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At the time of writing this Helix, the ranks of spinocerebellar ataxias (SCAs) have swelled to
48 genes or genetic loci mirroring a similar development in other categories of movement
disorders such as dystonia or spastic paraplegia.1 Although SCAs have a worldwide distri-
bution, some of the recently identified SCAs have shown regional aggregation. SCA42 is one
such example. It is caused by mutation in CACNA1G and was initially described only in French
and Japanese families. Now, Ngo et al.2 describeCACNA1Gmutations in 3 pedigrees from Italy,
Eastern Europe, and Yemen. Interestingly, all SCA42 families described so far share the same
mutation suggesting that the mutation (hg19:chr17:48694921G>A, p.Arg1715His) is a muta-
tional hot spot.

A recent publication in Neurology® Genetics deals with issues related to ascertainment of the
incidence of familial amyotrophic lateral sclerosis (ALS) in Ireland.3 Ireland is an attractive
country for this study since there is a reasonably stable population with relatively large
family sizes. Using stringent criteria, the investigators identified 269 FALS cases from 197
unique families out of a total of 2,173 cases of ALS from 1994 to 2016. The annual age-
standardized incidence of FALS grew from 3.2% in 1994 to 19.1% in 2016 for a number of
reasons, including an increased recognition of genes known to cause FALS as well as
increased awareness of patients with FALS from the second generation of known families
with FALS. The authors note that bias can enter into this kind of study because of as-
certainment methods (e.g., What constitutes a relative or family member of a patient with
ALS?), how stringent a definition of FALS is used (e.g., Should one require upper as well as
lower motor neuron signs for the diagnosis of FALS?), and the inclusion or exclusion of
extended phenotypes or endophenotypes (e.g., Does the presence of frontotemporal dementia or
psychosis in a relative of a patient withALS indicate that these individuals have FALS?). The authors
conclude that the population-based rate of FALS in Ireland is at least 20%, rising to 30% if one
includes extended endophenotypes in the definition of FALS in familymembers. The study suggests
that the incidence of FALS is presently underestimated and that this underestimate can have
a significant effect on genetic counseling.

Congenital myopathies are a genetically heterogeneous group of disorders often mani-
festing with muscle weakness at birth and classified on the basis of specific histopathologic
findings. Biallelic loss of function mutations in MYL1, which encodes the skeletal muscle
fast-twitch–specific myosin essential light chain, was identified in a congenital myopathy.4

Patients presenting with hypotonia and respiratory insufficiency require ventilatory support at
birth. They had no extraocular or cardiac muscle involvement. The myopathy was featured by
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selective involvement of type 2 fibers that pathologically were
markedly reduced in number or size, a finding that is un-
common in congenital myopathies. Patient’s muscle had
a marked reduction of MYL1 protein expression. Knock down
ofMYL1 in zebrafish demonstrated abnormalmuscle structure
and altered touch-evoked escape response, suggesting a crucial
role of the protein in muscle fiber development.

Mendelian mutations can serve as a great starting point for un-
derstanding variation in phenotypes. The size of the repeat
causing Huntington disease contributes to age at onset of HD,
but does not explain all of the variance. For years, researchers
have looked for DNA variation of environmental changes that
explain the remaining 30% of unexplained variance, but without
much success. Gardner et al.5 examined the bioenergetics of
fibroblasts of patients with early vs late onset HD. They found
that earlier-onset patients had significantly lower ATP con-
centrations than later-onset patients, suggesting that the met-
abolic environment that surrounds the CAG repeat could
affect age at onset. In retrospect, this seems likely and suggests
there may be targets in these bioenergetic pathways that could
delay onset age in HD.

A new resource for large-scale epidemiologic and genetic
studies is the UK Biobank representing a long-term effort to
study volunteers in a prospective fashion. The genetic in-
formation consists of 96 million genetic variants obtained
in 500,000 participants. This data set was publicly released
in July 2017. Elliott et al.6 used this resource to conduct
a genome-wide association study of a large number of single
and complex multifactorial imaging phenotypes (in more than
8,000 individuals). They found that many of these imaging
phenotypes were heritable. Their results have provided unique
insights into the genetic architecture of brain morphology,
which are relevant not only to development and normal aging
but also to psychiatric and neurologic disorders. To highlight
just one achievement, they identified 3 loci associated with
dMRI tensor mode measures of anisotropy, which are known
expression quantitative trait loci (eQTLs) ofMAPT,TUBA1B,
andTUBB3.These genes all belong to the class ofmicrotubule-
related genes, and MAPT, which encodes the TAU protein, is
known to be associated with a number of neurodegenerative
disorders.

Another example of application of novel technologies to
large data sets is the assembly of deep genomes of 910
humans of African descent. The current sequence of the
human reference genome derives from only a few indi-
viduals of non-Hispanic White (NHW) descent. Recently,
many groups have worked to include all ethnic and racial
groups into genomic research. Sherman et al.7 found
that the pan-African genome contains ;10% more DNA
in it than the current NHW reference genome used. This
expands the variability of the human genome significantly.

Not only do we differ in DNA sequence, we now have been
shown to differ in total content of our DNA as well. Although
the functional significance of nearly all of this additional se-
quence is unknown, 387 of the novel contigs fall within 315
distinct protein-coding genes, and the rest appear to be
intergenic. The functional importance of these differences will
likely provide insights into clinically relevant differences in the
future.

Genetic variation in genomic DNA usually obtained from
blood lymphocytes is often equated with identical presence of
variants in somatic cells. We picked 2 publications that give
different examples where this is not the case. One describes
somatic genetic recombination, the other one loss of the 2nd
allele of a gene in neurons.8,9

Genetic recombination occurring in somatic cells can alter
their genetic makeup creating new gene variants. This
phenomenon may contribute to physiology, as in the im-
mune system, where it generates diversity in antibodies.
However, somatic gene recombination was not previously
demonstrated in the brain, even though somatic mutations
may randomly occur during brain development. The group
of Jerold Chun recently described the recombination of the
Alzheimer disease-related gene APP, encoding amyloid
precursor protein, in human neurons.8 The phenomenon
generated thousands of variant “genomic cDNAs” (gen-
cDNAs) in different cells. gencDNAs lacked introns, re-
sembling cDNA copies of expressed, brain-specific mRNAs.
Some gencDNAs corresponded to full-length mRNA brain-
specific splice variants, and many others contained intraexonic
junctions, insertions, deletions, and/or single nucleotide var-
iations. gencDNAs were distinct from the original loci and
were only found in neurons. The authors provide evidence that
gencDNAs were generated by “retroinsertion” of RNA, which
increased with age. Expression of gencDNAs may have phys-
iologic as well as pathologic relevance. In healthy neurons, it
may affect neuronal such as synaptic plasticity, learning, and
memory. In neurons from individuals with sporadic Alzheimer
disease (AD), the finding of increased diversity of APP gen-
cDNAs, including 11 mutations known to be associated with
familial AD that were absent from healthy neurons, suggests
that their products may contribute to disease pathogenesis.
Intriguingly, the authors notice that AD is rare in older indi-
viduals with HIV infection who have received prolonged,
combined antiretroviral therapy (cART), which inhibits ret-
rotranscription, while it is more common in individuals who
suffered repeated brain traumatisms, known to favor DNA
breaks, mechanisms that are both needed to generate gen-
cDNAs. If confirmed, these findingsmay open new therapeutic
perspectives for AD.

DEPDC5, a repressor of the recently recognized amino acid-
sensing branch of the mTORC1 signaling pathway, is
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recognized as the most frequently mutated gene in familial
focal epilepsies. Germline loss-of-function mutations en-
compass a broad phenotypic spectrum, ranging from MRI-
negative focal epilepsies to drug-resistant focal epilepsies
with malformations of the cortical development such as
focal cortical dysplasia. This wide phenotypic spectrum, as
in other neurogenetic disorders, led Ribierre et al.9 to
postulate the occurrence of Knudson’s 2-hit mechanism, as in
cancer. This would cause a mosaic inactivation in addition to
the germline mutation. In this original study, the authors
proved for the first time that a biallelic 2-hit–brain somatic and
germline–mutational mechanism in DEPDC5 causes the dis-
ease. They further discovered amutation gradient with a higher
mosaicism rate in the seizure-onset zone than in the sur-
rounding epileptogenic zone from postoperative epileptic tis-
sue. Subsequently, authors tested the impact of a somatic
biallelic inactivation in the mouse brain combining in utero
electroporation and CRISPR-Cas9 gene-editing to reproduce
a focal mosaic knockout of DEPDC5. Mice with a low-level
mosaic rate of crisperized neurons faithfully reproduced clin-
ical and neuropathologic phenotypes of focal epilepsy.
This work pointed out a so far unknown physiologic brain
function of DEPDC5 in shaping dendrites and spines of ex-
citatory neurons. Altogether this study emphasizes the fasci-
nating and emerging concept that neurodevelopmental
disorders are caused by mosaic mutations arising during brain
development.

Mesial temporal lobe epilepsy with hippocampal sclerosis
(MTLE-HS) is a common epilepsy syndrome, whose etiology
remains elusive. Most cases are sporadic, but a few familial cases
have been reported suggesting complex inheritance, as in most
common genetic epilepsies. Wong et al.10 performed whole-
exome sequencing (WES) in a small well-characterized cohort
of Han Chinese patients from Hong Kong with MTLE-HS.
These patients were clinically homogeneous as to seizure se-
miology, ictal/interictal EEG recordings, and high-definition
brainMRI studies. They identified rare and de novo variants in
a number of genes, including SEC24B, a gene involved in
vesicle trafficking and development. Gene-set association
analysis showed variant enrichment in the fragile X mental
retardation protein (FMRP)-related group of genes, including
the mammalian target of rapamycin (mTOR) pathway, which
are associated with other forms of epilepsy and neuro-
developmental disorders, including autism spectrum disorders.
In addition, analysis of trios revealed 21 de novo variants, many
of which are also known to be associated with different neu-
ropsychiatric disorders. Although no major hit emerged for
MTLE-HS from this study, its results supported a complex
genetic architecture for MTHE-HS and shared biology with
other neuropsychiatric disorders. This study has to be com-
mended for the accurate phenotyping of their cohort, but in-
vestigating a larger, equally well-characterized cohort, possibly
with a larger number of trios, appears to be necessary to get
more insights into the genetics of MTLE-HS.

The molecular diagnosis of a specific neuromuscular dis-
ease has become crucial as there are FDA approved treat-
ments targeting specific genes or specific mutations. A
recent study explored the diagnostic yield of whole exome
sequencing (WES) in a cohort of patients affected by
neuromuscular diseases of unknown etiology.11 The WES
diagnostic yield in this cohort was 12.9%. The study compared
the diagnostic yield of sequencing data analysis of genes linked
to patient’s phenotype vs that of a broader set of genes
(482 genes) causative of neuromuscular diseases. Analysis of
a focused gene list and analysis of the larger neuromuscular
disease gene list had similar diagnostic yield in patients with
a clear myopathy or neuropathy phenotype. Broader genetic
analysis was helpful in patients with a nonspecific neuromus-
cular phenotype not definitively suggestive of primary myop-
athy or neuropathy. The study also showed that only 62.5%
of muscle biopsies or EMG studies suggested the correct type
of neuromuscular disease later diagnosed by genetic test,
suggesting early use of genetic analysis in the diagnostic
process.

Two main directions at present in therapy and prevention
of inherited neurodegenerative diseases in which the im-
plicated genes are thought to have a gain in function
causing toxicity involve the delivery of genes and antisense
oligonucleotides to knockdown genes. On the horizon is
gene editing, for example, by using CRISPR-Cas9. Gaj
et al.12 apply this method to mutant SOD1 in neonatal G93A
mutant SOD1-transgenic mice, which is a very aggressive
mouse model of FALS. Compared with untreated G93A
transgenic mice, the knockdown resulted in a ;2.5-fold de-
crease of SOD1 in the lumbar and thoracic spinal cord,;50%
more motor neurons at end stage, ;37% delay in disease
onset, and ;25% increase in survival. Although there were
a number of limitations to the study (e.g., a relatively small
number of mice used in the experiments, a limited degree of
knockdown that was conducted in neonates before clinical
symptoms had begun), the publication provides a glimpse of
the exciting future with respect to treatment of genetic
diseases.

We wish to acknowledge the individuals who have completed
reviews for the journal over the course of 2018—your
thoughtful comments are tremendously helpful and highly
appreciated. We are also grateful for your cooperation in
returning reviews in a timelymanner. Please find the guidelines
for reviewing articles on the Neurology: Genetics website at
ng.neurology.org/submit/peerreview. This page provides in-
formation on expectations of reviewers regarding confidenti-
ality, timeliness, and reviewer conflicts of interest; it also
provides instructions for formatting the comments to editors
and authors to enable the most effective communication with
authors.
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Abstract
Objective
To examine the effect of variants in genes encoding molecules that are implicated in leukocyte
trafficking into the CNS on the development of MS.

Methods
A total of 389 Greek MS cases and 336 controls were recruited by 3 MS centers in Cyprus and
Greece. In total, 147 tagging single nucleotide polymorphisms across 9 genes encoding for
P-selectin (SELP), integrins (ITGA4, ITGB1, and ITGB7), adhesion molecules (ICAM1,
VCAM1, andMADCAM1), fibronectin 1 (FN1), and osteopontin (SPP1) were genotyped. The
clinical end point of the study was diagnosis of MS according to the 2005 revised McDonald
criteria. Permutation analysis was used for adjusting for multiple comparisons.

Results
Overall, 21 variants across SELP, ITGA4, ITGB1, ICAM1, VCAM1, MADCAM1, FN1, and
SSP1 genes were each associated with MS (pperm < 0.05). The most significant were rs3917779
and rs2076074 (SELP), rs6721763 (ITGA4), and rs1250258 (FN1), all with a permutation p
value of less than 1e-004.

Conclusions
The current study provides preliminary evidence that variants across genes encoding adhesion
molecules, responsible for lymphocyte adhesion and trafficking within the CNS, are implicated
in the risk of developing MS.
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MS is a common complex immune-mediated disease of the
CNS.1 Inflammation, demyelination, axonal loss, and neuro-
degeneration appear during the course of MS.2 Although the
proximal pathogenicmechanisms that lead toMS development
still remain largely unclear, there is evidence that hints toward
an interplay between genetic background, environment factors,
and epigenetic modifications conferring susceptibility to MS.3

A few genetic variants that confer susceptibility to MS have
been identified through candidate gene association studies
(CGASs), linkage and genome-wide linkage analyses, and
genome-wide association studies (GWASs).4 Over 110 ge-
netic risk factors of MS have been identified.5 However, most
studies have yielded inconsistent results, with limited repli-
cation of the reported associations.6

Several molecules have been implicated in the adhesion and
diapedesis of leukocytes via the blood-brain barrier (BBB), as
well as their migration from the extracellular matrix to the target
tissue.7 The protective effect of an antibody against α4 integrin
(natalizumab) inMS supports the hypothesis that the ingress of
leukocytes into the brain parenchyma is a crucial step.8We have
previously reported that variants of genes coding for proteins
implicated in leukocyte trafficking across the BBB influence the
severity of MS (namely rs6721763 [ITGA4] and rs6532040
[SPP1]) and have an effect on disease onset (rs1250249
[FN1]).9 Therefore, we also hypothesize that variants of these
molecules may also predispose to MS development.

The present study examines tagging single nucleotide poly-
morphisms (SNPs) in P-selectin (SELP), integrins α4, β1, and
β7, adhesion molecules ICAM1, VCAM1, and MADCAM1,
fibronectin 1, and osteopontin genes for possible association
with MS risk.

Methods
Study population
Our cohort consisted of Greek patients with MS and controls
from 3 MS centers: the Cyprus Institute of Neurology and
Genetics in Cyprus, the University Hospital of Larissa, Greece,
and the AHEPAHospital of Aristotle University in Thessaloniki,
Greece, that have been previously described in detail.9 In short,
a total of 389 MS cases and 336 controls have participated in
the study. The diagnosis of MS was assessed according to the
2005 revised McDonald criteria.10 All participants were aged
≥18 years and had a disease duration of ≥5 years. We did not
include primary progressive MS cases.

The same criteria for collection of clinical and demographic
data were applied at each center. Participants’ sex, current age,
age at disease onset (defined as age of the first neurologic
symptom suggestive of MS), use of disease-modifying thera-
pies (DMTs), and duration of treatment were recorded. Us-
ing the Kurtzke Expanded Disability Status Scale (EDSS),11

the disability status was assessed in the absence of relapse for
at least 6 months. The time from the first symptom suggestive
of MS to the last EDSS assessment was considered as the
disease duration (in years) for each patient. The progression
index was applied to express the rate of disease progression.
By means of the Multiple Sclerosis Severity Score (MSSS),
disease severity was estimated.12

The unrelated healthy control group was matched for age and
sex and consisted of healthy volunteers from the same ethnic
regions.

Standard protocol approvals, registrations,
and patient consents
The study received approval from the respective institutional
ethical standards committee on human experimentation for any
experiments using human patients. Written informed consent
was obtained from all patients (or guardians of patients) par-
ticipating in the study (consent for research).

