered to be associated with variants in
the transmembrane protein 240 (TMEM240) gene in 2014. In this report, we present 2 patients
with sporadic SCA21, one of them diagnosed with ataxic CP.

Methods
Patients provided oral and written consent. Comprehensive clinical evaluation, neuroimaging
studies, review of previous psychometric evaluations, and whole-genome sequencing were
applied in both cases.

Results
Both patients presented with early-onset ataxia and exhibited mild parkinsonian features.
Patient 1 experienced motor and speech delay, autism, and dyslexia, whereas patient 2 expe-
rienced dyslexia. Neuroimaging was normal in both cases. In patient 1, the previously reported
pathogenic c.509C>T (Pro170Leu) variant in TMEM240 was detected, whereas patient 2
harbored the novel c.182_188delinsGGAT (Val61_Pro63delinsGlyMet) variant in the same
gene. Both genetic variants were sporadic.

Discussion
Our findings support the notion that SCA21 is a neurodevelopmental syndrome and a mim-
icker of ataxic CP. Both lack of a family history of ataxia and congenital presentation were
reasonable arguments to consider ataxic CP. However, lack of convincing perinatal incidents,
progressive symptoms, and the common presence of cerebellar atrophy should alert neurol-
ogists about SCA21.
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Massively parallel sequencing has facilitated the diagnostics
of neurogenetic syndromes and contributed to reveal
mimickers of cerebral palsy (CP). Normal neuroimaging
studies in patients with putative ataxic CP may prevent the
pursue of extended workup. Spinocerebellar ataxia 21
(SCA21) is a rare autosomal dominant disease associated
with pathogenic variants in the transmembrane protein 240
(TMEM240) gene.1-7,e1,e2 In this report, we present 2 pa-
tients with sporadic SCA21, one of them diagnosed with
ataxic CP.

Methods
Patients provided both oral and written consent for this study
approved by the Ethical Committee in Stockholm. None of
the patients had a family history of neurologic disease. Clinical
findings are summarized in Table 1, see also eTable 1 (links.
lww.com/NXG/A526).

Patient 1 is a 36-year-old man initially diagnosed with motor
and speech developmental delay. He learned to walk at the

age of 2 years and started to talk at age 4 years. The patient
was able to use sign language before he developed a slurred
speech. He was born at term and contracted conjunctival
chlamydia infection at birth, but no other perinatal inci-
dents occurred. Coarse postural and action tremor was
noticed when the patient was at age 2 years. Subsequently,
head titubation, dysphonia, and dysmetria were found; a
brain CT scan was normal. During childhood, parents and
teachers noticed an impaired ability to communicate and
interact socially. At age 6 and 13 years, he went through
psychometric evaluation and was diagnosed with atypical
autism and dyslexia (eTable 1, links.lww.com/NXG/
A526). The patient was diagnosed with ataxic CP, attended
a special school, and has been working in a grocery store for
a long time. Relatives have perceived a slow motor pro-
gression, but because motor scales were not used during
childhood, it was difficult to ascertain it. The patient was
reevaluated at age 35 years and received a Scale for the
Assessment and Rating of Ataxia (SARA) score of 6, which
remained unchanged 1.5 years later. Other findings upon
an examination include rigidity, hypermetric saccades, left

Table 1 Main Features in 2 Swedish Men Affected With Sporadic SCA21 and Normal Neuroimaging

Phenotype features Patient 1 Patient 2

Current age/age at the last examination, y 36/36 19/18

Axial ataxia Yes Yes

Dysarthria Yes Yes

Age of motor onset, y 2 3

First symptom at onset Action and intention tremor Action and intention tremor

Motor and language development Motor and speech delay
Attended a special school

Normal
Attends a regular school

Neuropsychiatric features/other psychiatric findings Autism
Dyslexia

Dyslexia
Flattened affect

MoCA NA 29

Impaired smooth pursuit/nystagmus Yes/yes Yes/no

Other eye movement abnormalities Hypermetric saccades
Strabismus in the left eye

Hypermetric saccades
SWJ

Other motor features Prominent tremor
Mild rigidity in the armsa

Prominent tremor
Mirror movements
Mild posturing
Reduced arm swing and mild rigidity in the armsa

SARA score at the last examination 6 6

Progressive ataxia Lack of progression in 1.5 y Over time increased tremor

ENeG Normal Normal

MRI of the brain (age when performed) Normal (35 y) Normal (9 y)

Underlying variant in TMEM240 c.509C>T (P170L) c.182_188delinsGGAT (Val61_Pro63delinsGlyMet)

Abbreviations: ENeG=electroneurography;MoCA=Montreal Cognitive Assessment; NA=not assessed; SARA= Scale for the Assessment andRating of Ataxia;
SWJ = square wave jerks.
The variant c.182_188delinsGGAT in TMEM240 is novel, whereas c.509C>T is recurrent in patients with different ethnic backgrounds.
a Bradykinesia was absent in both patients.
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eye strabismus, foot pronation, and valgus deformity. EEG
and electroneurography findings were normal. Brain MRI
performed at ages 2, 17, and 35 years were normal. He is
currently treated with gabapentin with modest benefit for
his tremor.

