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José G. Merino, MD, MPhil, FAAN

Deputy Editor
Olga Ciccarelli, MD, PhD, FRCP

Section Editors

Biostatistics
Richard J. Kryscio, PhD
Sue Leurgans, PhD
V. Shane Pankratz, PhD

Classification of Evidence Evaluations
Gary S. Gronseth, MD, FAAN

Equity, Diversity, & Inclusion (EDI)
Roy H. Hamilton, MD, MS, FAAN
Holly E. Hinson, MD, MCR, FAAN

Podcasts
Stacey L. Clardy, MD, PhD, FAAN
Jeffrey B. Ratliff, MD, Deputy Podcast Editor

Ombudsman
Jonathan W. Mink, MD, PhD, FAAN

Scientific Integrity Advisor
David S. Knopman, MD, FAAN

Classification of Evidence
Review Team

Melissa J. Armstrong,MD
RichardL.Barbano,MD,PhD,FAAN
RichardM.Dubinsky,MD,MPH,FAAN
Jeffrey J. Fletcher,MD,MSc
GaryM.Franklin,MD,MPH,FAAN
David S.Gloss II,MD,MPH&TM
John J.Halperin,MD,FAAN
JasonLazarou,MSc,MD
StevenR.Messé, MD, FAAN
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EDITORIAL OPEN ACCESS

Race and Alzheimer Disease Biomarkers
A Neglected Race

Alberto Lleó, MD, PhD, and Marc Suárez-Calvet, MD, PhD

Neurol Genet 2021;7:e574. doi:10.1212/NXG.0000000000000574
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Race is a social construct with profound consequences on health. Although race does not always
segregate with genetic ancestry, some genetic variants are more frequently found in certain self-
identified racial and ethnic groups. Differences in the epidemiology and the pathophysiology of
Alzheimer disease (AD) and other neurodegenerative conditions have been described in certain
racial groups. Unfortunately, most studies in the field of AD havemainly included non-Hispanic
White (NHW) participants, with an underrepresentation of other populations. In the past few
years, however, research on race and ethnic differences in AD has grown rapidly. Some studies
indicate that African Americans (AA) have a greater risk for AD than NHW.1 The reasons
hypothesized to account for this higher risk are certain genetic risk factors associated with AA,
the higher prevalence of vascular risk factors in AA, and socioeconomic factors.2 In addition,
some studies have reported a different pathophysiology and pattern of AD biomarkers. There is
evidence that AA have lower concentrations of total-Tau, phosphorylated Tau, and neuro-
filament light in the CSF compared with NHW.3 The differences in AD pathophysiology in
racial groups can be due to various factors, such as genetic variants associated with that race, but
also with other environmental factors such as socioeconomic status, diet, or medical comor-
bidities. Another factor that could play a role in this association is a different innate immune
response to AD pathology.

In this issue of Neurology® Genetics, Schindler et al.4 take advantage of the racial and ethnical
diversity of the Knight ADRC cohort to describe differences in soluble TREM2 (sTREM2)
concentrations in the CSF in AA and NHW. AA participants had lower CSF sTREM2 con-
centrations, a difference that was mainly driven by the higher frequency of certain TREM2
coding variants associated with lower CSF sTREM2. These results remained significant after
adjusting by age, sex, education, history of dementia, and APOEe4 status. The authors also
confirmed their findings in participants of the ADNI cohort.

TREM2 is an innate immune receptor of the immunoglobulin family that is expressed on the
plasma membrane of microglia and other myeloid lineage cells. TREM2 is involved in microglia
migration, proliferation, phagocytosis, and lipid sensing.5 Low frequency coding variants in
TREM2 increase the risk of AD.5 In mouse models of AD, impaired TREM2 function limits the
microglia response around Amyloid-β (Aβ) plaques and leads to greater neuritic dystrophy.5

These observations are consistent with a model in which defective TREM2 function affects
microglial response to Aβ plaques and increases neuronal and synaptic damage.

CSF sTREM2 reflects the amount of TREM2 competent signaling on the surface ofmicroglia and
can thus be used as a biomarker of the TREM2-mediated microglia response. CSF sTREM2
dynamically changes throughout the Alzheimer continuum, with higher levels in the later
asymptomatic stages and early symptomatic stages of both sporadic and autosomal-dominant
AD.6,7 It is important that lower CSF sTREM2 concentrations have been associated with faster
cognitive decline in patients with AD,8 which supports the notion that sTREM2 can be used as a
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surrogate marker of microglial activity in AD. This observation
also suggests that TREM2-mediated microglial response may
have a beneficial effect in AD, at least at some disease stages.

The work of Schindler et al. has important clinical implications.
First, if AA have lower CSF TREM2 concentrations, the ques-
tion arises of whether AA may be less protected by TREM2-
related microglial function. Second, if AA show different AD
biomarkers, it is important to account for race when designing
cutoffs in a diverse population. Third, because TREM2 is
expressed in other tissue macrophages, TREM2 coding variants
associated with AA may also induce a different peripheral in-
flammatory response. The peripheral inflammatory response is
known to influence cognitive disorders and progression of AD,9

which could also have an impact on AD pathophysiology.

Finally, the findings reported by Schindler et al. may have
therapeutic implications. Therapies that target TREM2 have
already reached clinical phase 2 (NCT04592874). There is an
ongoing clinical trial with a TREM2 activating antibody that
enhances the protective functions of microglia in a mouse
model of AD.10 It will be important to investigate whether
TREM2 therapies have a different effect in participants with
lower TREM2 function, irrespective of self-identified race. If
true, then it would be key to monitor TREM2 function and
adjust the dose accordingly. This would require the de-
velopment of accurate assays to monitor microglial function
through the course of the disease.

In summary, the study by Schindler et al., adds on an im-
portant and under-investigated aspect of AD. Because clinical
trials grow and enroll patients with different races and eth-
nicities, it will be important to take both into account when
interpreting outcomes.

Study Funding
The authors report no targeted funding.
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Abstract
Objective
To discover genetic determinants of Parkinson disease (PD) motor subtypes, including tremor
dominant (TD) and postural instability/gait difficulty (PIGD) forms.

Methods
In 3,212 PD cases of European ancestry, we performed a genome-wide association study
(GWAS) examining 2 complementary outcome traits derived from the Unified Parkinson’s
Disease Rating Scale, including dichotomous motor subtype (TD vs PIGD) or a continuous
tremor/PIGD score ratio. Logistic or linear regression models were adjusted for sex, age at
onset, disease duration, and 5 ancestry principal components, followed by meta-analysis.

Results
Among 71 established PD risk variants, we detectedmultiple suggestive associations with PDmotor
subtype, includingGPNMB (rs199351, psubtype = 0.01, pratio = 0.03), SH3GL2 (rs10756907, psubtype
= 0.02, pratio = 0.01),HIP1R (rs10847864, psubtype = 0.02), RIT2 (rs12456492, psubtype = 0.02), and
FBRSL1 (rs11610045, psubtype = 0.02). A PD genetic risk score integrating all 71 PD risk variants
was also associated with subtype ratio (p = 0.026, ß = −0.04, 95% confidence interval = −0.07–0).
Based on top results of our GWAS, we identify a novel suggestive association at the STK32B locus
(rs2301857, pratio = 6.6 × 10−7), which harbors an independent risk allele for essential tremor.

Conclusions
Multiple PD risk alleles may also modify clinical manifestations to influence PDmotor subtype.
The discovery of a novel variant at STK32B suggests a possible overlap between genetic risk for
essential tremor and tremor-dominant PD.
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Parkinson disease (PD) is a clinically heterogeneous
disorder.1–6 PD subtypes have been described based on com-
mon patterns of phenotypic features.1,7 One of the earliest and
widely used subtyping classifications recognizes tremor domi-
nant (TD) and postural instability/gait difficulty (PIGD)
motor subtypes.8,9 These subtype categories have implications
for disease progression, with prospective studies showing that
PIGD is characterized by increased cognitive impairment and
decreased response to levodopa.10,11 Although some studies
have sought to identify pathologic correlates for PD motor
subtypes,12,13 the mechanisms underlying these clinical and
prognostic differences remain incompletely understood.7

Others have raised questions about the stability of PD motor
subtypes over the disease course and their potential to be
influenced by medications14–16

A strong genetic contribution to PD etiology is well estab-
lished, including several rare, monogenic forms of the disease
and a large number of common variant PD risk alleles iden-
tified in genome-wide association studies (GWASs).17 There
is mounting evidence for genetic variants as modifiers of PD
phenotype as well. Variants in LRRK2 or GBAmodify disease
motor progression (slower or faster, respectively) and also
affect risk of cognitive impairment.18,19 Genetic association
studies have also nominated genetic modifiers of PD pro-
gression, cognitive impairment, age at onset, and risk of in-
somnia, including established PD risk alleles.19–28 Of interest,
LRRK2(G2019S) carriers appear to have a higher incidence of
the PIGD subtype, despite early reports of asymmetrical
tremor as a prominent clinical feature.18,29 A recent analysis of
10 PD risk variants from GWAS in a sample of 251 subjects
(plus 559 subjects for replication) demonstrated an associa-
tion of an SNCA locus polymorphism with the TD subtype.23

We performed a GWAS meta-analysis for PD motor subtype
in 3,212 subjects, examining potential associations for 71
established PD risk alleles and further testing for novel
modifiers of TD vs PIGD motor phenotypes.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
Subjects derived from multiple North-American and Euro-
pean PD research cohorts (table e-1, links.lww.com/NXG/
A373): Baylor College of Medicine (BCM), University of
Maryland, Baltimore PD Genetics Study, Parkinson’s Pro-
gression Markers Initiative, Parkinson’s Disease Biomarkers

Program, Profiling Parkinson’s disease study (Netherlands),
Tracking Parkinson’s study (United Kingdom), and the Oslo
Parkinson’s Disease study (Norway). All participants pro-
vided written informed consent for genomic studies, in-
cluding permission for sharing of deidentified data between
institutions, before enrollment in the respective studies. We
obtained all clinical and genetic information with approval of
the respective local institutional review boards.

Participants
All subjects were diagnosed with PD. The following data were
required for inclusion in this study: sex, age at symptom onset,
age at diagnosis, age at first evaluation, and earliest available
(baseline) itemized rating using the Unified Parkinson’s
Disease Rating Scale (UPDRS) parts 2 and 3 or the equivalent
parts of the Movement Disorder Society revised UPDRS
version (MDS-UPDRS).30,31 Disease duration in years was
defined as age at first evaluation minus age at symptom onset.
If age of symptom onset was not available, age at diagnosis was
used. The BCM cohort included subjects evaluated with ei-
ther version of the UPDRS, and these subjects were therefore
evaluated as separate cohorts (BCM1 and BCM2, see table
e-1, links.lww.com/NXG/A373). All other cohorts exclu-
sively used either the UPDRS or the MDS-UPDRS.

Motor Subtypes
PD motor subtypes, TD and PIGD, were determined using
previously published algorithms.1,2 Subjects are classified as
either TD, PIGD, or indeterminate using scale-specific cutoffs
based on the ratio of tremor score to PIGD score from the
UPDRS or MDS-UPDRS parts II and III. Applying these
algorithms to our pooled cohort, 383 subjects with a tremor/
PIGD score ratio in the indeterminate range could not be
assigned to either the TD or PIGD dichotomous trait. As a
complementary approach, we therefore used the tremor/
PIGD score ratio as a continuous outcome, permitting in-
clusion of all subjects (including those classified as in-
determinate). To accommodate subjects with PIGD score =
0 in these analyses, we transformed the tremor/PIGD score
ratio as follows:

log

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tremor score + 0:01
PIGD score + 0:01

r

Genotyping
Genotyping data (all Illumina platform based) were obtained
from International Parkinson’s Disease Genomics Consor-
tium (IPDGC) members, collaborators, and public resources.
As previously described, all data sets underwent quality

Glossary
BCM = Baylor College of Medicine; ET = essential tremor;GRS = genetic risk score;GWAS = genome-wide association study;
IPDGC = International Parkinson’s Disease Genomics Consortium; MAF = minor allele frequency; MDS-UPDRS =
Movement Disorder Society revised UPDRS version; PD = Parkinson disease; PIGD = postural instability/gait difficulty;TD =
tremor dominant; UPDRS = Unified Parkinson’s Disease Rating Scale.
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control separately, both on individual-level data and variant-
level data, as implemented using PLINK v1.90b5.3.27,32

Briefly, we excluded individual samples with low or excess
heterozygosity or discordant sex. We also excluded ancestry
outliers following principal component analysis. We required
that SNPs have a minimum call rate of 95%, minor allele
frequency (MAF) > 5%, and Hardy-Weinberg equilibrium p
values > 1E-04. Imputation was performed using the Michi-
gan imputation server and the Haplotype Reference Con-
sortium (r1.1 2016), with Eagle v2.3 phasing available at:
imputationserver.sph.umich.edu.

Statistical Analysis
Our GWAS followed prior published IPDGC analytic
pipelines,27,32 and an analysis plan was formulated before ex-
ecution of the study. For each included cohort, the imputed
genotyped dosages were analyzed using regression, imple-
mented in RVTESTS.33 Logistic regression was used for the
dichotomous motor subtype trait (TD vs PIGD), and linear
regression was used for the continuous tremor/PIGD score
ratio trait. Both models were controlled for age at onset, sex,
disease duration, and the first 5 ancestry principal components.
Fixed effects meta-analysis combining the summary statistics
from the 8 studies was performed using METAL with default
parameters.34 For the GWAS, we computed Lambda1000 = 0.88
for the dichotomous subtype outcome and Lambda = 0.99 for
the continuous ratio trait. Heterogeneity statistics are included
in e-tables, links.lww.com/NXG/A373. As in prior IPDGC
analyses, we conservatively filtered the top GWAS results, ex-
cluding 6 SNPs with heterogeneity I2 > 60% and p < 0.05. For
the candidate analysis of PD risk alleles, 71 variants had an
imputation quality >0.8 in our data set and were therefore
included in our analyses.35 The significance threshold was set at
p < 0.0007 based on 71 independent tests using the Bonferroni
method (p = 0.05/71); we secondarily considered p < 0.05 as
evidence of a suggestive association. The 71 PD risk variants
were also evaluated in combination using a weighted genetic
risk score (GRS), implemented in PLINK.32,35 For ease of
interpretation, GRS scores were converted to Z scores as pre-
viously described.36 Association with the 2 subtype outcome
traits was tested using the formula:

Trait;GRS_Zscore + AgeAtOnset + Sex + PC1 − PC5

Forest plots and association meta p-values were calculated
using the R package metafor.37 For the genome-wide analysis,
significance was set at p < 5 x 10−8, whereas p < 1 x 10−5 was
considered suggestive evidence of association. Locus plots
were generated using LocusZoom.38 Linkage disequilibrium
pruning was performed using the module SNPclip, which is
part of LDlink application using the default parameters (r2 =
0.1 and MAF = 0.01) and a genomic window of 500kb.39 For
the lookups of variant associations with essential tremor (ET)
susceptibility, significance was set at p < 0.0013 based on 39
tests. Statistical power was estimated using the Genetic As-
sociation Study Power Calculator (csg.sph.umich.edu/abe-
casis/gas_power_calculator/). We performed 2 sets of

calculations considering power to detect association of (1) an
established PD risk allele (rs199351, frequency = 0.6, risk ratio
= 1.11) or (2) a novel variant (rs10937625, frequency = 0.12,
risk ratio = 1.25). Disease prevalence was set to 0.0041.

Data Availability
Summary statistics for the analyses presented in this study will
be made available on the IPDGC website (pdgenetics.org/
resources).

Results
Overall, our study included 3,212 subjects with complete
clinical data and genotypes passing all quality control filters
(see Methods). Clinical and demographic information along
with the frequency of motor subtypes is shown in table 1. The
TD subtype was more common than PIGD, but subtype
proportions varied between cohorts (table e-1, links.lww.
com/NXG/A373). Consistent with prior reports,14,15,40 the
proportion of patients with TD was inversely related to av-
erage disease duration (correlation coefficient −0.57). Be-
cause of individuals with indeterminate subtype classification,
2,829 subjects were available for the GWAS using the di-
chotomous subtype trait (TD vs PIGD), whereas all 3,212
patients were included in the GWAS for the tremor/PIGD
subtype ratio.

We first examined associations for 71 established PD risk
variants with PD motor subtypes. Overall, we identified sug-
gestive associations (p < 0.05) between risk variants at the
GPNMB, SH3GL2, HIP1R, FBRSL1, and RIT2 loci and the
subtype trait, but none of these associations remained sig-
nificant following multiple test correction (table 2 and e-2,
links.lww.com/NXG/A379). In 2 of 5 loci (GPNMB and
FBRSL1), the PD risk-increasing allele was associated with
PIGD subtype. Variants at GPNMB and SH3GL2 also showed

Table 1 Cohort Characteristics

N (%) or mean (SD)

N 3,212

Male 2,078 (64.7)

Age at evaluation (y) 66.0 (9.5)

Age at onset (y) 61.0 (10.6)

Disease duration (y) 4.1 (4.5)

TD subtype 1,570 (48.9)

PIGD subtype 1,259 (39.2)

Indeterminant subtype 383 (11.9)

Abbreviations: PIGD = postural instability/gait difficulty; TD = tremor
dominant.
Demographic information and frequency of motor subtypes of the study
population combined from all 8 cohorts.
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consistent associations with subtype ratio, but no additional PD
risk alleles were associated with this outcome (table e-2, links.
lww.com/NXG/A379). We next integrated genotypes across
the 71 PD risk alleles to compute a GRS for each subject and
examined for association with PD motor subtypes. Indeed, we
detected a significant association between the PDGRS and the
subtype ratio (p = 0.03, confidence interval = −0.07 to 0.00),
although this result appeared to be driven by only 2 of 8 cohorts
included in our meta-analysis (PDBP and BCM2, figure 1).
The GRS was not associated with the dichotomous subtype
trait (figure e-1, links.lww.com/NXG/A373).

We next examined the results of our GWAS to identify novel
candidate modifiers of PD motor subtype. Although no variants
reached the genome-wide significance threshold, a number of
variants showed suggestive associations (p< 1 x 10−5) with either
PDmotor subtype or subtype ratio (tables e-3 and e-4, links.lww.
com/NXG/A373). The top variant associated with the subtype
ratio outcome is rs2301857 (pratio = 6.6 x 10

−7), locatedwithin an
intron of the STK32B gene (figure 2). The minor allele,
rs2301857T (frequency = 0.12) was associated with reduced
tremor/PIGD score ratio (effect = −0.19). Thus, the minor and
major alleles for the rs2301857 SNP are associated with a po-
larization toward the PIGD vs TD phenotypes, respectively. In
our complementary analysis, the association between rs2301857
and PD motor subtype was attenuated (psubtype = 0.044).

Notably, an association signal at STK32B has been previously
reported in a GWAS for ET.41 Although the lead variant from
that study, rs10937625, is only 290 kb proximal from the top
variant in our analysis, these SNPs do not demonstrate ap-
preciable linkage disequilibrium (R2 = 0.002, D’ = 0.184).
Based on the Genotype-Tissue Expression project database,42

rs2301857T is associated with increased STK32B expression,
but this expression quantitative trait locus was only significant
in the testes, salivary gland, and prostate. We performed ad-
ditional analyses to explore for a possible genetic overlap
between ET and PD motor subtype. However, neither the
STK32B variant nor any of the other 5 published ET risk
variants41 were associated with either of our PD motor sub-
type traits (table e-5, links.lww.com/NXG/A373). Lastly, to

explore for further potential evidence of shared genetic ar-
chitecture, we reciprocally examined whether any of our top
candidate variants (p < 1 x 10−5; n = 39 variants) associated
with PDmotor subtype confers susceptibility for ET, based on
lookup of the top results in the largest GWAS completed to
date (2807 ET cases/6,441 controls).41,43 However, neither
STK32Brs2301857 (p = 0.18) nor any other top suggestive re-
sults from our PD motor subtype GWAS were significantly
associated with ET susceptibility.

Discussion
Identification and characterization of PD subtypes has re-
ceived increased attention in recent years, with the goal of
predicting progression, stratifying patients based on risk of

Table 2 Association of Established PD Risk Variants With PD Motor Subtype

chr: position SNP Gene Allelea Frequency

Subtype (TD vs PIGD) Subtype ratio

Effect SE p Value Effect SE p Value

7: 23300049 rs199351 GPNMB A/C 0.61 0.16 0.06 0.011 −0.05 0.02 0.033

9: 17727065 rs10756907 SH3GL2 A/G 0.76 0.16 0.07 0.019 −0.06 0.03 0.017

12: 123326598 rs10847864 HIP1R T/G 0.38 −0.15 0.06 0.018 0.017 0.02 0.47

12:133063768 rs11610045 FBRSL1 A/G 0.51 0.14 0.06 0.023 −0.03 0.02 0.17

18: 40673380 rs12456492 RIT2 A/G 0.67 0.15 0.06 0.019 −0.008 0.02 0.73

Abbreviations: PD = Parkinson disease; PIGD = postural instability/gait difficulty; SE = standard error; TD = tremor dominant.
a Effect/alternate alleles shown, PD risk allele denoted in boldface.

Figure 1 PD Genetic Risk Score Associates With Tremor/
Postural Instability/Gait Difficulty Score Ratio

Error bars represent 95% confidence intervals. The size of the black squares
represents the effect size from each cohort. The combined estimate for all
cohorts is represented by the red diamond with the width of the diamond
representing the 95% confidence interval bounds. The summary effect =
−0.0389 (p = 0.0156). PD = Parkinson disease.
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nonmotor complications (e.g., dementia), and elucidating
mechanisms of disease heterogeneity.7–9,44 Recent studies
strongly suggest that genetic factors can influence the pres-
ence and severity of many varied PD manifestations and
therefore likely influence disease subtypes.7 We have per-
formed a GWAS for PD motor subtype. Our results highlight
some evidence for 5 established PD risk alleles as potential
modifiers of motor subtype, and we further found that a PD
GRS including 71 risk variants was associated with subtype
ratio. One strength of our analysis was consideration of 2
complementary PDmotor subtype outcomes. The TD/PIGD
score ratio trait offers a continuous outcome and has the
advantage of a larger sample size because subjects with in-
determinate subtype can be considered. On the other hand,
by including subjects with a mixed phenotype, it is also pos-
sible that the subtype ratio may dilute power to detect the
effects of certain variants. In such cases, the dichotomous
subtype outcome permits greater contrast between groups of
subjects manifesting the TD or PIGD phenotype. In a prior,
candidate-based analysis of 10 PD risk alleles in 810 PD cases,
a variant at the SNCA locus (rs356182) was discovered to be
associated (p = 0.004, β = 0.7) with a similar TD/PIGD score
ratio outcome.23 Although we did not replicate that associa-
tion in our larger sample (n = 3,212, p = 0.18, β = 0.03), this
may relate to modest differences in the derivation of the
subtype score ratio, and additional replication analyses should
be undertaken in the future.