DNA isolation, selection of tagging SNPs, and
genotyping procedure
With the puregene DNA purification kit (Qiagen, Valencia,
CA), we isolated DNA from peripheral blood samples. Var-
iants across the following genes were genotyped: (1) SELP,
(2) ITGA4, (3) ITGB1, (4) ITGB, (5) ICAM1, (6) VCAM1,
(7) MADCAM1, (8) FN1, and (9) SPP1.

Tagging SNPs were identified on the basis of linkage dis-
equilibrium (LD) blocks according to the HapMap project.
More precisely, the selection was based on the CEU (Utah
residents with Northern andWestern European ancestry from
the CEPH [Centre d’Etude du Polymorphisme Humain
collection]) population at the HapMap Release 27 database
(Phase II + III, Feb09, on National Center for Biotechnology
Information B36 assembly, dbSNP b126). Pairwise r2 values
≥0.8 and minor allele frequency (MAF) >0.05 were the ap-
plied criteria. Thirty-two tagging SNPs in the SELP gene, 36
in the ITGA4 gene, 16 in ITGB1, 3 in ITGB7, 5 in ICAM1, 15
in VCAM1, 3 inMADCAM1, 38 in FN1, and 8 in SPP1, which
add up to 156 SNPs, were retrieved. Studied tagging SNPs’
characteristics and information regarding their genes are
available in table e-1 (links.lww.com/NXG/A137).

Glossary
BBB = blood-brain barrier; CGAS = candidate gene association study; DMT = disease-modifying therapy; EDSS = Kurtzke
Expanded Disability Status Scale; GWAS = genome-wide association study; LD = linkage disequilibrium;MAF = minor allele
frequency; MSSS = Multiple Sclerosis Severity Score; OR = odds ratio; SELP = P-selectin; SNP = single nucleotide
polymorphism.
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TaqMan 59-nuclease assays were used to genotype SNPs by
acquiring specific assays for each SNP and then performing
allelic discrimination assays on the ABI 7900HT Real-Time
System (Applied Biosystems, Foster City, CA). Nine SNPs
failed to be genotyped, whereas the genotypic rates were
above 96%.

Statistical analysis
The exact test, with a p value of ≤0.05, was considered as
indicative for deviation from the Hardy-Weinberg equilibrium
in the control group for each SNP.13 Haploview software
version 4.2 (broadinstitute.org/scientific-community/science/
programs/medical-and-population-genetics/haploview/haplo-
view) was applied in each gene in order for pairwise D9 and r2

between variants and LD blocks to be calculated.14,15 The
power of the sample was calculated using CaTS software (csg.
sph.umich.edu/abecasis/cats/gas_power_calculator/index.
html).16 Quality control with a threshold lower than 0.05% was
performed by calculating MAFs. Allelic association regression
analysis was performed using PLINK 1.07 software (zzz.bwh.
harvard.edu/plink/).17 p values were corrected for multiple
testing by means of permutation analysis. A total of 10,000
permutations were performed to correct the p value. Value less
than 0.05 was set as the statistically significant threshold.

Data availability statement
Anonymized data will be shared by request from any qualified
investigator.

Table 1 Demographic and clinical characteristics of study participants

Total
patients Controls

Cyprus
patients

Cyprus
controls

Larissa
patients

Larissa
controls

Thessaloniki
patients

n 389 336 104 127 206 209 79

Female, n (%) 251 (64.5) 234 (69.6) 74 (71.2) 88 (69.3) 126 (61.2) 146 (69.9) 51 (64.6)

Male, n (%) 138 (35.5) 102 (30.4) 30 (28.8) 39 (30.7) 80 (38.8) 63 (30.1) 28 (35.4)

Female:male ratio 1.8:1 2.3:1 2.5:1 2.3:1 1.6:1 2.3:1 1.8:1

Age at disease onset,
mean (range)

30.4 (18–63) 35.3 (18–58) 29.0 (18–63) 27.9 (18–50)

Age at the time of analysis,
mean (range)

43.3 (23–74) 36.3 (23–78) 43.8 (25–66) 47.4 (20–78) 43.0 (23–74) 29.6 (23–58) 41.9 (23–63)

Disease duration (y), mean 12.9 12.44 12.77 13.90

Median (range) 11 (5–52) 11 (5–35) 10 (5–52) 12 (5–38)

Time from 1st to 2nd
relapse (mo), mean (SD)

40.1 (52.3) 44.8 (54.1) 36.1 (51.8) 44.3 (50.6)

Monosymptomatic onset, n (%) 268 (74.9) 94 (90.4) 132 (69.8) 42 (64.6)

DMT, n (%) 271 (69.7) 71 (68.3) 131 (63.6) 69 (87.3)

DMT time (mo) (SD) 72.1 (44.2) 73.6 (49.6) 70.4 (43.3) 73.9 (40.2)

EDSS, n (%)

<3 188 (47.8) 69 (66.3) 84 (40.8) 33 (41.8)

3 to <6 114 (29.3) 27 (26.0) 54 (26.2) 33 (41.8)

6–6.5 40 (10.3) 6 (5.8) 25 (21.1) 9 (11.4)

≥7 35 (9.0) 2 (1.9) 31 (15.0) 2 (2.5)

Mean (SD) 3.40 (2.16) 2.44 (1.54) 3.83 (2.46) 3.61 (1.59)

Progression index, mean (SD) 0.31 (0.24) 0.22 (0.15) 0.34 (0.24) 0.35 (0.31)

MSSS

Median 4.00 3.00 5.00 5.00

Mean (SD) 4.39 (2.61) 3.18 (1.98) 4.92 (2.89) 4.71 (2.00)

Benign MS (MSSS = [1–2]), n (%) 109 (28.0) 49 (47.1) 51 (24.8) 9 (11.4)

Severe MS (MSSS = [7–10]), n (%) 86 (22.1) 9 (8.7) 61 (29.6) 16 (20.3)

Abbreviations: DMT = disease-modifying treatment; EDSS = Kurtzke Expanded Disability Status Scale; MSSS = Multiple Sclerosis Severity Score.

Neurology.org/NG Neurology: Genetics | Volume 5, Number 1 | February 2019 3

https://www.broadinstitute.org/scientific-community/science/programs/medical-and-population-genetics/haploview/haploview
https://www.broadinstitute.org/scientific-community/science/programs/medical-and-population-genetics/haploview/haploview
https://www.broadinstitute.org/scientific-community/science/programs/medical-and-population-genetics/haploview/haploview
http://csg.sph.umich.edu/abecasis/cats/gas_power_calculator/index.html
http://csg.sph.umich.edu/abecasis/cats/gas_power_calculator/index.html
http://csg.sph.umich.edu/abecasis/cats/gas_power_calculator/index.html
http://zzz.bwh.harvard.edu/plink/
http://zzz.bwh.harvard.edu/plink/
http://neurology.org/ng


Results
Detailed characteristics of the recruited cohort have been
previously extensively described.9 In brief, 251 patients
(64.5%) were women. Two hundred seventy-one patients
(69.7%) were under DMT. Two hundred thirty-four healthy
controls (69.6%) were women. The mean age of the control
group was 36.3 years. Detailed clinical and demographic data
of controls and patients are presented in table 1.

According to the power analysis, our study had a power of
80.0% to detect an association of a variant with a genetic relative
risk of 1.729, assuming the multiplicative model, MAF equal to
5% (the lowest in MS cases for the rs3917714), type I error
level of 0.05, in a sample of 336 controls and 389 MS cases.

The distribution of the variants that were analyzed in our
cohort, in distinct LD blocks across genes, and the pairwise D9
and r2 values between them are demonstrated in figure e-1
(links.lww.com/NXG/A136).

According to allelic association regression analysis, significant
associations (with pperm < 0.05) were found for 21 SNPs in
total. Namely, 8 SELP polymorphisms (rs3917779, rs3917768,
rs2142760, rs3917744, rs2076074, rs3917740, rs3917727,
and rs3917709), 7 ITGA4 polymorphisms (rs12988934,
rs11694175, rs17224277, rs155103, rs17225354, rs11689738,
and rs6721763), 1 ITGB1 polymorphism (rs10763902), 1
ICAM1 polymorphism (rs281437), 1 VCAM1 polymorphism
(rs3176878), 1 MADCAM1 polymorphism (rs12982646), 1
FN1 polymorphism (rs1250258), and 1 SSP1 polymorphism
(rs6532040) were found to reach a statistical significant level.
The most statistically significant pperm values were reached from
rs3917779 and rs2076074 (SELP), rs6721763 (ITGA4), and
rs1250258 (FN1), with a permutation p value equal to 9.999e-
005. The odds ratios [ORs], 95 CIs, and the permutation p
values after correction for multiple testing for statistically sig-
nificant variants (stressed according to the permutation p value)
are presented in table 2. The ORs, 95 CIs, p values, and the
permutation p values after correction formultiple testing for each
variant are presented in table e-2 (links.lww.com/NXG/A137).

Table 2 Rs number, gene, OR, 95% CI, and permutation p value for the statistical significant variants resulted from allelic
association analysis association with MS risk (MS cases vs healthy controls)

rs number Gene OR (95% CI) Permutation p value

rs3917779 SELP 3.08 (1.943–4.883) 9.999e-005

rs2076074 SELP 2.07 (1.594–2.689) 9.999e-005

rs6721763 ITGA4 0.5542 (0.448–0.6855) 9.999e-005

rs1250258 FN1 0.6427 (0.5155–0.8013) 9.999e-005

rs12982646 MADCAM1 1.661 (1.248–2.212) 0.0007999

rs6532040 SPP1 1.551 (1.253–1.92) 0.0003

rs17224277 ITGA4 0.5479 (0.3718–0.8074) 0.0009999

rs3176878 VCAM1 1.667 (1.263–2.2) 0.0009999

rs3917709 SELP 1.831 (1.255–2.673) 0.0018

rs17225354 ITGA4 0.7332 (0.5918–0.9084) 0.0036

rs10763902 ITGB1 1.418 (1.119–1.796) 0.0048

rs11689738 ITGA4 1.363 (1.097–1.694) 0.005199

rs11694175 ITGA4 1.33 (1.074–1.646) 0.005299

rs3917768 SELP 1.357 (1.092–1.685) 0.005399

rs155103 ITGA4 0.7048 (0.5454–0.9108) 0.007199

rs3917740 SELP 0.6807 (0.5127–0.9038) 0.008099

rs2142760 SELP 1.32 (1.059–1.647) 0.0148

rs12988934 ITGA4 1.74 (1.11–2.728) 0.016

rs3917727 SELP 0.7883 (0.6376–0.9745) 0.0201

rs281437 ICAM1 0.7691 (0.6234–0.9488) 0.0405

rs3917744 SELP 0.8048 (0.6478–0.9999) 0.0485

Abbreviations: CI = cluster interval; OR = odds ratio.
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Discussion
The present research aimed at investigating a possible asso-
ciation between predisposition to MS and variants of genes
that are implicated in leukocyte trafficking into the CNS. The
147 tagging SNPs across 9 genes were selected with the LD
block method and further analyzed. Our analysis revealed
associations between 21 tagging SNPs across SELP, ITGA4,
ITGB1, ICAM1, VCAM1, MADCAM1, FN1, and SSP1 and
MS. This result needs further replication in ethnically differ-
ent and even larger groups.

Recently, a renewed effort to identify genetic variants confer-
ring susceptibility to MS has been made. A few variants have
emerged through CGASs and GWASs.5,6,18–20 However,
CGASs and GWASs have yielded inconsistent findings, with
limited replication of genetic variants.6 Previous CGASs have
focused on pathways related to autoimmunity, immune func-
tion, myelin structure, and the human leukocyte antigen, which
also yielded inconsistent results.21,22 It is possible that the
complexity of MS pathophysiology,5 the interplay between
environmental and genetic risk factors, epistasis between loci,
and the lack of systematic exploration of rare variations in MS
susceptibility may be responsible, to some degree, for the low
reproducibility of MS loci in different studies.6,18

The SELP protein is stored in the alpha-granules of platelets
andWeibel-Palade bodies of endothelial cells.23 During platelet
activation and degranulation, SELP is redistributed to the
plasma membrane and mediates the interaction between leu-
kocytes and activated endothelial cells or platelets.23 Eight
SELP polymorphisms (rs3917779, rs3917768, rs2142760,
rs3917744, rs2076074, rs3917740, rs3917727, and rs3917709)
have reached the statistically significant threshold in our study.
The rs3917779, rs3917768, and rs2142760 are in block 2
according to LD values. This region of the SELP gene, that
spans approximately 7.8 kb between the 2 extremes (rs3917786
and rs2142760, with a value of D9 equal to 0.986), appears to
represent an important part across the SELP gene and may
affect the expression of the gene. Every single SNP within this
regionmay confer an additional risk to the development ofMS.

The ITGA4 gene encodes the α4 subunit of the α4β1 integrin.
This integrin is involved in the adhesion and migration pro-
cedures of leukocytes through the BBB.7 ITGA4 is already an
approved treatment target in clinical practice in relapsing-
remittingMS, with themonoclonal antibody natalizumab.24 A
few variants (rs1143676, rs1449263, and rs6721763) in
ITGA4 have been linked to MS risk.9,25–27 Of interest, the
intronic rs6721763 (intron 17–18), which has been found to
be associated with MS risk, has also been associated with
disease severity, as evaluated with the MSSS.9

Osteopontin consists a secreted matrix protein, which is
involved in processes regarding activation, proliferation, and
migration of T cells.28 The intronic rs6532040 has been found
to confer susceptibility to MS, based on our results. The

rs6532040 of SPP1 has been previously reported to be a ge-
netic modifier of MS course.9

Fibronectin 1 is an extracellular matrix glycoprotein. Its main
function includes cytoskeleton organization, cell adhesion,
and migration.29 Previously, the FN1 rs1250249 has been
found to exert a dose-dependent effect on MS onset.9 How-
ever, this polymorphism does not seem to be associated with
the risk of developing MS in our study. In contrast, the FN1
rs1250258 (pperm = 9.999e-005) is strongly associated with
MS risk in our cohort. The rs1250258 is 12.9 kb away from the
rs1250249, and in low LD (D9 = 0.048), suggesting that ad-
ditional loci across FN1 may consist a risk factor for MS.

One polymorphism across each of the ITGB1, ICAM1,
VCAM1, andMADCAM1 genes has been associated with MS
in our study. Namely, the polymorphisms rs10763902,
rs281437, rs3176878, and rs12982646, respectively, have
reached pperm values of <0.05. ITGB1, ICAM1, VCAM1, and
MADCAM1 are adhesion molecules expressed in the CNS
extracellular space.7,9,30 They are mainly implicated in the
regulation of the reactivation andmigration of lymphocytes to
myelinated axons.7,9,30

The clinically well-characterized MS group is one of the
strengths of our study. Moreover, according to the number of
participants, our sample was sufficiently powered to reveal
common susceptibility variants of modest effect. In addition,
the correction for multiple testing was assessed by means of
permutation analysis, an unbiased method.

However, our study has certain limitations. First, it carries all
the inherent limitations of studies with a case-control design.
Moreover, our concluding remarks would have been more
robust if our analysis was accompanied by supportive func-
tional analyses, a validation in an independent sample or an in
silico analysis.

In brief, our study implicates variants of genes encoding ad-
hesion molecules, which are mainly involved in lymphocyte
ingress and trafficking in the CNS, in the risk of developing
MS. The investigation of additional genetic factors that pre-
dispose to MSmay provide physicians with personalized tools
for diagnosis or treatment, particularly in patients with clini-
cally or radiologically isolated syndromes.31
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Abstract
Objective
Clinical, radiologic, and molecular analysis of patients with genomic deletions upstream of the
LMNB1 gene.

Methods
Detailed neurologic, MRI examinations, custom array comparative genomic hybridization
(aCGH) analysis, and expression analysis were performed in patients at different clinical
centers. All procedures were approved by institutional review boards of the respective
institutions.

Results
Five patients from 3 independent families presented at ages ranging from 32 to 52 years with
neurologic symptoms that included progressive hypophonia, upper and lower limb weakness
and spasticity, and cerebellar dysfunction and MRIs characterized by widespread white matter
alterations. Patients had unique nonrecurrent deletions upstream of the LMNB1, varying in size
from 250 kb to 670 kb. Deletion junctions were embedded in repetitive elements. Expression
analysis revealed increased LMNB1 expression in patient cells.