Patient 2 is a 19-year-old man referred for increasing in-
tention and action tremor, which onset at age 3 years. Im-
paired dexterity during school made it difficult to write and
handle utensils. Brain MRI at age 9 years was normal. At age
10 years, he was diagnosed with dyslexia, and attention-
deficit/hyperactivity disorder was suspected but ruled out
during the workup. His intellectual ability was evaluated at
age 11 years using the Wechsler Intelligence Scale for
Children-IV and found to be normal, and screening with
Montreal Cognitive Assessment at age 18 years yielded 29
points. On an examination at age 18 years, the patient dis-
played axial ataxia, coarse postural and action tremor, titu-
bation, reduced arm swing, and rigidity but no bradykinesia.
His SARA score was 6 points; other findings included mild
posturing, mirror movements, nystagmus, slow, hypermetric
saccades, and flat affect. A new brain MRI was proposed, but
the patient declined it.

Genetics
Screening for neurometabolic disorders and array compara-
tive genomic hybridization yielded normal findings in both
cases. Data from whole-genome sequencing were analyzed
with an in silico gene panel for ataxia and related disorders
(560 genes) by filtering for rare, potentially pathogenic vari-
ants. In patient 1, the previously reported pathogenic
c.509C>T (Pro170Leu) variant in TMEM240 was detected,
whereas patient 2 harbored the novel c.182_188delinsGGAT
(Val61_Pro63delinsGlyMet) variant in the same gene. Both
variants were verified by Sanger sequencing. None of the
variants were present in blood samples from the parents and
were thus regarded as de novo.

Discussion
Pro170Leu (P170L) in TMEM240, identified in patient 1,
is the most common pathogenic variant found in SCA21
patients with various ethnic backgrounds; the phenotype in
patient 1 is in keeping with previous descriptions.3-6,e1,e2

Strabismus, as seen in patient 1, has been reported asso-
ciated with P170L.e1 None of our patients experienced
dystonia, chorea, myoclonus, or behavioral abnormalities,
as previously reported (eTable 1, links.lww.com/NXG/
A526).2-4,6,7,e1,e2 Both our patients exhibited mild parkin-
sonian features, which is in line with previous reports of
parkinsonism in patients with SCA21.2,3 Our findings add
support to the notion that SCA21 is a neurodevelopmental
syndrome and a mimicker of ataxic CP. Congenital pre-
sentation in some cases7,e1 and absence of a family history
of ataxia were reasonable arguments to consider ataxic CP.
Furthermore, transient improvement in a previous

reported case makes an evaluation challenging.6 However,
slow progression and lack of convincing perinatal incidents
should alert neurologists about SCA21 even when neuro-
imaging is normal, as reported in this work and previously.7

In most SCA21 cases, cerebellar atrophy has been
described.3-6 Finally, other mimickers of ataxic CP have
been reported with de novo variants in SPTBN2, associated
with spinocerebellar ataxia 5e3 and with variants in KCNC3
and ITPR1.e4
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Abstract
Objective
To describe a Filipino patient with adult-onset Sandhoff disease manifesting with an atypical
asymmetric lower motor neuron syndrome due to a novel wholeHEXB deletion in trans with a
pathogenic missense variant and with a coexisting MYH7 pathogenic variant.

Methods
We performed clinical, laboratory, myopathologic, and genetic evaluation with next-generation
sequencing in the proband and targeted mutational analysis in an asymptomatic sibling.

Results
A 59-year-old Filipino woman presented with 15 years of slowly progressive, asymmetric,
proximal-predominant, lower greater than upper extremity weakness, mildly elevated creatine
kinase, and generalized cerebellar atrophy. Serum total β-hexosaminidase was significantly
reduced, and hexosaminidase A percentage was increased. We identified a novel HEXB whole
gene deletion in compound heterozygosity with a pathogenic missense variant (c.1513C>T,
p.Arg505Trp) previously described in 1 patient with adult-onset Sandhoff disease. The patient,
with a family history of cardiomyopathy, has a coexisting MYH7 pathogenic variant
(c.3134G>A, p.Arg1045His), causative of cardiomyopathy but without cardiac involvement,
likely due to variable penetrance. Myopathic features were absent from skeletal muscle biopsy.