Although no variants reached genome-wide significance in
our GWAS, we identify many loci harboring suggestive as-
sociations that may be excellent candidates for follow-up and
potential replication. The top result of the subtype ratio

GWAS, rs2301857, implicates the STK32B gene as a possible
modifier of PD motor phenotypes. This gene has previously
been genetically linked to ET.41 The potential relationship
between ET and PD has long been a topic of discussion in the
field of movement disorders.45 Although most patients with
ET do not develop parkinsonism, at least 1 study has shown
that a prior diagnosis of ET may increase the risk of PD up to
4-fold.46,47 A possible genetic link is further suggested by
reports of familial coaggregation of ET and PD.48 In another
study, patients with PD having family members with ET were
more likely to exhibit the TD subtype of PD.49 Importantly,
the variant that we discovered in association with PD motor
subtype does not show appreciable linkage disequilibrium
with the previously reported ET susceptibility signal; there-
fore, these appear to be independent alleles at the STK32B
gene locus. Thus, although intriguing, our results fall short of
providing conclusive evidence of a shared genetic architecture
of these 2 common movement disorders.

Despite including more than 3,000 subjects, statistical power
appeared limiting. In fact, we estimate (see Methods) that
nearly 14,000 subjects would be required to achieve 80%
power to detect a significant association for either a candidate
PD risk variant (e.g., GPNMBrs199351) or a novel variant
modifier of motor subtype (e.g., STK32Brs2301857). Based on
ongoing efforts, we anticipate that sufficiently large cohorts
with detailed clinical phenotyping will likely emerge in the
next few years. At the time that this analysis was undertaken,
clinical and genetic data were available predominantly from
European ancestry subjects. Whereas an ethnically homoge-
nous cohort design may reduce potential population stratifi-
cation and thereby increase power, this also potentially limits

Figure 2 STK32B Locus Association With PD Subtype Ratio

Locus zoom plot highlighting the as-
sociation signal at the STK32B locus.
The top variant associated with PD
subtype ratio, rs2301857, is high-
lighted along with other variants in
linkage disequilibrium. Another vari-
ant in the same gene, rs10937625
(dashed line), has been reported as
significantly associated with essential
tremor (ET), but is not associatedwith
PD subtype ratio. The 2 variants ap-
pear independent and do not show
substantial linkage disequilibrium
(R2 = 0.002, D’ = 0.184). PD = Parkin-
son disease

Neurology.org/NG Neurology: Genetics | Volume 7, Number 2 | April 2021 5

http://neurology.org/ng


generalizability. In the future, it will also be important to study
genetic modifiers of PD motor heterogeneity in diverse
populations.

Although the TD and PIGD categories are the earliest and
mostly widely used subtype classification,8,9 there are also
several notable limitations. The cutoffs used for differentiating
the TD or PIGD subtypes are somewhat arbitrary and without
underlying biological or clinical rationale.1 In addition,
treatment with dopaminergic medication is known to alter the
motor UPDRS examination—especially gait scores—which
may in turn influence subtype classification.15,50 Information
on medication status and other factors (e.g., dementia, life-
style, and environmental exposures) was not universally
available for consideration as potential confounders or genetic
modifiers in this analysis. Lastly, several recent studies have
suggested that PD motor subtypes may shift from TD to
PIGD subtype along with disease progression,14–16 raising
questions about the stability of these phenotypes over time.
This relation between disease duration and subtype propor-
tions was recapitulated among the cohorts included in this
study (table e-1, links.lww.com/NXG/A373). Such observa-
tions suggest that motor subtypes may represent a transient
state rather than a static trait.51 To control for potential shifts
in subtype phenotypes, our analyses were adjusted for both
onset age and estimated disease duration. In addition, we
speculate that even if PD motor subtypes are dynamic, either
completely or in part, they may nevertheless serve as a useful
proxy for disease progression, which is likely itself under ge-
netic influence.19,22,24,26 In sum, regardless of evolving inter-
pretations for PD subtypes, we argue that analyses of such
phenotypes may identify genetic variants that meaningfully
modify the PD clinical course, whether motor manifestations,
rate of progression, medication response, or some combina-
tion. Future genetic analyses of PD subtypes will also benefit
from alternative outcome traits that are independent of
medication status and disease duration.
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Abstract
Objective
We aimed to identify pathogenic variants in a girl with epilepsy, developmental delay, cerebellar
ataxia, oral motor difficulty, and structural brain abnormalities with the use of whole-exome
sequencing.

Methods
Whole-exome trio analysis and molecular functional studies were performed in addition to the
clinical findings and neuroimaging studies.

Results
Brain MRI showed mild pachygyria, hypoplasia of the cerebellar vermis, and abnormal foliation
of the cerebellar vermis, suspected for a variant in one of the genes of the Reelin pathway. Trio
whole-exome sequencing and additional functional studies were performed to identify the
pathogenic variants. Trio whole-exome sequencing revealed compound heterozygous splice
variants in DAB1, both affecting the highly conserved functional phosphotyrosine-binding
domain. Expression studies in patient-derived cells showed loss of normal transcripts, con-
firming pathogenicity.

Conclusions
We conclude that these variants are very likely causally related to the cerebral phenotype and
propose to consider loss-of-function DAB1 variants in patients with RELN-like cortical
malformations.
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The Disabled-1 (DAB1) gene encodes a key regulator in
Reelin signaling, a critical pathway mediating correct posi-
tioning of neurons within the developing brain.1,2 In mice,
both Dab1 and Reln are essential for proper cortical layering
during embryonic development. Binding of Reelin to the li-
poprotein receptors VLDLR and APOER2 on the neuronal
surface leads to phosphorylation of DAB1 and activates
downstream signaling cascades. Dab1-depleted mice present
with a phenotype comparable to Reelin-deficient mice, in-
cluding disruption of neuronal layering in the cerebral cortex,
hippocampus, and cerebellum.3

Yet, human loss-of-function (LoF) mutations in DAB1 have
not been described, whereas biallelic LoF mutations in RELN
(OMIM #600514) are well known to cause a similar pheno-
type as seen in the murine counterpart. Recessive RELN
variants cause a distinctive lissencephaly, associated with
prominent hypoplasia of the pons, the cerebellar hemispheres,
and the vermis.4 A similar but milder phenotype is described
for VLDLR (OMIM #192977) variants.5 The only human
disease related to DAB1 is spinocerebellar ataxia type-37
(SCA37, OMIM #615945), caused by (ATTTC)n insertions
in the 59UTR of DAB1.6 Several studies show that SCA37
occurs through gain-of-function (GoF) mechanisms, of which
only 1 is directly related to DAB1 expression because the
insertion results in overexpression of DAB1 protein and al-
ternative DAB1 transcripts.7

Here, we report a patient with biallelic LoF variants in DAB1,
presenting with RELN-like malformations including mild
lissencephaly and cerebellar hypoplasia.

Methods
Consent
The study was approved by the local IRBs (Erasmus MC
Rotterdam, protocol METC-2012387). Written informed
consent to participate in this study was obtained from the
parents of the participant.

Whole-Exome Sequencing
Whole-exome sequencing (WES) was performed on the
Agilent Sure Select platform (Clinical research Exome Cap-
ture), run on HiSeq (101bp paired-end, Illumina), using the
diagnostic certified pipeline of the department of Clinical
Genetics, ErasmusMC, Rotterdam. The average coverage is
;50×. Data are demultiplexed by the Illumina Software
CASAVA. Reads aremapped with the program BWA (bio-bwa.
sourceforge.net/). Variants are detected with the Genome
Analysis Toolkit (broadinstitute.org/gatk/). The Variant
Calling File is filtered in Alissa Interpret.

Sanger Sequencing
Amplification reactions were conducted according to stan-
dard methods and purified with ExoSAP-IT (USB). Direct
sequencing was performed with Big Dye Terminator chem-
istry (Applied Biosystems). DNA fragment analysis was per-
formed with capillary electrophoresis on an ABI3130 Genetic
Analyzer (Applied Biosystems) with the software package
Seqscape (Applied Biosystems).

Quantitative Reverse Transcription PCR
Fibroblasts from skin biopsies were grown in DMEM (10%
fetal bovine serum, 1% L-glutamine, and 1% penicillin/
streptomycin) at 37°C and 5% CO2, followed by RNA iso-
lation using the RNeasy mini kit (QIAGEN). RNA was reverse
transcribed with the iScript cDNA synthesis kit (Bio-Rad
Laboratories). Quantitative reverse transcription PCR was
performed using iTaq Universal SYBR Green Supermix
(Bio-Rad) and the following primer sequences: DAB1_rt
_c307_1F:TCGGGATTGATGAAGTTTCC;DAB1_rt_c307_
1R:AGCCTCAAACACAATGTACTGG;DAB1_rt_c67_
2F:GAGGATGCTCTGGGCTAGG;DAB1_rt_c67_2R:
AAAGATTTTGATTCCTCCAAAGG.

Data Availability
WES data are deposited at the ISO certified diagnostic labo-
ratory of the Department of Clinical Genetics, Erasmus MC,
in respect to the family’s privacy.

Results
Case Report
The affected individual was born at term after an uneventful
delivery from unrelated healthy parents. In infancy, she had
gastrointestinal reflux and excessive crying. She tolled over at 8
months, sat unsupported at 14 months, and walked at age 3
years. Cognitive development initially raised no concern, but
during the first years, learning problems became apparent and
she now attends special school (IQ: 50–60). The onset of focal
epilepsy was at age 6 years; seizure semiology was loss of
awareness, staring, without clear motor signs. Oxcarbazepine
(8mg/d) reduced seizure frequency, but absences persist once/
twice a week without additional signs. Physical examination at
age 11 years showed mild cerebellar ataxia, oculomotor apraxia,
mild dysmetria of the upper extremities, impaired tandem gait,
impaired facial muscle coordination, dysarthria, instability dur-
ing Romberg test, dysdiadokokinesis, squint, mild pyramidal
signs, joint hypermobility, normal muscular tone, and sym-
metrically low deep tendon reflexes. Head circumferencewas−1
SD; weight and height were within the normal range. Standard
EEG at age 10 years showed no epileptic activity, normal pos-
terior activity, excess of theta and delta waves in frontopolar,

Glossary
GoF = gain of function; LoF = loss of function; PTB = phosphotyrosine binding; WES = whole-exome sequencing.
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frontal, and temporal areas with occasional sharp waves in
frontotemporal regions (left more than right), and normal
photic stimulation response. Brain MRI at age 12 years showed
cortical malformations reminiscent of RELN-related malfor-
mations, including mild pachygyria, i.e., decreased number of
gyri with moderately thickened cortex (more prominent in the
frontal lobes), mildly thin corpus callosum, enlarged peri-
vascular spaces, and mildly enlarged lateral ventricles. The cer-
ebellar vermis was hypoplastic and showed abnormal foliation.

Abnormal foliation was observed to a lesser extent in the cer-
ebellar hemispheres. The pons, the basal ganglia, and the hip-
pocampal folding were normal (figure 1).

Genomic Analysis and Expression Studies
High-resolution genomic microarrays showed normal female
pattern. Sanger sequencing of RELN was normal. WES trio
analysis identified compound heterozygosity forDAB1 splice site
variants. The first variant (Chr1(GRCh37):g.57756635C>A

Figure 2 Functional Analysis of DAB1 Variants

(A) RT-PCR of DAB1 mRNA from the affected
individual(p) and 5 age- and sex-matched control
samples(c1-5). Primers were designed to amplify
a product of 450 bp for the 67+1G>T variant and
a product of 470 bp for the 307-2A>T variant. For
the 67+1G>T variant, an alternative mRNA splice
product is formed in the affected individual,
which could be explained by the deletion of exon
4 (exon 4 contains 203 bp). (B) Structural model
of the DAB1 PTB domain. The panel (B.a) shows
the structure of the entire domain. Localization
of the deleted amino acids is depicted in the
other panels (B.b–B.d). (C) Sanger sequencing
results of the c.307-2A>T transcript. PTB =
phosphotyrosine binding; RT-PCR = reverse
transcription PCR.

Figure 1 Brain MRI

Brain MRI of the affected individual with axial
T2-weighted images (A–E), coronal T2-weighted
images (F and G), and midsagittal T1-weighted
image (H). Mild and diffuse cortical pachygyria
more prominent in the frontal lobes (arrow in
A and D), mildly thin corpus callosum (H, arrow),
hypoplasia and abnormal foliation of cerebellar
hemispheres (E and F, arrow head) and more
pronounced vermis hypoplasia (H, arrow head),
enlarged perivascular spaces (A–G), and lateral
ventricles (B and G, arrow), all reminiscent of an
RELN/VLDLR pattern.
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NM_021080.3 c.67+1G>T, p.?) is located in the splice donor
site of intron 4 and has never been reported in GnomAD. Splice
prediction programs (MaxEntScan, NNSPLICE, GeneSplicer)
predict an in-frame deletion of exon 4. Of interest, this deletion
eliminates the ATG initiation site and the corresponding Kozak
consensus sequence. Reverse transcription PCR on cDNA-
derived from fibroblasts confirmed that the c.67+1G>T variant
leads to a shorter, but stable, transcript (figure 2A). The second
variant (Chr1(GRCh37):g.57538089T>A NM_021080.3
c.307-2A>T, r.307_315del9 p.Ala103_Gln105del) affects the
splice acceptor site of intron 6, resulting in an in-frame deletion
of 3 amino acids of exon 7, which are part of a β-sheet forming
the highly conserved phosphotyrosine-binding (PTB) domain
(figure 2B). Sanger sequencing confirmed this deletion (figure
2C). Heterozygosity was confirmed for both parents. Despite
database searches (genematcher.org) and international contacts
(Neuro-MIG), we did not identify another individual with a
similar phenotype.

Discussion
Here, we report an individual with biallelic splice variants in
DAB1. Given the RELN-like phenotype at MRI and the
similarities of our patient with RELN/VLDRL-associated
phenotypes, we conclude that the observedDAB1 variants are
very likely related to the cerebral malformations in our
patient.4,5 The DAB1 splice variants in our patient result in
alternative transcripts affecting the highly conserved PTB
domain. Translation of any DAB1 isoform containing this
domain from the c.67+1G>T transcript is unlikely because it
eliminates the methionine start codon. The c.307-
2A>Tp.Ala103_Gln105del variant results in a protein con-
taining this domain, but with a deletion of 3 amino acids, most
likely altering protein folding. Although the precise effect of
this deletion on protein structure and binding capacities re-
mains unclear, the heterozygote parent carrying the c.67+1-
G>T p.? variant is healthy, supporting the additional
pathogenic effect of the c.307-2A>Tp.Ala103_Gln105del
variant.

In vitro, the PTB domain binds to cytoplasmic tails of the
VLDLR and apoER2. This interaction is essential because
binding of Reelin to these receptors induces DAB1 tyrosine
phosphorylation and subsequent activation of downstream
signaling pathways. Mice lacking the DAB1 PTB domain
show almost complete absence of distinct cell layers in the
cortex, a small and unfoliated cerebellum, and abnormal
neuronal layering in the hippocampus.3

GoF mechanisms have been previously described in relation
to DAB1 autosomal dominant mutations, causing SCA37.6

Although our patient presents with mild cerebellar ataxia,
most of the phenotypic features are very distinguishable from
SCA37.7,8 The proposed mechanisms causing SCA37 (e.g.,
DAB1 overexpression, RNA foci formation) are very distinct
from the effect of the LoF variants described here, which

explains the phenotypic differences and the early age at onset
in our patient. Our results indicate that DAB1 LoF variants
should be considered in patients with RELN-like cortical
malformations at MRI. In addition, we propose inclusion of
DAB1 in diagnostic exome panels devoted to brain malfor-
mations, intellectual disability, and epilepsy.
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Abstract
Objective
Leukoencephalopathy with brainstem and spinal cord involvement and lactate elevation (LBSL) is regarded
a relatively mild leukodystrophy, diagnosed by characteristic long tract abnormalities on MRI and biallelic
variants inDARS2, encodingmitochondrial aspartyl-tRNA synthetase (mtAspRS).DARS2 variants in LBSL
are almost invariably compound heterozygous; in 95% of cases, 1 is a leaky splice site variant in intron 2. A
few severely affected patients, still fulfilling theMRI criteria, have been described.We noticed highly unusual
MRI presentations in 15 cases diagnosed by WES. We examined these cases to determine whether they
represent consistent novel LBSL phenotypes.

Methods
We reviewed clinical features, MRI abnormalities, and gene variants and investigated the variants’ impact
on mtAspRS structure and mitochondrial function.

Results
We found 2 MRI phenotypes: early severe cerebral hypoplasia/atrophy (9 patients, group 1) and white
matter abnormalities without long tract involvement (6 patients, group 2). With antenatal onset, micro-
cephaly, and arrested development, group 1 patients were most severely affected. DARS2 variants were
severer than for classic LBSL and severer for group 1 than group 2. All missense variants hit mtAspRS regions
involved in tRNAAsp binding, aspartyl-adenosine-59-monophosphate binding, and/or homodimerization.
Missense variants expressed in the yeast DARS2 ortholog showed severely affected mitochondrial function.

Conclusions
DARS2 variants are associated with highly heterogeneous phenotypes. New MRI presentations are
profound cerebral hypoplasia/atrophy and white matter abnormalities without long tract involvement.
Our findings have implications for diagnosis and understanding disease mechanisms, pointing at dom-
inant neuronal/axonal involvement in severe cases. In line with this conclusion, activation of biallelic
DARS2 null alleles in conditional transgenic mice leads to massive neuronal apoptosis.
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Ricerca Genetica e Malattie Rare and Department of Neurosciences, Bambino Gesù Children’s Research Hospital, IRCCS, Rome, Italy; and Department of Child Neurology (M.S.v.d.K.),
Emma Childrens Hospital and Department of Functional Genomics, Center for Neurogenomics and Cognitive Research, VU University, Amsterdam, the Netherlands.

Go to Neurology.org/NG for full disclosures. Funding information is provided at the end of the article.

The Article Processing Charge was funded by VU Medical Center.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2021 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.0000000000000559
mailto:ms.vanderknaap@vumc.nl
https://ng.neurology.org/content/7/2/e559/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


Leukoencephalopathy with brainstem and spinal cord in-
volvement and lactate elevation (LBSL, MIM 611105) was
identified in 2003 as a distinct leukodystrophy based on a highly
characteristic MRI pattern with signal abnormalities in the
periventricular and deep cerebral whitematter, posterior limb of
the internal capsule, and specific brain stem and spinal cord
tracts.1 Diagnostic MRI criteria were established in 2007 and
revised in 2012.2,3 LBSL typically has a relatively mild disease
course with childhood or adolescent onset and slowly pro-
gressive pyramidal, cerebellar, and dorsal column dysfunction.1,4

The clinical spectrum is, however, broad, ranging from severely
affected neonatal-onset cases with early demise to oligo-
symptomatic adult-onset cases with normal life span.3–6 So far,
almost all published LBSL cases fulfill the MRI criteria, also
patients at the extreme ends of the clinical spectrum.2–4

LBSL is caused by recessive variants inDARS2 (MIM610956).2

DARS2 encodes mitochondrial aspartyl-tRNA synthetase
(mtAspRS), which is necessary for the translation of the mito-
chondrial genome.2 Almost all published cases have compound
heterozygous DARS2 variants; 95% of the cases have 1 splice
site variant at the 39-end of intron 2.4 The leaky nature of these
splice site variants ensures some residual protein function.7

We recently noticed highly unusual MRI presentations in
several patients with biallelic DARS2 variants diagnosed by
whole-exome sequencing (WES). We reviewed clinical fea-
tures, MRI abnormalities, and gene variants systematically and
investigated the impact of the variants on mitochondrial
function to determine whether the patients represent con-
sistent novel LBSL phenotypes.

Methods
Standard Protocol Approvals and
Patient Consents
The study was approved by the ethics committee of the
Amsterdam University Medical Centers, location VU Univer-
sity Medical Center; written informed consent was obtained
from guardians of participating patients. Patients with DARS2
variants and unusually severe and atypical MRI abnormalities
were included. Clinical information was derived from clinical
questionnaires for physicians and medical records.

MRIs
The first and, if performed, last MRI of each patient was
analyzed by 2 observers (M.D.S. and M.S.v.d.K.) using a

standardized protocol.8 The MRIs had been performed for
diagnostic purposes in different centers between 2007 and
2018. Sagittal T1- and transverse T2-weighted images were
available in all patients. As different spectroscopy protocols had
been used, only presence or absence of lactate was assessed.

DARS2Variants: Interpretation andMapping on
Crystal Structure
The DARS2 variants were identified by clinical WES. Their
pathogenic role on protein function (SIFT, PolyPhen, and
RUSSELL score) was predicted using Alamut Visual version
2.9 (Interactive Biosoftware, Rouen, France) andMechismo.9

Combinations of variants were compared with previously
published data.4

The effects of missense variants on the protein function were
analyzed based on the crystal structure of homodimeric hu-
man mtAspRS (Protein Data Bank [PDB] entry 4AH6). We
used crystal complexes of bacterial AspRS with tRNAAsp and
aspartyl-adenosine-59-monophosphate (PDB 1EFW and
1G51) to model the binding of these functional ligands on the
human homodimeric mtAspRS structure. These ligands were
assumed to conserve their binding mode, as human and
bacterial orthologs present essentially the same fold.

To determine whether the missense variants affect the local
protein structure, we calculated the folding free energy changes
(DDG) associated with the amino acid replacements in the
homodimeric humanmtAspRS crystal structure using FoldX.10

To check reliability, DDG values were compared with those
calculated on corresponding variants in a homodimeric bacte-
rial AspRS structure (PDB 1L0W), which has a better atomic
resolution (2.01Å vs the 3.7Å of the human protein structure).
The average of 5 independent DDG calculations is shown for
each missense variant. ADDG value significantly different from
zero indicates structural alterations and possible pathogenicity,
but DDG values alone cannot provide a severity grade.

To clarify the pathogenic effects of variants, the knowledge of
structural effects based on DDG calculations, residue con-
servation, and structural/functional role of the affected amino
acids was combined, taking into account their proximity to
functional regions, such as ligand binding and catalysis.

Yeast Methods

Strains, Plasmids, and Media
Yeast strains were derived fromW303‐1B (Matα ade2-1 leu2-3,
112 ura3-1 trp1-1 his3-11, and 15 can1-100) and grown in

Glossary
ADC = apparent diffusion coefficient; LBSL = Leukoencephalopathy with brainstem and spinal cord involvement and lactate
elevation; mtAspRS = mitochondrial Aspartyl tRNA synthetase; PDB = Protein Data Bank; SC = synthetic complete;WES =
whole-exome sequencing.
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synthetic complete (SC) media (0.69% yeast nitrogen base
without amino acids, FormediumTM, United Kingdom), sup-
plemented with 1 g/L dropout mix, which includes amino acids
and bases except for those necessary to keep the plasmids
(i.e., uracil for vector pFL38 and tryptophan for vector
pFL39).11 Media were supplemented with various carbon
sources at 2% (weight/volume) (Carlo Erba Reagents).