Conclusions
Our findings confirmed the association between LMNB1 upstream deletions and leukodys-
trophy previously reported in a single family, expanding the phenotypic and molecular de-
scription of this condition. Although clinical and radiologic features overlapped with those of
autosomal dominant leukodystrophy because of LMNB1 duplications, patients with deletions
upstream of LMNB1 had an earlier age at symptom onset, lacked early dysautonomia, and
appeared to have lesser involvement of the cerebellum and sparing of the spinal cord diameter
on MRI. aCGH analysis defined a smaller minimal critical region required for disease causation
and revealed that deletions occur at repetitive DNA genomic elements. Search for LMNB1
structural variants (duplications and upstream deletions) should be an integral part of the
investigation of patients with autosomal dominant adult-onset leukodystrophy.
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Autosomal dominant leukodystrophy (ADLD,OMIM#169500)
is a fatal, progressive neurologic disorder that presents in the
4th to 6th decade of life and primarily affects CNS myelin.1,2

Patients present with progressive autonomic dysfunction, fol-
lowed by disturbance of motor control as a result of cerebellar
deficits and spasticity; death occurs 10–20 years after the onset of
symptoms.2–4

We have previously shown that ADLD is caused by a duplication
of the lamin B1 gene (LMNB1, chr5q23.2), resulting in in-
creased LMNB1 protein expression.4,5 Although only LMNB1
duplications have been definitively shown to cause ADLD, we
recently identified a genomic deletion upstream of the LMNB1
gene in a single large pedigree (ADLD-1-TO) that resulted in an
phenotype similar to ADLD caused by LMNB1 duplications.6

As the mutation was identified in only a single family, it was
difficult to unequivocally confirm the link between the LMNB1-
associated deletions and the leukodystrophy phenotype.

In this report, we present the analysis of 3 novel families with
genomic deletions of varying sizes upstream of the LMNB1.
The identification of a larger cohort of patients allows us to
confirm the association between LMNB1 upstream deletions
and disease, define a broader phenotypic spectrum associated
with the mutation, and acquire mechanistic insights into the
cause of this genomic rearrangement.

Methods
Five patients, belonging to 3 independent families, were examined
because of adult-onset neurologic dysfunction. Array comparative
genomic hybridization (aCGH) using a custom array, bio-
informatics, and expression analysis was performed as described
earlier.4,6 Histopathologic analysis and brief clinical and MRI
findings from patient DEL2-1 have been described previously.7

Standard protocol approvals, registrations,
and patient consents
Clinical and radiologic evaluations took place under the
guidelines of the respective institutional review boards, and all
patients provided written informed consent.

Data availability statement
All data used in this study are included in this report or ac-
companying supplementary information.

Results
Clinical characteristics of the 5 patients are described in
table 1 and e-supplementary clinical information (links.

lww.com/NXG/A135). The age at onset of neurologic
symptoms ranged from 32 to 52 years. Presenting symp-
toms included dysarthria and hypophonia (4/5), poor
dexterity (4/5), imbalance (3/5), weakness of the ex-
tremities, including asymmetrical weakness (3/5), tremor
(2/5), and painful leg spasms (1). Of note, early involve-
ment of the autonomic nervous system was notable in
only 1 patient with orthostatic intolerance and urinary
urgency. In 2 patients, urinary urgency and incontinence
were late features of the disorder, occurring only after
development of severe lower limb spasticity. Two patients
indicated significant propensity for worsening of symp-
toms in relation to elevated environmental heat and
humidity.

Four patients underwent brain MRI (figure 1); all had
a corticospinal tract involvement extending from the upper
frontal lobes to the cerebral peduncles. Three patients
(DEL1-1, DEL2-1, and DEL3-1) had extensive symmetri-
cal white matter hyperintensities in all cerebral lobes with
a less affected periventricular rim on T2-weighted spin-
echo images. Patient DEL3-2 was unique, as she did not
exhibit extensive lobar involvement compared with other
patients. Of interest, the central parts of the pathologic
areas in this patient showed a low signal intensity (SI) on
T2-weighted fluid-attenuated inversion recovery images
indicating high fluid content. The upper cervical spinal cord
was seen in the sagittal brain images. The anteroposterior
diameters at C II were below the normal range in all
patients. MRI of the cervical and upper thoracic spine,
obtained in DEL3-1 and DEL2-1, did not reveal atrophy at
the lower levels, nor obvious SI alterations.

Patients were negative for mutations in known disease-
causing genes includingLMNB1 duplications (e-supplementary
clinical information, links.lww.com/NXG/A135). Sub-
sequent analysis using a custom aCGH assay allowed us
to identify and map deletions upstream of the LMNB1
gene (figure 2). Deletions were unique to each family and
ranged from ;670 kb to ;250 kb extending to within 88
kb–4.8 kb upstream of the LMNB1 start codon, respectively
(table e-1). Analysis of the deletion boundaries (including
those from the previously published ADLD-1-TO de-
letion) revealed that 3 of the 4 boundaries were in Alu
repeats. The telomeric end of the DEL3 deletion was sit-
uated in a long interspersed nucleotide element (LINE)
repeat element. A careful examination of the centromeric
end of this deletion revealed a 20-bp region that had a high
degree of homology to LINE elements. Thus, all the de-
letion boundaries appear to be embedded in some type of

Glossary
aCGH = array comparative genomic hybridization; ADLD = autosomal dominant leukodystrophy; LINE = long interspersed
nucleotide element; SI = signal intensity; TAD = topologically associated domain.
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repetitive DNA element. Expression analysis revealed in-
creased levels LMNB1 mRNA in cells from one of the
patients (Del1-1), consistent with the report on the ADLD-
TO family (table e-2).6

Discussion
Patients with deletions upstream of the LMNB1 gene had
clinical and radiologic signs that exhibited both unique findings

Table 1 Clinical data

Patient DEL1-1 DEL2-1 DEL3-1 DEL3-2 DEL3-3

Sex Male Male Female Female Male

Age at
symptom
onset (y)

34 52 37 34 32

Ethnicity East Asian Northern European Northern European/
Native American

Northern
European/Native
American

Northern European/
Native American

Living status
(age in years)

Alive (40) Deceased (59) Alive (42) Deceased (36) Deceased (50)

Presenting
complaint at
disease onset

Right hand tremor and
voice difficulties

Leg cramps and slowly
progressive spasticity

Hypophonia,
dysarthria, and hand
incoordination

Soft/slurred speech
and hand
incoordination

Decreased dexterity of
upper limb weakness
and dysarthria

Affect Normal Chronic anxiety Depressed mood Normal Pseudobulbar affect

Oral motor
control and
articulation

Soft “breathy” and halting
voice and dysphagia

Speech was normal Muffled voice,
unilateral facial
weakness, and
drooling

Speech apraxia and
dysphagia

Dysarthria

Eye and
extraocular
movement
examination

Normal Fine end-point nystagmus on
lateral gaze. Interrupted
saccades, in vertical and
horizontal planes

Normal dilated
examination,
Saccadic intrusion

Optic disk pallor,
limited up-gaze and
saccadic intrusion

Normal

Motor
examination

Head and hand tremor
(asymmetrical),
incoordination and
spastic and ataxic gait,
and weakness of lower
extremities

Tremor of lower extremities,
spasticity, and cerebellar
deficits

Asymmetrical spastic
weakness of upper
and lower extremities

Asymmetrical (left >
right) spastic
weakness of upper
and lower
extremities

Decreased dexterity
upper limb spasticity and
asymmetrical weakness
of both upper and lower
limbs (right > left)

DTRs/plantar
responses

Brisk with clonus/
extensor

Spastic in all limbswith lower
limb clonus; positive
Hoffman response

Lower extremity
clonus/extensor

Brisk Brisk/extensor

Sensory
examination

Normal Normal Normal Normal Normal

Autonomic
nervous
system

Early orthostatic
intolerance and urinary
urgency

Late urinary urgency and
incontinence

Normal by history
and laboratory
testinga

Normal by history Late urinary urgency

EMG/NCV NA Normal Normal L peroneal
entrapment
neuropathy

NA

Family
history and
inheritance
patters

Negative Positive/autosomal
dominant

Positive/autosomal
dominant

Positive/autosomal
dominant

Positive/autosomal
dominant

Comorbidities Migraines, gout, and
dyslipidemia

Hypertension, GERD, and
DJD

None None None

Other Neurologic deficits
worsened with
respiratory infection

Snout reflex Neurologic deficits
reported to be
worsened by
environmental heat

Dyspnea likely from
neuromuscular
weakness; L leg
pain likely from
peroneal
neuropathy

Neurologic deficits
reported to be worsened
by environmental heat

Abbreviations: DJD = degenerative joint disease; DTR = deep tendon reflex; GERD = gastroesophageal reflux disease; NA = not available; NCV = nerve
conduction velocity.
a Included R-R variability, Tilt-table test, Valsalva maneuver, and sudomotor axon reflex test.
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and partial overlap with ADLD due to LMNB1 duplications.
Clinically, 4/5 patients presented at onset with speech symp-
toms including dysarthria and hypophonia. This has not been
reported for ADLD with LMNB1 duplications, where the
most common presenting feature was autonomic dysfunction.
Onset of symptoms also appeared to be earlier in patients with
deletions.

On MRI, cerebral white matter involvement was more ex-
tensive, especially in the temporal lobes in patients with
deletions compared with those with duplications at the same
ages. The periventricular rim was less severely affected than
other pathologic lobar white matter in both patient groups.
The corticospinal tracts were affected in both groups, but only
in one of the deletion patients (DEL1-1) did this extend to the
medulla oblongata. This was the only 1 of the 4 deletion
patients having an abnormality in the cerebellar peduncles.
This is in contrast to duplication patients who have early

changes in the medulla oblongata and cerebellar peduncles.2

Cerebral atrophy is not a prominent feature in patients with
duplications, but marked atrophy was found in 1 of our
patients (DEL 2-1) and in the previously reported Italian
ADLD-1-TO family.8 In patients with deletions, only the
uppermost cervical spinal cord was atrophic, and in the 2
patients with a spinal MRI, no obvious SI changes were found
in the rest of the cord. In LMNB1 duplication patients, the
entire spinal cord is atrophic, and T2 signal in white matter is
pathologic. This difference could explain the lack of early
autonomic symptoms in patients with deletions, as it has been
hypothesized that autonomic symptoms in ADLD with
duplications are due to spinal cord involvement.2

Analysis of the deletion events, which were clearly nonrecurrent,
allowed us to define a minimal critical region of ;167 kb that
is required for disease causation. Strikingly, this genomic re-
gion encompassed a boundary between 2 topologically associated

Figure 1 Brain MRI features in patients with deletions upstream of LMNB1

All images are T2-weighted. (A) Patient DEL1-1 had the most extensive changes. Very high SI in the frontal, parietal, occipital, and temporal white matter and
even juxtacortical areaswere pathologic (A.a–A.d). The periventricular areawas less affected on SE images (A.a, A.b, arrows) but exhibited a very high signal on
FLAIR images. The entire posterior limb of the internal capsule was pathologic (A.c, arrowhead). The corticospinal tract (open arrow) had a high SI also in the
cerebral crura (A.d), pons (A.e), and pyramids of the medulla oblongata (A.f). High SI in the decussation of the superior cerebellar peduncles (A.d, open
arrowhead) and in the middle cerebellar peduncles was observed (A.e, star). The splenium was thin and revealed a high T2 signal (not shown). Patients (B)
DEL2-1 and (C) DEL3-1 have less extensive changes in lobar whitematter (B.a–B.e, C.a–C.e). The periventricular areawas less affected both in the SE and FLAIR
images (B.a and B.b, C.a and C.b, arrows). High SI continued in the corticospinal tract (open arrows) in the internal capsule (B.c and C.c) and the cerebral crura
in themesencephalon (B.d and C.d). Diffusely increased SI was also present in the upper pons (B.e and C.e). Decussations of the superior cerebellar peduncles
(B.d and C.d, open arrowhead) had a high SI (B.d and C.d, open arrow). Patient DEL2-1 had larger mesencephalic SI changes (B.d) compared with the other
patients. This patient also had cerebral atrophy: very broad third ventricle (B.c), widened lateral ventricles (B.b), and cerebral sulci (B.a–B.e). (D) Patient DEL 3-2
had abnormalities distinct from other patients; the SI was very high locally in the posterior frontal lobes, including corticospinal tracts, on the SE images (D.a
and D.b). On the FLAIR images, the central parts of the pathologic areas showed a low SI as a sign of a high fluid content. There were some small separate
frontal and parietal lesions that may be of the same or another etiology, whereas very small occipital changes (D.c) were present. The high SI continued
downward in the corticospinal tract (D.c and D.d, open arrows) until the cerebral crura but not further. Increased SI in the decussation of the superior
cerebellar peduncles was observed (D.d, open arrowhead). FLAIR = fluid-attenuated inversion recovery; SE = conventional or turbo spin-echo sequence; SI =
signal intensity.
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domains (TADs) and strengthens our original hypothesis that
a disruption of the TAD boundary causes LMNB1 over-
expression and in turn the disease.6 Sequencing the deletion
junctions revealed the importance of repetitive elements (Alu,
LINEs) in the genomic rearrangement. Their presence suggests
that either a nonallelic homologous recombinationmechanismor
a microhomology-mediated break-induced repair type mecha-
nismmediated by repeats is likely to cause the genomic deletions.

The identification of a larger cohort of patients confirms the
pathogenic role of deletions upstream of LMNB1 in the leu-
kodystrophy phenotype. Given that these mutations do not
alter the coding sequence, our data also emphasize the im-
portance of regulatory elements and the need for performing
analyses for copy number variants that might be missed with
the standard whole-exome sequencing, currently being used
to identify mutations in patients with leukodystrophies.
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Abstract
Objective
To elucidate the genetic cause of a large 5 generation South Indian family with multiple
individuals with predominantly an upper limb postural tremor and posturing in keeping with
another form of tremor, namely, dystonic tremor.

Methods
Whole-genome single nucleotide polymorphism (SNP) microarray analysis was undertaken to
look for copy number variants in the affected individuals.

Results
Whole-genome SNP microarray studies identified a tandem duplicated genomic segment of
chromosome 15q24 present in all affected family members. Whole-genome sequencing
demonstrated that it comprised a ;550-kb tandem duplication encompassing the entire
LINGO1 gene.

Conclusions
The identification of a genomic duplication as the likely molecular cause of this condition,
resulting in an additional LINGO1 gene copy in affected cases, adds further support for a causal
role of this gene in tremor disorders and implicates increased expression levels of LINGO1 as
a potential pathogenic mechanism.
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Tremor is a commonmovement disorder, and in recent years,
it has become clear that essential tremor (ET) may be a group
of diseases or a syndrome with clinical features that overlap
with dystonia and dystonic tremor (DT).1 Both may be as-
sociated with isolated upper limb postural and kinetic tremor,
although DT has different characteristics and is often associ-
ated with posturing or other evidence of dystonia.2,3 How-
ever, the considerable overlap in symptoms and signs has led
to misdiagnosis of each with the other.4 This phenotypic
heterogeneity is a complicating factor when interpreting the
results of genetic studies of familial tremor. The lack of ET- or
DT-specific serum, or imaging biomarkers, or defining neu-
ropathologic features mean that clinical assessment is re-
quired to distinguish between the 2.

The LINGO1 gene (leucine-rich repeat and Ig domain con-
taining Nogo receptor interacting protein 1) is selectively
expressed in the CNS.5–7 Previous studies have identified
LINGO1 as a notable genetic risk factor displaying signifi-
cant association between intragenic single nucleotide poly-
morphism (SNP) rs9652490 and familial ET, and the same
LINGO1 SNP was replicated in independent case-control
studies of ET as well as Parkinson disease.8–13 In the current
study, we report our investigation of a large family from
Southern India with multiple individuals presenting with an
early-onset, bilateral, postural tremor of the upper limbs with
some associated dystonic features, suggestive of DT, associ-
ated with a tandem duplication of the chromosome 15 ge-
nomic region encompassing the entire LINGO1 gene.

Methods
Clinical studies
The investigated family is from Kerala, a Southern state of
India, with a total of 11 affected individuals from 5 generations
(figure, A) recruited with informed written consent, including
permission to publish photographs. Six participants with
a history of tremor (figure, A: III:5, III:9, II:9, IV:1, IV:2, and
V:1) underwent a general medical and neurologic examina-
tion by the regional consultant neurologist, and a structured
videotaped neurologic examination as well as Archimedes
spirals were assessed by senior neurologists specializing in
movement disorders (table). The videotaped neurologic ex-
amination included assessments of gait, tremor at rest, dys-
tonia, postural tremor of the arms, and with each hand the
finger-nose maneuver, the drawing of a spiral, and pouring of
water. The other 5 individuals with tremor (II:1, II:6, II:10,
III:16, and IV:8) had their affected status confirmed with an
examination conducted by the local consultant neurologist.
Four other family members (II:4, II:11, III:11, and IV:5) were

examined by the same consultant neurologist and confirmed
to have no evidence of tremor or dystonia.

Microarray analysis and fluorescent in
situ hybridization
Venous blood was collected in EDTA and PAXgene Blood
RNA tubes (PreAnalytiX), and skin biopsy was performed in
3 cases (III:5, IV:2, and II:9) for fluorescent in situ hybridiza-
tion (FISH) studies. Genomic DNA and RNA samples were
extracted from peripheral blood following standard protocols.
Genome-wide SNP genotyping was undertaken using Illumina
HumanCytoSNP-12 v2.1 SNP microarrays, and image data
were processed using Illumina GenomeStudio software to
generate genotype calls, B allele frequency, and logR ratio values.
These were further analyzed for copy number variant (CNVs)
using Illumina’s KaryoStudio software. To minimize false-
positive CNV calls, filtering approaches were applied to exclude
smaller repeats (<100 kb) and common CNVs from Database
of Genomic Variants (dgv.tcag.ca/dgv/app/home). For FISH
analysis, BlueFISH probe RP11-114H24 was used to confirm
chromosomal duplication in individuals II:9, III:5, and IV:2.