Discussion
This patient expands the genotypic, phenotypic, and ethnic spectrum of Sandhoff disease and
highlights challenges generated by low-penetrant pathogenic variants, especially when con-
sidering a potentially polygenic phenotype.
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Sandhoff disease (SD) is a rare autosomal recessive GM2 gan-
gliosidosis due to pathogenic variants in HEXB, encoding the β
subunit of β-hexosaminidase.1 Clinically, GM2 gangliosidoses
are indistinguishable and classified based on onset age: infantile
(most common, featuring hypotonia, exaggerated startle, spas-
ticity, seizures, blindness, and death before age 4), late infantile/
juvenile (onset between 2 and 10 years with psychomotor re-
gression, ataxia, spasticity, and seizures), and adult (least com-
mon, presenting with symmetric lower motor neuron (LMN)
syndrome, ataxia, tremor, dystonia, and/or psychiatric features).
Slow skeletal muscle/β-cardiac myosin heavy chain (MYH7)-
related disorders are similarly varied, including autosomal
dominant hypertrophic,2 dilated,3 and arrhythmogenic cardio-
myopathy4 and skeletal myopathies with or without cardiomy-
opathy.5 Herein, we describe a Filipino patient with a family
history of cardiomyopathy presenting with progressive, asym-
metric LMN syndrome due to adult-onset SD with compound
heterozygous HEXB pathogenic variants, including a novel
whole HEXB deletion, in addition to a coexisting MYH7 path-
ogenic variant.

Case Presentation
The proband is a 59-year-old woman born to nonconsanguineous
Filipino parents. At age 44 years, she developed slowly progressive,
proximal lower limbweakness andwithin 10 years proximal upper
limb weakness and muscle cramps. Her mother had congestive
heart failure (onset in seventies), and a 55-year-old brother had
hypertrophic cardiomyopathy (onset age 45 years) without
reported muscle weakness. Four additional brothers and 2 sisters
were asymptomatic.

Neurologic examination revealed asymmetric, proximal-
predominant weakness (Table 1). Laboratory, imaging,
electrodiagnostic, and myopathologic findings were as listed
(Table 1). Serum hexosaminidase profile suggested SD. Next-
generation sequencing panels of genes causative of lysosomal
storage disorders, common myopathies, and peripheral neu-
ropathies, including motor axonopathies (eTable 1, links.lww.
com/NXG/A521; performed at Invitae, San Francisco, CA, in
April 2021), identified a novel deletion of the full coding
sequence of HEXB and a missense variant (c.1513C>T,
p.Arg505Trp). The deletion, as other loss-of-function variants

Table 1 Neurologic Examination, Laboratory,
Electrophysiologic, andMyopathologic Features

Descriptive findings

Neurologic clinical findings

Mental status Normal

Language Normal

Cranial nerves Normal

Muscle bulk Atrophy of quadriceps, left > right

Tone Normal

Fasciculations None

Power (right/left)a,b Deltoids: 4/4; iliopsoas: 3/3
Infraspinatus: 4/4; quadriceps: 5/3
Triceps: 3/4; gluteus medius: 4/4
Pectoralis: 4/4; gluteus maximus: 4/4
Flexor digitorum profundi 4+/4+

Reflexes Absent left patellar reflex,
otherwise normal

Cerebellar Normal

Sensory Normal large and small fiber
sensation

Table 1 Neurologic Examination, Laboratory,
Electrophysiologic, and Myopathologic Features
(continued)

Descriptive findings

Gait Waddling gait, preserved heel- and
toe-walking

Laboratory evaluation

Creatine kinase 157–224 (normal <192 U/L)

Serum total β-hexosaminidase 0.8 nmol/min/mL (normal:
10.4–23.8 nmol/min/mL)

Hexosaminidase A % 100 (normal: 56%–80%)

Pulmonary function testing Normal

Overnight oximetry Consistent with sleep-disordered
breathing

ECG, 48-h Holter monitor Normal

Imaging evaluation

MRI of the brain and spine
with contrast

Cerebellar atrophy, generalized

Fluoroscopic swallowing study Normal

Transthoracic echocardiogram
with strain imaging

Normal

Electrodiagnostic evaluation

Nerve conduction studies Normal

Repetitive (2 Hz) nerve
conduction studies

Normal (ulnar, spinal accessory,
and facial nerves)

Needle electromyography Chronic neurogenic changes in
cervical, thoracic, and lumbar
myotomes with infrequent
fibrillation potentials in distal
lower limb muscles

Muscle histopathology

Right vastus lateralis biopsy
(age 49)

Denervation atrophy and minimal
nonspecific features (fiber size
variability and mildly increased
number of internalized nuclei)

Right triceps biopsy (age 59 y) Denervation atrophy and
reinnervation without myopathic
features

a Medical Research Council grading (5 = normal strength).
b Weak muscles listed only.
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inHEXB, is expected to be pathogenic. The missense variant
affects a highly conserved amino acid and was reported in
compound heterozygosity in 1 patient with adult-onset SD.1

In silico model predictions for this variant effect on protein
structure and function were conflicting (SIFT 0.00,
PolyPhen-2 probably damaging, and Align-GVGD Class
C0). The patient also carried an MYH7 pathogenic variant
(c.3134G>A, p.Arg1045His), segregating in families with
cardiomyopathy,2-4 but without abnormal cardiac findings.
Targeted mutational analysis in an asymptomatic sister with
normal neurologic examination demonstrated only the
wholeHEXB gene deletion, supporting the trans status of the
patient’s HEXB variants. This sister also carried the MYH7
variant without clinical correlate and normal ECG and
echocardiogram. The remaining relatives in the Philippines
were unavailable for evaluation.