The yeast DARS2 ortholog MSD1 and its natural promoter
were cloned into the pFL38 vector.12 In addition, the HA-tag
was cloned at the 39 end of the MSD1 allele. The resulting
plasmids, pFL38MSD1 and pFL38MSD1HA, were in-
troduced into the W303‐1B strain.13

The endogenous MSD1 gene was disrupted in the W303-1B
strains harboring pFL38MSD1 or pFL38MSD1HA through
one-step gene disruption,14 obtaining W303-1B msd1D/
pFL38MSD1 and W303-1B msd1D/pFL38MSD1HA. After
verifying that the HA-tag did not affect the respiratory
growth phenotype (data not shown),MSD1HA was cloned
from pFL38 to pFL39 and mutagenized by site-directed
mutagenesis (Stratagene, La Jolla, CA).12 Cloned se-
quences were verified by Sanger sequencing. The vectors
containing the mutant or humanized alleles were trans-
formed into msd1D/pFL38MSD1. The pFL38‐MSD1 was
lost through plasmid‐shuffling on 5-fluoroorotic acid
(5FOA)-containing medium.

Functional Analyses
The oxidative growth ability was assessed as before.15 Yeast
was grown on SC agar plates (without tryptophan) supple-
mented with 2% glucose or 2% ethanol. Plates were incubated
at 28 or 37°C, and growth was visually scored after 3 days.
Oxygen consumption rate was measured, as described.15

Protein Extraction and Western Blot Analysis
Total protein was extracted from 10 OD600 cells grown in the
same growth conditions used for measurement of respiratory
activity.16 Protein pellets were suspended in 150 μL Laemmli
sample buffer. Equal volumes (15 μL) were subjected to SDS-
PAGE; electro-blottedmembranes were incubated with rat anti-
HA (Sigma-Aldrich, 1:2000) and mouse anti-Por1 (Abcam, 1:
10,000) antibodies and subsequently with anti-rat DyLight 650
(Thermo Fisher Scientific, 1:4,000) and anti-mouse StarBright
Blue520 (Bio-Rad, 1:10,000) secondary antibodies. Fluores-
cence signals were measured with Bio-Rad ChemiDoc Imagers
and analyzed with Image Lab Software (Bio-Rad).

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

Results
Patients and Clinical Features
Fifteen patients were included (2 males and 13 females). Two
different MRI phenotypes were distinguished, and patients

were divided accordingly: group 1 characterized by severe
cerebral atrophy (9 patients) and group 2 by severe cerebral
white matter abnormalities (6 patients). Table 1 and table e-1,
links.lww.com/NXG/A376, provide summarized and detailed
clinical information, respectively.

In group 1, age at onset ranged from antenatal to 3 months
after birth. Almost all patients had microcephaly at birth, in-
dicative of antenatal disease onset. All patients had severe
microcephaly at latest examination. One patient (LBSL285)
had tachypnea due to metabolic acidosis in the neonatal pe-
riod. In the case of postnatal onset, no preceding events were
reported. Most did not develop eye contact or lost it soon
after birth. They reached (almost) no motor milestones and
no speech. Most developed epilepsy. Only patient LBSL284
had a somewhat better development and could make a few
steps with maximum support. Patient LBSL285 died at almost
4 years due to respiratory failure. The oldest patient is now 13
years.

In group 2, age at onset ranged from 2months to 2 years. Only
1 patient (LBSL297) developed microcephaly at follow-up.
Three patients achieved walking without support. Two pa-
tients showed slow improvement and 4 deteriorated. Only 1
patient (LBSL280) developed severe epilepsy, lost eye con-
tact and all motor milestones, and died at age 2 years. The
oldest patient is now 11 years.

MRIs
Table 2 and table e-2, links.lww.com/NXG/A376, provide
summarized and detailed findings of the 22 available MRIs,
respectively.

For group 1, MRIs of patient LBSL285 can be regarded as
prototype and are described in more detail (figure 1). The
first MRI was obtained 2 days after birth. The cerebral
hemispheres were small, appearing hypoplastic, but the skull
was larger, suggesting also atrophy. Subdural effusions filled
the space between brain and skull. Numerous abnormal,
tortuous blood vessels were present at the brain surface. The
cerebral cortex had abnormal signal intensity and appeared
thin. The corpus callosum was extremely thin. The posterior
limb of the internal capsule, middle and inferior cerebellar
peduncles, and pyramidal tracts in the midbrain, pons, and
medulla were T2 hyperintense. Restricted diffusion was
present in the entire cerebral cortex, posterior limb of the
internal capsule, cerebellar white matter, brain stem, and
spinal cord, but not in the cerebral hemispheric white matter.
Repeat MRI at 5 months revealed that the cerebral mantle
was reduced to a thin rim. In the frontal region, the cortex
and white matter were still distinguishable and both thin.
The posterior horns of the ventricles were highly dilated.
The size of the basal ganglia, brain stem, and cerebellum was
relatively preserved; the thalamus had become small. The
abnormal blood vessels had largely disappeared. Many white
matter tracts were abnormal in signal. Diffusion restriction
was present in the central cerebral white matter, posterior
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limbs of the internal capsule, inferior cerebellar peduncles,
and pyramids.

Most patients in group 1 shared these MRI characteristics.
They had severe cerebral hypoplasia and progressive atrophy
on sequential MRIs. Subdural effusions were present in 4

patients. Numerous tortuous vessels were seen at the brain
surface on early MRIs. LBSL281 and LBSL294 also displayed
restricted diffusion in the cerebral cortex. Almost all patients
had restricted diffusion in affected white matter tracts. MR
spectroscopy revealed elevated white matter lactate in 1 of 2
patients. TheMRI of LBSL284 at 3.9 years shared the cerebral

Table 1 Summary of Clinical Features

Clinical features Group 1 (n = 9) Group 2 (n = 6)

History

Sex (male/female) 1/8 1/5

Consanguinity parents 0/9 (0%) 0/5 (0%)

Abnormal pregnancy or delivery, other than microcephaly 2/9 (22%) 1/6 (17%)

Microcephaly at birth 6/8 (75%) 0/5 (0%)

Abnormal neonatal period, other than microcephaly 7/9 (78%) 0/6 (0%)

Age at first signs (range), other than microcephaly At birth – 3 mo 2 mo–2 y

No major milestones 6/9 (67%) 0/6 (0%)

Delayed major milestones 3/9 (33%) 2/6 (33%)

Unsupported walking 0/9 (0%) 3/6 (50%)

Provoking factors 0/9 (0%) 5/5 (100%, i.e., fever or trauma)

Last examination

Tube feeding 6/9 (67%) 1/5 (20%)

Microcephaly 9/9 (100%) 1/6 (17%)

Unsupported walking 0/9 (0%) 2/6 (33%)

Epileptic seizures 7/9 (78%) 2/5 (40%)

Eye contact 0/9 (0%) 4/5 (80%)

Able to speak 0/9 (0%) 2/5 (40%)

Truncal hypotonia 9/9 (100%) 3/5 (60%)

Spasticity 9/9 (100%) 4/5 (80%)

Ataxia Not evaluable 2/4 (50%)

Death 1/9 (11%) 1/5 (20%)

Table 2 Summary of MRI Features

MRI features Group 1 (n = 9) Group 2 (n = 6)

Tortuous vessels 6/9 (67%) 0/6 (0%)

Cerebral hypoplasia and atrophy 9/9 (100%) 0/6 (0%)

Diffusion restriction cerebral cortex 3/9 (33%) 0/4 (0%)

Rarefied or cystic cerebral white matter 1/8 (13%) 6/6 (100%)

Diffusion restriction abnormal white matter 7/9 (78%) 4/4 (100%)

SA brain stem tracts 4/9 (44%) 1/6 (17%)

Abbreviation: SA = signal abnormality.
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atrophy but lacked all other abnormalities; no earlier MRI was
available.

For group 2, MRIs of patient LBSL288 can be regarded as
prototype (figure 2). The first MRI was obtained at 1.2 years.
The deep cerebral white matter was homogeneously and
symmetrically abnormal in signal; periventricular and sub-
cortical rims were spared. FLAIR images revealed rarefaction
of part of the abnormal cerebral white matter. The middle
blade of the corpus callosum was affected; thin inner and
outer blades were spared. The splenium was swollen and
rarefied; the isthmus was less severely affected. Other struc-
tures with an abnormal signal intensity included posterior
limbs of the internal capsule, middle cerebellar peduncles, and
central cerebellar white matter. The brain stem and the spinal
cord were spared. The cerebral white matter contained several
small areas of contrast enhancement. MR spectroscopy

showed highly elevated white matter lactate. Diffusion re-
striction with low apparent diffusion coefficient (ADC) values
was present in the deep cerebral white matter, surrounding
rarefied regions. On follow-up MRI at 8.2 years, the cerebral
white matter became more rarefied and cystic. No contrast
enhancement was seen. Restricted diffusion remained present
in nonrarefied abnormal white matter. The corpus callosum
had become atrophic. The brain stem and cervical spinal cord
remained unaffected.

Patients in group 2 shared most MRI characteristics. Rar-
efaction of abnormal cerebral white matter and in-
volvement of the middle blade of the corpus callosum with
sparing of inner and outer blades were common features.
No contrast enhancement was observed. Strikingly, all
patients, except LBSL280, lacked brain stem abnormalities
typical of LBSL, whereas only 3 of 5 patients had long tract

Figure 1 Prototype MRI for Group 1

In patient LBSL285 at age 2 days, the cerebrum is
hypoplastic (A and B). Numerous abnormal, tor-
tuous blood vessels are seen at the surface (B).
The cortex is hardly discernible from the white
matter (B). Diffusion restriction is present in the
cerebral cortex (diffusion-weighted image in D,
ADC map in E). Tracts in the brainstem are af-
fected; shown are the pyramids and inferior
cerebellar peduncles (C), which also display dif-
fusion restriction (F). On follow-up at 5 months,
the cerebral mantle is reduced to a thin rim
(G and H). The abnormal vessels are no longer
visible (H). The pyramids and inferior cerebellar
peduncles are still abnormal (I). Diffusion re-
striction is shown in the posterior limb of the
internal capsule, cerebellar white matter, and
brain stem tracts (diffusion-weighted images in J
and L; ADC map in K).
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involvement in the spinal cord. LBSL280 had the most
abnormal MRI with also striking involvement of the thal-
amus and globus pallidus.

DARS2 Variants
Table 3 and table e-3, links.lww.com/NXG/A376, provide
details on DARS2 variants and corresponding constructed
yeast variants.

All patients were compound heterozygous confirmed by pa-
rental segregation analysis. None of the variant combinations
observed in groups 1 and 2 have been reported before.4 Only 1
patient in group 1 (LBSL294) and 3 patients in group 2
(LBSL291, LBSL289, and LBSL280) had a classic intron 2
splice site variant. In groups 1 and 2, 3 and 2 variants, re-
spectively, were observed causing a premature stop. The
c.492+2T>C variant occurred once in both groups. One variant
in group 2 (c.1A>C, p.?) altered the DARS2 start codon and
likely affects mtAspRS synthesis due to less efficient

initiation.17,18 There were 10 and 3 unique missense variants in
group 1 and group 2, respectively. Two missense variants oc-
curred twice. Patient LBSL280 had 3 DARS2 variants; the
predictions for the missense variant were not considered when
comparing groups 1 and 2, as it was present on an allele with an
upstream nonsense variant. The missense variants tended to
have worse predicted Russell scores for group 1 than for group
2, indicating more disruptive nature of the variants.

Effects of individual missense variants were assessed by ex-
amining interspecies conservation of affected residues, their
location on mtAspRS protein structure and possible relevance
with functional regions, and predicted structural effects by
free energy change (DDG) calculations (table e-3, links.lww.
com/NXG/A376). The DDG of almost all missense variants
significantly differs from zero, indicating that they cause
structural alterations that are likely pathogenic. Figure 3
shows the location of missense variants on the mtAspRS
crystal structure, onto which tRNAAsp and the aspartyl-

Figure 2 Prototype MRI for Group 2

In patient LBSL288 at age 1 year and 2 months,
the cerebral white matter is rarefied but not
cystic (FLAIR image in C). The directly periven-
tricular and directly subcortical rims are un-
affected (arrowheads in A), and themiddle blade
of the corpus callosum is affected, whereas the
inner and outer blades are spared (arrows in A).
There is no brainstem involvement (B). The area
directly adjacent to the rarefied white matter
shows restricted diffusion (diffusion-weighted
image in D, ADC map in E) and enhancement
after contrast (F). On follow-up MRI at 8 years,
rarefaction and cystic degeneration in white
matter is present (arrows in FLAIR images in G
and H). There is no spinal cord involvement (I).
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adenylate substrate have been complexed by homology mod-
eling. All missense variants hit regions involved in tRNAAsp

binding (Arg58Gly, Gly128Arg, Thr136Lys, Phe157Ile,
Arg179Cys, and Ser597Gly) or near the catalytic region as
suggested by their proximity to the bound aspartyl-adenylate
(Leu250Val, Ala262Val, Val481Met, Phe484Leu, Leu588Val,
and Ser597Gly) and/or the homodimerization interface
(Arg179Cys, Leu250Val, Ala262Val, and Lys606Met). Group
1 variants occur close to or within the tRNAAsp binding region
or have a considerable structural effect near the aspartyl-

adenylate binding site (table e-3, links.lww.com/NXG/A376).
By contrast, the predicted effects of group 2 variants are less
severe. The Leu588Val variant is predicted to decrease stability
of the local protein structure, which may affect the nearby
aspartyl-adenylate binding site. Nevertheless, the leucine to
valine amino acid change is quite conservative and the protein
may preserve its main fold and function. The Lys606Met re-
placement may produce a hydrophobic interaction with
Leu215 and stabilize the formation of mtAspRS homodimers
that are important for tRNA synthetase activity.

Table 3 Mutations

LBSL nr DARS2 variant Amino acid change

Group 1—severe cerebral atrophy

285 c.172C>Ga p.(Arg58Gly)

c.742C>T p.(Gln248*)

281 c.748C>G p.(Leu250Val)

c.1452C>G p.(Phe484Leu)

292 c.90C>A p.(Tyr30*)

c.785C>T p.(Ala262Val)

287 c.90C>A p.(Tyr30*)

c.469T>A p.(Phe157Ile)

294 c.228-20_-12delinsCCCCCCCCGa p.(Arg76Serfs*5)

c.407C>A p.(Thr136Lys)

286 c.492+2T>Ca p.(Met134_Lys165del)

c.172C>Ga p.(Arg58Gly)

293 and 295 c.535C>T p.(Arg179Cys)

c.1789A>G p.(Ser597Gly)

284 c.382G>C p.(Gly128Arg)

c.1441G>A p.(Val481Met)

Group 2—severe white matter abnormalities

288 c.1762C>G p.(Leu588Val)

c.562C>T p.(Arg188*)

291 c.228-20_21delTTinsCa p.(Arg76Serfs*5)

c.1817A>T p.(Lys606Met)

289 c.228-15C>Aa p.(Arg76Serfs*5)

c.492+2T>Ca p.(Met134_Lys165del)

290 and 297 c.1762C>G p.(Leu588Val)

c.1A>C p.?

280 c.228-20_-16delinsCCCCGa p.(Arg76Serfs*5)

c.1273G>T (paternal)a p.(Glu425*)

c.536G>A (paternal)a p.(Arg179His)

a Variants seen before in different combination, Van Berge et al.4
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Functional Studies in Yeast
We investigated the functional consequences of missense
variants on mitochondrial metabolism in yeast using the
DARS2 orthologous geneMSD1, in which a wild-type residue
has been substituted with the corresponding one found in
patients. Splice site, start codon, and nonsense variants were
not investigated.

Regarding the 6 missense variants affecting conserved resi-
dues (Leu250, Phe484, Ala262, Arg179, Ser597, and Lys606
corresponding to yLeu232, yPhe487, yAla244, yArg157,
ySer617, and yLys626, respectively), the yeast MSD1 codons
were directly mutated, producing the pathologic allele. For
the 4 variants affecting nonconserved residues located in an
otherwise conserved stretch (Arg58, Phe157, Val481, and
Leu588 corresponding to yLys42, yAla136, yIle484, and
yMet608, respectively), the yeast amino acid was replaced by
the human wild-type mtAspRS amino acid to serve as

humanized control. Subsequently, the variants were in-
troduced at these amino acids and results obtained with these
yeast strains were compared with their humanized controls.
The remaining 2 variants (Thr136 and Gly128, correspond-
ing to yAla115 and y-) were located in poorly conserved
regions and therefore not investigated.

The yeast mutant alleles and the humanized controls were
expressed in a yeast strain deleted of MSD1 (Δmsd1) that
failed to grow in medium containing oxidative carbon
sources. The ability to grow in the presence of respiratory
substrates (ethanol) at 28°C was first analyzed (data not
shown). The humanized MSD1 alleles (msd1Lys42Arg,
msd1Ile484Val, and msd1Met608Leu) rescued the absence of
MSD1. By contrast, the oxidative growth of both the hu-
manized msd1Ala136Phe allele and the corresponding mutant
msd1Phe136Ile was compromised and therefore not further
assessed.

Figure 3 Mapping of the Missense Variants on mtAspRS Structure

(A) Crystal structure of mtAspRS homodimer (PDB 4AH6; the mtAspRS monomers are in white and orange transparent ribbons) with the sites of missense
variants. The text color of each variant corresponds with the color of the variant depicted in the crystal structure. Red and blue triangles indicate missense
variants for group 1 and 2, respectively. (B) Close-up views around protein sites hit by themissensemtAspRS variants. Noncovalent interactions between the
affected amino acids and surrounding residues are indicated with dotted lines. mtAspRS protein is represented in its homodimeric form (monomers in
transparent white and orange ribbons) complexed with tRNAAsp (green) and aspartyl-adenosine-59-monophosphate (magenta).
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The oxidative growth ability of the strains expressing the
msd1Leu232Val, msd1Phe487Leu, msd1Arg157Cys, msd1Ser617Gly,
and msd1Leu608Val variants was severely affected, whereas the
msd1Ala244Val variant led to a mild reduction of growth. The
growth of the strains expressing msd1Arg42Gly, msd1Lys626Met,

and msd1Val484Met was similar to that of wild type. However,
incubation at 37°C revealed a severe growth defect for the
msd1Val484Met strain, indicating that a change in this position
affects mitochondrial function in yeast in a temperature-
sensitive manner.

Figure 4 (A) Normalized Respiration Activity in Wild-Type and Mutant MSD1 Strains

Cells were grown at 28°C in SC me-
dium without tryptophan supple-
mented with 0.6% glucose. Values
were normalized to the MSD1 wild-
type strain and represented as the
mean of at least three values ±SD. (B)
Normalized MSD1 protein levels in
wild-type and mutant MSD1 strains.
Msd1-HA protein levels were de-
termined with Western blot and nor-
malized to Por1 levels. TheMSD1:Por1
ratios were normalized to the ratio
found in the wild-type strain. Analysis
was performed on 3 independent
clones for each strain at 28°C. Graphs
show average ± SD. Statistical analysis
was performed using analysis of vari-
ance with Bonferroni correction **p <
0.01, *p < 0.05. Blue bars indicate hu-
manized alleles. MSD1, wild-type;
pFL39, empty vector. From left to right
in group 1, yLys42Arg/yArg42Gly,
yLeu232Val, yPhe487Leu, yAla244Val,
yArg157Cys, ySer617Gly, and
yIle484Val/yVal484Met correspond
to the human mutations Arg58Gly,
Leu250Val, Phe484Leu, Ala262Val,
Arg179Cys, Ser597Gly, and Val481-
Met, respectively. From left to right in
group 2, yMet608Leu/yLeu608Val and
yLys626Met correspond to human
mutations Leu588Val and Lys606Met,
respectively.
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To further investigate the effect of variants on oxidative
phosphorylation, the respiratory activity was measured (figure
4A). In agreement with the oxidative growth phenotype, the
strains expressingmsd1Leu232Val,msd1Phe487Leu,msd1Arg157Cys,
msd1Ser617Gly, and msd1Leu608Val were unable to consume
oxygen like the null Δmsd1mutant, whereas the expression of
the msd1Ala244Val allele induced a ;40% reduction of the re-
spiratory rate compared with the wild-type strain.

Although not displaying reduced oxidative growth,
msd1Lys626Met, msd1Val484Met, and msd1Arg42Gly did reveal a
reduction of oxygen consumption (;25%, 15%, and 20%,
respectively). The msd1Val484Met mutant also displayed a se-
vere respiratory rate defect at 37°C (data not shown), which
was in accordance with the observed growth defect.

Western blot analysis (figure 4B) showed decreased level of
the mutant protein expressed by msd1Phe487Leu (;50%) and
msd1Leu608Val (;40%), suggesting that for these mutants, the
mitochondrial defect could be due to protein instability. For 3
mutants, msd1Arg157Cys, msd1Ser617Gly, and msd1Lys626Met, the
results obtained demonstrated a significant protein level in-
crease (4-, 5-, and 2-fold, respectively) compared with wild
type. Because the corresponding mRNA level was similar to
that of the wild type (data not shown), the difference in
protein accumulation is not easily explained by increased gene
expression, but is more likely due to increased protein stability
and/or increased levels of protein synthesis. For the 4 other
variants (msd1Arg42Gly, msd1Leu232Val, msd1Ala244Val, and
msd1Val484Met), no differences in protein accumulation were
observed. Despite increased or normal Msd1 expression, the
mutant Msd1 proteins were incapable of supporting mito-
chondrial respiration activity.

Discussion
We describe 2 groups of patients with LBSL with MRI pat-
terns distinct from the known LBSL pattern. Patients with
classic LBSL with childhood to adult onset almost invariably
display distinctive brain stem and spinal cord tract abnor-
malities on MRI. Neonatal- and early infantile-onset forms
have been described with MRIs still displaying the charac-
teristic brain stem and spinal cord tract involvement. We
further broaden the LBSL disease spectrum by describing
antenatal and early infantile onset with highly atypical MRI
findings. Patients in group 1 had profound microcephaly, lack
of development, and MRIs dominated by dramatic cerebral
hypoplasia and atrophy. Clinical features were more variable
in group 2; MRIs were dominated by cerebral white matter
abnormalities and often lacked the brainstem abnormalities
typical of LBSL.

Almost all patients with LBSL described until now have
compound heterozygous DARS2 variants, with 95% of the
cases having an intron 2 splice site variant.4 This variant is
leaky, leading to the production of some normal protein,

probably guaranteeing a reasonable remaining mtAspRS
function.2 Except for 4 patients, patients in groups 1 and 2
lacked such leaky splice site variant. The combination of
variants on both alleles probably determines the remaining
mtAspRS activity within each cell and predictions based on a
single variant would therefore be of limited value in predicting
disease severity. However, the observation of fewer intron 2
splice site variants and a lower Russell score in group 1 is in
line with the more severe phenotype compared with group 2.

All missense variants in group 1 examined by crystal structure
mapping were predicted to cause structural defects in crucial
functional regions (e.g., catalytic and/or tRNAAsp binding
regions). Some variants observed in group 1 (e.g., Arg58Gly
and Gly128Arg) were associated with minor negative ΔΔG
values, although it must be considered that the calculations
did not take protein-bound ligands into account. Therefore,
their severe effect in patients can be the consequence of an
altered affinity for the tRNAAsp ligand. Variants in group 2
were predicted to have less severe effects on ligand binding or
protein structure than the variants in group 1.

Thus, the genetic and structural analyses suggest that the 2
different phenotypic severities can be discriminated by the
presence of 2 heavily damaged alleles (group 1) and only 1
severely damaged allele plus an allele with a partially active
protein product (group 2, i.e., the missense variants
Leu588Val and Lys606Met and the splice site variants).