Genomic library preparation
Genomic DNA (;3 μg) was fragmented by sonication using
a Bioruptor (UCD-200; Diagenode, Seraing, Liege, Belgium)
to an average size of ;400 base pairs (bp), and DNA was
purified using 1.2 volumes Ampure XP (Agencourt). End
repair and dA tailing were carried out using NEBNext mod-
ules (New England Biolabs, Hertfordshire, United Kingdom),
with DNA purification using 1.8 volumes Ampure after each
step. DNA fragments were then ligated to paired-end adapters
for Illumina sequencing using Epicentre Fast-Link DNA li-
gation kit (Cambio, Cambridgeshire, United Kingdom). The
entire ligation reaction was separated on a 1.2% agarose gel,
and DNA fragments in the size range ;400–450 bp were
excised. DNA was extracted from the gel slice using the
QIAquick gel extraction kit (Qiagen, Manchester, United
Kingdom) and analyzed on a high-sensitivity chip for the
Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
CA). Adapter-ligated DNA (50 ng) was amplified for 6 cycles
using Herculase II Fusion DNA Polymerase (Agilent Tech-
nologies) and Illumina PE_PCR primers 1 and 2, then diluted
for sequencing. Sequencing was carried out by the Exeter
Sequencing Service (School of Biosciences, University of
Exeter, Exeter, United Kingdom) on an Illumina HiSeq2500
using 100-bp paired-end reads in rapid run mode, yielding
a total of 23.8 gigabases (Gb) of sequence. Reads were aligned
to the human reference genome (build GRCh37/hg19) using
the BWA alignment tool, and duplicate reads were removed
using Picard, yielding an average coverage depth of ;7.5X
reads per base.

Glossary
CNV = copy number variant; DT = dystonic tremor; ET = essential tremor; FISH = fluorescent in situ hybridization; NgR1 =
Nogo-66 receptor.

2 Neurology: Genetics | Volume 5, Number 1 | February 2019 Neurology.org/NG

http://dgv.tcag.ca/dgv/app/home
http://neurology.org/ng


Standard protocol approvals, registrations,
and patient consents
The study was approved and performed under the ethical
guidelines issued by our institutions for clinical studies, with
written informed consent obtained from all participants for
genetic studies.

Results
Clinical studies
The extended pedigree of the family is presented in figure A,
and clinical details of the tremor and salient neurologic fea-
tures are presented in table, including age at onset. The
clinical examination was supplemented by review of video-
taped neurologic examinations of individuals III:5, III:9, IV:1,
IV:2, and V:1 by 2 neurologists with specialization in move-
ment disorders (E.D.L., T.T.W.). The presence of sustained
postures of the hands/wrists in 4 of 5 affected individuals
as well as a yes-yes head tremor in one additional individual
with abnormal hand postures are atypical for ET and con-
firmed the diagnosis of DT. Two exemplar videos of indi-
viduals III:5 and II:9 demonstrate the dystonic posturing

(video 1). On examination of II:1, II:6, II:9, II:10, III:16, and
IV:8, mild bilateral postural hand limb tremor, with variable
degree of thumb or index finger posturing, was detected.
Individuals II:4, II:11, III:11, and IV:5 displayed no tremor or
posturing. Five of the 6 affected individuals had postural
tremor in association with dystonic posturing and only one
had isolated postural tremor (table). Although EMG can be
useful in differentiating ET fromDT, the obvious posturing in
the upper limb in all cases obviate the need for this additional
test. None of the affected individuals had other abnormal
salient neurology, including evidence of parkinsonism or ab-
normal eye movements.

Genetic studies
Genome-wide SNP microarray analysis (Illumina Human
CytoSNP-12v2.1) of all available family members identified
a single notable genomic rearrangement in affected family
members, a duplication of chromosome 15q24.3-q25.1 in all 9
affected family members (figure, A and B, figure e-1A, links.
lww.com/NXG/A139). This duplicated region, delimited by
KaryoStudio, was found to contain 14 RefSeq genes (figure,
B; table e-1, links.lww.com/NXG/A139) and was confirmed
in affected family members using FISH analysis (using

Figure Pedigree and genomic analysis of the Indian family

(A) Pedigree of large multigenerational Indian family exhibiting genotype of the affected and unaffected individuals studied using whole-genome SNP
microarray analysis and FISH (“+” identifies the presence of duplication and “-” identifies wild-type allele). (B) Chromosome 15q24.3-q25.1 duplicated region
highlighted with red circle encompassing LINGO1 gene. (C) FISH confirming presence of the duplication on chromosome 15 in affected individuals showing
enhanced signal for the derivative chromosome (circled to right of figure). FISH = fluorescent in situ hybridization.
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BlueFish probe RP11-114H24; chr15:78146252-78322027,
figure, C). Targeted next-generation sequencing of an affected
patient (III:16) was then used to precisely map the chromo-
somal breakpoints of the duplication. This identified read
pairs mapping ;550 kb apart in reverse-forward rather than
forward-reverse orientation, indicative of a tandem duplica-
tion event (figure, B; figure e-1A, links.lww.com/NXG/
A139). The exact coordinates of the rearrangement event
(chr15:77775483-78331797dup [hg19]) were identified in
reads spanning each breakpoint (figure e-1B, links.lww.com/
NXG/A139), located in genes HMG20A and TBC1D2B, re-
spectively. The read count across the region indicates an av-
erage coverage increase from approximately 7.5X to 10X,
broadly consistent with an expected ;50% increase in the
number of reads for a heterozygous duplication. The 14 genes
located within the duplicated region (figure, B) were in-
vestigated for candidacy, which identified only a single stand-
out candidate with a role in brain development or function
(LINGO1).

PCR primers were positioned to produce an amplicon specific
to the genetic sequence created at the boundary between the
tandem duplications, generating a product of 1,184 bp arising
from this de novo event. Dideoxy sequencing of this PCR
product confirmed the location of the duplication event to
chr15:77775487-78331797 [hg19]. This facilitated the gen-
otyping of family members using a simple PCR-based strategy
to identify family members who have inherited the rear-
ragnement. PCR analysis on all individuals from the pedigree
confirmed co-segregation of the rearrangement in affected

family members (figure, A), as well as its absence from 100
age-matching healthy controls from the same geographical
region.

Discussion
Here, we investigated an extended Indian family with mul-
tiple individuals affected by a movement disorder involving
tremor. The presence of abnormal upper limb postures in all
11 affected individuals along with the presence of only mild
tremor is most consistent with DT rather than ET in this
family.1

As noted above, previous genome-wide association studies
have demonstrated association between DNA sequence
variants in the LINGO1 gene and ET. With the case we
report now, the potential involvement of a duplication in-
volving the LINGO1 gene may suggest a similar genetic and
molecular mechanistic basis to some cases of ET and DT.
LINGO1 protein is known to interact with Nogo-66 re-
ceptor (NgR1) and p75 neurotrophin receptor (p75NTR) or
TROY, to form an NgR1 complex, which binds to inhibitory
molecules such as Nogo-A.14,15 The NgR1 complex Nogo-A
activates RhoA as a negative regulator for neuronal survival,
axonal regeneration, oligodendrocyte maturation, and neu-
ronal myelination.15–21 Notably, the p75NTR-sortilin
(SORT1) receptor complex has previously been implicated
in tremor phenotypes via a p.Gly171Ala SORT1 missense
variant, which impaired expression of both protein members

Table Clinical features of affected individuals in the family in figure 1A

Individual
(sex/age,
y)

Age at
onset of
tremor

Site of
onset

Upper limb dystonia/
posturing Tremor Additional features

III:5 (M/46) 16 Both
arms

Right thumb hyperextension Mild bilateral postural arms and
tremulous Archimedes spiral

None

Left fingers flexion “Yes-yes” head tremor

III:9 (M/63) 54 Both
arms

Mild bilateral hyperextension
of thumbs, posturing of right
wrist

Fine bilateral postural upper
limb tremor

None

II:9 (M/80) Unknown Unknown Posturing of wrist and fingers,
predominantly on left

Rest tremor Painful shoulder leading to reduced range
of movements and apparent proximal
weakness

Irregular distal upper limb
postural tremor and left-sided
action tremor

Tremulous Archimedes spiral

IV:1 (F/15) 13 Both
arms

None Mild bilateral postural
asymmetric upper limb tremor

None

IV:2 (M/22) 16 Both
arms

Mild bilateral thumb
extension and asymmetric
finger flexion

Mild bilateral postural upper
limb tremor

None

V:1 (F/16) 6 Right arm Mild posturing right fingers Asymmetric postural right upper
limb tremor

None

4 Neurology: Genetics | Volume 5, Number 1 | February 2019 Neurology.org/NG

http://links.lww.com/NXG/A139
http://links.lww.com/NXG/A139
http://links.lww.com/NXG/A139
http://links.lww.com/NXG/A139
http://neurology.org/ng


of the sortilin-p75NTR complex.22 As such, LINGO1 repre-
sents a strong candidate gene for involvement in movement
disorders such as DT and ET, and consistent with this,
previous genome-wide association studies have indeed in-
dicated an association between variants in LINGO1 and
ET.9–13 However, all identified risk variants are located in
LINGO1 intronic regions, and subsequent sequencing of
LINGO1 coding exons in ET patients have failed to identify
putative pathogenic sequence variants.9–11,23,24

The studies reported here define a previously undescribed
duplication event encompassing the LINGO1 gene present
in multiple individuals of this extended Indian family. While
it is not possible to exclude involvement of other genes in the
duplicated region, LINGO1 represents the only stand-out
functional candidate in the region. This finding lends us to
speculate that increased transcription and ensuing gene ac-
tivity deriving from the additional (trisomic) copy of
LINGO1 are the likely pathogenic cause of this condition.
This indicates that the previously identified intronic
LINGO1 gene variants displaying association with ET may
result in the condition by directly influencing (or being in
linkage disequlibrium with variants that directly influence)
native gene transcription. Consistent with this notion,
a previous study detected increased levels of LINGO1 in the
cerebellum ET patients.25 Thus, while the outcome of du-
plication of the other genes located within the genomic re-
gion defined in our study requires further exploration, our
data, combined with existing studies of LINGO1 in ET, in-
dicate that hypermorphic mutation leading to increased
transcriptional or protein activity of LINGO1 represents
a likely pathogenic cause. This may manifest itself via an
increased density of basket cell processes generated by an
increased LINGO1 dosage effect, leading to an inhibitory
effect on Purkinje cell GABAergic neurones. Decreased or
inhibited cerebellar inhibitory output has been demon-
strated to cause postural, kinetic tremor as well as motor
incoordination in GABAA α1 knockout mice.24 In the olivary
animal models of action tremor, it has also been shown that
such action tremor is a primarily electrophysiologic entity
caused by abnormal olivary-cerebellar excitatory output.26

Thus, it is tempting to speculate that this may result from an
imbalance of excitatory-inhibitory interneuronal connection
secondary to the dosage effect of LINGO1, and it would be
of interest to observe the effect of LINGO1 protein agonists
on the olivary animal models of ET to investigate this hy-
pothesis. The data from this study are consistent with this
notion and demonstrate LINGO1 copy number gain in fa-
milial postural tremor, suggestive of a LINGO1 dosage
disease mechanism.
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Abstract
Objective
To test the hypothesis that commonGNEmutations influence disease severity; using statistical
analysis of patient cohorts from different countries.

Methods
Systematic literature review identified 11 articles reporting 759 patients. GNE registry data
were used as a second data set. The relative contributions of theGNEmutations, homozygosity,
and country to the age at onset were explored using linear modeling, and relative importance
measures were calculated. The rate of ambulation loss for GNE mutations, homozygosity,
country, and age at onset was analyzed using Cox proportional hazards models.

Results
A spectrum of symptoms and large variability of age at onset and nonambulatory status was
observed within families and cohorts. We estimated that 20% of variability is explained by GNE
mutations. Individuals harboring p.Asp207Val have an expected age at onset 8.0 (s.e1.0) years
later than those without and probability of continued ambulation at age 40 of 0.98 (95%
confidence interval [CI] 0.96–1). In contrast, p.Leu539Ser results in onset on average 7.2
(s.e.2.7) years earlier than those without this mutation, and p.Val603Leu has a probability of
continued ambulance of 0.61 (95% CI 0.50–0.74) at age 40, but has a nonsignificant effect on
age at onset.

Conclusions
GNE myopathy severity significantly varies in all cohorts, with 20% of variability explained by
the GNE mutation. Atypical symptoms and clinical presentation suggest that physical and
instrumental examination should include additional clinical tests. Proven and measurable effect
ofGNEmutations on the disease severity should be factored in patient management and clinical
research study for a better data interpretation.
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Centro Nacional de Análisis Genómico (CNAG-CRG) (H.L.), Center for Genomic Regulation, Barcelona Institute of Science and Technology (BIST), Barcelona, Catalonia, Spain; and
Children’sHospital of EasternOntario Research Institute (H.L.), University ofOttawa,Ottawa, Canada andDivision ofNeurology, Department ofMedicine, TheOttawaHospital, Ottawa,
Canada.

Supported by TREAT-NMDoperating grants, FP6 LSHM-CT-2006-036825, 20123307UNEWFY2013, and AFM16104. Further support came from the EuropeanUnion Seventh Framework
Programme (FP7/2007-2013) under grant agreement No. 305444 (RD-Connect) and Medical Research Council, UK (reference G1002274, grant ID 98482).

Funding information and disclosures are provided at the end of the article. Full disclosure form information provided by the authors is available with the full text of this article at
Neurology.org/NG.

The Article Processing Charge was funded by the RCUK.

This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0 (CC BY), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

Copyright © 2019 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXG.0000000000000308
mailto:Oksana.pogoryelova@ncl.ac.uk
http://ng.neurology.org/lookup/doi/10.1212/NXG.0000000000000308
http://creativecommons.org/licenses/by/4.0/


GNE myopathy is an autosomal recessive rare distal myopathy.
It is a slow progressing disease caused by mutations in the GNE
gene, which affects sialic acid synthesis. Clinical course varies
from mild to severely debilitating forms leading to end-stage
skeletal muscle weakness. The genetic basis for GNE myopathy
was established in 2001;1 more than 180mutations are currently
known, among them several founder or recurrent mutations.2–7

Wide phenotypic variability is described in the literature, even
within families carrying the same mutation. Some unique fea-
tures of GNE myopathy are observed only in certain
populations.8,9 Population-based studies suggest that GNE ge-
notype may influence predisposition to a faster or slower pro-
gression of the disease, but were often not large enough to reach
statistical significance.5,6,10 Molecular mechanisms underlying
muscle weakness have been studied in cell and enzyme studies,
suggesting that different missense mutations may affect enzy-
matic activity to a different extent. Primary muscle cells with
GNE mutations showed a significant reduction in sialic acid
levels,11 suggesting that this might be the cause of the muscle
weakness. A defined link betweenGNE genotype and phenotype
would have a major impact on the clinical trial planning and
routine disease management and care. The aim of the study is to
explore cohort-based studies to test the hypothesis that GNE
genotype influences GNE myopathy disease severity.

Methods
Literature review
PubMed database search was conducted on 12 May 2017
using search words “GNE myopathy,” “HIBM,” “quadriceps
sparing myopathy,” “distal myopathy with rimmed vacuoles.”
In total, 494 records were identified. Duplicated records,
single case reports, and scientific publication based on mo-
lecular studies, cells, and animal models were eliminated.
Other records were checked for the following: cohort size ≥15
patients, availability of demographic and clinical description,
and description of the GNE mutations in the cohort. Eleven
articles were selected for analysis (total 759 cases, table 1).
Seven articles contained per patient data (UK, India, Bulgaria,
Iran, China 1, China 2, and Japan 3) and 4 articles (Israel,
Japan 1, Japan 2, and Japan 4) provided cohort summary
information. In total, n = 360 patients had individual level
data, n = 342 with defined age at onset, and n = 247 with
known ambulation status.

Registry data
GNE myopathy registry (previously described12) was used as
another independent data set. The registry data were in-
terrogated for number of patients per country (subset A) and
for patients with homozygous mutations regardless of their
country of residence (subset B). Six countries were presented

by ≥14 patients (total n = 135). Four GNE mutations were
present in the homozygous state ≥3 patients (total n = 31).
The study received approval from Newcastle and North
Tyneside 1 Research Ethics Committee, reference number
13/NE/0123. Informed consent was obtained from all
patients participating in the registry.