Discussion
Adult-onset SD appears to be rare in the Filipino population.
The atypical asymmetric pattern of weakness from LMN
disease and the whole HEXB gene deletion occurring in
compound heterozygosity with an established pathogenic
missense variant are novel clinical and genetic findings, re-
spectively. Coexistence of an independentMYH7 pathogenic
variant is not reported in SD. Thus, our patient harbors
pathogenic variants in 2 genes causative of rare disorders
(double trouble), both potentially involving the neuromus-
cular system.

Hereditary adult-onset LMN disorders encompass various
disorders, including SD, Tay-Sachs disease, 5q- and non–5q-
SMA, Kennedy disease, and familial ALS. Adult-onset SD is

Figure 2 Muscle Biopsy Findings in Adult-Onset Sandhoff Disease

Hematoxylin and eosin–stained section (A) demonstrates a
group of atrophic muscle fibers (arrow). The atrophic fibers
overreact for nonspecific esterase (B) and in ATPase-reacted
section at pH 4.3 (C) are of both histochemical type (type 1
fibers are dark), indicating denervation atrophy. ATPase-
reacted section at pH 4.6 (D) demonstrates grouping of both
type 1 (dark) and type 2A (light) muscle fibers, consistent
with reinnervated skeletal muscle (magnification: ×20, A–C;
×5, D). There was no evidence of muscle lysosomal dys-
function by acid phosphatase or LAMP2 staining (not
shown).

Figure 1 Cerebellar Atrophy in Adult-Onset Sandhoff Disease

Sagittal (A) and axial (B) T2 fluid-attenuated inversion re-
covery images demonstrate generalized cerebellar atrophy.
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uncommon. Retrospective review of clinically and bio-
chemically characterized adult-onset SD cases combined from
a French cohort and the literature identified only 17 patients
carrying 14 uniqueHEXB variants (frequently p.Arg505Glu in
homozygosity).1 Among LMN presentations, weakness is
classically symmetric, beginning in quadriceps and psoas
muscles and later involving the upper limbs, predominantly
triceps. Our patient had clearly asymmetric LMN disease,
although predominantly involved muscles typically affected in
SD. Most patients with SD display generalized cerebellar at-
rophy, often with minimal to no cerebellar symptoms or signs
associated, as in our patient (Figure 1).

Pathogenic variants in MYH7 causative of cardiomyopathy
cluster in the head and neck domain of the protein.5 Those
causative of skeletal myopathy with or without cardiomyopathy
localize to the distal rod domain, although exceptions occur.5

The patient’sMYH7 pathogenic variant (p.Arg1045His) in the
distal neck domain could explain hypertrophic cardiomy-
opathy and congestive heart failure in the brother and
mother, respectively. However, this variant had no cardiac
correlate in the proband and her sister, suggesting low- or
age-related penetrance, well described in MYH7-related
cardiomyopathies.6 MYH7 pathogenic variants can cause
skeletal myopathy; however, this specific variant is not
reported with skeletal myopathy, and no definite myopathic
features were demonstrated on muscle biopsy (Figure 2).
Nevertheless, we cannot exclude that the MYH7 variant
could contribute to the patient’s weakness. Indeed, the
MYH7 myopathologic spectrum comprises varied findings
(congenital fiber-type disproportion, hyaline bodies staining
for slow heavy chain myosin, and cores/minicores) in-
cluding nonspecific features.7
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Abstract
Objective
In this study, we report the case of a 24-year-old man with intellectual disability and childhood-
onset seizures. This patient had newly identified biallelic variants in the laminin subunit gamma
3 (LAMC3) gene with unreported cortical malformation.

Methods
Exome sequencing.

Results
Genetic analyses revealed new biallelic variants in the LAMC3 gene. AnMRI examination of the
brain revealed cortical malformations predominantly in the temporal lobes and mildly in the
occipital, frontal, and parietal lobes. In addition, our patient also exhibited mild midline mal-
formation in the ventral pons, which is unique to LAMC3 variants.

Discussion
Patients with LAMC3 variants have been reported to exhibit cortical malformation pre-
dominantly in the occipital lobes, but this patient exhibited cortical malformation pre-
dominantly in the temporal lobes and mildly in the occipital, frontal, and parietal lobes. In
addition, this patient also exhibited mild midline malformation in the ventral pons. These
unique findings cast new light on the role of LAMC3 in brain development.
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Malformations of cortical development cause a group of dis-
orders encompassing macroscopic and microscopic abnor-
malities of the cerebral cortex that arise in perinatal life (starting
in the 7th week and peaking between 12 and 22 weeks).
Clinical symptoms may arise later during infancy or even
adulthood in milder cases.1-5 Seizures, developmental delay,
impaired visual function, and cognitive delays can also be ob-
served in affected individuals. Variants in actin-associated or
microtubule-associated genes have been associated with corti-
cal malformation.6 Barak previously showed that biallelic vari-
ants in the laminin subunit gamma 3 (LAMC3) gene affect the
cortical development and lead to malformations.7

In this study, we report a 24-year-old man with intellectual
disability and epileptic attacks. On imaging studies, he
exhibited brain malformations comprising posterior pre-
dominant pachygyria and elongated brainstem. Genetic
analyses revealed biallelic variants in the LAMC3 genes as the
cause of a distinctive and most likely pathognomonic brain
malformation.