Comparing the effects of the variants of groups 1 and 2 on
yeast mitochondrial function, the results do not fully explain
the difference in phenotype. Variants from both groups re-
duce oxidative growth and respiratory chain activity severely,
moderately or mildly. Not all functional yeast results agree
with predictions from the structural analyses in human and
bacterial orthologs and phenotypes of the patients. For ex-
ample, the Leu588Val variant in group 2 shows severe effects
on function in yeast, whereas the predicted effects on protein
structure and the phenotype of the patients (LBSL288,
LBSL290, and LBSL297) suggest a less detrimental effect on
the protein function. The opposite holds true for the
Arg58Gly variant in group 1. This variant, occurring in a
stretch of poorly conserved amino acids, may havemild effects
on protein stability and mitochondrial function in yeast,
whereas in humans, the impact of this variant is severe based
on the phenotype of patients LBSL285 and LBSL286. These
discrepancies may be explained by differences in amino acid
composition and structure in these regions between the hu-
man, bacterial and yeast proteins influencing their sensitivity
to the variants.

The MRI findings have implications for understanding the
pathophysiology of LBSL. Because of the preferential long
tract involvement, primary axonal disease was already hy-
pothesized at disease definition.1 In vitro studies further
supported this hypothesis, revealing that intron 2 splice site
variants had a greater effect on exon 3 exclusion in neural
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cells than in non-neural cells, and a greater effect for neu-
ronal cells than glial cells.19 In addition, correct inclusion of
exon 3 in the normal mtAspRS mRNA occurred less effi-
ciently in neural cells than non-neural cells, and this effect
was again more pronounced in neuronal cells than glial
cells.19 The combined effects may explain the selective
vulnerability of axonal tracts in LBSL. In 2 group 1 patients,
diffuse cerebral cortex diffusion restriction was docu-
mented, before development of profound cerebral atrophy,
indicating massive neuronal cell death. Most likely, the
initial cerebral hypoplasia is already caused by neuronal cell
death during development; the hypoplasia is subsequently
superseded by almost total atrophy. It remains unclear why
cerebral cortex neurons are specifically vulnerable and
neurons in the basal nuclei, thalami, and cerebellum are less
affected.

Neuronal and axonal vulnerability does not fully explain the
full LBSL disease spectrum. Diffusion restriction of the ce-
rebral cortex and severe cerebral atrophy are not observed in
group 2. A striking cerebral white matter disease is seen, but
the typical LBSL brain stem tract abnormalities are absent in
all patients but one, who is also otherwise exceptional. These
observations suggest that not all patients have predominant
axonal or neuronal disease.

Diffusion restriction in affected white matter structures is a
well-known feature of LBSL. Previous studies indicate that the
diffusion restriction is caused by intramyelinic water accu-
mulation and myelin microvacuolization, most likely caused
by glial pathology.20,21 It is typically seen in the periphery of
the abnormal white matter, not specifically in tracts, and the
location changes over time, indicating moving water com-
partments.20 In both groups 1 and 2, diffusion restriction in
affected white matter structures was observed. Lack of diffu-
sion restriction in the cerebral white matter on very early
MRIs, contrasting with the presence of diffusion restriction in
brain stem structures, is explained by the absence vs presence
of myelin at that early stage of brain development.

Recently, different TUBB4A variants were shown to cause
defects in different cell types (i.e., primary neuronal, primary
glial, or combined), correlating with specific clinical and MRI
phenotypes.22 The explanation for the different phenotypes
caused by different DARS2 variants may be similar. Two
conditional knockout mouse models were recently generated,
in which either neurons or oligodendrocytes were depleted of
mtAspRS. Cell-specific depletion was chosen because general
mtAspRS knockouts are not viable.23,24 Mitochondrial dys-
function and subsequently massive apoptosis occurred soon
after neuron-specific mtAspRS depletion.23 Of interest,
oligodendrocyte-specific mtAspRS depletion led to mito-
chondrial dysfunction but not apoptosis.23 These findings
indicate that cell-specific mtAspRS depletion results in dif-
ferent outcomes.

In group 1, we therefore hypothesize predominant neuronal
pathology, leading to cerebral cortex degeneration and severe
atrophy, with a component of glial pathology, leading to dif-
fusion restriction in white matter structures. In group 2, we
hypothesize predominant glial pathology, leading to cerebral
white matter disease with diffusion restriction, whereas neu-
ronal and axonal pathology is less clear and involvement of
brainstem tracts is exceptional, although we cannot exclude
that the typical brainstem abnormalities develop later and
were missed due to lack of longer MRI follow-up. Two pa-
tients indicate considerable variation within the groups. Pa-
tient LBSL284 had evident cerebral atrophy, although less
dramatic than other patients in group 1, but lacked white matter
abnormalities on MRI. Patient LBSL280 was the only patient in
group 2 with evident brainstem tract involvement, while also
having severe cerebral white matter, thalamus, and basal ganglia
abnormalities. These patients stress that variants may indeed
have a more variable, milder, or mixed cell-type effect.

Finally, the numerous tortuous vessels at the brain surface in
early disease stages in group 1 require some discussion. We
are unaware of a noncanonical function of mtAspRS affecting
neovascularization. Secondary neovascularization may be
more likely and is perhaps related to the dramatic cortical
neuronal cell death or profound energy deficiency related to
cortical mitochondrial dysfunction and energy depletion. In
MoyaMoya disease, for example, the ongoing ischemia has
been reported to cause overexpression of proangiogenic fac-
tors.25 A similar appearance of the cerebral arteries is seen in
Menkes disease,26 characterized by subacute cerebral cortex
degeneration and profound atrophy,27 and of the cerebellar
arteries in NUBPL variants, characterized by subacute cere-
bellar cortex degeneration and severe atrophy28; both disor-
ders are related to mitochondrial dysfunction.

In conclusion, this study expands the knowledge of the phe-
notypic spectrum caused by biallelic pathogenic DARS2 var-
iants, which are typically associated with a relatively mild
leukodystrophy and characteristic long tract abnormalities on
MRI. New are 2 early-onset severe phenotypes associated
either with profound cerebral atrophy or with a severe leu-
kodystrophy without long tract involvement. We found that
most related DARS2 variants likely impair mtAspRS expres-
sion or its interactions with ligands. Missense variants were
modeled in yeast and shown to affect mitochondrial function.
We observed some association between location of variants in
specific mtAspRS subdomains or residual mitochondrial
function and patients’ phenotypes (groups 1 and 2). Although
there is evidence of axonal disease in classic LBSL, severe
cerebral atrophy in group 1 points at neuronal apoptosis, both
involving the same cell type. Severe leukodystrophy without
atrophy and without long tract involvement in group 2 points
at primary glial pathology. The underlying mechanisms of
differentDARS2 variants leading to either dominant neuronal
or dominant glial pathology need further investigation.
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Abstract
Objective
To determine whether the polygenic risk score (PRS) derived from MEGASTROKE is as-
sociated with ischemic stroke (IS) and its subtypes in an independent tertiary health care
system and to identify the PRS derived from gene sets of known biological pathways associated
with IS.

Methods
Controls (n = 19,806/7,484, age ≥69/79 years) and cases (n = 1,184/951 for discovery/
replication) of acute IS with European ancestry and clinical risk factors were identified by
leveraging the Geisinger Electronic Health Record and chart review confirmation. All Geisinger
MyCode patients with age ≥69/79 years and without any stroke-related diagnostic codes were
included as low risk control. Genetic heritability and genetic correlation between Geisinger and
MEGASTROKE (EUR) were calculated using the summary statistics of the genome-wide
association study by linkage disequilibrium score regression. All PRS for any stroke (AS), any
ischemic stroke (AIS), large artery stroke (LAS), cardioembolic stroke (CES), and small vessel
stroke (SVS) were constructed by PRSice-2.

Results
A moderate heritability (10%–20%) for Geisinger sample as well as the genetic correlation
between MEGASTROKE and the Geisinger cohort was identified. Variation of all 5 PRS
significantly explained some of the phenotypic variations of Geisinger IS, and the R2 increased
by raising the cutoff for the age of controls. PRSLAS, PRSCES, and PRSSVS derived from low-
frequency common variants provided the best fit for modeling (R2 = 0.015 for PRSLAS). Gene
sets analyses highlighted the association of PRS with Gene Ontology terms (vascular endo-
thelial growth factor, amyloid precursor protein, and atherosclerosis). The PRSLAS, PRSCES,
and PRSSVS explained the most variance of the corresponding subtypes of Geisinger IS
suggesting shared etiologies and corroborated Geisinger TOAST subtyping.

Conclusions
We provide the first evidence that PRSs derived from MEGASTROKE have value in identi-
fying shared etiologies and determining stroke subtypes.
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Genome-wide association studies (GWAS) on ischemic stroke
(IS) and its etiologic subtypes have been conducted for a de-
cade, and some common variants or genes have been identified.
These genetic variants/genes are mostly subtype specific, and
their biological relevance to the etiology of stroke needs to be
investigated.1 Meta/mega-analyses of GWAS, led by the
MEGASTROKE consortium, have identified more stroke risk
loci, but their effect sizes are quite small.2 In most diseases with
a polygenic etiology, genome-wide significant markers explain a
small proportion of the heritability of complex traits. However,
converging evidence supports that a considerable proportion of
phenotypic variation can be explained by the ensemble of in-
dividual markers not achieving that level of significance. Poly-
genic risk scores (PRSs) have been used to establish a common
genetic basis for related disorders, irrelevant of single markers
with a significant association or not, and to identify high- or
low-risk individuals by a risk stratification for the purpose of
personalized management.3

Pioneer studies have shown that a genetic risk score (GRS)
derived from multiple loci has a limited power to predict IS4,5

or its subtype.6 The PRS from genome-wide loci has shown to
be superior to multilocus GRS in the prediction of IS in a
Japanese population despite a small training and testing
samples.7 Through a risk stratification by PRS derived from
MEGASTROKE summary statistics, a recent study has shown
that the risk of incident stroke from the UK Biobank (UKB)
cohort is 35% higher among those at the top third of PRS, and
this association is independent of lifestyle factors.8 Genetic
overlaps between stroke risk, early neurologic changes, and
some of the cardiovascular risk factors (diabetes and hyper-
tension) have been identified.9 Because IS is a multifactorial
complex disease and the overall risk is determined by an in-
terplay between genetic and environmental factors, a met-
aGRS has been developed through a machine learning (ML)
approach to integrate multiple sets of GWAS summary sta-
tistics on stroke or its modifiable clinical risk factors such as
hypertension, type 2 diabetes (T2D), dyslipidemia, body
mass index (BMI), and coronary artery disease (CAD).10

Although the hazard ratio of this metaGRS for IS doubles that
of previous GRS in the UKB cohort, for individuals with high
metaGRS achieving currently recommended risk factor levels,
this metaGRS approach remains insufficient to manage risk.10

PRS derived from stroke subtypes may augment the pre-
dictive power for patients with a similar etiology. The con-
ventional classification methods stratify stroke subtypes into 5
major categories.11,12 PRS for atrial fibrillation (AFib) can
significantly explain cardioembolic stroke (CES) risk, in-
dependent of other clinical risk factors.13

The purpose of this study is to estimate the heritability and
genetic correlation between Geisinger andMEGASTROKE data
sets and to determine the association of this MEGASTROKE-
based PRS with IS and its subtypes in the Geisinger sample,
which has similar inclusion criteria and the same subtype classified
by MEGASTROKE. PRS derived from gene sets of known bi-
ological pathways will be evaluated to determine their association
with a known or novel etiology of IS through a 2-step design
using discovery and replication data sets. The shared etiology
between MEGASTROKE and Geisinger TOAST subtypes
through polygenic risk modeling will be explored.

Method
Standard Protocol Approvals, Registrations,
and Patient Consents
This study was approved by the Geisinger institutional review
board. As an independent European cohort, Geisinger IS cases
were obtained from the local Get With The Guidelines stroke
registry and characterized by manual chart review,14 whereas
controls were identified by leveraging the Geisinger electronic
health record (EHR). The strategy of data analysis and sample
sizes was illustrated (figure e-1, links.lww.com/NXG/A383).

The Geisinger MyCode Community Health Initiative cohort
(n = 92,455) is a health system–based population,15 and it is also a
geographically defined cohort that represents the patients who
visit Geisinger clinics from the East andCentral Pennsylvania. The
study cohort was based on participants from the Geisinger’s
MyCode Community Health Initiative phase I and phase II16,17

consisting of 1,184 acute IS patients as the cases for discovery with
validated European ancestry (EUR) and MRI data for the con-
firmation of diagnosis. These participants have consented to re-
search using the deidentified genetic data and the corresponding
EHRs.16,17 We also identified additional 941 IS patients through
EHR with validated European ancestry and the corresponding

Glossary
AFib = atrial fibrillation; APP = amyloid precursor protein; ASL = a synthesized TOAST subtype that represents a combination
of Acute SVS (n = 79) and LAS (n = 124); AUC-ROC = area under the curve for receiver operating characteristics; BMI = body
mass index; CAD = coronary artery disease; CES = cardioembolic stroke; CI = confidence interval; DETERMINED = strokes
of other determined etiology; EHR = electronic health record; EUR = European ancestry; GO = Gene Ontology; GWAS =
genome-wide association study; HWE = Hardy-Weinberg equilibrium; ICD = International Classification of Diseases; IS =
ischemic stroke; LAS = large artery stroke; LDSC = linkage disequilibrium score regression; MAF = minor allele frequency;
ML = machine learning; OR = odds ratio; PCA = principal component analysis; PRS = polygenic risk score; SNP = single
nucleotide polymorphism; SVS = small vessel stroke; T2D = type 2 diabetes; TOAST = trial of ORG 10172 in acute stroke
treatment; UNDETERMINED = strokes of undetermined etiology.
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genetic data as the cases for replication. Both discovery and rep-
lication cases were part of the stroke registry and had a primary
hospital discharge diagnosis of IS and a brainMRI during the same
encounter to confirm the diagnosis. Therefore, the positive pre-
dictive value for IS through this EHR process was 100%, and no
coding bias was observed. Unlike the cases for discovery, the
TOAST subtypes for replication cases were not determined.

Data were collected from January 1, 2007, through December
31, 2018, and analyzed from September 13, 2019, to January
31, 2020. Control subjects had no diagnosis codes, indicating IS
from the International Classification of Diseases (ICD), Ninth or
Tenth Revision. The diagnostic codes used for the identification
of the study cohort are: (ICD-9) 431.X, 432.9, 433.X, and
434.X; and (ICD-10) 161.X, 162.9, and 163.X. As none of
controls identified were overlapped with cases included in the
stroke registry, the negative predictive value for IS by the EHR
process was 100%.Themean (SD) age of controls having index
age≥79 (n = 7,484) or ≥69 (n = 19,806) years was 84.67 (3.21)
or 77.98 (6.01) years. The age cutoffs of 69 and 79 for controls
were based on mean age at onset for cases which is 59 for our
cohort. As this design follows younger cases vs older controls,
we expect to have 50% of controls having index age of 10 years
or 20 years older than the onset age of cases. Covariates, in-
cluding age and sex, were extracted from the EHR. Age was
ascertained at the time of the index hospital admission.

Definition of Ischemic Stroke Subtypes and
Extraction of Clinical Variables
Patient demographics, clinical information, and outcome
measures were collected based on the neurologic examination

and corresponding neuroimaging.14 ISs (age at onset >18
years) were classified according to the published TOAST
criteria18 by individual chart review. For the subtype analyses,
we excluded patients with a recurrent stroke of different
TOAST subtypes and piHAT <0.2 to avoid the relatedness
within each TOAST subtype. In the end, 218 patients with
CES, 33 strokes of other determined etiology (DE-
TERMINED), 277 large artery strokes (LAS), 200 small
vessel strokes (SVS), and 225 strokes of undetermined eti-
ology (UNDETERMINED) were included in the study. ASL
was a synthesized TOAST subtype that represents a combi-
nation of Acute SVS (n = 79) and LAS (n = 124).

The diagnosis of clinical risk factors was based on structured
data captured in the EHR. CAD ascertainment was based on a
composite of myocardial infarction or coronary re-
vascularization. The ICD-9 codes for myocardial infarction
include 410.X, 411.X, 412.X, 413.X, or 414.X or ICD-10 codes
of I20.X, I21.X, I22.X, I23.X, I24.X, or I25.X in hospitalization
records. Coronary revascularization was assessed based on an
OPCS-4 coded procedure for coronary artery bypass grafting
(K40.1-40.4, K41.1-41.4, or K45.1-45.5) or coronary angio-
plasty with or without stenting (K49.1-49.2, K49.8-49.9,
K50.2, K75.1-75.4, or K75.8-75.9). AFib ascertainment was
based on the self-report of AFib, atrial flutter, or cardioversion
in an interview with a trained nurse. The ICD-9 code of 427.3
or ICD-10 code of I48.X in hospitalization records or a history
of a percutaneous ablation or cardioversion based on the
OPCS-4 coded procedure (K57.1, K62.1, K62.2, K62.3, or
K62.4). Type 2 diabetes ascertainment was based on self-
report in an interview with a trained nurse or ICD-10 codes of

Table 1 Characteristics of Ischemic Stroke Patients and Controls in the Geisinger Cohort

Variables
Case for discovery (n = 1,184)

Control Case for replication

≥69 (n = 19,806) ≥79 (n = 7,484) (n = 951)

Mean (SD) or N (%) Mean (SD) or N (%) Mean (SD) or N (%) Mean (SD) or N (%)

Index age 69.24 (13.2) 77.98 (6.0)** 84.67 (3.2)** 72.73 (12.6)

Male (%) 599 (50.6) 8,932 (45.1)* 3,281 (43.8)** 471 (49.5)

BMI 31.31 (7.4) 30.34 (6.6)* 28.49 (5.7)** 30.57 (6.7)

Alcohol 262 (28.9) 6,686 (37.6)** 2056 (30.9) 257 (29.5)

Smoking ever 566 (62.3) 9,037 (50.8)** 3,072 (46.2)** 512 (58.7)

AFib 411 (34.7) 4,211 (21.3)** 2,167 (29.0)** 483 (50.8)

CAD 481 (40.6) 5,292 (26.7)** 2,396 (32.0)** 434 (45.6)

Diabetes mellitus 355 (29.9) 4,111 (20.8)** 1,496 (20.0)** 333 (35.0)

Dyslipidemia 409 (34.5) 4,142 (20.9)** 1,621 (21.7)** 630 (66.2)

Hypertension 939 (79.2) 4,332 (21.9)** 1706 (22.8)** 663 (69.7)

Abbreviations: AFib = atrial fibrillation; ANOVA = analysis of variance; BMI = body mass index; CAD = coronary artery disease.
Data were presented as mean (SD) or number of subjects with frequency in parentheses.
* or ** represents p < 0.001 or <0.0001 from the χ2 test or ANOVA to determine whether there was a significant difference between case (significance in both
discovery and replication) and control.
%missingness in cases of discovery and replication was 23% and 8% for both alcohol and smoking ever, respectively; %missingness in controls of ≥69 and ≥79
was 10% and 11%, respectively. No missing value for other variables.
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E11.X and E13.X and ICD-9 codes of 249.5 and 250.X in
hospitalization records. Smoking status and alcohol use were
based on self-report in an interview with a trained nurse.
Based on the summary statistics in table 1, the demographic
and the frequency of clinical risk factors were comparable with
some previously reported cohorts.19–22 This is a quality
control (QC) step to avoid significant coding bias for
comorbidities.

Genotyping, Imputation, and QC
Samples were genotyped using Infinium OmniExpress
Exome array (Illumina) and GSA-24v1-0 array (Illumina) for
phase I and II, respectively. Genotypes for both cohorts were
imputed to HRC.r1-1 (Haplotype Reference Consortium
reference panel, version r1.1) EUR reference genome
(GRCh37 build) separately using Michigan Imputation
Server, which used Eagle v2.3 and Minimac4 as the phasing
and imputation algorithm, respectively.

Samples with the genotyping rate below 95% were excluded.
Single nucleotide polymorphisms (SNPs) with an imputation
info score of <0.7, minor allele frequency (MAF) <1%,
and significant deviation (p < 10−4) from Hardy-Weinberg
equilibrium (HWE) were removed. A pruned set of SNPs
(608,437) was generated from high-quality genotyped SNPs
(MAF >0.05, HWE p > 0.0001, LD pruned with r2 between

SNPs <0.2) to calculate the kinship relatedness matrix by
SAIGE.23 A total of 6,213,823 SNPs from the merged phase I
and II sample were included in the analysis. Those SNPs with
a significant difference in MAF between phase I (n = 57,118)
and II (n = 28,462) samples (p < 5 × 10−5) were removed
from the summary statistics. Principal component analysis
(PCA) by a fast PCA approximation embedded in PLINK2
(cog-genomics.org/plink/2.0/) using 1000GENOME phase
III (2014 version) as the reference genome indicated that all
the selected cases and controls were of EUR (figure e-2, links.
lww.com/NXG/A383).

Individual SNP Association Tests for IS
SAIGE,23 a linear mix model, which built a kinship matrix to
account for the cryptic relatedness, was adopted to test ge-
netic association and used saddle point approximation to
calibrate the distribution of score test statistics while ac-
counting for the imbalance of the case-control ratio. Because
of the negative selection against effect alleles associated with
stroke, the enrichment of noneffect alleles or protective alleles
would be expected in older and nonstroke individuals. In a
sensitivity analysis of subgroups of controls, the GWAS was
conducted in a case-control design by considering all Gei-
singer MyCode patients with age >69 years or >79 years and
without any stroke-related ICD-9 or ICD-10 codes as low-risk
control, for a purpose of improving the discovery power of

Figure 1 Estimated Heritability of Geisinger Ischemic Stroke and the Genetic Correlation Between Geisinger Sample and
MEGASTROKE Sample

The chip-based heritability (h2g, A) and genetic correlation (rg, B) were calculated by LDSC using genotypedHapMap 3 SNPs (hm3). Both the observed scale and
the liability scale h2, later of which was adjusted by the sample prevalence and population prevalence, were presented in the y-axis, including error bars for
the estimates. We assumed a trait prevalence of 1% for all phenotypes and tested the robustness of heritability (h2g) under 2 levels of controls. AIS = any
ischemic stroke; AS = any stroke; CES = cardioembolic stroke; LAS = large artery stroke; LDSC= linkage disequilibriumscore regression; SNP= single nucleotide
polymorphism; SVS = small vessel stroke.
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GWAS in late-onset diseases.24 The covariates such as sex and
5 major PCs were included in all the primary and secondary
analyses. Index age was not included as a covariate because it
led to a genome-wide deflation of the test statistics.

Functional Annotation
Open Targets Genetics (OpenTargets.org) and GWAS cat-
alog (ebi.ac.uk/gwas/) were queried for top-associated SNPs
to evaluate their functional impact and pleiotropy if any. The
pathway-specific gene network was illustrated by string-db
(string-db.org/).

Heritability (h2) and Genetic Correlation
(r2g) Calculations
We used the summary statistics from the GWAS to calculate
adjust wide spacing disequilibrium score regression (LDSC25).