Statistical modeling of age at onset
Individuals with known genotype and known age at onset were
selected for this analysis (n = 342). Those variants with at least
10 observations in the data set were used for further analysis.
Ten mutations (table 2) were 77% of the total changes in the
data. Genetic explanatory variables were constructed for each
mutation under a dominance model, where the variable is
coded for the presence/absence of a mutation and allelic dos-
age model that gives the allele count (0, 1, or 2) for the 10
changes. Other explanatory variables used were the geographic
location of the study and whether an individual was homozy-
gous. A series of linear models were fitted for the age at onset
regressed against all combinations of location and/or homo-
zygosity and modeling the genetic contribution as either allelic
dose or dominance models using the R statistical package.13

Selection of the better fitting models was done using the
stepwise regression with model choice made using the Akaike
Information Criterion (AIC).14 The relative importance of
the different factors in explaining variation in the age at onset
was assessed using the relaimpo package within R.15 The best
fitting models were then used to predict the age at onset for
individuals in the GNE registry.

Age of ambulation loss
Individuals in the onset data that had information about
ambulation status, either continued ambulation at assessment
or the age at loss of ambulation (n = 220), were used for
analysis of ambulation status. Mutations with more than 10
observations in the data set were used for further analysis (n =
6 mutations, table 2). Cox proportional hazards models16

were used to evaluate the relationship of continued ambula-
tion to the genotype data, as described above, the study, and
the age at onset. Initially univariate survival models were fitted
and a threshold p value of 0.1 was used to select those vari-
ables to consider in a multivariate analysis. A multivariate
model was chosen from the best combination of significant
univariate models. Choices between non-nested models were
made using the AIC. Model fit was assessed using survival
concordance for registry individuals.

Data availability statement
The study analyzes published data. Anonymized GNE registry
data can be shared upon request to the GNE Registry Steering
Committee.

Glossary
CI = confidence interval; Ace-ER = N-acetylneuraminic acid extended release; AIC = Akaike Information Criterion.
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Table 1 Demographic description of the GNE cohorts

Country,
where the
study was
conducted

Ethnical
background

Number
of
patients

Percentage
of male/
female ratio
(n)

Age at
baseline,
mean (±SD)

Mean age at
onset (±SD);
[range]

Percentage of
nonambulant
patients (n)

Mean age at
non
ambulatory
state (±SD)

GNE genetics
description of the
cohort

Cardiac
involvement

Respiratory
involvement

Japan 19 Japanese 121 45.5 (55/66) 27.7 (9.6) 43.0 (52) 35.4 (11.3);
mean 21.1 y
after the onset

p.V603.L and p.D207V
account for 71.0% of
cases

Normal in all tested
patients (28.9%)

FVC normal (33%),
decreased in 67%
patients

Japan 217 Japanese 27 33.3 (9/18) 43.0 (12.9) 25.9 (10.3);
[15–58]

36.0 (9) Not available p.V603.L and p.D207V
account for 75.0% of all
mutations

Structural and
rhythm
abnormalities in
29.6% patients.

OSASa (n = 2), FVC
drop −3.3% in 1 y in
nonambulant subset

Japan 324 Japanese 212 44.8 (95/117) 41.6 (14.1) 28.4 SD10.2 [10-
61]

23.4 (154) 36.8 (11.3);
[range 19–78]

p.V603.L and p.D207V
account for 88.7% all
mutations

Not available Not available

Japan 425 Japanese 71 33.8 (24/44) 43.1 (13.0) 24.8 SD 8.3 [12-
58]

52.0 (37)
[50-80% ]

34.9 (11.7);
[range 18–70]
Mean 17.0 (2.1)
y after the onset

p.V603.L and p.D207V.
86.2% of all mutations

Not available Not available

Bulgaria5 Roma people 50 62.0 (31/19) Not available 24.4 (6.31);
[10–42]

64.0 (32) Not available;
mean 10.34
(4.31) y after
onset

p.I618T account for 98%
of all mutations

Structural and
rhythm
abnormalities in
45.5% patients

FVC [range 60–75%]

UK7 White British,
Irish, Indian,
Pakistan

26 53.9 (14/12) 47.7 30 (9.2); [10–44] 19.2 (5) 46.3 (8.0) p.A662V and p.D409Y
account for 63%

Mild systolic
dysfunction- 1
patient

Normal in all patients

Israel4 Middle Eastern
Jews, Karaites,
Arabs

129 Not available Not available [17–48] Not available Not available;
>15 y since
onset

p.M743T accounts for
100% of all mutations

None Not available

Iran10 Iranian non-
Jewish (Muslim
Persian)

18 50.0 (9/9) 34 [range
24–47]

25.7 [19–31] 16.7 (3) 37.3; 13–15 y
since onset

High prevalence of
p.M743T.

Normal in all
patients

Normal in all patients

China 16 Chinese 35 45.7 (16/19) 37.3 (10.2)
[range 22–66]

30.6 (7.3)
[20–43]

Not available Not available p.D207V allele
frequency in the cohort
of 35.7%

Not available Not available

China 226 Chinese 53 50.9 (27/26) 31.5 (8.4) [range
11–46]

20.5 (8.1) [5-39] Not available Not available No single dominating
mutation in the study
cohort

Not available Not available

India8 Indians 17 70.6 (12/5) 34.1 (7.1) [range
25–49]

27.0 (6.3)
[21–46]

5.9 (1) Not available 76.5% patients harbour
p.V727M

Not available Not available

a Obstructive sleep apnoea syndrome.
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Results
Age at onset
Eleven cohorts were selected for analysis. Four publications
from Japan met the inclusion criteria and may have over-
lapping patients. Two publications from China may have
overlapping patients, but this is unlikely. The overlap in pa-
tient populations between those cohorts cannot be de-
termined; therefore, they were analyzed as individual patient
cohorts. Bulgaria, UK, Israel, Iran, and India are presented by
a single publication (table 1).

Number of patients in populations varied between 17 (India)
and 212 (Japan). Average age at baseline varied between 31.5
years (China) and 47.7 years (UK). The earliest onset at 10
years was detected in Japan, UK, and Bulgaria, while the latest
onset was observed at 61 years in Japan, giving Japan the
largest variability of age at onset (figure 1).

Linear models were fitted to the age at onset on those indi-
viduals with information about genotype and age at onset (n =
341). Genetic variables provided a better fit to the data than
location and homozygosity (maximum adjusted r2 was 0.08
without individual mutation explanatory variables). Models
using allelic dose models were marginally worse than domi-
nance models. Statistically significant mutations were
p.Asp207Val (increase in age at onset of 8 years p = 9e-16),
p.Ala631Val (increase of 4.8 years, p = 0.002), and
p.Leu539Ser (decrease of 7.2 years, p = 0.008). Confidence
intervals are given in table 2. The proportion of variability
explained by these 3 genetic factors was estimated to be
18.8%, using the reliampo package. For univariate models, the
age at onset was a highly significant predictor of continued

ambulance (p < 2e-16), along with individual homozygosity
(p = 7e-16), and the mutations, p.Val603Leu (p = 0.007),
p.Asp207Val (p = 0.0002), and p.ILe618Thr (p = 3.4e-14).
In a multivariate model using all variables homozygosity
was only marginally significant (p > 0.01). Age at onset and
dominance for the 3 mutations — the change in hazard for
the 3 mutations—was used in the final model (table 2). The
effect of the age at onset and the 3 mutations (figure 2). We
can show the effects of the 3 mutations by comparing
mutations to an individual with onset at age 30 and without
any of the 3 mutations who has a probability of 0.85 (95%
confidence interval [CI] 0.77–0.94) of continued ambulance
at age 40.

Age of ambulation
Lowest proportion of nonambulant patients was described in
India (5.9%) and the highest in Bulgaria (64.0%), resulting in
almost every third GNE patient in the world being non-
ambulant (32.5%). Authors, of the selected manuscripts, de-
scribed reaching nonambulatory status in 2 ways: (1) Age at
nonambulatory status (5 publications) and duration
(i.e., years) since the onset to nonambulatory status (3 pub-
lications). The former shows that patients reach non-
ambulatory status at an average 38.1 years old, with over
a decade (11.4 years) difference between “Japan 4” and UK
cohorts. The latter shows that the progress since onset to the
wheelchair bound state can take between 10.3 and 21.1 years
with an average of 16.2 years.

A mutation at p.Val603Leu gives a probability of ambulance
at age 40 of 0.61 (95% CI 0.49–0.74), a mutation at
p.IleThr gives 0.73 (95% CI 0.163–0.83), and a mutation at
p.Asp207Val has a probability of continued ambulance of 0.98

Table 2: Genomic positions and amino acid changes for the 10 changes analyzed in the onset data

Genomic
position

Amino acid
change Ref SNP ID

Frequency
in onset
data

Populations
present

Count
in
ExAC

Count in
1000
genomes

Frequency
ambulation
data

Estimated
change in
age at
onset

Estimated
hazard for
model amb2
(95% CI)

36219937 p.Val603Leu rs121908632 0.29 2 3 1 0.34 3.1 (1.5–6.3)

36246117 p.Asp207Val rs139425890 0.17 2 5 2 0.15 8.0 (6.1,9.9) 0.12 (0.03–0.5)

36219891 p.ILe618Thr 0.16 4 1 0 0.23 1.9 (0.96–3.9)

36218221 p.Ala631Val rs62541771 0.047 3 10 0 (0.002) 4.8 (1.2, 8.5)

36217396 p.Met743Leu rs28937594 0.033 2 4 0 0.043

36249315 p.Cys44Ser 0.027 2 0 0 (0.007)

36236861 p.Arg277Trp rs121908629 0.020 4 0 0 0.025

36236887 p.Leu268Leu 0.018 1 0 0 0.027

36227394 p.Asp409Tyr rs199877522 0.017 1 14 0 (0)

36222884 p.Leu539Ser 0.015 1 0 0 (0) −7.2 (−12.7,-
1.8)

All genomic positions are on chromosome 9 and based on amino acid changesmapped to transcript ENST00000377902. Changeswith bracketed frequencies
in the ambulation data were not included in the ambulation model.
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(95% CI 0.96–1). When considering only the Japanese co-
hort, we confirm that the presence of p.Asp207Val is associ-
ated with a muchmilder phenotype (probability of ambulance
at age 40 is 0.98 95% CI [0.94–1.0]), compared to individuals
with no copies probability 0.58 [0.45, 0.73]. Homozygotes of
p.Val603Leu have a much more severe phenotype with
probability of continued ambulance of 0.39 95% CI
[0.24–0.61] compared to a heterozygote, probability 0.90
95% CI [0.80–1.0].

Genotypes
Founder or high-prevalence mutations were significantly prev-
alent in 9 cohorts. In 2 populations (Israel and Bulgaria), founder
mutation appears in nearly all patients in homozygous state.
Japan and UK showed 2 mutations dominating the cohorts.
China 1 and China 2 cohorts showed a different spectrum of
mutations with one dominating mutation in former study and
multiple mutations without clear dominance in the latter.

Cardiorespiratory function
It is considered that GNEmyopathy does not increase the risk of
cardiomyopathy and respiratory failure. However, a 1 yearlong
natural history study conducted in Japan showed that forced vital
capacity (FVC) declines in nonambulatory patients.17 De-
scription of the respiratory function was available in 5 of 10
studies. UK and Iran described it as “normal in all patients.” FVC
was either normal or mildly to moderately decreased in all other

tested patients. No severe decline in FVC was reported. Car-
diomyopathy was not reported; nevertheless, some structural
and rhythm abnormalities were present in 29.6 and 45.5% of
patients from “Japan 2” and Bulgaria, respectively. Reported
abnormalities included borderline reduction in ejection fraction
and impaired relaxation (in patients who had concomitant dis-
eases such as diabetes or hypertension). ECG in a few patients
showed evidence of abnormal repolarization and left ventricular
hypertrophy. Rhythm abnormalities such as extrasystolic ar-
rhythmia and borderline nonspecific intraventricular delay were
observed on a few occasions. Sudden death of unknown cause
was reported in 4 nonambulant patients without a family history
of cardiac rhythm abnormalities.5

Atypical features
Muscle biopsy appearance without rimmed vacuoles was
observed in the UK and Japan and is likely to be linked to the
site of the biopsy (i.e., quadriceps as the least affected muscle)
or early stage of the disease. Thrombocytopenia was reported
in 2 Japanese cohorts (“Japan 1” and “Japan 2”). A high rate of
an early onset presentation (<20 years) was reported in “Ja-
pan 4” cohort. Asymmetrical weakness was evident in the UK
and both Chinese cohorts. Quadriceps sparing, almost a pa-
thognomonic feature of GNEmyopathy, was absent in a small
number of patients from Israel, China 1, and China 2 cohorts.
Facial and neck weakness and limb-girdle muscle weakness at
early stages of the disease were observed in China and Israel.

Figure 1 Forest plot showing data overview by onset on a cohort level

Studies are grouped by source, individual level data (bottom panel), summary statistics form articles (middle panel), and by country from the registry (top
panel with dark background). Means are given by large circles, the confidence intervals by thick black lines, and the minimum and maximum values by x.
Sample sizes for each study are indicated to the right. The overall mean (calculated from individual level data) is shown by the vertical grey line. Student-t
confidence intervals were calculated for registry countries and individual studies. Confidence intervals for summary studies were taken from the articles.
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Analysis of the registry cohort
Age at onset and nonambulatory status were compared between
6 country-specific cohorts, with n ≥ 14 patients. Baseline data are
presented in table 3. Using the model and parameter values
estimated in from section 6 to predict onset times for the registry
data (n = 126)was not fully successful, with an r2 of 0.04 between
the self-reported onset values in the registry data and the onset
values predicted from this model based on the registry genetic
data. So, there is a relationship between estimated onset time and
predicted time, but this is not as strong as in the meta data set.

Registry data with ambulance data had a sample size of 113.
Survival concordance for registry individuals was calculated using
the parameters from the best fit survival model. This works
on pairs of individuals and averages how often the individual
with the lowest ambulance time also has the highest risk score.
This is then averaged over all pairs of individuals. Hence, perfect
matches would have a concordance of 1 and a model that was
random would have a concordance of 0.5. The concordance for
the registry data was 0.78, which shows good agreement.

Registry data were also interrogated to identify homozygous
patients irrespectively of their country of residence. Four sub-
sets with the number of patients ≥4 were analyzed. Because of

a small number of available data, we present it only for de-
scriptive analysis. Baseline demographic data, genotype, and
clinical parameters are presented in table 3.

Discussion
Disease severity and variability in its presentation are factors to
consider in the disease management and planning clinical re-
search. Patients are keen to know their prognosis and likely
trajectory of progression tomake personal choices. Rare disease
status leads to scarcity of the data and availability of biological
samples to study. Therefore, an integrated analysis of the
available data provides an additional insight in understanding
the correlation between GNE genotype and phenotype.

Cohort-based studies provided country-specific data. Analysis
of these cohorts showed the presence of outliers with an early
or late onset of the first symptoms in every cohort, which is
not explained by a particular mutation. We find that almost
20% of the variability in age at onset is due to the GNE
genotype, with the change to p.Asp207Val being associated
with on average an 8-year increase in age at onset. In contrast,
p.Leu539Ser results in onset on average 7.2 years earlier than
those without this mutation.

Figure 2 Plots of probability of loss of ambulation with age for Cox-proportional hazard models

(A) shows fitted values for model 2 with
age, for an individual without
p.Val603Leu, p.Ile618Thr, or
p.Asp207Val. (B, C and D) give expected
curves for an individual with and with-
out the given mutation, with shaded
areas indicating 90% confidence
intervals.
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Escherichia coli and insect cell disease models showed that
epimerase and kinase enzymatic activity significantly varied
among selected mutations.18 Slow progression of the disease
may partially be explained by mitochondrial alterations.19

However, the correlation between the mutations and level of
membrane sialylation is not consistent, which may indicate
that involvement of other factors affecting the cellular and
clinical phenotype.20 An indirect marker of disease severity–
age of nonambulation status, has a marked variability.12 The
differences between age at nonambulatory status were asso-
ciated with the age at onset and 3 founder mutations. While it
is difficult to disentangle population effects from genetic
effects, special fitting models for nonambulatory age were
better fitted to genetic data than to population source, and
these models showed good concordance with those used to
predict continued ambulance in the GNE registry. Significant
difference between Japan, Iran, and Bulgaria in age at non-
ambulatory status and proportion of nonambulant patients
in the cohorts also point to the fact that the speed at which
the disease progresses may be attributable to the founder

mutations highly prevalent in those populations. When
comparisons are made only with homozygous Japanese
populations, the differences in survival curves almost disap-
pear. Roma people founder mutation (p.ILe618Thr) shows
no evidence of association with the age at onset, but is asso-
ciated with a lower age of loss of ambulation. The mutation
p.Leu539Ser, only seen in the Chinese data, is associated with
an onset 7.2 years earlier but is not seen in the ambulation
data, and we cannot make any inferences about its impact on
ambulation. As these mutations are not shared with other
study populations, it is difficult to extract the effects of ge-
notype. The differences in health care approaches can also
potentially play a role in preserving ambulation.