Case Presentation
A 24-year-old right-handed male patient, born to non-
consanguineous healthy parents with normal development,
with a 16-year history of epilepsy was admitted to our clinic.
He had no family history of neurologic disorders. He showed
intellectual developmental delay since infancy. His total IQ
was 80 at the age of 16 years. He had graduated from junior
high school and had since been working at a place for disabled
individuals.

At the age of 8 years, he had tonic-clonic and absence sei-
zures. His mother, as an eyewitness, reported syncope-like
falls associated with unusual movements initiated in the left
upper limb. He was admitted to a hospital where he un-
derwent EEG and cranial MRI, resulting in a diagnosis of
focal motor onset epilepsy. He was treated with valproate
(1,000 mg, twice daily), which reduced the seizure frequency
to the point that it seldom occurred. At the age of 15 years,
he stopped his medication. He worked as a cleaning staff
after graduating senior high school. He had no relapse of
seizures until the age of 24 years when he experienced a
tonic-clonic seizure with absence after tremors in the left

Figure 2 Electropherograms of the Patient and His Parents

Familial pedigrees and Sanger sequencing confirmation of LAMC3 variants.
The c.976+1G>A and c.4102_4105 del variants were inherited from the
mother and father, respectively.

Figure 1 Magnetic Resonance Images

(A–D) Axial T2-weighted images of MRI, (E) sagittal
T1-weighted image ofMRI. (A, B) The image shows
polymicrogyria with a thick cortex and abnormal
gyration in the bilateral ventral temporal lobe. (→)
The cobblestone brain malformation with thick
cortex and agyria (⇒) with subcortical linear T2
hyperintensity (Ap) in the dorsal temporal lobe
were noted. (C, D) There is loss of pontine con-
vexity owing to a midline depression. As a result,
the vertical diameter of the bridge is shorter than
the horizontal diameter (…→). (E) The midline
image shows hypoplasia of the bulge of the ven-
tral pons (…→). A thick corpus callosum was also
noted (**).
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hand. After starting with 100 mg of lacosamide per day, he
experienced no seizures.

He showed no abnormal findings on neurologic examination,
except for a slightly ataxic gait. EEG revealed negative spikes in
the right temporal lobe, accompanied by theta waves of 5–7Hz.
On imaging studies, he exhibited cortical malformation in the
dorsal cerebrum, and mild midline malformation was noted.
Imaging revealed cobblestone malformation predominantly on
the dorsal side of the bilateral temporal lobe. The pons was
wide with a shallow ventral cleft in the midline (Figure 1).

Genetic Analysis
We performed whole-exome sequencing and identified 2
candidate variants in the LAMC3 gene (NM_06059.4), the
c.976+1G>A and c.4102_4105del, p.(Arg1368Serfs*48).
Sanger sequencing using the trio samples confirmed that the
c.976+1G>A and c.4102_4105del variants were inherited
from his mother and father, respectively (Figure 2). The
c.976+1G>A variant had been previously found in a patient
with cortical malformation, whereas the c.4102_4105del
variant was novel. Analysis in SpliceAI predicted that the
c.976+1G>A variant would cause donor site loss with high
probability. Based on the American College of Medical Ge-
netics and Genomics standards and guidelines, both variants
were classified as pathogenic and considered to be causative in
this case (Table 1). This study was approved by the Ethics
committee of our institution, and we obtained written in-
formed consent from the patient to perform this study.

Discussion
Barkovich et al. introduced a classification system of mal-
formations of cortical development derived from the dis-
ruption of 3 major stages of cortical development as
follows: malformations due to abnormal neuronal and glial
proliferation or apoptosis such as focal cortical dysplasia,
malformations due to abnormal neuronal migration, such
as subependymal heterotopia and classic lissencephaly,
and malformations due to abnormal postmigrational de-
velopment, such as polymicrogyria and cobblestone brain
malformation. Polymicrogyria and cobblestone brain
malformation resulted from abnormal development of the
pial limiting membrane of the brain with consequent

overmigration of the neurons through gaps in the mem-
brane and early abnormal folding of the cortex.8,9