The LD scores were estimated from an external reference
sample, 1000GENOME with EUR. Only well-genotyped
and imputed HapMap 3 SNPs (“w_hm3.snplist”) with
the number of SNPs (877960/879085/878219/876828/
878222 for any ischemic stroke (AIS)/any stroke (AS)/
CES/LAS/SVS) were considered for the calculation of the
genetic variance and covariance. To test for evidence of
shared etiology between the base and target trait, we applied
LDSC25,26 to quantify the extent of shared genetic contri-
butions to IS between MEGASTROKE2 and Geisinger data
sets at a genome-wide level. This shared etiology could be
due to so-called horizontal pleiotropy (separate direct ef-
fects) or vertical pleiotropy (downstream effect).27 Effect
allele for the Consortium GWAS2 was downloaded from
MEGASTROKE.org for EUR. Based on an assumption of
the expected chi-square statistic of a variant linearly

Figure 2 Sensitivity Analysis to Show the Predictive Power of PRS

We conducted a sensitivity analysis to determine whether this predictive power (R2 and significance for the nonzero regression coefficient for PRS) can be
improved by raising the cutoff for the age of controls. (A) We simulate the same number of controls as to the corresponding controls ≥69 or ≥79 by a random
selection from controls ≥59 to determine this augmented predictive power, if any, was largely due to natural selection in aged nonstroke individuals but not
due to the change in the case:control ratio. This improved predictive power was independent of the prevalence of the disease or case:control ratio as shown
by this dot plot. (B) The association between PRSz-score derived from 5 summary statistics of MEGASTROKE and ischemic stroke was tested by logistic
regression (phenotype ; PRSz-score + sex + PC1-5.). The PRS was calculated by PRSice-2 using the average score (avg) equation (default) from the best-fit
modeling. The raw PRSavg was z score transformed into PRSz-score to compare the odds ratios across the analyses. Odds ratios (ORs) (y-axis) and significant
levels (dot size) were calculated by the R glm. (C) The association of PRSz-score derived from the summary statistics of MEGASTROKE AIS with ischemic stroke
and itsmajor clinical risk factors were tested by the same logistic regression and visualized by the forest plot. AIS = any ischemic stroke; AS = any stroke; CES =
cardioembolic stroke; LAS = large artery stroke; PRS = polygenic risk score; SVS = small vessel stroke.
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correlated with LD score bin under a polygenic model,25 the
stronger correlation could only be achieved when both data
sets shared the same ancestry and when the LD score esti-
mated for both data sets was obtained from the reference
with the same ancestry. This procedure would help prevent
bias of the estimates and decrease the standard error of
LDSC estimate for genetic correlation.26

PRS Construction by PRSice-2 and Predictive
Power for IS or TOAST Subtypes
We followed a tutorial28 when we constructed PRS, power
analysis,29 and interpret the result. PRSice-227 is a p-value selec-
tion threshold approach. Removing SNPs with a low genotyping
rate (geno >0.95), MAF <0.01; imputation “info score” >0.7; and
individuals with a low genotyping rate (mind >0.9). PLINK2 was
used for QC; effect allele for the Consortium GWAS2 was
downloaded from MEGASTROKE.org for the European an-
cestry, and the genomic coordinates (hg19 version) of dbSNP
were collected from UCSC Genome Browser (genome.ucsc.
edu/). Shared markers with the same genomic coordinate and
variant type between MEGASTROKE and Geisinger data were

extracted. This is an autosomal-only analysis. No sample was
overlapped between Geisinger and MEGASTROKE. Therefore,
we assumed no substantial inflation of the association between
the PRS and trait tested in the target data.

We initially set p-value thresholds at 0.001, 0.05, 0.01, 0.1, 0.2,
0.3, 0.4, 0.5, and 1. Because of the criticism of clumping by
selecting an arbitrarily chosen correlation threshold for the
removal of SNPs in LD, we tested the predictive power under
the threshold ranging from 0.05 to 0.8. An informed LD
clumping using the following PLINK command:—clump-p1
1, –clump-kb 1,000, —clump-r2 0.05 to 0.8 was conducted.
After an evaluation of the trade-off by including less or more
SNPs in the polygenic modeling by tuning the correlation
threshold, we chose r2 = 0.1 because this level for LD pruning
showed no systematic overestimation or underestimation of
the PRS modeling. A total of 196,995 (AIS), 197,033 (AS),
197,529 (CES), 197,532 (LAS), and 197,549 (SVS) variants
were retained for the 5 MEGASTROKE summary statistics.
On average, around 25% of variants were kept with MAF <
0.025. PRSs were derived from MEGASTROKE by PRSice-2

Figure 3 PRS Derived From Lower MAF Variants Provided the Best-Fit Modeling for the Ischemic Stroke

Nonrelated individuals (piHAT ≤0.20) from the discovery and replication data sets with a random split of control samples were included in the association
analysis. PRS derived from genetic variants with relatively lower MAF provided the best-fit modeling for the ischemic stroke (red dots) when PRS was
constructed based on the summary statistics of TOAST subtypes such as LAS, SVS, and CES as compared to PRS constructed based on the summary statistics
of AS or AIS. Both discovery data set and replication data set showed the same profile. The size of the dots represents the R2, a measure of the proportion of
the variance explained by the model. The y-axis represents the significance of the model fit. The total number of variants included in the analysis under two
MAF thresholds was also listed on the top. AIS = any ischemic stroke; AS = any stroke; CES = cardioembolic stroke; LAS = large artery stroke; MAF =minor allele
frequency; PRS = polygenic risk score; SNP = single nucleotide polymorphism; SVS = small vessel stroke.
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Figure 4 Gene Sets Analyses Illustrated the Top Five Pathways Enriched for Ischemic Stroke (Controls With Index Age ≥69
years) After Meta-analysis of Discovery Data Set (n = 1,076/10,107) and Replication Data set (n = 941/8,145) When
the PRS Was Constructed Based on Each of the Five Summary Statistics of MEGASTROKE

The sex and 5 major PCs were included as covariates in the logistic regression model for each data set. The meta-analysis was conducted by metal with
weighted effect size (coefficient) estimates using the inverse of the corresponding standard errors. Sample overlap correction was not performed because of
no overlapping samples between discovery and replication samples. The global genes were selected as a universal background for gene sets analyses, and
the mapping file was “Homo_sapiens.GRCh37.87.gtf.” PRSs derived from gene sets defined by the Gene Ontology Biological Process were calculated to test
their association with an ischemic stroke under 2 MAF thresholds (MAF < 0.025 or < 1), which represents low-frequency common variants or all variants
accordingly. Seven thousand three hundred forty-nine pathways and their related gene sets were defined by Molecular Signatures Database (“msigdb_v7.0_
GMTs/c5.bp.v7.0.symbols.gmt”). Exploration of the top 5 pathways enriched from PRS gene sets analyses after themeta-analysis of discovery and replication
data sets using each summary statistics fromMEGASTROKE to construct PRS under 2 levels of MAF thresholding (y-axis). The red or blue bar represents the
ischemic stroke has a negative or positive association with the corresponding biological process according to the direction of the coefficient, respectively. All
the p values in the x-axis were raw but survivedmultiple testing for Bonferroni correction as −log10(p) ≥ 5.17 (−log10(0.05/7,349)). AIS = any ischemic stroke; AS
= any stroke; CES = cardioembolic stroke; LAS = large artery stroke; MAF = minor allele frequency; SVS = small vessel stroke; VEGF = vascular endothelial
growth factor.
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with 10,000 permutation tests. The results were derived from
testing over a range of p-value thresholds for base SNPs and
also included the thresholding that gave the best predictive
performance (best fit).

We also removed related individuals in the Geisinger sample
with paired PI_HAT ≥0.2 and maintained the maximum num-
ber of cases. We ended up with 1,167 cases and 17,271 controls.

We selected the default mode of the PRS algorithm, PRSavg,
which was calculated by the number of observed effective allele
for each variant multiplied by the corresponding effect size
derived from the MEGASTROKE, divided by the number of
alleles included in the PRS from that individual, and finally sum
of all from that individual. This approach would help prevent
biased PRS towardmore or less genetic markers included in the
calculation for that individual. Nagelkerke pseudo-R2 (R2) and
significance for the nonzero regression coefficient for PRS were
calculated by PRSice-2 with clumping and thresholding (“P +
T”). The IS was regressed on the PRSavg, including sex and first
5 PCs as covariates, to calculate the variance explained by
PRSice-2. In line with previous PRS studies8,10,13 on STROKE,
we also performed a z-score transformation, “PRSz-score =
(PRSavg−mean(PRSavg))/SD(PRSavg),” of this raw PRSavg, and
the logistic regression of TOAST subtypes was conducted. The
odds ratios (ORs) with 95% confidence interval (95%CI) were
calculated by R ‘glm’ with a nature log transformation.

We conducted a sensitivity analysis to determine whether this
predictive power (R2 and significance for the nonzero re-
gression coefficient for PRS) can be improved by raising the
cutoff for the age of controls. The same number of controls as
to the corresponding controls ≤69 or ≤79 by a random se-
lection from controls ≤59 was simulated to determine
whether this augmented predictive power, if any, was largely
due to natural selection in aged nonstroke individuals but not
due to the changed case:control ratio (table e-1, links.lww.
com/NXG/A383).30

Gene Set–Based PRS Analyses
A two-step design was considered by randomly splitting 19,806
controls (age ≥ 69 years) into discovery (n = 1,184/10,983 for
case/control) and replication (n = 951/8,823 for case/control)
data sets to maintain the same case-control ratio (0.108).
Those 951 IS cases were identified by Geisinger EHR but not
included in the initial GWAS. We further removed related
individuals (piHAT ≥0.20) from the discovery and replication
data sets and ended up with 1,076/10,107 for case/control in
discovery data set and 941/8,145 for case/control in replication
data set. By comparing the result originated from all samples
with the result derived from nonrelated individuals, any inflated
R2 and p value would be determined.

The global genes were selected as a universal background for
gene sets analyses, and the mapping file, “Homo_sapi-
ens.GRCh37.87.gtf”, was downloaded from ftp://ftp.ensem-
bl.org/pub/grch37/release-90/gtf/ho…

PRSavg derived from gene sets defined by the Gene Ontology
Biological Process was calculated to test their association with IS
under 2MAF thresholds (MAF <0.025 or <1), which represents
low-frequency common variants or all variants accordingly. A
total of 7,350GeneOntology pathways of Biological Process and
their related genes were defined by Molecular Signatures Data-
base (“msigdb_v7.0_GMTs/c5.bp.v7.0.symbols.gmt” from
gsea-msigdb.org/gsea/msigdb/index.jsp). The sex and 5 major
PCs were included as covariates in the logistic regression model
for each data set. A raw competitive p value, which indicated the
level of enrichment, was calculated. The meta-analysis of sum-
mary statistics of discovery and replication data sets was con-
ducted by metal with weighted effect size (coefficient) estimates
using the inverse of the corresponding standard errors. Sample
overlap correction was not performed because of no overlapping
samples between discovery and replication samples. We repor-
ted the top 5 pathways that were significantly enriched from the
gene-set analysis for PRS derived from each summary statistics
stratified by 2 levels of MAF after the meta-analysis. All the p
values presented as raw and only p value with −log10(p) ≥ 5.17
(−log10(0.05/7,350)) survived multiple testing for Bonferroni
correction.

Data Availability
The summary statistics of our GWAS may be shared with
third party on execution of data sharing agreement for rea-
sonable requests.

Results
Characterization of Geisinger Ischemic Stroke
and Controls
Demographics and clinical characteristics of IS cohorts (cases
for discovery and replication) and controls were summarized
in table 1 stratified by age for controls. There was a significant
increase in the proportion of subjects having clinical risk
factors for stroke in the case group vs control group (p <
0.01). These risk factors included smoking ever, CAD, AFib,
diabetes mellitus, dyslipidemia, and history of hypertension.
Other anthropometric factors such as BMI showed significant
differences between cases and controls (p < 0.01).

No Genome-Wide Significant Association
Identified by the GWAS
We first performed the GWAS using a linear mixed model.
Manhattan andQQ plots for the GWAS results of control ≥69
years and ≥79 years were shown in figure e-3B, links.lww.
com/NXG/A383, as mirrored toward each other. The top
SNPs with p < 5 × 10−5 were listed in table e-2. No variants
passed the genome-wide significant threshold (p < 5 × 10−8)
of association for IS. Among the top variants with p < 5 × 10−5

(suggestive significance) in GWAS79yrs, all had decreased
frequency of risk alleles for IS (p = 1.90 × 10−5, paired t test,
increased effect size (β), and improved significance in asso-
ciation with IS than those in GWAS69yrs). The top loci were
also associated with increased risk for various stroke-related
(sub)phenotypes.
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Heritability (h2) and Genetic Correlation (rg)
We present observed and liability scale h2, assuming that sample
and population prevalence of Geisinger IS were 0.01 and 0.01
for control ≥69 years and 0.05 and 0.01 for control ≥79 years. A
moderate heritability (;10%) for Geisinger samples was
identified (figure 1A). The estimates of explained heritability
were increased for both observed and liability scale h2 when the
cutoff for the index age of controls was raised to 79 years.

The estimated genetic correlations of IS between each of the
pairs of cohorts were shown in figure 1B. A significant genetic
correlation between MEGASTROKE and Geisinger summary
statistics (≥69 or ≥79) was observed with the most significant
correlation for AS with rg = 0.586 or 0.545 and p = 2 × 10

−4 or 2
× 10−8. Although there was no significant improvement of rg
when the cutoff for the index age of controls was raised from 69
to 79 years, the significance of the correlation was improved
with a smaller variance of rg across all pairs. Although there
were similar numbers of well-characterized LAS, SVS, and CES
in this Geisinger cohort, the highest rg was observed in LAS
subtype with rg = 0.452 or 0.403 and p = 2 × 10−3 or 4.88 ×
10−5, whereas the lowest rg observed in CES subtype (rg =
0.257 or 0.193 and p = 0.021 or 0.019).

Predictive Power of PRS for IS
The sample size and index age (mean and SD) stratified by sex
were summarized in table e-1, links.lww.com/NXG/A383.
The increased predictive power (R2 and p) of PRS by raising

the cutoff for controls from 59 to 79 years old was in-
dependent of the case:control ratio and across all levels of
thresholding p values observed, indicating that older low-risk
control was, at least partially, driving the PRS’s association
with IS. The augmented predictive power was observed in all
but the PRS derived from MEGASTROKE CES (red dots
compared with pink dots or blue dots compared with light
blue dots in figure 2A).

Variation of all 5 PRSavg could significantly explain some of
the phenotypic variations of Geisinger IS with the PRSLAS
explainedmost of the phenotypic variance (R2 = 0.006, p = 7.2
× 10−12) for the best-fit model as compared to the PRS de-
rived from other summary statistics (R2 = 0.003, p = 1.12 ×
10−6 for PRSSVS; R

2 = 0.004, p = 1.46 × 10−7 for PRSCES; R
2 =

0.004, p = 3.04 × 10−8 for PRSAS; and R
2 = 0.004, p = 1.87 ×

10−7 for PRSAIS) (figure e-4A, links.lww.com/NXG/A383).
We also conducted a restricted analysis by including samples
with paired HAT score (piHAT) <0.2. As shown in figure
e-4B, we still obtained a similar level of R2 (0.007 for PRSLAS;
0.003 for PRSSVS; 0.004 for PRSCES; 0.005 for PRSAS; and
0.004 for PRSAIS) and p value (1.69 × 10−11 for PRSLAS; 2.00
× 10−6 for PRSSVS; 2.22 × 10−7 for PRSCES; 1.31 × 10−8 for
PRSAS; and 1.77 × 10−7 for PRSAIS) for the best-fit model.

The PRSz-score derived from MEGASTROKE LAS showed
the strongest association with Geisinger IS phenotype (OR =
1.244, per 1−SD increase in the PRS, p = 1.57 × 10−11, 95%CI

Figure 5 The PRS Derived FromMEGASTROKE Subtypes Was Mostly Associated With the Corresponding Geisinger TOAST
Subtypes

The dot plot demonstrated the association of PRS derived from MEGASTROKE on Geisinger TOAST subtypes when using base p < 0.1 as an example. The
association between PRS and stroke subphenotypeswas tested by logistic regression (phenotype; PRSavg + sex + PC1–5). PRS derived from theMEGASTROKE
consortium (y-axis) was calculated by PRSice-2 to determine their association with the TOAST subtypes of Geisinger ischemic stroke patients (x-axis).
Nagelkerke pseudo-R2 (color of dots) and significant levels (size of dots) were calculated by PRSice-2 with clumping and thresholding (here using SNPs with
base p < 0.1 as an example). *The significance of the association survived Bonferroni correction given 30 paralleled testing (punadjusted < 0.0017). We excluded
any cases with a recurrent stroke of different TOAST subtypes. AIS = any ischemic stroke; AS = any stroke; CES = cardioembolic stroke (TOAST); DETERMINED =
stroke of other determined etiology (TOAST); LAS = large artery stroke (TOAST); SNP = single nucleotide polymorphism; SVS = small vessel stroke (TOAST);
UNDETERMINED = stroke of undetermined etiology (TOAST); ASL was a synthesized TOAST subtype that represents a combination of Acute SVS (n = 79) and
LAS (n = 124).
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[1.168–1.326]) for controls ≥69, when compared with the
PRSz-score derived from other MEGASTROKE summary
statistics (figure 2B for the best-fit modeling). The association
between PRS (i.e., PRSAIS) and other risk factors in the full
model was accessed. This PRSAIS was significantly associated
with hypertension, diabetes, CAD, and other comorbidities,
but not with lifestyle changes captured in EHR such as
drinking and smoking cigarettes (figure 2C).

Low-Frequency Variants Contributed More to
the Association Between PRS and IS
Because the loci for cardiovascular diseases were significantly
enriched for lifetime reproductive success by natural selection31

and identified that IS subtype-specific loci were more likely to be
low MAF,32 we proposed that the genetic variants with lower
MAF may contribute more to the phenotypic variation. When
we partitioned the variants byMAF ≤0.01, 0.05, 0.1, 0.2, or to all,
PRSLAS, PRSCES, and PRSSVS derived from low-frequency
common variants (0.01 < MAF < 0.05) provided the best-fit
modeling for Geisinger IS (see figure e-5A, links.lww.com/
NXG/A383), suggesting that low-frequency common variants
when taken together could havemore contribution to the risk for
IS subtypes. This result was confirmed by using the replication
cases (n = 951) vs the same controls (n = 19,806) (figure e-5B,
links.lww.com/NXG/A383). R2 for PRSLAS in discovery and
replication data sets was 0.015 and 0.016 for MAF < 0.025 as
compared to 0.006 and 0.007 for MAF < 1, respectively; R2 for
PRSSVS was 0.011 and 0.012 for MAF < 0.025 as compared to
0.004 and 0.005 forMAF< 1, respectively.We selected p< 0.025
as 1 of 2 bar levels in the gene-set analysis to identify the enriched
pathways associated with the potentially shared etiology.

PRS Derived From the Subsets of SNPs
Associated With IS
We explored the top 5 pathways for the gene sets analyses
stratified by 2 bar levels (MAF < 0.025 or < 1) (figure 3) after
the meta-analysis of the summary statistics from discovery and
replication data sets (figure 4). The summary statistics of the
entire analysis were available in table e-3, links.lww.com/NXG/
A384, and e-4, links.lww.com/NXG/A385. By comparing the
results from nonrelated individuals (figure 4) with the result
from the original data sets without removing related individuals
(figure e-6A, links.lww.com/NXG/A383), we only observed a
slightly inflated p value for the top gene sets when selecting all
SNPs (MAF < 1) but not selecting SNPs with MAF < 0.025 in
both discovery and replication data sets (figure e-7). This
suggested that those pathway-related low-frequency common
variants were not shared by related individuals with IS.

For all SNPs with various MAF, gene sets related to GO
negative regulation of (RNA) biosynthetic process, the
downstream terms of the metabolic process, were ranked to
the top using PRSLAS and PRSCES. Top gene set related to
apoptosis was enriched with a positive correlation (blue bar)
with stroke using PRSLAS; gene sets related to embryonic
heart tube development was one of the top pathways with a
positive correlation with stroke using PRSSVS.

For genetic variants with MAF < 0.025, we observed the top
pathways with a negative association (red bar) of stroke in-
cluding the vascular endothelial growth factor signaling
pathway and APP signaling pathway when using PRSAIS and
PRSAS for all Geisinger IS. Genes related to the regulation of
macrophage-derived foam cell differentiation and lipid com-
plex assembly enriched in IS patients using PRSSVS, suggest-
ing atherosclerosis in the pathogenesis of IS. Gene sets related
to ion/transmembrane transport were the top pathways with
a positive association with IS using PRSCES.

PRS Derived From the MEGASTROKE Subtypes
Was Associated More With the Corresponding
TOAST Subtypes of Geisinger Patients
Only cases from the discovery data set were subtyped by the
TOAST criteria. As expected, PRSLAS (R

2 = 0.004; p = 7.31 ×
10−4), PRSCES (R

2 = 0.005; p = 4.47 × 10−4), and PRSSVS (R
2

= 0.003; p = 0.003) explained the most variance of the cor-
responding subtypes of Geisinger IS than PRS derived from
other MEGASTROKE data sets (larger and warmer dots for
the significant level and Nagelkerke pseudo-R2, respectively,
see the arrow in figure 5 using base p < 0.1). For the syn-
thesized group, ASL, with much more LAS cases (n = 124)
than SVS cases (n = 79), the predictive power was the highest
by PRSsvs (R

2 = 0.007; p = 8.23 × 10−5). PRSCES could dif-
ferentiate LAS from CES or SVS from CES (yellow arrows).
TOAST Determined subtypes of Geisinger can be equally
explained by PRSLAS and PRSSVS despite not reaching a sig-
nificant level due to the small sample size (n = 33). Fur-
thermore, none of the PRS could significantly explain the
phenotypic variation of Geisinger Undetermined subtype.

Discussion
Among the top variants with p < 5 × 10−5 (suggestive sig-
nificance) from GWAS79yrs, all had decreased frequency of
risk alleles for IS, increased effect size (β or OR), and im-
proved significance in association with IS than those from
GWAS69yrs, suggesting that the protective alleles were
enriched in the older nonstroke population. If a genetic var-
iant was associated with fitness, selection would drive 1 allele
to low frequency.33 The latter was the case even for traits
without any obvious connection to fitness. Through an in-
quiry into the PheWAS summary statistics of stroke-related
phenotypes obtained from UKB, we were able to identify that
the risk alleles from the top loci were also associated with
increased risk for various stroke-related (sub)phenotypes
(i.e., atherosclerosis) or risk factors (i.e., hypertension, high
cholesterol level, and cardiac arrhythmia), suggesting the
potential pleiotropy of these variants.