Cohorts with a higher number of nonambulant patients also
have a higher number of patients with compromised re-
spiratory function. This confirms previous observation on
a multinational level that respiratory function is normally pre-
served until the very nonambulatory stages of the disease. We
also did not observe a correlation between cardiomyopathy and

Table 3 Analysis of the registry data

Country,
of
residence

Ethnicity of
the study
cohort

Number
of
patients

Male/
female
ratio % (n/
n)

Age at
baseline,
mean
(±SD)

Mean age
at onset
(±SD)

Percentage of
nonambulant
patients (n)

Mean age at
nonambulatory
state (±SD) Mutation description

India Asian 14 57.1 (8/6) 34.1 (8.2) 25.6 (5.6) 7.7 (1) n/a 14 different mutations in
total; p.Val727Met is the
most common
accounting for 42.3% of
all mutations

Italy White 20 40.0 (8/12) 39.7 (11.6) 25.5 (6.7) 40.0 (8) 35.9 (9.7) 9 mutations in total;
p.Asn550Ser and
p.Met743Thr are the most
common accounting for
21.4% of all mutations
each

South
Korea

Asian 22 45.5 (10/12) 34.2 (8.6) 25.7 (7.2) 33.3 (7) 33.4 (8.0) 5 mutations in total; 2
most common mutations
p.Val603Leu and
p.Cys44Ser accounting for
50% and 38.5% of all
mutations, respectively

USA 85% White,
15% Asian

21 52.4 (11/10) 47.3 (12.5) 29.3 (9.1) 20.0 (4) 43.3 (7.5) 11 mutations in total; 3
most common
p.Ala662Val, p.Val727Met,
and p.Met743Thr account
for 21.4%, 14.3%, and
14.3%, respectively, of all
mutations

UK 76.2%White,
23.8% Asian

21 42.9 (9/12) 47.9 (10.3) 31.2 (7.9) 23.8 (5) 42.6 (11.6) 9 mutations in total; 2
most common
p.Asp409Tyr and
p.Ala662Val account for
25.0% and 45.0% of all
mutations, respectively

Iran Asian 37 48.6 (18/19) 36.3 (8.0) 28.7 (5.7) 9.4 (3) 38.7 (5.8) 9 mutations in total; one
most common
p.Met743Thr accounts for
53.6% of all mutations

Grand
total

135 47.4 (64/71) 39.4 (11.0) 27.8 (7.2) 21.5 (28) 38.9 (9.2)
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GNE myopathy but a number of mild-to-moderate structural
and rhythm heart abnormalities were observed.

Rare symptoms found only in one country (e.g., thrombo-
cytopenia or Beevor sign) could be attributable to the de-
scribed ethnic groups only or to observational bias due to the
differences in medical practices across the world. A new GNE
mutation has been found to cause a congenital macro-
thrombocytopenia without noticeable muscle weakness to
date.21 It supports the observation that platelet count may be
compromised in GNE myopathy and therefore it may be
recommended to include platelet count test in the routine
management of the disease.

Spectrum of the disease presentation, severity, and specific fea-
tures is important in planning clinical trials for adequate patient
stratification and reduced bias due to known covariances.
N-acetylneuraminic acid extended release (Ace-ER) phase 2 and
3 clinical trials showed different results, where phase 2 showed
that Ace-ER stabilizes the disease progression and causes sta-
tistical significant difference between treatment and placebo
groups.22 However, phase 3 showed no benefit of Ace-ER on
muscle strength.23 We speculate that difference in the results
between 2 studies could partially be accounted for differences in
the study cohorts. In phase 2 trial, sites were located in 2
countries, the United States and Israel, where p.Met743Thr is
most common. Phase 3 study enrolled a larger number of
patients from 7 countries, with 4 of them being in Europe and
one in Canada—where p.Met743Thr is much less prevalent.
This genotype difference in the cohorts could have potentially
had an impact on the discrepancy in the study results. We
therefore suggest that GNE mutation should be taken in con-
sideration as a factor for patient stratification in the clinical trials.

This article is a first attempt to look at the genotype—
phenotype correlation in GNE myopathy through a system-
atic review and meta-analysis. The analysis shows that GNE
genotype has an impact on the phenotype and accounts for
20% of variability in onset of the disease and has a significant
influence on reaching nonambulatory status. The analysis
indicated that there are other disease modifying factors that
influence phenotype. Cohort-specific features expand clinical
understanding of the disease and warrant a closer look at the
platelet count in GNE patients across the world. Better un-
derstanding of the disease progression based on the genotype
is important for counselling and management of GNE
patients. Potential impact of genotype on the disease pro-
gression is also important for clinical trial design and patient
stratification. We acknowledge study limitations, such as
sample size, and factors (e.g., differences in environment, diet,
and health care systems) that can potentially influence the
analysis. Therefore, a replication of the analysis on a larger and
different cohort would have to be conducted in the future.
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Ten years ago, commercial ALS genetic testing was limited to SOD1 sequencing. Commercial
laboratories now offer a variety of multigene ALS panels, assays for the C9orf72 hexanucleotide
expansion, and whole exome sequencing. The utility of genetic testing as part of ALS clinical
management is valued by people with ALS1 and ALS clinicians.2 However, US care guidelines
do not address the offer of genetic testing, and European guidelines specify that ALS genetic
testing should be offered only to patients with familial ALS or the SOD1D90A phenotype.3 To
understand the current state of ALS genetic testing, we surveyed certified commercial labo-
ratories to gather data on test methods, outcomes, and reporting.

Methods
Eight commercial US laboratories were identified using laboratory registries (GTR.org and
Genetests.org), which listed ALS genetic testing options. A 13-question survey was emailed to
the laboratory directors or genetic counselors in July 2017, with 2 reminder emails at 1-month
intervals thereafter. Two laboratories were excluded; one offered only 1minor ALS gene (VCP)
and the other did not offer testing specifically for ALS.

Results
Responses were received from 5/6 eligible laboratories (83.3%). All 5 responding laboratories
(designated as Labs A-E) offered multigene ALS panels (ranging from 19 to 49 genes); 4 also
offered C9orf72 repeat expansion assays. C9orf72 assays included repeat-primed PCR and/or
fluorescent fragment-length assays. Laboratory-specific test methods and outcomes forC9orf72
assays and multigene panels are shown in the table.

Discussion
Our survey data confirm that commercial ALS genetic testing options have increased in
number and complexity in recent years and highlight potential limitations and challenges
associated with the use of this technology. Concerns have been raised regarding the ac-
curacy of PCR-based C9orf72 assays. In a blinded study of commercial laboratories using
PCR-based techniques,4 only 5/14 laboratories reported C9orf72 results in complete
concordance with the reference Southern blot result, and both false negative and false
positive results were identified. A 10 base-pair deletion adjacent to the repeat has been
shown to interfere with detection of the expansion using PCR-based assays.5 Despite the
ensuing recommendation that Southern blot be used for clinical C9orf72 testing, no sur-
veyed laboratory offered this; only 1 laboratory performs a 2-step protocol combining both
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a fluorescent PCR and repeat-primed PCR that increases
sensitivity and specificity in detecting expansions. Fur-
thermore, laboratory cutoffs for normal, intermediate, and
expanded alleles varied, indicating that intermediate or
small expansions, although rare, could be resulted differ-
ently at different laboratories. There is currently no vali-
dated cutoff that differentiates between pathologic and
nonpathologic alleles, but most patients with pathogenic
expansions have hundreds to thousands of repeats. The
identification of intermediate alleles in patients with ALS
may be incidental. In addition, expansion sizes in blood
may differ from those in relevant neural tissues, further
complicating result interpretation. Test reports should
ideally emphasize the clinico-pathological variability and
age-dependent penetrance of pathologic expansions and
include a statement that the pathogenicity of repeat sizes
between 20 and 100 is unknown but likely increases with
the size of the repeat.

Variant of uncertain significant (VUS) rates on multigene
panel testing ranged from 12% to 30%, suggesting that many
patients with ALS have received a VUS result. VUS outcomes

are often frustrating for clinicians and patients, and it is not
known what patients are told or understand about such
results. Although rare variant burden may play a role in the
etiology of ALS,6 VUS must be approached with caution in
the clinical setting. VUS interpretation is particularly chal-
lenging in ALS, in part because affected family members are
often not available for segregation analysis.7 Further data are
needed regarding test methods and outcomes, including ac-
curacy of current C9orf72 assays, as well as VUS rates and
interpretation. False positive or negative results could have
profound implications for patients and family members.

One limitation of this study is that data were self-reported by
a small number of US laboratories. Test method and in-
terpretation data were checked against technical specification
pages of laboratory websites whenever possible, but some
data, such as test outcomes, were not possible to confirm.
Nonetheless, the use of genetic testing is likely to grow with
the advent of gene-targeted therapies for ALS. Although this
will identify appropriate candidates for new therapies, this will
also result in an increased need for clinician and patient ed-
ucation regarding all aspects of the testing process. ALS

Table Commercial ALS genetic testing methodology, reporting, and outcomes

C9orf72 assay methodologies and reporting

Methods Laboratory A Laboratory B Laboratory C Laboratory D Laboratory E

Southern blot — — — N/Oa —

Repeat-primed PCR + + + N/Oa +

Fluorescent
fragment-length assay

— + — N/Oa —

Normal allele cutoff/repeat
size reported

≤23/+ ≤20/+ ≤22/+ N/Oa ≤24/+

Intermediate allele
cutoff/repeat size reported

24–29/+ 21–29/+ 23–29/+ N/Oa 25–59/+

Expanded allele
cutoff/repeat size reported

≥30/− ≥30/− ≥30/− N/Oa ≥60/+c

C9orf72 assay test outcomes (%)

Outcome Laboratory A Laboratory B Laboratory C Laboratory D Laboratory E

Positive 18.8 21.0 18.5 N/Oa N/Rb

Negative 80.7 77.6 80.8 N/Oa N/Rb

Intermediate/indeterminate 0.5 1.4 0.7 N/Oa N/Rb

ALS multigene panel outcomes (%)

Outcome Laboratory A Laboratory B Laboratory C Laboratory D Laboratory E

Positive 26.4 20.7 14.4 16.3 N/Rb

Negative 53.7 67.0 57.5 53.8 N/Rb

VUS 19.6 12.3 28.1 29.8 N/Rb

a N/O, C9orf72 assay not offered by laboratory.
b N/R, data not reported by laboratory.
c Repeat sizes of up to 145 reported.
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genetic testing guidelines, addressing test indication, technical
methodology, result interpretation and reporting, as well as
genetic counseling, may assist clinicians in navigating the
challenges of this technology.
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Mutations in PUS3, which encodes a highly conserved enzyme responsible for post-
transcriptional modification of tRNA, have been shown in a single family to be a cause of
nonsyndromic intellectual disability (ID).1 In this study, we used whole-exome sequencing
(WES) to identify biallelic mutations in PUS3 associated with syndromic ID with dysmorphic
features, white matter disease (WMD), and renal abnormalities in a nonconsanguineous family
from Brazil.

Clinical findings
We evaluated 2 sisters (figure, A) who had ID, renal abnormalities, diffuse WMD, and dys-
morphic features. Their brother was similarly affected and died at age 22 years of complications
of renal disease. The parents were nonconsanguineous from Northeast Brazil and Southern
Italy. We obtained approval from the institutional ethics committee and written informed
consent from family members.

The first patient (P1; III-3; figure, A) was noted to have global developmental delay after age
1 year. As a child, she could understand short sentences, but expressive language was limited
to monosyllables. She was diagnosed with profound ID but was independent in basic activities
of daily living (ADLs). She had 2 focal dyscognitive seizures with secondary generalization, at
age 18 and 23 years, responsive to carbamazepine. At age 37 years, asymptomatic proteinuria
and reduced creatinine clearance were detected. At 44 years, she developed psychosis, with
prominent auditory and visual hallucinations and episodes of aggression. Physical examina-
tion revealed her to be on the 10th centile for height, weight, and head circumference and to
have genu valgum. In addition, neurologic examination revealed dysarthria, pseudobulbar
affect, with impaired gait and balance.

The second patient (P2; III-6; figure, A) also presented with short stature, neurodevelopmental
delay, and dysmorphic features. She was diagnosed with acute nephritis at age 6 months and
coeliac disease at age 5 years. She also developed generalized phenobarbital responsive seizures.
She was able to walk and could complete ADLs with assistance. At age 20 years, she developed
nephrotic syndrome due to focal segmental glomerulosclerosis (FSGS) with mesangial granular
deposits and positive IgM and C3 immunofluorescence. She did not respond to steroids
and developed end-stage renal failure requiring hemodialysis. Physical examination revealed
that she was on the 3rd centile for height, weight, and head circumference and to have gray
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sclera, genu valgum, pseudobulbar affect, and dysarthria. She
died at age 40 years of complications of community-acquired
pneumonia.

Neuroimaging findings
MRI identified white matter abnormalities in both patients. In
P1, there were scattered T2/fluid-attenuated inversion recovery
(FLAIR) hyperintensities in the cerebral white matter, more
prominent in periventricular zones (figure, D). In P2, there was
symmetric diffuse T2/FLAIR hyperintensity in the cerebral and
cerebellar white matter with extension to the subcortical areas,

mild T2 hyperintensity in the globus pallidus bilaterally, and
signs of brain parenchymal volume loss (figure, E–G). There
was no gadolinium enhancement or areas of restricted diffusion.

Genetic findings
We performedWES on both patients and filtered the data for
a presumed autosomal recessive inheritance pattern. There
were no regions of homozygosity and no shared rare ho-
mozygous variants. However, when filtered for damaging,
rare compound heterozygous mutations, we identified bial-
lelic mutations only in PUS3 (p.Arg166Gln;p.Leu366Pro)

Figure Genetic and radiologic findings

(A) Family pedigree: 2 affected individuals were compound heterozygotes for p.Arg166Gln and p.Leu366Pro PUS3 mutations, whereas their healthy
mother and sister were heterozygotes for only 1 of the mutations. (B) Sanger sequencing electropherograms showing both c.497G>A (p.Arg166Gln)
and c.1097T>C (p.Leu366Pro) PUS3 mutations. (C) Vertebrate protein sequencing alignment showing conserved amino acid sites for both PUS3
mutations. (D) Scattered FLAIR hyperintensities in the cerebral white matter in P1. (E) Symmetric diffuse FLAIR hyperintensity in the cerebral white
matter in P2. (F) Axial T2-weighted image discloses not only the white matter changes in P2 but also mild T2 hyperintensity in the globus pallidus
bilaterally (arrows). One can notice also in P2 symmetric FLAIR hyperintensities in the cerebellar white matter (arrows in G), together with signs of brain
parenchyma volume loss (E–G).
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(figure, B). Both are very rare and highly conserved residues
among vertebrates. We confirmed the mutations by Sanger
sequencing and demonstrated that they were inherited in
trans.

Discussion
PUS3 codes for pseudourydilate synthase, a highly conserved
enzyme responsible for posttranscriptional modification of
tRNA,2 which is critical for its structure, function, and sta-
bility. Most of these modifications have been recently recog-
nized in a growing number of human genes leading to
ID–FTSJ1, TRMT1, NSUN2, WDR4, ADAT3, and PUS3.3

The original report of PUS3-related disorder describes a family
with 3 affected individuals (age: 3–15 years) from Saudi Arabia
with severe ID, multifocal white matter changes, and in a single
patient, epilepsy. No nephropathy was reported. WES detected
a homozygous truncatingmutation (p.Arg435Ter), predicting to
lead to a loss of function. In our patients, affected individuals have
a milder intellectual compromise and developed proteinuria/
nephrotic syndrome after age 20 years. In addition, the white
matter abnormalities were more extensive in our patients.

Of interest, a well-known mechanism of WMD is disruption
of protein translation as is seen in mutations in mitochondrial
aspartate (DARS2) or glutamate (EARS2) transfer-RNA
synthase. It is also noteworthy that leukoencephalopathies
usually cause progressive neurologic deterioration and not
static encephalopathy with ID, as occurred in our patients.

The late-onset renal involvement observed in our patients
expands the phenotype of PUS3-related disorder. Steroid-
resistant FSGS has been rarely associated with mutations in
mitochondrial tRNA in patients with other features typical of
mitochondrial dysfunction.4–7 Recently, tubulopathy was
reported in deficiency of tRNA N6-adenosine threonylcarba-
moyltransferase, an enzyme involved in posttranscriptional
tRNA modification.

This study expands the known phenotypic and allelic spec-
trum of PUS3-related disorder. In addition, it provides further
evidence of the relevance of posttranscriptional modification
of tRNA in neurologic diseases. Given these additional find-
ings, we believe the phenotypic spectrum of PUS3 mutations
to be wider than the initial report.

Acknowledgment
The authors thank the patients and their family for participating
in this study.

Study funding
No targeted funding reported.

Disclosure
A.R.B. de Paiva, D.S. Lynch, andU.S.Melo report no disclosures.
L.T. Lucato has received speaker honoraria fromBracco Imaging

Appendix 1. Author contributions

Name Location Role Contribution

Anderson
Rodrigues
Brandão de
Paiva, MD

Neurogenetics Unit,
Neurology Department,
Hospital das Cĺınicas da
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Uirá Souto
Melo, PhD

Human Genome and
Stem Cell Research
Center, Department of
Genetics and
Evolutionary Biology,
Instituto de Biociências,
Universidade de São
Paulo, São Paulo, Brazil

Author Acquisition of
data and critical
revision of the
manuscript.