Barak et al.2 first described biallelic LAMC3 variants in
Turkish families with occipital polymicrogyria and epileptic
patients. Until now, 7 unrelated families worldwide have
been reported to exhibit cortical malformations due to
LAMC3 variants. All these patients with LAMC3 variants
exhibited cortical malformations involving the occipital
lobe, except for the patient reported by Qian et al.,4 while
Kasper et al.3 reported a patient with cortical malformation
predominantly in the frontal lobe. In addition, a patient
reported by Zamboni et al. also exhibited cortical malfor-
mation in the frontal, parietal, and temporal lobes. Our
patient had an abnormal distribution of the cortical mal-
formations in the occipital, frontal, parietal, and temporal
lobes similar to that in the patient reported by Zamboni
et al.10 However, our patient also exhibited mild midline
malformation in the ventral pons with findings that were
unique for LAMC3 variants and had not been reported
previously. The clinical features of patients with LAMC3
variants are summarized in eTable 1. There were 9 variants
in the LAMC3 gene. A seizure was the most common
clinical feature of patients with cortical malformations due
to LAMC3 variants. These seizures seemed to be treatable
by antiepileptic drugs. Developmental delay was typical of
the clinical features of our patient but was not observed in
the patient reported by Kasper. In addition, previously
reported 8 patients were all women and born to consan-
guineous parents, but our patient was a man born to non-
consanguineous parents. Although further investigations
are needed, these studies suggest that LAMC3 plays a
unique role in the nervous system.
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Table 1 Predicted Pathogenicity of LAMC3 Variants

Gene Refseq Variant Origin gnomAD SpliceAIa (AG|AL|DG|DL) ACMG classification

LAMC3 NM_06059.4 c.976+1G > A Maternal 0.00002630 0.00|0.01|0.04|0.99 PVS1, PM2,
PM3, PP3

LAMC3 NM_06059.4 c.4102_4105del,
p.(Arg1368Serfs*48)

Paternal — 0.02|0.01|0.00|0.00 PVS1, PM2, PM3

Abbreviations: ACMG = the American College of Medical Genetics and Genomics; AG = acceptor gain; AL = acceptor loss; DG = donor gain; DL = donor loss.
a Splice AI: Delta score >0.8 can be interpreted as the probability of the variant being splice-altering with high precision.
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Abstract
Objectives
Alexander disease (AD) is a rare disorder of the CNS. Diagnosis is based on clinical symptoms,
typical MRI findings, and mutations in the glial fibrillary acid protein (GFAP) gene. In this case
study, we describe a new mutation (p.L58P) in GFAP that caused a phenotype of adult-onset
AD (AOAD).

Methods
In our outpatient clinic, a patient presented with cerebellar and bulbar symptoms after brain
concussion. We used MRI and performed next-generation exome sequencing (NGS) to find
mutations in GFAP to diagnose AD. The mutation was then transfected into HeLa cell lines to
prove its pathogenicity.

Results
The brain MRI finding showed typical AD alterations. The NGS found a heterozygous variant
of unknown significance in GFAP (c.173T>C; p.L58P). After transfecting HeLa cell lines with
this mutation, we showed that GFAP-L58P formed pathogenic clusters of cytoplasmic
aggregates.

Discussion
We have found a new mutation that causes AOAD. We recommend that AOAD is included in
the diagnostic workup in adult patients with gait ataxia and cerebellar and bulbar symptoms in
association with a traumatic head injury.
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Alexander disease (AD) is a rare, mostly sporadic, disorder of
the CNS with degeneration of astrocytes.1 Adult-onset AD
(AOAD) is more heterogeneous with nonspecific neurologic
symptoms, mainly bulbar dysfunction, pyramidal signs, cere-
bellar ataxia, and palatal myoclonus.2

Typical MRI findings are T2-hyperintensities of the peri-
ventricular white matter and atrophy of the spinal cord
(tadpole sign), as well as contrast enhancement of the medulla
oblongata and the spinal cord.3 Neuropathologically, AD is
defined as having intracytoplasmic eosinophilic inclusions in
astrocytes.2 Autopsy shows leukodystrophy and atrophy of
the lower brainstem and upper cervical cord.1,2

Mutations in the glial fibrillary acid protein gene (GFAP) are
linked to AD.4 Its mutations lead to alterations in the protein,
thereby causing accumulation and aggregation of precipitates
of misfolded GFAP proteins.4

Case
We report a 57-year-old male patient who experienced a
progressive gait disorder, clumsiness, generalized muscle
weakness, and intermittent position-independent vertigo.
The patient first reported symptoms after a mild traumatic
brain injury approximately 1 year before. Later, dysarthria and
dysphagia also occurred. Autonomic dysfunction such as or-
thostatic hypotension and bowel or bladder dysfunction was
not present. A family history of neurologic or neurodegen-
erative disorders was negative (Figure 1).

A clinical examination showed nystagmus, cerebellar dysar-
thria, an ataxic gait pattern, and dysmetria of the upper and
lower extremities. In addition, the patient experienced mild
bradykinesia on the right side, rigidity of the right upper ex-
tremity, brisk muscle reflexes, and positive pyramidal signs.

An MRI of the brain, immediately after the brain injury and 1
year before symptom onset, displayed atrophy of the medulla
oblongata and cervical myelon (tadpole sign). A follow-up
brain MRI revealed progressive T2-hyperintensities sur-
rounding the fourth ventricle, symmetrical in the dentate
nucleus and in the putamina, together with the tadpole sign
(Figure 2A). In line with these findings, an automated brain
volumetry analysis using VEOmorph software (VEObrain
GmbH, Freiburg, Germany) detected atrophic changes in the
medulla oblongata (Figure 2B).