Although there was no significant improvement of rg when the
cutoff for the index age of controls was raised from 69 to 79
years, the significance of the correlation was improved with a
smaller variance of rg across all pairs, suggesting that this case:
control design could yield a more homogenous control
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population with enriched protective alleles. The lowest rg was
observed using the summary statistics from MEGASTROKE
CES subtype (rg = 0.257 or 0.193, p = 0.021 or 0.019), and no
improvement in the prediction power for PRS derived from
this CES summary statistics in the sensitivity analysis sug-
gested that these low-frequency common variants may not
show enrichment for the protective allele in aged controls.
The similar findings were also reported for rare variants pre-
viously implicated in alone or familial forms of Afib. Those
rare variants were detected at low frequencies in a general
population but were not associated with Afib through an age
stratification of the control population.34

PRSs derived from MEGASTROKE GWAS data sets can
explain only a small fraction of the variance in the target
phenotypes, and this proportion can be improved by using
common variants with lower MAF. The lack of predictive
power of PRS could be due to the genetic and environmental
heterogenicity of IS with various causal mechanisms. It is
possible that the predictive power of PRS can be improved by
using a subset of SNPs derived from disease-relevant path-
ways or functional annotated subset of SNPs.35 The predictive
power (R2) was improved when using a subset of low MAF
variants, many of which were eQTL for the annotated genes
nearby (data not shown). This lack of predictive power could
also be due to the polygenic modeling algorithms, and how to
improve the signal-to-noise ratio by ML approaches is an
ongoing topic. The performance of PRSs over the life course
in several cardiometabolic diseases and neoplasms has been
evaluated in a prospective setting, and their value when in-
tegrated with the known clinical risk factors and biomarkers
has been revealed.36 The cumulative risk for CAD, T2D, and
AFib was disproportionally increased after 40 years old when
patients were stratified by categorical PRS from higher
(>97.5%) to lower (<2.5%) scores. Because of the pleiotropy
of genetic risk factors for both IS and chronic diseases in-
cluded in this study, we expect IS will show a similar pattern.
The cumulative disease rate for IS will be disproportionally
higher in the top PRS category. The polygenic contribution to
early onset was much higher than that to late onset in the
same disease.36 Our retrospective study from the sensitivity
analysis alternatively confirmed this disproportional increased
PRS burden for IS using younger cases vs 3 tiers of older
controls (from 59, 69, to 79).

PRS alone cannot replace the need to investigate the sources
of emboli or thrombosis and make a personalized treatment
accordingly. Whether patients having high PRS value for
specific pathways may indicate the potential causal mecha-
nism of IS is still unknown and requires further investigation
to validate. It is unclear to what extent PRS contributes to
early-onset vs late-onset IS. Although PRS alone has a small
but significant improvement in the prediction of IS (area
under the curve for receiver operating characteristics [AUC-
ROC] = 0.596 with 95% CI [0.577–0.616] as compared to
AUC-ROC = 0.554 with 95% CI [0.534–0.573] for the base
model, p = 4.26 × 10−6) (Supplementary figure e8, links.lww.

com/NXG/A383), the combination of PRS and clinical risk
factors has not been extensively evaluated using different ML
algorithms and PRS construction models. Whether PRS
contributed to the outcome prediction of IS cases is to be
determined. IS is a multifactorial complex disease. The pre-
diction of IS and its subtypes always follows the multivariate
regression/classification model. This study confirmed the
value of PRS derived from MEGASTROKE as one of the
features in ML-based prediction modeling.

Furthermore, our study suffered from limited power to test for
gene set analyses in Geisinger subcohort with the same
TOAST subtypes because of the small sample size of well-
characterized subtype cohorts.

Finally, our study was based on EUR subjects, limiting its
generalizability to larger and more diverse cohorts. Recent re-
search has focused on the generalizability of polygenic scores to
non-EUR populations. Because of differences in variant fre-
quencies and LD patterns between populations with different
ancestries, reduced predictive power in non-EUR samples is
anticipated, particularly in Africans.37 How to improve the
treatment of LD and variant frequencies when applying poly-
genic scoring derived from Europeans to cohorts of non-EUR
is an emerging field. On the other hand, data resources for non-
EUR are currently inadequate, resulting in the rationale for
large-scale GWAS in diverse human populations. Having re-
alized the full and equitable potential of PRS, we should pro-
mote genetic studies on underserved populations.38

As a part of a multiple-level genetic association study, PRS
constructed based on multiple loci from genes of curated
biological pathways does not confer the biological in-
formation at the single-gene level. Thus, this PRS-based as-
sociation study cannot directly convey the message of
functional impact of genes on the definitive phenotype. Given
all hypothesis (biological pathways) being considered, this
study is trying to prioritize the top pathways from which the
PRS could stratify IS cases into categorical high or low score
for certain pathways based on different causal mechanisms
through a biotyping approach. Clinically, we are often un-
certain of the underlying stroke etiology. If nonroutine fea-
tures such as PRS are able to aid in subtyping, the number of
cryptogenic strokes could be potentially reduced. Thus, PRS,
complemented with other clinical features of the patients,
could facilitate more targeted secondary stroke prevention.

The future studywill focus on (1) how individual genetic risk or
polygenic risk extracted from curated biological pathways af-
fects stroke outcome, such as recurrence and mortality and (2)
how these identified subsets of genetic variants are correlated
with some clinical subtypes of IS, particularly when the natural
selection (negative or positive) may have more impact on the
fitness in early-onset stroke rather than in late-onset stroke.

We provide the first evidence that PRSs derived from
MEGASTROKE have value in identifying shared etiologies
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and determining the etiologic subtypes beyond TOAST in an
independent cohort.
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Abstract
Objective
High-grade glioma (HGG) rarely spreads outside the CNS. To test the hypothesis that the
lesions were metastases originating from an HGG, we sequenced the relapsing HGG and
distant extraneural lesions.

Methods
We performed whole-exome sequencing of an HGG lesion, its local relapse, and distant lesions
in bone and lymph nodes.

Results
Phylogenetic reconstruction and histopathologic analysis confirmed the common glioma origin
of the secondary lesions. The mutational profile revealed an IDH1/2 wild-type HGG with an
activating mutation in EGFR and biallelic focal loss of CDKN2A (9p21). In the metastatic
samples and the local relapse, we found an activating PIK3CA mutation, further copy number
gains in chromosome 7 (EGFR), and a putative pathogenic driver mutation in a canonical splice
site of FLNA.

Conclusions
Our findings demonstrate tumor spread outside the CNS and identify potential genetic drivers
of metastatic dissemination outside the CNS, which could be leveraged as therapeutic targets or
potential biomarkers.
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Patients with high-grade glioma (HGG) (WHO grade III
and IV) have a dismal prognosis with a median survival of
16.0 months for grade IV tumors.1 Distant metastasis of
glioma outside the CNS remains a rare event, occurring in
less than 2% of gliomas,2 and the molecular features of
metastatic dissemination in these tumors are not charac-
terized. In this report, we performed whole-exome se-
quencing on the primary tumor of a patient with HGG and
on multiple secondary lesions to study potential metastatic
drivers outside the CNS.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
The family of the patient signed the informed consent form
and approved the disclosure of this publication. The collec-
tion of biological samples and health-related data was ap-
proved by the Ethics Committee of the state of Geneva. The
study was conducted in accordance with the 1975 Declaration
of Helsinki.

Data Analysis
A small part of the tissue from all 4 lesions was frozen and
stored at −80°C, whereas the largest part was fixed in 4%
buffered formalin and paraffin embedded (FFPE). The
bone biopsy was decalcified with ethylenediaminetetra-
acetic acid before embedding. From the FFPE mate-
rial, 2–3-μm-thick slides were stained with H&E.
Immunohistochemistry according to standard protocols
was then performed using the following antibodies: GFAP,
IDH1 (R132H), Ki67, MAP2, NOGO-A, p53, and syn-
aptophysin in the primary and secondary brain lesions and
synaptophysin, Ki67, MAP2, NOGO-A, chromogranin A,
protein S100, Melan-A, HMB45, epithelial membrane an-
tigen, O13, NB84, INI1, MAP2, EGR, granzyme B, myo-
genin, keratin, CD3, CD5, CD20, CD79a, CD30, CD34,
CD56, and CD117 in the lymph node metastasis and
the bone biopsy.

For the genomic analysis, DNA was extracted from blood
and FFPE tumor samples with the Qiagen DNeasy Blood
and Tissue Kit and Qiagen QIAmp DNA FFPE Tissue Kit,
respectively. DNA quality was evaluated with Agilent
TapeStation genomic DNA ScreenTape. Exome capture
and sequencing libraries were prepared with the Agilent
SureSelect Human All Exon V5 with 1 μg DNA. Libraries
were sequenced in an Illumina HiSeq2000 to obtain 100-
bp paired-end read at an average coverage of 110 (SD 26).
Sequencing reads were mapped to the reference genome

GRCh38 with the Burrows-Wheeler Aligner and then
processed with the bcbio cancer variant calling pipeline.
Sequencing quality and target enrichment were verified
with Picard tools metrics (broadinstitute.github.io/pic-
ard/). MuTect2, VarScan, VarDict, and Freebayes somatic
(arxiv.org/abs/1207.3907) with a majority voting ap-
proach were used to identify somatic standard normal
variables and indels.3 Stop-gain, splice site, or probably
damaging nonsynonymous mutations and variants repor-
ted in the COSMIC v71 database were considered putative
drivers. Somatic copy number aberrations were estimated
from exome sequencing data with CNVkit.

Data Availability
Deidentified patient data are available on request.

Results
A 16-year-old patient presented in July 2013 with a right
fronto-insular lesion (figure 1, A and B), which was sub-
totally resected, and a second diffuse lesion infiltrating the
pons (not shown). Histopathologic analysis revealed an
IDH wild-type HGG without 1p/19q codeletion, compat-
ible with a rare anaplastic pediatric-type oligoden-
droglioma.4 Chemoradiation with temozolomide, followed
by 6 cycles of temozolomide, was administered from Au-
gust 2013 to March 2014. The lesion in the pons responded
favorably; no relapse was observed around the initial re-
section cavity.

In April 2014, the patient presented with rapidly worsening
inflammation of the right knee, fever, and tachycardia. A
total-body FDG PET CT scan revealed generalized lymph-
adenopathy involving multiple mediastinal and retroperito-
neal lymph nodes, a distal femoral heterogeneous lesion
(figure 2A.b), and a pattern of carcinomatous lymphangitis
in the lungs (figure 2A.a, figure e-1, links.lww.com/NXG/
A377). We obtained tumor biopsies from the popliteal
lymph node and the right femur. Histopathology assessment
showed that the 3 lesions (brain, lymph node, and bone)
appeared similar (figure 2, B and C) with intense MAP2 and
CD56 staining, confirming their glial origin, and weak or
focal staining for Olig2, GFAP (figure 2D), synaptophysin,
and TP53.

Unfortunately, we observed rapid multifocal disease pro-
gression in the brain (figure 1C). A biopsy of a new left
temporal lobe lesion was performed in June 2014, show-
ing the same histology as the initial brain lesion, but with
additional aggressiveness features compatible with a

Glossary
FFPE = formalin and paraffin embedded;GBM = glioblastomamultiforme;HGG = high-grade glioma;TMB = tumormutation
burden.
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glioblastoma multiforme (GBM) (pseudopalisading necro-
sis and high proliferation index). Further treatment lines,
including ifosfamide and doxorubicin, were attempted

without eliciting a response, and the patient died in August
2014.

Exome sequencing of the primary lesion, the brain relapse,
and the distant bone and lymph node metastasis showed
biallelic focal loss of CDKN2A (9p21) and in-frame insertion
in the EGFR locus (p.Asn771_His773dup) (figure e-2, links.
lww.com/NXG/A378). Phylogenetic reconstructions
revealed a common clonal origin (figure 3, A and B). Eleven
high-confidence variants were shared between all tumors.
Seventeen additional mutations were shared by the bone and
lymph node metastases and the brain relapse but not by the
initial HGG (Additional files 1 and 2, links.lww.com/NXG/
A386 and links.lww.com/NXG/A387). Deletions in chr.9,
chr.6, and chr.1q gain (3 copies) were present in the initial
tumor and subsequent lesions. A gain in Chr.7 was shared
between the subsequent lesions (figure 3C). The brain relapse
had many more copy number alterations than the primary
lesion (164 copy-altered segments vs 27, respectively, figure
3C), possibly a consequence of double-strand breaks from
radiochemotherapy. Despite the high secondary mutation
rate in the recurrent tumor, the patient did not present any
family history of malignancies, and tumor mutation burden
(TMB) was less than 6/Mb, suggesting an absence of MSH2
and MSH6 germline alterations, which are associated with a
TMB of 40/Mb.5

The results suggest that the secondary lesions derive from
the same subclone of the original HGG. Among the shared
mutations, we observed 3 putative driver events (figure 3A):
an activating mutation in PIK3CA (p.His1047Arg) known
for its oncogenicity,6 gain of 2 copies of the EGFR mutation
(p.Asn771_His773dup, chr.7, 4n), confirmed by variant al-
lele frequency analysis in each specimen, and a putative
pathogenic driver mutation in a canonical splice site of
FLNA. In addition, a frameshift variant in the FHOD1 gene
was common in all secondary lesions.

Discussion
Of interest, mutations in EGFR and PIK3CA are usually
mutually exclusive and are found together in less than 2% of
HGG. Both are part of the RTK/Ras/phosphatidylinositide
3-kinase (PI3K) signaling cascade, which is altered in 90% of
adult HGG.7 The EGFR exon 20 insertion is typically asso-
ciated with resistance to tyrosine kinase inhibitors,8,9 and it is
rare in GBM,10 where the most common variant is EGFR-
vIII.11 The additional copy gain of mutated EGFR could
be another spreading trigger. The PIK3CA mutation
(p.His1047Arg) is a well-described activating mutation in
cancer and is present in 10% of GBM.7 Moreover, the asso-
ciation of CDKN2A deletion and EGFR amplification was
found in all 4 lesions and is known to be a marker of tumor
aggressiveness.12 A third putative driver is the variant in the
FLNA gene. Mutations causing a noncanonical splicing event
can lead to aberrant transcripts that cause many diseases,

Figure 1 Radiologic Features of the Brain Tumors

(A) Axial planes of T2 turbo spin echo-weighted brain MRI (left image) and
T1 gadolinium sequence (right image) showing a right fronto-insular lesion
with high signal on T2 (arrows) and with inhomogeneous enhancement on
T1, corresponding to a high-grade lesion. (B) Magnetic resonance spec-
troscopy (MRS) shows a raised choline peak and N-acetyl aspartate peak
(resonating at 3.7 and 6.2 ppm, respectively), suggestive of anaplastic gli-
oma. (C) Gadolinium T1-weighted brain MRI (left image) showing tumor
relapse with 2 new enhancing left temporal lesions (the left one was
biopsied stereotactically) and the corresponding hypermetabolic image on
PET CT (right).
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including cancer.13 FLNA is an actin-binding protein involved
in cell motility and invasion of glioblastoma cells,14 and its
overexpression is associated with progression to metastasis
and/or poor prognosis in several cancers.15 Its effect could be
synergistic with the mutation of the formin FHOD1, also
involved in migration of glioma cells in vitro.16,17

Conclusion
Our findings confirm the metastatic hematogenous dissemi-
nation of a primary CNS tumor,2 as previously described by
Hamilton et al.,18 suggesting that the main vascular route of
GBM metastasis is reflux into the systemic venous system.
Our results indicate that both the brain relapse and the distant
metastatic lesions derive from the same subclone of the
original HGG. Besides molecular features known to be asso-
ciated with GBM aggressiveness, other genes (FLNA and
FHOD1) could be novel drivers of metastatic spread. A pre-
vious study on medulloblastoma reported molecular evidence
of hematogenous dissemination, showing that specific drivers

contribute to cell invasion outside the CNS.19 Functional
validation of these candidates using gene editing may lead to
the discovery of therapeutic targets.
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Figure 2 Radiologic and Pathologic Features of the Serially Collected Tumors

(A, A.a) Whole-body fluorodeoxyglucose PET (FDG PET) imaging with strong FDG uptake in various nodal localizations, notably in themediastinum. (A.b) Axial
plane, FDG PET-CT imaging of both knees; note the hypermetabolic lymphadenopathies behind the right knee. (B) Histology shows a dense, poorly differ-
entiated primary neuroepithelial tumor (B.a, HE 400×), with numerous secondary structures of Scherer (B.b, satellitosis of tumor cells around neurons, HE
400×). (C) Histology of the popliteal fossa lymph node (C.a) and bone (C.b) (HE 400×). (D) Both biopsies show a poorly differentiated neuroepithelial lesionwith
variable GFAP positivity (400×).
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Figure 3Whole-Exome Sequencing and Phylogenetic Tree Reconstruction, Compatible With the Glial Origin of the Distant
Lesions

(A) Phylogenetic tree with parallel evolution events harboring different mutations occurring between the primary and secondary tumors. (B) Map sum-
marizing all standard normal variable (SNV), insertions and deletions per lesion, and their pathogenic role in known tumor driver genes. (C) A heatmap of copy
number variations (CNVs) showing losses (blue) and gains (red).
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Abstract
Objective
We investigated whether particular immunoglobulin GM (γ marker) alleles—individually
or epistatically with a known human leukocyte antigen (HLA) risk allele—were associated with
the development of Alzheimer disease (AD).

Methods
Using a prospective cohort study design, we genotypedDNA samples from 209 African American
(AA) and 638 European American (EA) participants for IgG1 (GM 3 and GM 17), IgG2
(GM 23+ and GM 23−), and HLA-DRB1 rs9271192 (A/C) alleles by TaqMan and rhAMP
genotyping assays.

Results
In EA subjects, none of the GM or HLA alleles—individually or epistatically—were associated
with time to development of AD. In AA subjects, GM and HLA alleles individually were not
associated with time to development of AD. However, there was a significant interaction: In the
presence of GM 3 (i.e., GM 3/3 and GM 3/17 subjects), the presence of the HLA-C allele was
associated with a 4-fold increase in the likelihood of developing AD compared with its absence
(hazard ratio [HR] 4.17, 95% CI, 1.28–13.58). In the absence of GM 3 (GM 17/17 subjects),
however, the presence of the HLA-C allele was not associated with time to development of AD
(HR 1.10, 95% CI, 0.50–2.41).

Conclusions
These results show that particular GM and HLA alleles epistatically contribute to the de-
velopment of AD.
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Late-onset Alzheimer disease (AD) is a heritable, complex, and
progressive brain disorder. Genome-wide association studies
(GWAS) have identified numerous risk genes, but most of the
heritability of AD remains unexplained, suggesting additional
genes in its etiology.Many risk-conferring genes identified thus far
are enriched in the immune system pathways.1 A major gene of
the immune system—HLA-DRB1—has been associatedwithAD
bymany studies, including the largest GWAS of AD to date.2 The
C allele of single-nucleotide polymorphism (SNP) rs9271192
within HLA-DRB1 seems to be a strong risk factor for AD.3

The current GWAS of AD do not evaluate a major gene
complex of the immune system—GM (γ marker) allotypes
encoded by immunoglobulin heavy chain G (IGHG) genes on
chromosome 14.4,5 The 3 IGHG genes that encode GM al-
lotypes are highly homologous and apparently not amenable
to high throughput genotyping technology used in GWAS.
Therefore, a candidate gene approach is necessary to in-
vestigate the role of the immunoglobulin GM allotypes in the
immunobiology of AD. There is a good rationale for the GM
gene involvement in the etiopathogenesis of AD. These genes
have been shown to influence the magnitude of antibody
responses to various antigens.4,5 The presence of amyloid-β
(Aβ) plaques is one of the hallmarks of AD. IgG heavy chains,
where all GM allotypes are expressed, have inherent anti-
amyloidogenic activity.6 Thus, polymorphic GM genes could
contribute to the interindividual differences in the level of
antibody responses to Aβ, thereby influencing the patho-
genesis of the disease.

In this study, we aimed to determine the individual and/or
epistatic (defined as modification of the action of a gene by an
allele at another locus) contribution of GM and HLA-DRB1
genotypes to the development of AD.

Methods
Study Design and Samples
Using a prospective cohort study design, this investigation
used archived DNA specimens and data from 3 longitudinal
cohorts on aging: The Minority Aging Research Study, The
Rush Memory and Aging Project, and The Religious Orders
Study, which have been described in detail elsewhere.7,8

A stratified sampling scheme was used to select a subset of
participants without dementia at baseline from each cohort.
African American (AA) participants from all 3 studies were
included (n = 209). A subset of European American (EA)
participants was randomly selected from the 2 cohorts that are
predominantly EA (N = 638).

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by Institutional Review Boards of
Rush University Medical Center and Medical University of
South Carolina. All participants signed an informed consent
and a repository consent to allow their data to be repurposed.

Data Availability
Data can be requested at radc.rush.edu.

GM Genotyping
IgG1 markers GM 3 and 17 (arginine to lysine) and IgG2
markers GM 23- and 23+ (valine to methionine) were de-
termined by a TaqMan genotyping assay from Applied Bio-
systems Inc.

HLA-DRB1 rs9271192 Genotyping
HLA-DRB1 SNP rs9271192 (A > C) was determined by a
custom-designed rhAMP SNP genotyping assay from In-
tegrated DNA Technologies Inc.

Statistical Analysis
Multivariable logistic regression was used to compare rates of
AD and mortality during follow-up between EAs and AAs,
while adjusting for baseline age and length of follow-up time.
Associations between the candidate genes and time to de-
velopment of AD were assessed using Cox proportional
hazards (PH) models, which accounted for mortality and loss
to follow up. Models were developed separately for EAs and
AAs, given that the allelic frequencies for GM and HLA vary
considerably by race. Time to development of AD was
modeled as a function of covariates (baseline age, sex, years of
education, and APOE-4 carrier status), the candidate genes,
and gene × gene interactions using a backwards model se-
lection process. The covariates were forced into each model,
regardless of statistical significance. For all models, the pro-
portionality assumption was verified. No adjustment was
made for multiple comparisons because this was largely a
hypothesis generating exercise. Analyses were further strati-
fied by sex to determine whether our findings were consistent
for men and women. Analyses were conducted using SAS v9.4
(SAS Institute, Cary, NC).

Results
Table presents the descriptive statistics of EA and AA sub-
jects. The proportion of subjects that developed AD during
the follow-up was higher in EA than that in the AA group
(37.3 vs 19.6%), although this was not significant after
adjusting for baseline age and length of follow-up time, which
was higher among EAs than AAs (mean [SD]: 12.5 [4.6] vs

Glossary
AA = African American; AD = Alzheimer disease; EA = European American; GWAS = Genome-wide association study; HR =
hazard ratio; IGHG = immunoglobulin heavy chain G.
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10.4 [3.1], p < 0.05). In addition, a higher proportion of EA
than AA subjects died during the follow-up (61.4 vs 30.0%).
For all genes of interest, there were markedly different ge-
notype distributions noted when comparing EAs to AAs (p <
0.05 for all comparisons).

In EA subjects, none of the GM or HLA alleles—individually or
epistatically—were associated with time to development of AD
(all p-values > 0.10). In AA subjects, however, a different pattern
emerged. When no gene by gene interactions were considered,
GM and HLA alleles individually were not associated with time
to development of AD. However, when we included their in-
teraction in the model, we identified a robust interaction. In the
presence of GM 3 (i.e., GM 3/3 and GM 3/17 subjects), the
presence of the HLA-C allele was associated with a 4-fold in-
crease in the likelihood of developing AD compared with its

absence (hazard ratio [HR] 4.17, 95% CI, 1.28–13.58, figure 1).
In the absence of GM 3 (GM 17/17 subjects), however, the
presence of the HLA-C allele was not associated with time to
development of AD (HR 1.10, 95% CI, 0.50–2.41, figure 2).
Because the APOE-4 allele and other variables were used as
covariates in these analyses, the interactive effect of GM and
HLA genotypes on the development of AD was independent of
the APOE-4 allele status and other subject covariates.