Leandro
Tavares
Lucato, MD,
PhD

Neuroradiology
Section, Hospital das
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Abstract
Objective
We tested the assumption that closely related genes should have similar pathogenic variants by
analyzing >200 pathogenic variants in a gene family with high neurologic impact and high
sequence identity, the Na,K-ATPases ATP1A1, ATP1A2, and ATP1A3.

Methods
Data sets of disease-associated variants were compared. Their equivalent positions in protein
crystal structures were used for insights into pathogenicity and correlated with the phenotype
and conservation of homology.

Results
Relatively few mutations affected the corresponding amino acids in 2 genes. In the membrane
domain of ATP1A3 (primarily expressed in neurons), variants producing milder neurologic
phenotypes had different structural positions than variants producing severe phenotypes. In
ATP1A2 (primarily expressed in astrocytes), membrane domain variants characteristic of se-
vere phenotypes in ATP1A3 were absent from patient data. The known variants in ATP1A1 fell
into 2 distinct groups. Sequence conservation was an imperfect indicator: it varied among
structural domains, and some variants with demonstrated pathogenicity were in low conser-
vation sites.

Conclusions
Pathogenic variants varied between genes despite high sequence identity, and there is a geno-
type-structure-phenotype relationship in ATP1A3 that correlates with neurologic outcomes.
The absence of “severe” pathogenic variants in ATP1A2 patients predicts that they will manifest
either in a different tissue or by death in utero and that new ATP1A1 variants will produce
additional phenotypes. It is important that some variants in poorly conserved amino acids are
nonetheless pathogenic and could be incorrectly predicted to be benign.
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We expect that genes that diverged only slightly after past
duplications should have similar pathogenic variants. The
Na,K-ATPase gene family provides a good test data set be-
cause there are >200 different human mutations (in >800
patients or families), and the proteins andmanymutations are
well studied.1–4 All known pathogenic variants are de novo or
have dominant inheritance.

Na,K-ATPase is the membrane protein responsible for pro-
ducing sodium and potassium ion gradients. The 3 paralogs
(isoforms) of the catalytic subunit (α) in the human brain are
87%–88% identical among α1, α2, and α3. Except at the
N-terminus, their proteins align without insertions or dele-
tions of more than 1 amino acid (figure e-1, links.lww.com/
NXG/A134). In mice, knockouts are lethal in utero5 or at
birth.6,7

ATP1A1 is expressed in most tissues, including neurons and
glia in the brain. ATP1A2 is expressed in astrocytes; skeletal,
cardiac, vascular, and smooth muscle; and adipocytes. ATP1A3
is not only in neurons but also in cardiac and several other
tissues. Few pathogenic variants have been discovered in
ATP1A1 so far in Charcot-Marie-Tooth neuropathy and
aldosterone-producing adenomas. In contrast, there are mul-
tiple germline neurologic diseases of ATP1A2 and ATP1A3.

The Na,K-ATPase paralogs have the same fundamental ion
transport mechanism.8 Sodium-bound and potassium-bound
conformations are shown in different crystal structures (figure
e-2, links.lww.com/NXG/A134). Variant locations in crystal
structures can sometimes be related to specific enzyme
functions. Mutations can produce effects on Na,K-ATPase
activity, ion affinity, ion leakage, or biosynthesis. We in-
vestigated whether there are correlations between pathogenic
variants (missense and 1-codon deletions), their positions in
protein structure, evolutionary conservation, and the spec-
trum of disease phenotypes.

Methods
Sources of disease variants
The literature was searched for mutations by gene symbol.
Disease variants in ATP1A1 were from aldosterone-producing
adenomas (APAs)3 and cases of Marie-Charcot-Tooth type 2.4

Variants in ATP1A2 were from familial (FHM2), sporadic
hemiplegic migraine, and epilepsy syndromes.2,9 Variants in
ATP1A3 included alternating hemiplegia of childhood (AHC),
rapid-onset dystonia–parkinsonism (RDP), and other milder
and more severe neurologic manifestations found by genome

sequencing of undiagnosed patients.1,10,11 Some variants in
ATP1A3 were from our own patients, and a few alternative
codons for known mutations were from ClinVar ncbi.nlm.nih.
gov/clinvar/). The reference sequences were NM_000701.7
(ATP1A1); NM_000702.3 (ATP1A2); and NM_152296.4
(ATP1A3). Many suspected mutations have been tested in the
laboratory for pathogenicity, but not all. The criteria for in-
cluding variants in the analysis are detailed in supplementary
information. All variants that met the criteria were included
regardless of diagnosis.

Analysis of structure and conservation
Na,K-ATPase protein crystal structures in Na+-bound and
K+-bound conformations at the highest available resolutions,
3WGU, 3KDP, and 2ZXE,12–14 were from the PDB database
(rcsb.org). The positions of variants were studied in Swiss
PDB Viewer 4.1 based on the homology of the aligned
sequences (figure e-1, links.lww.com/NXG/A134). Sequence
conservation was computed with the ConSurf server (consurf.
tau.ac.il/2016/) with default parameters, using the structure
of the pig α1 Na,K-ATPase (3KDP) and its sequence as input.
ConSurf searches for homologous sequences, and highly
similar sequences are removed so that a broad spectrum of
evolution is covered15; more detail is in supplementary data
and figure e-3. The resulting conservation scores were
graphed with GraphPad Prism with aligned human α1, α2,
and α3.

Standard protocol approvals, registrations,
and patient consents
No human experimentation was performed. Written in-
formed consent was obtained from all patients or their
guardians for cases not taken from the literature.

Data availability
All variants are listed in supplementary information tables
links.lww.com/NXG/A134.

Results
Variant distributions in ATP1A2 and ATP1A3
The premise that high sequence conservation predicts variant
pathogenicity implies that paralogs with high sequence
identity should have similar variant distributions in the pro-
tein structure. ATP1A2 and ATP1A3 have the most disease-
associated variants for comparison (figure 1A): 77 in ATP1A2
and 130 in ATP1A3 at this writing, including alternative
substitutions (e.g., p.D801 to p.D801N and p.D801Y). There
are striking differences, however, in the proportion of disease

Glossary
AHC = alternating hemiplegia of childhood; APA = aldosterone-producing adenoma; CAPOS = cerebellar atrophy, areflexia,
pes cavus, optic nerve atrophy, and sensorineural deafness; CMT = Charcot-Marie-Tooth; RDP = rapid-onset
dystonia–parkinsonism.
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variants found in different protein domains of ATP1A2 and
ATP1A3 (figure 1B). Such differences would not be predicted
by shared enzyme mechanisms and high sequence identity.
Disease-causing variants in ATP1A2 and ATP1A3 should
frequently appear at the corresponding amino acids. Instead,
of 154 mutated amino acid positions in the 2 genes (68 in
ATP1A2 and 86 in ATP1A3), only 18 mutated amino acids
overlapped.

Althoughmore such overlap should emerge with time, the low
level of overlap is not simply that there are not enough cases

yet: it contrasts sharply with the number of recurring variants.
First, there were many cases in which alternative codons
produced different substitutions of an amino acid: 25 amino
acids in ATP1A3 had alternative substitutions (up to 6), and
13 amino acids in ATP1A2 had 2 alternative substitutions.
Second, for ;600 independent occurrences of variants in
ATP1A3 patients (a family is 1 occurrence), 62% have re-
curred twice or more, and of those, more than half have re-
curred 5 or more times. ATP1A2 has many fewer reported
occurrences (;160), but 20% of their mutations recurred. Of
the 18 pairs of variants overlapping in ATP1A2 and ATP1A3,

Figure 1 Dissimilar mutation distributions in 88% identical ATP1A2 and ATP1A3 proteins

(A) Ribbon diagrams of Na,K-ATPase in the K+-bound conformation. Bound K+ is shown as pink spheres. Extracellular portions include the β-subunit (green;
transmembrane portion removed for clarity) and extracellular loops of the α-subunit (magenta). The 10 transmembrane α-helices are white. The cytoplasmic
domains are the stalk (S, lavender), phosphorylation domain (P, red), nucleotide binding domain (N, gold), and actuator domain (A, yellow). Spacefill residues
are the backbones of each amino acid mutated in ATP1A2 or ATP1A3. Color shading is varied to help distinguish different amino acids. For ATP1A2, 76
different DNA variants occur in 66 amino acids, i.e., 10 amino acids have 2 alternative codon changes. Three of themutations are single amino acid deletions.
For ATP1A3, 130 different DNA variants occur in 86 amino acids; 5 are single amino acid deletions, and there are 25 amino acids with 2–6 alternative codon
changes. All 18 overlapping residue pairs (including 3 where one was found in ClinVar) were identical before the mutation. In 6 pairs, the amino acid change
was different; in 8, it was the same; and in 4, both identical and different substitutions were found (i.e., alternative codon changes). (B) Linear diagram of the
domain substructure. Both the A domain (yellow) and the P domain (red) are composed of 2 parts that are separated in the linear structure. As in (A), the
extracellular loops are magenta. The stalk domain comprises 5 separate parts: the cytoplasmic extensions of the M4 and M5 transmembrane spans S1 and
S2; the short intracellular loops L6-7 and L8-9; and the C-terminus (lavender). For ATP1A2 and ATP1A3, domain lengths are proportional to the number of
distinct variants found (including alternative codon changes). Although variants are found in most domains, ATP1A2 has an excess in the P domain, and
ATP1A3 has an excess in the membrane domain.
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none involved highly recurrent mutations. These data suggest
that there is little bias toward crucial residues shared by
ATP1A2 and ATP1A3 but strong bias for other residues.

Singletons and families in the literature were ascertained by
symptoms suspicious of a genetic origin. Separate clinical di-
agnoses such as RDP and AHC were independently linked to
ATP1A3.10,16 The divergence in structure distribution suggests
the existence of genotype-structure-phenotype relationships.
Additional phenotypes for each gene may yet be discovered.

Structure-phenotype relationship for ATP1A3
Human disease variants in ATP1A2 and ATP1A3 produce
neurologic syndromes with onset at birth, in childhood, or in
adulthood, including familial hemiplegic migraine (FHM2
[MIM:602481]),2 RDP (MIM:128235),1,29 AHC (MIM:
614820),1,2 and cerebellar ataxia, areflexia, pes cavus, optic
nerve atrophy, and sensorineural deafness (CAPOS [MIM:
601338]).11 Disease variants in ATP1A2, expressed in astro-
cytes, produce FHM2 phenotypes associated with spreading
depression or spreading excitation: migraine, hemiplegia, and
seizures.2 Symptom severity has not been systematically
studied for ATP1A2 mutations,2,17 but ATP1A3 disease var-
iants can be divided by severity.10,11,18–20 The most severe are
defined by onset in infancy and include AHC,1 severe infantile
epilepsy,18,21 and severe hypotonia.22Milder phenotypes have
onset in children and adults and include RDP, CAPOS, re-
lapsing encephalopathy and cerebellar ataxia19 also called
fever-induced weakness and encephalopathy,23 and rapid-
onset ataxia.20,24 Ages at symptom onset were taken from
original reports.

Figure 2 highlights a structure-phenotype relationship in the
membrane domain. ATP1A2 and the milder phenotypes in
ATP1A3 have a scattered distribution, but the ion binding site
is almost devoid of variants. In contrast, the variants with
severe phenotypes in ATP1A3 are clustered around the ion
binding sites, as noted previously for AHC.25–27 Three resi-
dues in ATP1A3 with either mild or severe manifestations are
pale yellow and not close to the ions. The absence of known
ATP1A2mutations near the ions suggests that their effects are
too severe to manifest as hemiplegic migraine.

The P domain, the site of ATP hydrolysis, is highly evolu-
tionarily conserved. Figure 3A dissects this domain because its
structure is otherwise difficult to appreciate. Two distant
stretches of amino acids (P1 and P2) interdigitate in a twisted
sheet of β-sheet strands encircled by α-helices. In figure 3A,
the top row shows an end view of the β-sheet, the α-helices
that surround it, and the 2 parts combined. The active site has
an aqua magnesium ion. The second row shows a side view of
the same structures. Figure 3B shows the distributions of
mutated amino acids. In the β-sheet, all but 3 are clustered at
the face of the active site. In the ring of α-helices, all mutations
except 1, in magenta, are away from the active site. The helix
mutations are confined to the central 5 of the 9 helices. The
more distal helices and strands so far have no mutations.

In Figure 3, color distinguishes the variants found in ATP1A2,
ATP1A3, or both. All have similar patterns of distribution in
the P domain. Figure e-4 (links.lww.com/NXG/A134)
compares the mild and severe phenotype variants of ATP1A3.
Any suggestion of differences in location would need to be

Figure 2 Structure-phenotype relationship in the membrane domain

This figure shows the transmembrane α-helices, omitting the portions that extend into the extracellular and intracellular spaces. All the ATP1A2 membrane
mutations are shown (left), whereas ATP1A3’s are divided into 2 groups: milder ATP1A3 phenotypes (middle) with onset from childhood to adult and severe
ATP1A3 mutations (right) with onset in infancy. ATP1A2 and the milder ATP1A3 phenotypes have similar distributions that appear to exclude the residues
right around the ions (pink = potassium ions). In contrast, the severe ATP1A3mutations are usually close to the ions. Almost 70% of the severemutations are
in contiguous stretches in M4, M5, and M6 near the ions. In contrast, 100% of themild mutations are not adjacent to any other mutations, and the few in M4,
M5, and M6 are on either side of the contiguous stretches. The distributions highlight 2 unique features: that mild and severe ATP1A3 mutations have
different distributions and that ATP1A2 mutations all look like “mild”. In fact, hemiplegic migraine seldom has onset in infancy.17 Equivalent “severe”
mutations of ATP1A2 have not been found. Variants of 3 ATP1A3 residues in pale yellow can produce either mild or severe phenotypes. Fourteen ATP1A3
residues altogether have produced both RDP and mild AHC or an intermediate phenotype. Eleven of those were recurrent (with the same or different
substitution) or appeared also in ATP1A1 or ATP1A2 patients. Here, 2 had different substitutions in patients with differing phenotypes (S137Y or S137F
severe,10 S137del mild53; Q140L severe,10 Q140H mild54), and the third, D923N, reduces affinity for Na+55 and presents as a continuum between AHC and
RDP,56,57 severe or mild in the same family.58
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supported by further evidence. Figure e-5 compares the
ATP1A2 and ATP1A3 variants in the S domain. On the
whole, P domain and S domain mutation distributions do not
differ systematically between ATP1A2 and ATP1A3.

Two types of variants in ATP1A1
Presumably because ATP1A1 is essential in early embryonic
life, not many disease variants have been discovered. Those
fall into 2 groups with different characteristics. Seven ATP1A1
putatively pathogenic variants found in Charcot-Marie-Tooth

(CMT2) axonal sensorimotor neuropathy are in the cyto-
plasmic A, P, and N domains, and 1 is at an ion binding
residue frequently mutated in ATP1A3 but with a less dis-
ruptive substitution (figure 4A). Adrenal adenomas, like many
cancers, have a high somatic mutation rate, and APAs have
distinctly different ATP1A1 variants (short deletions and
missense), all in the membrane domain (figure 4B).28–31

Those tested for function showed reduced Na,K-ATPase
activity, cell depolarization, or a modest inward leak
current.28,29,32–34 The amino acids of the most recurrent

Figure 3 Similar but restricted distributions of pathogenic variants in the P domain

The P domain is themost conserved in the gene family. It is covalently phosphorylated during transport, and the Mg2+ ion (aqua) is at the active site. (A) The P
domain consists of 2 halves that are separated in the linear structure but that interdigitate in a complex way when the protein folds. The first half, P1 in
figure 1B, is shown in pale yellow, and the second half, P2 in figure 1B, in pink. There is a twisted β-sheet (left views) surrounded by α-helices (middle views).
Strands andhelices are numbered in the order found in the sequence. (B) The knownmutations are displayedwith color coding as indicated. Stick view is used
for mutations in the β-sheet to avoid overcrowding. Note how most of the side chains of the mutated residues extend down into the active site surface.
Spacefill view of the mutations, without side chains, is used for the α -helices. Note how the mutations are confined to just 5 helices: helix 1, which is
associated with the stalk domain, and 4 helices that form a belt around the middle of the P domain: 2, 3, 7, and 8. There are no mutations in the end strands
(1 and 4) or the end helices (4, 5, 6, and 9), whichmay be less important to function. Themagentamutation in anα-helix is the only helixmutation near (but not
in) the active site. It is ATP1A3 T613M, a recurrent RDPmutation. The data indicate that the ATP1A2 and ATP1A3 distributions of mutations are very similar in
the P domain, but there are 2 types of mutations. Most of the mutations in the β-sheet are at the active site. Most of the ones in the α-helices are distant
from the active site. There was no correlation with phenotype severity.
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adenoma variants, p.Gly99Arg, p.Leu104Arg, and
p.Val332Gly, had previously been shown to line the ion
pathway or function as gates: their chemical modification
blocked palytoxin-induced currents caused by the toxin’s
ability to bind to Na,K-ATPase and wedge it open.35 In sum,
the CMT2 ATP1A1 disease variants are likely to cause a mild
loss of function, and the adenoma variants may cause a gain of
function with limited currents leading to aberrant aldosterone
production.