Next-generation exome sequencing (NGS) identified a het-
erozygous variant of unknown significance in GFAP
(c.173T>C; p.L58P). This variant substitutes an evolutionary,
highly conserved amino acid, but the present substitution was
not found in 125,748 GnomAD exomes and 15,708 GnomAD
genomes.5 Several in silico analyses have predicted that the
p.L58P substitution is likely to be pathogenic.6

To test whether this new mutation c.173T>C; p.L58P in
GFAP affects intermediated filament network formation, we
introduced the point mutation in the plasmid encoding hu-
man GFAP (OriGene Technologies, SC118873 by muta-
genesis (QuikChange XL Site-Directed Mutagenesis Kit,
Agilent)). HeLa cells were transfected with either GFAP-WT

Figure 1 Patient’s Pedigree

Patient’s pedigree carrying themissensemutation inGFAP: c.173T>C; p.L58P. The pedigree has beenmodified for confidentiality (diamonds).Wild type (+) and
mutated (M) allelic forms of GFAP. AAO = age at onset.
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or GFAP-L58P. Forty-eight hours after transfection, cell ly-
sates were analyzed by Western blot to demonstrate the
plasmid expression (Figure 3A), and cell monolayers were
immunostained with an antibody against GFAP. Fluores-
cence images showed that wild-type GFAP assembled into
bundled filaments that extended throughout the cytoplasm,
whereas GFAP-L58P formed clusters of cytoplasmic aggre-
gates (Figure 3B). Because cytoplasmic inclusions within
astrocytes of patients with AD also contain the chaperones
αB-crystallin, we costained the cells with an antibody against
αB-crystallin. The GFAP containing aggregates in the cells

transfected with GFAP-L58P gene were positive for αB-
crystallin. Written informed consent was obtained from the
patient.

Discussion
Owing to the primarily nonspecific clinical symptoms of
cerebellar ataxia, bulbar symptoms, and positive pyramidal
signs, only the brain MRI led to the suspected diagnosis of
AOAD. Using NGS, the heterozygote variant (c.173T>C;

Figure 2 MRI and Automated Brain Volumetry Analysis of the Patient

(A.a–d) Brain MRI T2-weighted fluid-attenuated inversion recovery sequences in the axial plane (A.a, A.b), coronal plane (A.c) and sagittal plane (A.d) showing
hyperintensities periventricular (*) (A.a), in the left cerebellar peduncle (*) (A.b), and dentatenuclei (*) (A.c). The typical tadpole sign signaling spinal cord atrophy is
shown in (*) (A.d). (B.a–b) Automated brain volumetry analysis using the software VEOmorph (VEObrain GmbH). In the results of the automated, combined voxel
and region (CVR)-based whole-brain volumetry using 3-dimensional T1-weighted MR images, regional volume increase in CSF and regional volume decrease in
graymatter (GM)are superimposed in red toyellowand in light blue todarkblue (dependingon theaccording z score)onto thepatient’s individualbrainMRI in the
transverse, sagittal, and coronal orientation (B.a). Besides the visually detectableatrophyof themedullaoblongata, additional volumeabnormality is shown in the
midbrain, cerebellum, and striatal regions of both hemispheres (B.b). Abnormal areas are defined based on a volume change of at least 2 SDs (z score 2) in
comparison with an age-matched and sex-matched healthy control group. Egger K. Neuroimage Clin. 2018; doi: 10.1016/j.nicl.2018.09.013.
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p.L58P) in GFAP was found and categorized as a variant of
unknown significance. In vitro experiments demonstrated
that this variant represented a novel mutation that affected the
formation of the intermediate filament network and con-
firmed the diagnosis of AOAD.

Our patient stated that he experienced gait ataxia, clumsiness,
and vertigo after minor brain concussion due to an accident. A
correlation between AOAD and traumatic head injuries has
been described before, with a latency between trauma and
symptom onset of up to 10 years.7-9 Considering that severe
symptoms may appear many years later, these incidences
might be underrated. Similar to dystonia, we hypothesize a
second-hit theory in the emergence of AOAD.

AD must be considered as a differential diagnosis in adult
patients with new ataxia, bulbar symptoms, and leukodys-
trophy and the tadpole sign in brain MRI. Furthermore, an-
amnestic hints for traumatic head injuries exposing the disease
onset must be taken into account. The second-hit theory is an
interesting concept in the emergence of AOAD that should be
considered in upcoming research.
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Figure 3 Western Blot and Immuncytochemistry of the Transfected HeLa Cell Lines