Discussion
The results presented here clearly show that in AA, the C
allele of the rs9271192 SNP within HLA-DRB1 may be a
strong risk factor for AD in presence of the immunoglobulin
GM 3 allele. This association was not found for EA. As

Table Descriptive Statistics of Cohorts Stratified by Race

Variable Statistic European American (n = 638) African American (n = 209)

Male 22.7% 26.3%

Alzheimer disease % who developed AD during follow-up 37.3% 19.6%

Died % who died during follow-up 61.4% 29.7%c

GM 3/17 genotypes d

3/3 % 44.0% 2.9%

3/17 % 45.0% 30.6%

17/17 % 10.0% 61.7%

Untypable % 0.9% 4.8%

GM 23 genotypes d

+/+ % 17.4% 3.8%

+/2 % 48.9% 22.5%

2/2 % 33.1% 73.7%

Untypable % 0.6% 0.0%

HLA-DRB1 rs9271192 genotypes d

AA % 52.1% 61.4%

AC % 40.9% 34.2%

CC % 7.0% 4.5%

APOE 4 carrier % Yes 23.8% 34.9%d

Age at baseline (y) Mean (SD) 77.6 (6.9) 72.5 (5.8)d

Education (y) Mean (SD) 15.6 (3.2) 14.9 (3.6)d

Follow-up time (y) Mean (SD) 12.5 (4.6) 10.4 (3.1)d

Time to AD (y)a Mean (SD) 9.0 (5.5) 5.7 (3.8)d

Age at death (y)b Mean (SD) 91.8 (5.7) 84.7 (6.8)d

Abbreviations: AA = African American; AD = Alzheimer disease; EA = European American.
a Among patients who developed AD during the study time frame (EA: n = 238, AA: 41).
b Among patients who died during the study time frame (EA: n = 392, AA: 62).
c p < 0.05 when compared with EAs by logistic regression, after adjusting for age at baseline and follow-up time.
d p < 0.05 when compared with EAs, by χ2 or Wilcoxon rank sum test, as appropriate.
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mentioned earlier, several studies have reported the associa-
tion of the C allele of the HLA-DRB1 SNP with susceptibility
to AD. Because none of these studies genotyped for the GM
gene complex, it is not possible to determine whether the
HLA associations observed were independent of the GM
genotype status of the subjects.

A possible mechanism of joint GM-HLA gene involvement in
susceptibility to AD could be through their putative influence
on antibody responses to Aβ via HLA-DRB1-restricted anti-
gen processing/presentation pathway. IgG heavy chains
(which express GM allotypes) have been shown to have
natural antiamyloidogenic properties.6 It is possible that the
antigen presenting B cells with the membrane-bound IgG
expressing the GM 3 allotype are not effective recognition
structures for the Aβ peptides. Furthermore, these peptides

may not fit properly in the peptide-binding groove of the at-
risk HLA-DRB1 C allele, leading to inadequate presentation
to the CD4+ T helper cells and the consequent lack of B cell
activation to generate anti-Aβ antibodies.

The reasons for the observed racial differences in the contri-
bution of GM and HLA alleles in the development of AD are
not clear. Both GM and HLA allele frequencies differ signif-
icantly between AA and EA populations. These differences,
together with other racially associated genetic and nongenetic
factors relevant to the development of AD, may have con-
tributed to the differences observed in this investigation.

Although the phenomenon of epistasis has been known for
over 100 years,9 there is a paucity of studies to detect possible
epistatic interactions in human diseases.10 It is hoped that

Figure 2 Proportion of African American SubjectsWithout Alzheimer DiseaseOver Time Among SubjectsWithout theGM3
Allele, Stratified by HLA C Status

.

Figure 1 Proportion of African American Subjects Without Alzheimer Disease Over Time Among Subjects With the GM 3
Allele, Stratified by HLA C Status
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results presented here will inspire further investigations on
gene-gene interactions in AD and other complex polygenic/
multifactorial diseases.
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Abstract
Objective
To investigate the pathogenicity of a novelMT-ND3mutation identified in a patient with adult-
onset sensorimotor axonal polyneuropathy and report the clinical, morphologic, and bio-
chemical findings.

Methods
Clinical assessments and morphologic and biochemical investigations of skeletal muscle and
cultured myoblasts from the patient were performed. Whole-genome sequencing (WGS) of
DNA from skeletal muscle and Sanger sequencing of mitochondrial DNA (mtDNA) from both
skeletal muscle and cultured myoblasts were performed. Heteroplasmic levels of mutated
mtDNA in different tissues were quantified by last-cycle hot PCR.

Results
Muscle showed ragged red fibers, paracrystalline inclusions, a significant reduction in complex I
(CI) respiratory chain (RC) activity, and decreased adenosine triphosphate (ATP) production
for all substrates used by CI. Sanger sequencing of DNA from skeletal muscle detected a unique
previously unreported heteroplasmic mutation in mtDNA encoded MT-ND3, coding for a
subunit in CI. WGS confirmed the mtDNA mutation but did not detect any other mutation
explaining the disease. Cultured myoblasts, however, did not carry the mutation, and RC activity
measurements in myoblasts were normal.

Conclusions
We report a case with adult-onset sensorimotor axonal polyneuropathy caused by a novel
mtDNAmutation inMT-ND3. Loss of heteroplasmy in blood, cultured fibroblasts andmyoblasts
from the patient, and normal measurement of RC activity of the myoblasts support pathogenicity
of the mutation. These findings highlight the importance of mitochondrial investigations in
patients presenting with seemingly idiopathic polyneuropathy, especially if muscle also is affected.

*These authors contributed equally to this work.
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Around a third of patients withmitochondrial disorders develop
peripheral neuropathy, but this is mostly mild or subclinical.1

However, mutations in genes involved in mitochondrial dy-
namics (MFN2, GDAP1),2–6 in mtDNA replication and main-
tenance (POLG, TWNK, TYMP,MPV17)7–10 or RC complex V
MT-ATP6,11–14 are known to cause peripheral neuropathy as
the initial manifestation or dominant feature of mitochondrial
disease. Some mutations in mtDNA encoded RC complex I
(CI) subunits, MT-ND1, MT-ND4, and MT-ND6 associated
with Leber hereditary optic neuropathy, are known to have
neuropathy as a minor feature of disease.1,15,16 To date, known
pathogenicmutations inMT-ND3 are only described in patients
with Leigh syndromewith or without dystonia, inmitochondrial
encephalomyopathy, lactic acidosis, and stroke-like episodes, or
in patients comprising with overlapping clinical features from
both syndromes.17–20

If an inherited neuropathy is due to mitochondrial disease, the
patients need to be thoroughly investigated for involvement
of other organs or systems. Treatment with cofactors and
antioxidants such as coenzyme Q10 (ubiquinone), ascorbic
acid, vitamin E, lipoic acid, riboflavin, thiamin, niacin, vitamin
K, creatine, and carnitine has been suggested,21,22 and en-
gagement of other organs may demand specific therapy.

In this study, we describe a female patient with onset of
neuropathy symptoms due to a small- and large-fiber senso-
rimotor axonal polyneuropathy at age 41 years, as the initial
manifestation. During the following years, she also developed
a myopathy and experienced fluctuating bilateral blurred vi-
sion. The disease was shown to be caused by a novel mutation
in MT-ND3, which was found at high levels of heteroplasmy
in DNA frommuscle tissue. In contrast, the mutation was not
detectable in blood, urinary epithelial cells, or cultured myo-
blasts and found only at very low levels in cultured fibroblasts.
Our finding emphasizes the importance of mitochondrial in-
vestigation including muscle biopsy in patients with poly-
neuropathy of unknown genetic cause, especially when
coexisting muscular symptoms occur.

Methods
Clinical Evaluation
See supplementary material (links.lww.com/NXG/A388).

Muscle and Skin Biopsy Samples and
Establishment of Cell Cultures
See supplementary material (links.lww.com/NXG/A388).

Biochemical Investigations of Skeletal Muscle
and Cultured Myoblasts
ATPproduction rate andRCenzyme activities weremeasured in
isolated mitochondria from both muscle biopsies as described
earlier.23 For determination of RC enzyme activities in cultured
myoblasts, mitochondria were isolated by homogenization of
cells in a homogenizing and washing buffer (320 mM sucrose,
1 mM ethylene glycol tetraacetic acid, and 20 mM Tris-HCl
pH7.2 with 0.1% bovine serum albumin [BSA]), followed by
differential centrifugation. The final mitochondrial pellet was
resuspended in resuspension buffer (250 mM sucrose, 15 mM
K2HPO4, 2 mMMgAc2, 0.5 mM EDTA, and 0.5 g/L BSA, pH
7.2) before determination of RC enzyme activities as previously
described.23 The rate of mitochondrial ATP production was
determined in permeabilized myoblasts. The permeabilization
procedure was performed on an ice bath and using a refrigerated
centrifuge. Two solutions were used; A: 0.1 g/L digitonin, 150
mMKCl, 25mMTris, 10mMK2HPO4, 2mMEDTAand 1 g/L
BSA, pH 7.5); B: same as A but with digitonin omitted. Ap-
proximately 1 million myoblasts at a confluency of 80-90% were
harvested for each experiment. The cell pellet was incubated for
10 minutes with 100 μL of solution A. After incubation cells were
centrifuged for 3 minutes at 700g and washed twice with 100 μL
of solution B. Finally, cells were resuspended in 100 μL of solu-
tion B. ATP productionwasmeasured in white 96-well microtiter
plates. To each well, ATP monitoring reagent, adenosine di-
phosphate, and one of the following substrate combinations were
added: glutamate + malate, pyruvate + malate, or succinate +
rotenone. Each substrate combination was measured in the ab-
sence or presence of oligomycin (OM). Reaction was started by
addition of approximately 1 × 103 cells/well, and the increase in
light emission was followed for 10 minutes at 25°C in a Perkin
Elmer Victor2 plate reader. Measurements were standardized by
determining the subsequent increase in light emission after ad-
dition of 500 nMATP to wells containing all the above-described
combinations of substrates and OM, but without cells. Each
measurement was repeated in 4 wells. In total, 24 wells were used
per sample investigated, and 24wells were used for the calibration
procedure. Mitochondrial ATP production in myoblasts was
calculated as ATP production rate (−OM) – ATP production rate
(+OM) for each substrate combination. Final reagent concen-
trations and principles of the measurement procedure were as
previously described.24

Morphologic Investigation of Skeletal Muscle
See supplementary material (links.lww.com/NXG/A388).

Genetic Analysis
See supplementary material (links.lww.com/NXG/A388).

Glossary
ATP = adenosine triphosphate; BN-PAGE = blue native polyacrylamide gel electrophoresis; CADD = Combined Annotation-
Dependent Depletion; CI = complex I; mtDB = Mitochondrial Genome Database; mtDNA = mitochondrial DNA; OM =
oligomycin; RC = respiratory chain; RRF = ragged red fiber; WGS = whole-genome sequencing.
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Blue Native Polyacrylamide Gel
Electrophoresis and In Silico Analyses
See supplementary material (links.lww.com/NXG/A388).

Standard Protocol Approvals, Registrations,
and Patient Consents
This study has been approved by the regional ethical board in
Stockholm, Sweden (2014/995-32). Written informed con-
sent was obtained from the patient involved.

Data Availability
The data that support the findings of this study are available
from the corresponding author on reasonable request.

Results
Clinical History
A 46-year-old woman with no family history of neuromus-
cular disease or other clinical symptoms typically associated
with mitochondrial diseases presented with a 5-year history
of painful paresthesia and numbness, which started in her
toes but later progressed to her feet and hands. During the
same period, she also experienced fluctuating muscular
weakness in the lower and upper extremities. The initial
neurologic examination showed normal walking capacity
and a minor distal weakness in both upper and lower ex-
tremities, but no fasciculations in the extremities. The pa-
tient had reduced light touch sensibility in the lower legs,
reduced pinprick sensibility in the feet, and lack of vibration
sensibility in the ankles. The reflexes were generally re-
duced, with a total loss of ankle reflexes. The patient had no
ataxia, cranial nerve affection, or Babinski sign. Nerve con-
duction studies and quantitative sensory testing showed a
symmetric sensorimotor axonal polyneuropathy as well as
signs of small fiber involvement (table e-1, links.lww.com/
NXG/A388). The EMG showed a mostly chronic neuro-
genic pattern and no signs of myopathy (table e-2). To
screen for known etiologic causes of her sensory-pre-
dominant neuropathy we performed a comprehensive
work-up. The patient denied alcohol overconsumption.
Routine basal blood samples including serum cobalamin,
folate acid and homocysteine, oral glucose tolerance test
and serum protein electrophoresis were normal. Antibodies
for rheumatic disease (antinuclear antibodies, rheumatoid
factor and anti-neutrophils cytoplasmic antibodies) were
negative. Screening for hepatitis C, HIV, Lyme disease and
syphilis was also negative. Transglutaminase antibodies
(Celiac disease), abdominal fat biopsy and TTR gene se-
quencing (Amyloidosis) were normal. Urine trihexoside
was normal and GLA gene sequencing (Fabry disease) did
not reveal any disease-causing variants. To identify a pos-
sible inflammatory etiology, a muscle biopsy with a strict
morphologic analysis was performed. Surprisingly, the
muscle biopsy showed ragged red fibers indicating a mito-
chondrial disorder, but no signs of myositis or vasculitis. To
expand the mitochondrial investigation, the patient was
referred to the Centre for Inherited Metabolic Diseases for

further investigation, as described below. During the fol-
lowing year, the patient experienced a gradual increase in the level
of muscle weakness leading to inability to walk without using a
walking aid. A follow-up EMG at this time revealed a generalized
myopathic pattern (table e-2). Blood workup including creatine
kinase levels was normal. During the following 3 years, the patient
also experienced fluctuating bilateral blurred vision. The eye ex-
amination showed punctate retinal hemorrhages of unknown
etiology in the right eye and no optic disc changes, although visual
evoked potential revealed bilateral prolonged latencies indicating
optic nerve affection, which was assumed to be related to her
mitochondrial condition. Since then, repeated eye assessments
have been performed. The patient has a Leber miliary aneurysm
in the right retina and has received laser treatment. She has also
undergone bilateral cataract surgery as well as epiretinal mem-
brane removal and vitrectomy at her right eye. None of these
conditions are considered to be associatedwith hermitochondrial
disorder. At the time of diagnosis, investigation of other organ
systems included normal echocardiography and an auditory test.
MRI of the brain showed a slight global parenchymal atrophy, but
no white matter changes. A repeated MRI of the brain at age 58
years showed similar results. The proximal muscle weakness has
worsened during the years leading to the use of a power wheel-
chair outdoors at age 58 years, although the patient is still capable
of walking short distances without aid indoors. She complains of
muscle soreness, clumsiness in her hands, and fatigue, which
worsen with physical activity. She has tried coenzyme Q10 and
creatinine without effect. She has continuous severe neuropathic
pain and uses gabapentin and sometimes tramadol. Earlier use of
tricyclic antidepressant and duloxetine had no effect or trouble-
some side effects.

Biochemical and Morphologic Investigations
Show Clear Evidence of
Mitochondrial Dysfunction
Amuscle biopsy for mitochondrial investigation was conducted
in 2008 when the patient was aged 47 years. Measurement of
mitochondrial ATP production and the RC activity in mito-
chondria isolated from muscle was performed. Mitochondrial
ATP production was decreased using all substrates involving CI.
Only N,N,N',N'-Tetramethyl-p-phenylenediamine (TMPD) +
ascorbate (complex IV) and succinate + rotenone (complex
II + III + IV) showed normal activities (figure 1A). RC
activity showed markedly decreased activities for CI and CI
+ complex III. Also, complex II and II + III were slightly
reduced while the activity for complex IV was normal (figure
1B). The activities of the mitochondrial control enzymes
glutamate dehydrogenase and citrate synthase were three-
fold increased compared with the controls, indicating mi-
tochondrial proliferation in the muscle tissue (figure 1B).
Morphologic analysis was performed on muscle tissue from
the same biopsy. Gomori trichrome staining revealed nu-
merous ragged red fibers (RRFs) indicating accumulation of
abnormal mitochondria below the plasma membrane of the
muscle fiber (figure 2A). All fibers, except 1 COX-negative
fiber, were shown to be COX positive in cytochrome oxidase
staining indicating normal complex IV function of the
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mitochondria (figure 2B). Electron microscopy demon-
strated abnormal collection of mitochondria with para-
crystalline inclusions (figure 2, C and D).

Sanger Sequencing Identified aNovelMutation
m.10372A>G in Muscle Tissue
To search for the genetic cause of the disease, mtDNA
isolated from muscle was analyzed by Sanger sequencing.
The analysis detected a novel heteroplasmic mutation in
MT-ND3, m.10372A>G (predicting p.(Glu105Gly)).MT-
ND3 is one of the mtDNA-encoded subunits of CI in the
RC. The identified mutation had a high heteroplasmic level
in muscle according to the Sanger electropherogram, al-
most no wild-type mtDNA was detected (not shown).
Sanger sequencing could not detect the mutation in DNA
from blood, cultured fibroblasts, or urinary epithelial cells
from the patient.

Quantification by Last-Cycle Hot PCR Showed
High Levels of Mutated mtDNA in Muscle but
Not in Other Tissues
To further characterize the mutation, mtDNA from blood,
cultured fibroblasts, and muscle was quantified by last-cycle
hot PCR. Quantification showed 97% mutated mtDNA in
muscle and 3% in fibroblasts, but undetectable in blood
(figure 3, A and B).

Blue Native Polyacrylamide Gel
Electrophoresis Analysis of Muscle
Mitochondria Resulted in Normal Complex
I Assembly
To further characterize the muscle mitochondria carrying the
m.10372A>G mutation, blue native polyacrylamide gel elec-
trophoresis (BN-PAGE) of mitochondria isolated from the
first biopsy was conducted. No deviation in the quantity or

Figure 1 Biochemical Investigations of Mitochondria From Skeletal Muscle Biopsies in 2008 and 2016 Show Complex I (CI)
Deficiency

(A) Mitochondrial ATP production (MAPR) is de-
creased with all substrates involving CI. Only TMPD
+ ascorbate (complex IV) and succinate + rotenone
(complex II + III + IV) show normal activities. (B) CI
and CI + complex III in the respiratory chain show
markedly decreased activities. Complex II and II + III
are slightly reducedwhile the activity for complex IV
is normal. The activities of the mitochondrial con-
trol enzymes glutamate dehydrogenase and citrate
synthase are threefold increased compared with
the controls in biopsy from 2008 (not measured
2016), indicating mitochondrial proliferation in the
muscle tissue. The control group for MAPR con-
sisted of 18 individuals aged 7–70 years. For the
enzyme activity determinations, several control
groups were used, consisting of 10–119 individuals
aged 5–80 years. All controls were thoroughly cho-
sen among patients referred to the clinic for a
muscle biopsy. Inclusion criteria were normal
morphologic analysis of muscle, no pathogenic
findings in genetic analyses, and a clinical picture
not suggesting mitochondrial disease. Results di-
verging more than ±2 SDs from the average of the
control groups were considered pathologic.
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size of CI in the patient was seen compared with controls,
indicating that the mutation in MT-ND3 does not affect as-
sembly of CI (figure 4A).

Population Frequency and In Silico Analyses
The mutation was not found in 50,175 GenBank sequences
according to MitoMap24 and not in 2,704 sequences in the
Human Mitochondrial Genome Database (mtDB).25 The
mutation was predicted to be pathogenic by the prediction
tools PolyPhen2 (HumDiv: score 1.00, HumVar: score
0.99), SIFT (score: 0), and Combined Annotation De-
pendent Depletion (CADD, score 24.0), MutPred2 (altered
ordered interface, p value = 0.003), PROVEAN (score:
−6.767), and Rhapsody (score: 0.68). The residue is also
highly conserved across different species down to the CI
core subunit Nqo1 in Thermus thermophilus (figure 4B), and
all 61 mammals in the mtSNP Database mtSAP26 had glu-
tamate in the corresponding position (not shown). The
glutamate residue at position 105 is located close to the
C-terminal tail of ND3 that faces the mitochondrial matrix
(figure 4C). In a human CI structure obtained by cryogenic
electron microscopy (PDB:5XTC),27 the negatively charged
glutamate does not establish ionic contacts with any of the
predominantly hydrophobic residues in its proximity (figure
4D). Furthermore, modeling of mutant ND3 with SWISS-
MODEL28 did not cause structural changes to the protein
compared with the canonical ND3 sequence (figure 4E),
indicated by an root-mean-square deviation score of 0.001.
This suggests that the mutation does not affect the stability
of CI, but might rather have functional consequences.

Investigations of a Second Muscle Biopsy and
Cultured Myoblasts Established From
the Biopsy
To establish a cell type carrying the mutation for further
experiments, the patient was asked to undergo another
muscle biopsy in 2016 when she was aged 55 years. The
second muscle biopsy confirmed the morphologic (not
shown) and biochemical analysis (figure 1, A and B) as well
as the high mutation levels in muscle tissue (figure 3C).
Cultured myoblasts derived from the same biopsy, how-
ever, did not carry the m.10372A>G mutation (figure 3D).
To ensure that the cells in the myoblast culture from the
patient were myogenic cells, immunocytochemistry with
the myogenic marker desmin was performed (figure 3E).
Primary fibroblasts from the patient were used as control
cells for the staining (figure 3F). Sanger sequencing of the
complete mtDNA from the cultured myoblasts showed the
same sequence of m.1-16569 as for the former sequenced
muscle DNA, except for the position m.10372. The fact
that mtDNA from cultured myoblasts vs muscle tissue
from the same biopsy only differed in 1 position gave us the
opportunity to investigate the functional consequences of
this novel mutation. We therefore performed mitochon-
drial biochemical investigations of the myoblast cells.
Analysis of the patient’s myoblasts showed normal mito-
chondrial ATP production (figure 5A) and RC activity
(figure 5B) compared with control myoblasts. This indi-
cates that the previously identified CI deficiency in mus-
cle tissue from the same biopsy was caused by the
m.10372A>G mutation.