Pathogenic variants without
evolutionary conservation
To determine whether mutations are in amino acids with high
evolutionary conservation, we used ConSurf to estimate
conservation based on 94 nonredundant homologous
sequences from the P-type ATPase superfamily, from verte-
brates to yeast and bacteria.36 Figure 5A shows the conser-
vation scores of all residues as small blue symbols, and the bar
shows the locations of domains as in figure 1B. The 2D pre-
sentation highlights that for much of the protein, high con-
servation and low conservation residues are closely
interspersed in the linear sequence. Shaded boxes highlight 2
nonrandom features. First, there are 3 large stretches of
conserved residues (tan) with practically no low conservation
residues (off-white). In the right off-white box, at around
amino acid 800, there is a vertical streak of less-conserved

residues that correspond to a loop in the extracellular domain,
which is magenta on the domain bar. Second, there are 2
stretches of amino acids that are depleted of high conservation
residues (lavender boxes). Because conservation was calcu-
lated using sequences that are related but have divergent
functions, we infer that these regions, rather than being of
lesser importance, evolved for functions not shared by more
distant homologs: regions of special interest for ATP1A1,
ATP1A2, and ATP1A3.

The average conservation scores for missense variants found
in patients were similar for all 3 genes at the 30th percentile
(data not shown). Two-thirds of the mutated residues were
in the highest 20%, and only 3% were in the lowest 20%. The
conservation scores were graphed to look for patterns
unique to ATP1A2 and mild-phenotype ATP1A3 (figure 5B)
and severe ATP1A3 (figure 5C). A difference in the distri-
bution of variants is clear both in the location and conser-
vation score, with the severe-phenotype ATP1A3 variants
being more restricted and all falling below zero on the graph
(5C). Another difference that cannot be appreciated on the
graphs is that 65% of the severe ATP1A3 variants are re-
current, whereas the proportion is 38% for mild ATP1A3
variants and 20% for ATP1A2. The region at the C-terminus
with no very high conservation residues has many mutations
(figure 5, B and C).

Figure 4 Distinct groups of ATP1A1 pathogenic variants

There are only a handful of known mutations for ATP1A1, but they fall in 2 clearly different groups. (A) Seven germline mutations were found in CMT2
patients.4 One is at the interface between the 2 halves of the A domain (A1 dark pink, A2 yellow), where it may interfere with A domain stability. One is at
the site equivalent to D801N, the most common AHC pathogenic variant, but the change is from aspartate to alanine, presumably a milder substitution. The
other 5 variants are close to the boundary of P and N domains. They do not appear fundamentally different from mutations in ATP1A2 or ATP1A3. I592T
in ATP1A1 (orange) is the residue equivalent to I589T in ATP1A2.59 (B) The other group is somatic mutations found in aldosterone-producing adenomas.3

(Left) Six of the missense mutations all lie along the ion path through the protein, and some alter amino acids that are believed to be gates. The seventh is
at the top of the extracellular mouth (green). Two of them, V332G and L337M, are less disruptive versions of mild pathogenic variants in ATP1A3: V322D
and L327del. (Right) Multiple different short deletions (of 2–6 amino acids) appear only in the 3 stretches of amino acids highlighted in membrane spans 1, 4,
and 9. Such deletions have not been reported for ATP1A2 or ATP1A3. These somatic mutations are in a class by themselves. They are believed to generate
slight leaks, large enough to lead to aldosterone production but not large enough to kill the cells.
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Figure 5 Evolutionary sequence conservation

Human ATP1A1, ATP1A2, and ATP1A3 amino acid
sequences were aligned with Sus scrofa ATP1A1 (the
species used in protein crystal structures 3KDP and
3WGU), and each residue affected by a disease
variant was assigned the conservation score calcu-
lated for ATP1A1. (A) The individual conservation
scores of all aligning amino acids are shown with
score on the Y axis and amino acid sequence
(1–1,023) on the X axis. As seen in figure e-1 (links.
lww.com/NXG/A134), there is no alignment at the N-
terminus, so N-terminal residues do not appear.
Each blue spot is one amino acid, and the Na,K-
ATPase domains are illustrated in the bar at the
bottom. Some patterns of conservation can be dis-
cerned, highlighted by transparent boxes: two
regions with few or no highly conserved amino acids
(lavender) and 3 regions of conserved residues (tan)
with practically no low conservation residues (off-
white). (B) The ATP1A2 variants (green) and themild
ATP1A3 variants (magenta) have similar dis-
tributions. There are 14 cases (;15%) where ho-
mology scores were in the less-conserved half. The
C-terminal region has many pathogenic variants in
both genes despite lacking the highest conservation
scores. Residues E174 and R1008 from figure 6 are
marked with arrowheads. (C) The severe ATP1A3
variants had amore restricted distribution. It can be
seen that many align with the membrane spans.
Although their conservation scores varied widely,
none were in the less-conserved half. Of the points
that do not lie in one of the 3 clusters of high con-
servation, 8 were shared by mild and severe ATP1A3
phenotypes (visible as 2 colors per symbol at high
magnification). This suggests that intermediate
phenotypes tend to have less restricted structure
distributions than the most severe phenotypes. (D)
All the synonymous (brown; n = 281) and missense
(coral pink; n = 145) ATP1A3 variants from gnomAD
(138,632 sequences) are plotted to compare to the
clustering of mutations.
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Normally, one would expect that variants with low con-
servation scores are benign. In the ATP1A2 and mild
ATP1A3 variants in figure 5B, 14 amino acids have positive
(poor) conservation scores. Of these, 10 were supported as
pathogenic by laboratory testing of function, recurrence as
an alternative amino acid, or occurrence in a second gene,
and 3 of those were de novo. There was no pattern in their
scores. Three others had insufficient data, and a fourth was
published as possibly disease causing and is analyzed
further.

The missense and synonymous variants in gnomAD gave no
obvious pattern (figure 5D). More than half (58%) of the
synonymous variants were in the higher half of the conser-
vation score, whereas only 39.3% of missense variants were
(p = 10−5 t test, 2 tailed, equal variance) consistent with
genetic constraint.

Structure data assist tricky predictions
ATP1A2 variant E174K has a conservation score of 2.077,
putting it at the top of figure 5B. The variant appeared in

a family that experiences migraine with side-changing par-
esthesias, which is on the FHM2 spectrum.37 Pedigree data
were supportive but incomplete. When expressed in Xenopus
oocytes, no reduction of pump activity was seen,37 but the ion
concentrations used were high enough to saturate the en-
zyme. In later experiments using protein expressed in insect
cells, it was learned that the enzyme had altered kinetics:
reduced affinity for Na+ and increased affinity for K+.38 Be-
cause Na+ concentration is rate limiting for enzyme activity in
vivo, this mimics reduction of activity. Figure 6, A and B
illustrate how the position of E174 in the crystal structures
explains the pathogenicity. E174 is at the surface of the A
domain, which rotates. In the K+-bound structure, E174 faces
the cytoplasm, and the side chain is in contact with nothing
(figure 6A). In the Na+-bound form, however, it binds 2
amino acids in the N-domain (figure 6B), i.e., it is at a domain-
domain interface where the change from negative to positive
charge will be damaging. This explains the abnormal kinetics
because the sodium conformation would be destabilized.38 In
this example, an amino acid with the worst conservation score
nonetheless is legitimately pathogenic.

Figure 6 Structure-based interpretation of variants of uncertain significance

(A) E174K; N, P, and Adomains are visible. In the K+-bound conformation, theN (gold) and A (yellow) domains are far apart. (B) In theNa+-bound conformation,
the N and A domains are in contact. The P domain in the background was hidden for clarity. E174K (magenta) is a variant in ATP1A2 that has the poorest
conservation score in figure 5B, and it is predicted to be tolerated by SIFT.38 In the K+-bound structure, it is fully exposed to the cytoplasm (A), but in the Na+-
bound structure, it is the point of closest contact between the A domain (yellow) and N domain (gold). There it interacts with 2 adjacent residues, an
asparagine N432 and an alanine A433 (blue and aqua). They are also shown in (A). (C) R1008W; close-up of M10, M7, andM8where these helices terminate in
parts of the S domain (lavender). R1008W (magenta) is a variant in ATP1A2 in a patient with compound heterozygosity with R548C. Because the adjacent
variant R1007W (green) is known to be pathogenic, it was suggested that R1008Wmight contribute to the severity.39 R1007 has a better conservation score,
but R1008’s score is still in the range of other pathogenic variants (close to zero). In the structure, R1007 points into the protein where it makes close
association with 2 domains: two residues in M10 (light blue) and 2 residues in L7-8 (lavender), including the protein kinase A phosphorylation site, S933. In
contrast, R1008 points out into the cytoplasm, where a substitution may be tolerated.
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The second example is ATP1A2 variant R1008W, which was
found together with a known pathogenic variant, R548C, in
a compound heterozygous child with unusually early onset of
severe epilepsy, hemiplegia, and migraine symptoms.39 The
severity of the phenotype, not seen in a family with R548C
alone40 or in the child’s mother who carried the R548C
mutation, suggested that both variants contributed to disease
severity. An adjacent arginine with the same substitution,
R1007W, previously described in a family with hemiplegic
migraine and epilepsy, was shown to be pathogenic by func-
tional studies in Xenopus oocytes.41 Although R1007 has
a conservation score in figure 5B of −0.967 while R1008 is
+0.069, their identical substitutions suggested that the adja-
cent variants might both be pathogenic.39 However, their
positions in the crystal structure tell a different story (figure
6C). R1007’s side chain faces into the protein and makes
contacts with 2 amino acids in M10 and 2 in the S domain.
One of those contacts is the protein kinase A site, and R1007
had been shown previously by mutagenesis to play a complex
role in controlling Na,K-ATPase.42 In contrast, the adjacent
R1008 side chain points away from the protein, where it may
associate with phospholipid headgroups.43 Adjacent amino
acids can have very different propensities to be pathogenic. In
this example, a variant with some apparently credible features,
nonetheless, may be benign.

Discussion
It was not expected that pathogenic variants seen in Na,K-
ATPase paralogs would differ. The concepts of conservation
of sequence homology and genetic constraint (intolerance of
substitution) are tightly linked. The premise is that evolu-
tionary conservation occurs because variants causing func-
tional damage are eliminated by selection. This study
documents that sets of paralogs can violate that logic at the
disease level: sequence similarity between paralogs is not
always a strong predictor for the discovery and in-
terpretation of new human pathogenic variants. The Na,K-
ATPase catalytic subunit gene family instead shows partial
divergence in pathogenic variants. Ascertainment bias plays
a role: patients must survive with the mutation, and symp-
toms must be uncommon enough to suggest monogenic
disease. Mutations outside of these constraints would occur
but be undetected.

It is fundamental that mutation phenotypes can appear in one
tissue or cell type and not another because of differences in
how physiology is affected. Partial loss of Na,K-ATPase ac-
tivity may have more impact in a cell with high transport
activity than one with low activity; in inhibitory rather than
excitatory neurons; or presynaptically rather than post-
synaptically. An elevation of intracellular Na+ due to a re-
duction of sodium affinity may have more effect on dendrites
than on action potentials or have different secondary effects
on transmitter reuptake. Similar mutations in astrocytes and
neurons can have different impacts on intracellular Ca2+, pH,

or Cl− because of the expression of different sodium-
dependent carriers. When comparing different mutations,
however, variants that simply reduce activity should have
a ceiling of physiologic impact; e.g., a mutation inactivating
the ion binding site should have the same physiologic effect as
a mutation inactivating the ATP hydrolysis site, provided both
changes produce inert enzyme. Loss of function alone, how-
ever, does not explain why many ATP1A2 and ATP1A3
neurologic variants are biased toward specific mutations as
suggested by their independent recurrence.

To understand the genotype-structure-phenotype differences
displayed by ATP1A2 and ATP1A3 and by mild and severe
ATP1A3 mutations, we postulate a gain-of-function defect in
the severe mutations. Certain mutations of Na,K-ATPase may
cause a greater perturbation of physiology than pump in-
activation alone by alteration of ion selectivity or stoichiom-
etry; by depolarizing inward currents carried by protons or
Na+; by leaks through the ion pathway because of defective
gating; or by protein instability or misfolding in the
membrane.28,29,33,34,44 Small inward proton currents occur in
wild-type enzyme and are sometimes blocked in mutants, but
their physiologic impact is still uncertain.26 Larger leaks or an
outward proton current would be disruptive for both neurons
and glia and potentially toxic. The extreme toxicity of paly-
toxin is due to the opening of the ion pathway through Na,K-
ATPase like a channel.45 Any leaks in surviving patients
should be very slow relative to palytoxin and might manifest
only at physiologic temperatures or higher. The ATP1A3
variants that are tightly clustered around the ion sites would
be candidates. So would sensitive spots such as G358 on the
P1 helix embedded in the S domain, where a G358Vmutation
produced fatal infantile epilepsy18 and G358C, S, and D
produce AHC. So would the highly recurrent AHCmutations
E815K and G947R that have dominant negative effects46 and
are in a network of residues affecting the cytoplasmic ion
pathway.26,47 The importance of pathogenic leaks is sup-
ported by temperature-sensitive mutations studied in Ca+2

ATPases in Drosophila48 in addition to the aldosterone-
secreting adenoma ATP1A1 mutations.28,34 Many other
mutations, such as in the P domain, N domain, or extracellular
surface, may affect only biosynthesis or activity.

One significant observation is that the membrane domain
pathogenic variants causing severe phenotypes in ATP1A3 are
entirely missing from the ATP1A2 patient population. It is not
that hemiplegic migraine ATP1A2 mutations are never fully
inactivating: a number had no detectable activity in laboratory
studies.2 Even among the variants shared by ATP1A2 and
ATP1A3, however, none were close to the ion binding sites.
The logical prediction is that severe variants of ATP1A2 occur
but have unrecognized disease consequences. For example,
they may produce membrane depolarization that interferes
with astrocyte roles in synapse development and remodel-
ing,49 and this clinically supersedes the cortical spreading
depression that contributes to migraine.2 Other possibilities
are a phenotype in other ATP1A2-expressing tissues (skeletal,
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vascular, smooth, or cardiac muscle; fat) or lethality, perina-
tally or in utero.

The variants of ATP1A3 that we have called “milder” none-
theless produce disabling neurologic disease with stable,
progressive, or episodic motor symptoms, often with cogni-
tive deficits and psychiatric manifestations.1,50,51 No patho-
genic variants have been found yet, however, in the
N-terminus, the A domain, the linkers to the A domain, or
some of the peripheral membrane spans, suggesting that their
functional impact is too small (or too great) to produce rec-
ognized diseases.

Genetically defined loss-of-function mutations (LoF: frame-
shifts, premature stops, and deletions) are almost absent from
gnomAD for ATP1A1 and ATP1A3 and reduced in ATP1A2.
This is evidence of purifying selection, and that the genes are
highly constrained, however, LoF mutations are also largely
missing in the patient populations. Recessive variants are
missing so far from the whole gene family. This is puzzling
because partial reduction of activity of such important
enzymes should have pathophysiologic effects if homozygous.
A possibility is that recessive variants will be found for phe-
notypes or risk factors that are not yet recognized. ATP1A1
recessive variants could manifest in any tissue with high ion
transport. ATP1A3 variants might affect CNS functions al-
ready affected by dominant mutations in RDP and AHC, such
as depression, behavioral and cognitive deficits, or
psychosis.50–52

This gene family’s mutational landscape shows that the
spectrum of pathologic variants varies among paralogs. Im-
portant pathologic variants can occur in evolutionarily recent
specializations that are not conserved at all. The mutations in
ATP1A2 and ATP1A3 and the germline mutations in
ATP1A1 were overwhelmingly missense or deletions of 1
codon, which suggests that the mutated protein must be
present for the known manifestations. It will be interesting to
see whether recessive mutations have a structural distribution
more representative of sequence identity in the gene family.
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CORRECTION

The complex structure of ATXN2 genetic variation
Neurol Genet 2019;5:e311. doi:10.1212/NXG.0000000000000311

In the editorial, “The complex structure of ATXN2 genetic variation,” by Pulst1, first published
online December 6, 2018, the reference for Tojima et al.’s article should read: 1. Tojima M,
Murakami G, Hikawa R, et al. Homozygous 31 trinucleotide repeats in the SCA2 allele are path-
ogenic for cerebellar ataxia. Neurol Genet 2018;4:e283. DOI: 10.1212/NXG.0000000000000283.
The publisher regrets the error.

Reference
1 Pulst SM. The complex structure of ATXN2 genetic variation. Neurol Genet 2018;4:e299. DOI: 10.1212/NXG.0000000000000299
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