(A) Representative Western blot performed in ly-
sates from HeLa cells transfected with plasmids
encoding human GFAP-WT or mutant GFAP-L58P
(GFAP: mAb #3670 cell signaling 1:1000, GAPDH:
sc-25778 Santa Cruz, 1:1000). (B) Representative
confocal images showing HeLa cells transiently
transfected with plasmids encoding human wild-
type GFAP ormutant GFAP-L58P and labeledwith
GFAP antibody (mAb #3670 cell signaling 1:300,
green fluorescence). The image shows that wild-
type GFAP assembled in filament networks,
whereas mutant L58P formed dot-like aggre-
gates. Cells were costained with αβ-crystallin an-
tibody (sc-137129 Santa Cruz 1:100, red
fluorescence) in cells transfected with mutant
GFAP-L58P, and αβ-crystallin formed dot-like ag-
gregates that colocalized with the GFAP signal.
Images are representative of 50 analyzed cells
from 3 independent experiments. DAPI is in-
dicated in blue in the merge images on the right.
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9. Elmali AD, Çetinçelik Ü, Işlak C, Uzun Adatepe N, Karaali Savrun F, Yalçinkaya C.
Familial adult-onset Alexander disease: clinical and neuroradiological findings of three
cases. Noro Psikiyatr Ars. 2016;53(2):169-172.

Appendix Authors

Name Location Contribution

Tsepo
Goerttler, Dr
med

Department of Neurology,
Essen University Hospital,
Germany

Drafting/revision of the
article for content, including
medical writing for content;
major role in the acquisition
of data; study concept or
design; and analysis or
interpretation of data

Letizia
Zanetti, MSc

Division of Neuroscience, San
Raffaele Scientific Institute;
Vita-Salute San Raffaele
University, Milan, Italy

Analysis or interpretation
of data

Maria Regoni,
MSc

Division of Neuroscience, San
Raffaele Scientific Institute;
Vita-Salute San Raffaele
University, Milan, Italy

Analysis or interpretation
of data

Karl Egger, Dr
med

Department of Radiology,
Tauernklinikum Zell am See,
Academic Teaching Hospital
of the Paracelsus University
Salzburg, and Medical
University of Vienna, Austria

Analysis or interpretation
of data

Elias Kellner,
Dr med

Department of MR Physics,
Medical Center, University of
Freiburg, Faculty of Medicine,
University of Freiburg, Germany

Analysis or interpretation
of data

Cornelius
Deuschl, Dr
med

Institute of Diagnostic and
Interventional Radiology and
Neuroradiology, University
Hospital Essen, Germany

Drafting/revision of the
article for content,
including medical writing
for content; and analysis
or interpretation of data

Christoph
Kleinschnitz,
Prof Dr med

Department of Neurology,
Essen University Hospital,
Germany

Drafting/revision of the
article for content,
including medical writing
for content

Appendix (continued)

Name Location Contribution

Jenny
Sassone, PhD

Division of Neuroscience, San
Raffaele Scientific Institute;
Vita-Salute San Raffaele
University, Milan, Italy

Drafting/revision of the
article for content,
including medical
writing for content;
analysis or
interpretation of data

Stephan
Klebe, Prof Dr
med

Department of Neurology,
Essen University Hospital,
Germany

Drafting/revision of the
article for content,
including medical writing
for content; major role in
the acquisition of data;
study concept or design;
and analysis or
interpretation of data

Neurology.org/NG Neurology: Genetics | Volume 8, Number 3 | June 2022 5

http://gnomad.broadinstitute.org/
http://varsome.com/
http://neurology.org/ng


CORRECTION

Multigene Panel Testing in a Large Cohort of Adults With Epilepsy
Diagnostic Yield and Clinically Actionable Genetic Findings
Neurol Genet 2022;8:e674. doi:10.1212/NXG.0000000000000674

In the Article “Multigene Panel Testing in a Large Cohort of Adults With Epilepsy: Diagnostic
Yield and Clinically Actionable Genetic Findings” by McKnight et al.,1 the y-axis of Figure 1B
should be in increments of 10, starting at 0 and ending at 30 from the bottom up. The updated
figure is provided below. The editorial staff regrets the error.

Reference
1. McKnight D, Bristow SL, Truty RM, et al. Multigene panel testing in a large cohort of adults with epilepsy: diagnostic yield and clinically

actionable genetic findings. Neurol Genet. 2022;8(1):e650.

Figure Diagnostic Yield and Genes With Positive Findings
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CORRECTION & REPLACEMENT

Migraine, Stroke, and Cervical Arterial Dissection
Shared Genetics for a Triad of Brain Disorders With Vascular Involvement
Neurol Genet 2022;8:e675. doi:10.1212/NXG.0000000000000675

In the Article “Migraine, Stroke, and Cervical Arterial Dissection: Shared Genetics for a Triad of
Brain Disorders With Vascular Involvement” by Daghlas et al.,1 the first author’s name should
be listed as “Iyas Daghlas,” and the last author’s name should be listed as “Daniel I. Chasman.”
The article has now been replaced by a corrected version. The authors regret the errors.

Reference
1. Daghlas I, Sargurupremraj M, Danning R, et al. Migraine, stroke, and cervical arterial dissection: shared genetics for a triad of brain

disorders with vascular involvement. Neurol Genet. 2022;8(1):e653.
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