Figure 2 Morphologic Analysis and Electron Microscopy of Skeletal Muscle Showing Clear Evidence of Mitochondrial
Disease

(A) Gomori trichrome staining shows numerous ragged red
fibers, bar 50 μm (B), which are shown to be COX positive in
the combined cytochrome oxidase/succinate dehydrogen-
ase staining except for 1 fiber, which is COX negative
(marked with*), bar 50 μm. (C + D) Electron microscopy
shows abnormal mitochondria with paracrystalline inclu-
sions (marked with arrows).
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Whole-Genome Sequencing Identified High
Heteroplasmic Levels of the m.10372A>G but
No Other Mutation Explaining the Disease
The m.10372A>G mutation had been identified before the
era of massive parallel sequencing. A whole-genome se-
quencing (WGS) analysis of DNA from muscle targeting all

disease-associated genes in Online Mendelian Inheritance in
Man and all genes in Human MitoCarta 2.0 was thus per-
formed later. This was performed to exclude additional mu-
tations in nuclear genes that could potentially contribute to
the CI deficiency or the clinical symptoms of the patient. As
expected, the WGS analysis detected the former identified

Figure 3 Last-Cycle-Hot PCR (LCH-PCR), Sanger Sequencing, and Immunocytochemistry

(A) LCH-PCR analysis. HphI digested
mitochondrial DNA (mtDNA) in blood
from the patient (lane 1), skeletal mus-
cle from the patient biopsy from 2008
(lane 2), cultured fibroblasts from the
patient (lane 3), wild-type control (lane
4), and undigested wild-type control
DNA (lane 5). The mutation is hetero-
plasmic, and quantification shows het-
eroplasmy of 97% in muscle and 3% in
fibroblasts, but none in blood. (B) The
expected fragment sizes after HphI di-
gestion of normal andmutatedmtDNA
are shown. (C) Sanger sequencing of
mtDNA from skeletal muscle from pa-
tient biopsy from 2016 shows high
heteroplasmic level ofm.10372A>G. (D)
Sanger sequencing of mtDNA from
myoblasts from 2016 biopsy cannot
detect the mutation. (E + F) Patient’s
myoblasts and fibroblasts immunos-
tained for alpha-tubulin (green) and
myogenic marker desmin (red). Nuclei
counterstained with 4',6-diamidino-2-
phenylindole (blue). Scale bar = 100μm.
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MT-ND3mutation at a high heteroplasmic level, but no other
disease-causing mutation in any known nuclear disease gene
was found that could explain the phenotype.

Discussion
Here, we have identified a novel heteroplasmic mutation inMT-
ND3, m.10372A>G (p.Glu105Gly), coding for a subunit in CI
of the RC, in a Caucasian woman presenting with sensorimotor
axonal polyneuropathy as an initial symptom at age 41 years.

To be considered pathogenic, mtDNA-encoded CI mutations
must fulfill a number of accepted criteria in the CI mutation
pathogenicity scoring system.29 This system is based on pa-
rameters such as biochemical defect in multiple and affected
tissues, functional studies in, e.g., single-fiber and/or cybrid
studies, the number of cases reported, heteroplasmy level of the
variant, segregation with disease in the family, and finally
conservation scores of the amino acid position. In our case, CI
deficiency of the mitochondrial RC, numerous RRF, and par-
acrystalline inclusions were shown in muscle tissue, from 2

different biopsies, carrying the mutation. Single-fiber and/or
cybrid studies were not possible to perform in this case because
only 1 COX-negative fiber was found in the muscle. However,
the fact that themutationwas lost inmyoblasts from the patient
provided a different opportunity for functional studies. Mea-
surement of mitochondrial ATP production and RC activity in
mitochondria isolated from cultured myoblasts, not carrying
the mutation, was completely normal compared with controls.
This confirms that the biochemical defect segregates with the
mutation in the different investigated tissues from the patient,
strengthening the pathogenicity of the mutation. Last-cycle hot
PCR analysis showed the mutation to be heteroplasmic at a
high level in muscle (97%), low level in cultured fibroblasts
(3%), and not detectable in blood, urinary epithelial cells, or
cultured myoblasts. Previous studies have shown that both
pathogenic point mutations and single, large-scale mtDNA
deletions, present in high heteroplasmy levels in patient skeletal
muscle, have been absent in the patients’ cultured myoblasts,
suggesting that the mutations are not present or are at very low
levels in muscle satellite cells.30–32 Levels of mutant mtDNA in
blood and fibroblasts in these cases were also absent or at
extremely low levels, comparable to observations made in the

Figure 4 Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE) and In Silico Analyses

(A) BN-PAGE of mitochondria isolated
from skeletal muscle from the patient
andcontrols (C1andC2).Nodeviation in
the quantity or size of complex I (CI) in
the patient was seen compared with
controls, indicating that the mutation in
MT-ND3 does not affect assembly of CI.
Lanes 3 and 4 represent patients not
included in this study. (B) Clustal omega
alignment of different species shows
that the residue E105 is highly con-
served down to the T thermophilus ho-
molog Nqo1. (C) Location of ND3 in a
human CI structure (PDB: 5XTC) seen
from 2 different angles, relative to the
mitochondrial matrix and in-
termembrane space. E105 is highlighted
within the dotted square close to the C-
terminus. In the right view, ND1 is not
shown. The residueE105 is locatedclose
to thematrix side of ND3 just before the
C-terminal tail in proximity to ND6 and
ND1. (D) Detailed view of E105 indicates
that there are no potential interactors in
its proximity on ND3 (orange), ND1
(gray), or ND6 (turquoise). (E) Super-
imposed SWISS-MODEL predictions of
the canonical ND3 sequence (gray) and
ND3.E105G (plumb) are structurally
identical.
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patient described here. However, a study of several cases of
sporadic mtDNA deletions detected a similar level of deleted
mtDNA in both mature muscle and muscle satellite cells.33 In
the majority of those patients, the deletions were shown to be
completely lost in the transition from satellite cells to myo-
blasts, which also is a possible explanation for the loss of the
mutation in our case. Muscle biopsies from relatives from the
patient would have been required for segregation analysis, but
unfortunately, this was not possible. BN-PAGE of mitochon-
dria isolated from muscle showed normal size and quantity of
CI, indicating that the mutation does not affect assembly of CI.
Other pathogenic mutations inMT-ND3 such as m.10158T>C
and m.10191T>C have been shown to result in moderately
reduced amounts or fully assembled CI and a decrease in en-
zyme activity.17 Those mutations are located in the loop con-
necting the first and second transmembrane helix of ND3,
which is involved in the Active/Deactive transition of the en-
zyme.34 The proposed reason forCI dysfunction caused by those
mutations has thus been impaired catalytic turnover of CI rather
than structural destabilization.35 It has also been shown that
locking of this loop of ND3 in Yarrowia lipolytica disengages
proton pumping.36 Our modeling of the mutationm.10372A>G
(p.(Glu105Gly)) positioned close to the C-terminal tail of ND3

in the mitochondrial matrix, indicates that Gly105 does not alter
the protein structure compared with the canonical Glu105. Yet,
the molecular relevance of this single negatively charged gluta-
mate residue is unknown. Acidic residues like glutamate con-
tribute to proton pumping37 or hydration of the complex.38

Similarly, one could argue that Glu105 is involved in the rear-
rangement of ND3 during CI energy conversion and might thus
be of relevance to the fourth proton pathway in the membrane
arm, attributed to a region close to ND1, ND6, andND3.39 This
could explain why p.Glu105Gly does not affect CI stability but
rather has functional consequences through the loss of negative
charge and gain of hydrophobicity.

The mutation has not previously been reported in MitoMap24

or the mtDB25 and is predicted to be pathogenic, using Poly-
Phen2, SIFT, and CADD. The extent of conservation was
assessed with themtSNPDatabasemtSAP,26 which showed that
there was no variation at this amino acid position in any of the 61
mammals in the database. There was, however, variation in 2 of 4
amino acid residues surrounding the amino acid residue. Ap-
plication of the pathogenicity scoring system placed the muta-
tion in the group of probably pathogenic, with a score of 29 of
possible 40 points, where a score of 30 or more is required for
the category pathogenic. Segregation analysis in the family would
have given the mutation another 3 points with a total score of 32
points.WGS did not identify any other variant that could explain
the CI deficiency or the clinical symptoms of the patient, further
supporting pathogenicity.

In summary, we describe a novel mtDNA mutation,
m.10372A>G in MT-ND3, with a striking tissue-specific dis-
tribution. The mutation is present at high levels in muscle
tissue but is lost in cultured myoblasts, providing an unusual
opportunity to investigate its functional consequences. Our
data strongly suggest that the identified mutation is patho-
genic and responsible for the CI deficiency and clinical
symptoms of the patient. This extends the clinical phenotypes
of MT-ND3 mutations as well as the known genetic aetiol-
ogies of mitochondrial polyneuropathy, highlighting the im-
portance of mitochondrial investigation, including muscle
biopsy, in patients presenting with seemingly idiopathic pol-
yneuropathy, especially with coexisting muscle weakness.
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Figure 5 Biochemical Investigation of Mitochondria From
Cultured Myoblasts Shows Normal Function

(A) Mitochondrial ATP production is normal with the substrates involving CI,
glutamate + malate, and pyruvate + malate compared with 8 healthy age-
matched controls. (B) All complexes in the respiratory chain show normal
activities compared with 6 healthy age-matched controls.
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Abstract
Objective
We describe a third patient with brain small vessel disease 3 (BSVD3), being the first with a
homozygous essential splice site variant in theCOLGALT1 gene, with a more severe phenotype
than the 2 children reported earlier.

Methods
Analysis of whole exome sequencing (WES) data of the child and parents was performed. We
validated the missplicing of the homozygous variant using reverse transcription PCR and
Sanger sequencing of the mRNA in a lymphocyte culture.

Results
The patient presented antenatally with porencephaly on ultrasound and MRI. Postnatally, he
showed a severe developmental delay, refractory epilepsy, spastic quadriplegia, and a pro-
gressive hydrocephalus. WES revealed a homozygous canonical splice site variant NM_
024656.3:c.625-2A>C. PCR and Sanger sequencing of the mRNA demonstrated that 2 cryptic
splice sites are activated, causing a frameshift in the major transcript and in-frame deletion in a
minor transcript.

Conclusions
We report a third patient with biallelic pathogenic variants in COLGALT1, confirming the role
of this gene in autosomal recessive BSVD3.
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Brain small vessel disease 1 (BSVD1, OMIM#175780) and
2 (BSVD2, OMIM#614483) are autosomal dominant
syndromes associated with, respectively, COL4A1 and
COL4A2 variants.1,2 These variants can cause a broad
spectrum of cerebrovascular, renal, ocular, cardiac, and
muscular abnormalities.3–5 BSVD is caused by a defect in
the α1α1α2 trimer made from the proteins Col4a1 and
Col4a2 that forms type IV collagen. Because of in-
appropriate 3D-construction, there is an instability of the
basal membrane in arteries, creating a high vulnerability to
cerebrovascular incidents.6 This leads to the characterizing
symptoms of BSVD: porencephalic cysts, periventricular
leukoencephalopathy, lacunar infarcts, and cerebral
microbleeds and calcifications.1

Variants in the COLGALT1 gene cause brain small vessel
disease 3 (BSVD3, OMIM #618360). The COLGALT1 gene
encodes the collagen beta galactosyltransferase 1 (ColGalT1)
protein. ColGalT1 initiates glycosylation of CoL4a1 (and
perhaps Col4a2), an important step in the formation of the
triple helix of collagen IV. Miyatake et al.7 described 2 patients
with a compound heterozygous variant in the COLGALT1
gene and showed that reduced ColGalT1 activity results in
decreased CoL4a1 protein, thereby resulting in reduced se-
cretion of type IV collagen.

Here, we describe a third patient with BSVD3 and the first
with a homozygous variant in the COLGALT1 gene.

Methods
Identification of Variants Using Whole
Exome Sequencing
Whole exome sequencing (WES) was performed as pre-
viously described by Neveling et al.8 Briefly, capture of
exons was performed using a SureSelectXT Human All
Exon 50 MbKit V5 (Agilent, Santa Clara, CA). Sequencing was
performed using a Hiseq 4000 (Illumina, San Diego, CA).
Read mapping and variant calling were conducted using BWA
(bio-bwa.sourceforge.net/index.shtml) and GATK (software.
broadinstitute.org/gatk/; Broad Institute, Cambridge, MA),
respectively.

Assessment of Pathogenicity
Lymphocytes were Epstein-Barr virus (EBV) transformed
and cultured in the presence or absence of cycloheximide to
block translation and, consequently, possible nonsense-
mediated decay (NMD). Total RNA was isolated from
these cells using QIAamp RNA Blood Mini Kit (QIAGEN,
Hilden, Germany) and subjected to reverse-transcriptase
PCR using cDNA iScript cDNA Synthesis Kit (Bio-rad

Laboratories, Hercules, CA). Subsequently, the copy DNA
was subjected to Sanger sequencing using the following pri-
mers Forward: 59-TGGCTACGGACCACAACATG-39 (in
exon 2) and Reverse: 59-CCGCCTCAGGTTGATCATGA-39
(exon 8).

Data Availability
Further clinical and genetic data that are deidentified are
available on request.

Results
Case Presentation
Antenatally, ventriculomegaly was seen on a regular 20 weeks
ultrasound. Prenatal MRI at 21 weeks of gestation showed a
cortical mantle defect, periventricular hemorrhage, and ven-
triculomegaly (figure 1, A and B). The nonconsanguineous
parents had no family history of neurologic disease.

A boy of 2,642 g was born after an uncomplicated birth at full
term. Clinical examination postnatally showed microcephaly
(−3.12 SD) and jitteriness. The ophthalmologist described a
megalocornea of the right eye, strabismus, and bilateral pale
optic nerves.

The postnatal cerebral MRI scan (figure 2, A–F) revealed
porencephalic cysts, multiple white matter abnormalities, and
elaborate hemorrhages (figure 2D), which had been pro-
gressive compared with the antenatal MRI. A COL4A1/
COL4A2-related disorder was suspected; however, Sanger
sequencing of the COL4A1 and COL4A2 genes was negative.

Figure 1 Prenatal MRI

Fetal MRI at 21 weeks of gestational age. (A) T2-weighted coronal MRI
showing defect of the frontal cortical mantle. (B) Coronal MRI showing the
same defect with hypointensities, indicating hemorrhage.

Glossary
BSVD = brain small vessel disease; ColGalT1 = collagen beta galactosyltransferase 1; EBV = Epstein-Barr virus; NMD =
nonsense-mediated decay; WES = whole exome sequencing.
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At the age of 6.5 months, infantile spasms (West syndrome)
was diagnosed and prednisolone was started. Zonisamide and
later nitrazepam was added because of ongoing seizures. Fur-
thermore, he showed a spastic tetraplegy with axial hypotonia.

At the age of 10 months, he presented with vomiting, a bulging
fontanel, and an increase in the head circumference. A repeated
MRI revealed no signs of new hemorrhages, but progressive
dilatation of the lateral ventricles and the porencephalic cyst
(figure 1, G and H). After a ventriculoperitoneal shunt was
placed, hydrocephaly was controlled, but he continued to suffer
from intractable epilepsy, spastic tetraplagia, and severe psy-
chomotor retardation. Some weeks before his fourth birthday,
he suddenly developed an irregular breathing pattern, low
saturation, and hypotension and died.

Identification of COLGALT1 Variants and
Assessment of Pathogenicity
Using WES, a homozygous essential splice site variant c.625-
2A>C (NM_024656.3) was detected in intron 4 of the COL-
GALT1 gene. This variant was not present in the Genome
Aggregation Database (gnomad.broadinstitute.org) control
population.

To prove that the splice site variant was causing a splicing
defect, mRN92A samples were obtained from an EBV-
transformed lymphocyte and a fibroblast culture taken from
the patient, which were treated with cycloheximide or left
untreated. The mRNA samples, as well as those of controls,
were subjected to reverse-transcriptase and COLGALT1
specific PCR. In the control samples, a single band of ;820
bp was seen on agarose gels, whereas all samples of the
patient showed 2 distinct bands of;800 and;850 bp (not
shown). The intensities of the ;850 bp bands increased on
cycloheximide treatment, suggesting that the larger product
was indeed prone to NMD. Subsequent Sanger sequencing
of a cycloheximide treated sample (figure 3) revealed that
the larger product corresponded to a retention of 34 bases
from intron 4, r.624_625ins[625-34_625-1; 625-2A>C],
predicting the frameshift p.(Gly209fs), which results in a
premature termination codon after 60 amino acids that is
prone to NMD. The smaller transcript revealed a deletion of
the first 12 bases of exon 5, corresponding to an in-frame
deletion of 4 amino acids, r.625_636del; p(Gly209_
Lys212del), not prone to NMD. Both aberrant transcripts
exist because of the use of cryptic splice sites that were not
visibly used in cycloheximide-treated control cells (figure

Figure 2 MRI of the Brain

MRI of 1 day after birth (A–F) and at 10 months (G
and H). Postnatal MRI shows porencephalic cysts,
bleeding, and ischemic changes. (A) T2. (B) Fluid-
attenuated inversion recovery weighted images.
(C) T1. (D) Fast field echo showing extensive
hypointensive artifacts indicating hemorrhage. (E
and F) Diffusion weighted imaging with hyper-
intensities (E) and corresponding hypointensities
apparent diffusion coefficient (F), suggestive of
recent ischemia. MRI at 10months shows extreme
hydrocephalus and loss of white matter (G). After
receiving a ventriculoperitoneal drain (H), major
loss of brain parenchyma is even more obvious;
moreover, pericerebral hygromas are now pre-
sent (white arrows).
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3A). The effect of the minor transcript, coding for a Col-
GalT1 protein with deletion of 4 well-conserved amino
acids, has not been tested. This could well be acting as
wildtype, or as loss of function. However, because the larger
transcript is also the major transcript (the sequence of the
higher peaks in figure 3B correspond to the larger transcript)
and leads to a frame shift, the c.625-2A>C splice site variant
undoubtedly results in markedly decreased CoLGaLT1
protein levels and function.

Discussion
We describe a boy with a severe form of congenital por-
encephaly, currently the third patient in the world with
BSVD3. Pathogenic variants in COLGALT1 are extremely
rare. A recent study screenedmore than 100,000 persons from
7 ethnic groups, showing no variants in 6 of the 7 ethnic
groups; in the other group, a heterozygous pathogenic variant
with a frequency of 0.12/1,000 was found.9 Our patient has a
similar phenotype compared with the 2 children described
earlier,7 although he seems more severely affected. The MRI
changes with porencephalic cysts, hemorrhages, leukoence-
phalopathy, and ischemia confirmed the clinical phenotype.10

A history of porencephalic cysts, cerebral small vessel disease,

and eye disease is also described in patients with variants in
the COL4A1 and COL4A2 genes.1,2

The Col4a1 and Col4a2 peptides undergo post-translational
modifications in the endoplasmic reticulum forming the
α1α1α2 trimer. The translational modification of the CoL4a1
and CoL4a2 nascent peptides is an extensive process and
plays a crucial role in the stabilization, secretion, and function
of collagen IV. One of the important steps in this process is
glycosylation. This is where CoLGalT1, a galactosyltransfer-
ase that initiates glycosylation of collagens, may play its crucial
role. Although it was not proven, the decrease in Col4A1
protein levels in the absence of CoLGalT1 (or the presence of
ColGalT1 mutants) suggests that ColGalT1 is involved in the
glycosylation of CoL4a1 (and perhaps Col4a2).7 Further re-
search into the glycosylation of collagen IV by ColGalT1 and
the effects of glycosylation in its stability and trafficking is
needed to establish this mechanism.

In conclusion, we report a severe case of congenital por-
encephaly caused by a homozygous COLGALT1 variant on
and explain how this splice site variant lead to aberrant splicing.

Study Funding
The authors report no targeted funding.

Figure 3 The c.625-2A>C Variant in COLGALT1 Results in 2 Aberrant Transcripts

Reverse-transcriptase PCR and subsequent
Sanger sequencing of Epstein-Barr virus–
transformed cycloheximide-treated lymphocytes
of a control (A) and the patient (B) resulted in
normal splicing of intron 4 from the control and
aberrant splicing for the patient. The 625-2A>C
variant (indicated) resulted in the use of 2 cryptic
splice sites (splicing positions indicated by arrow
heads), 1 in intron 4, and 1 in exon 5. Thus, 2
populations of transcripts were detected in dif-
ferent quantities in the patient (compare peak
heights). The major transcript contains 34 bases
of intron 4 (retention) starting from position
c.625-34 (indicated). The minor transcript lost 12
bases of exon 5, fusing c.624 to c.637 (indicated).
Exon sizes are not to scale. Exon 4 (Ex4), intron 4
(indicated), exon 5 (Ex5), and exon 5 missing 12
bases (DEx5) are indicated by boxes, and partial
sequences of these gene components are shown
below the chromatograms and in the schematics.
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Abstract
Objective
To test the hypothesis that many patients presenting with congenital insensitivity to pain have
lesser known or unidentified mutations not captured by conventional genetic panels, we
performed whole-exome sequencing in a cohort of well-characterized patients with a clinical
diagnosis of congenital hereditary sensory and autonomic neuropathy with unrevealing con-
ventional genetic testing.

Methods
We performed whole-exome sequencing (WES) in 13 patients with congenital impaired or
absent sensation to pain and temperature with no identified molecular diagnosis from a con-
ventional genetic panel. Patients underwent a comprehensive phenotypic assessment including
autonomic function testing, and neurologic and ophthalmologic examinations.

Results
We identified known or likely pathogenic genetic causes of congenital insensitivity to pain in all
13 patients, spanning 9 genes, the vast majority of which were inherited in an autosomal
recessive manner. These included known pathogenic variants (3 patients harboring mutations
in TECPR2 and SCN11A), suspected pathogenic variants in genes described to cause con-
genital sensory and autonomic syndromes (7 patients harboring variants in NGF, LIFR,
SCN9A, and PRDM12), and likely pathogenic variants in novel genes (4 patients harboring
variants in SMPDL3A, PLEKHN1, and SCN10A).

Conclusions
Our results expand the genetic landscape of congenital sensory and autonomic neuropathies.
Further validation of some identified variants should confirm their pathogenicity. WES should
be clinically considered to expedite diagnosis, reduce laboratory investigations, and guide
enrollment in future gene therapy trials.
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Congenital sensory and autonomic neuropathies are clinically
and genetically heterogeneous disorders.1 Patients have re-
duced or absent sensation to pain and temperature frequently
causing self-mutilations and ulcers, which can result in soft
tissue infections or osteomyelitis.1 In addition, patients have a
variable degree of autonomic dysfunction that may include
anhidrosis, reduced production of tears, blood pressure fluc-
tuations, or gastrointestinal disturbances.

Historically, syndromes with congenital insensitivity to pain have
been classified as part of the hereditary sensory and autonomic
neuropathies (HSANs). The current classification of HSAN is
numerical, based on age at onset, inheritance pattern, and clinical
features.2 Up to 8 types ofHSANs have been nowdescribed. Each
HSAN is caused by one or several mutations that affect specific
aspects of sensory and autonomic neuronal development, result-
ing in variable phenotypes. Genetic causes of HSANs include
pathogenic variants in SPTLC1, SPTLC2, RAB7, ATL1, DNMT1,
ATL3 (HSAN1, usually adult onset),WNK1, KIF1A, FAM134B,
SCN9A (HSAN2),3,4 IKBKAP (HSAN3),5 NTRK1 (HSAN4),6

NGF (HSAN5),7,8 dystonin (HSAN6),9,10 SCN11A (HSAN7),11

and PRDM12 (HSAN8).12 However, described pathogenic vari-
ants in the above-mentioned genes are not found inmany patients
presenting with congenital sensory and autonomic neuropathies,
suggesting that additional genes are likely associated with HSAN.7

The HSANs can be transmitted as either autosomal dominant or
recessive traits. Patients with autosomal dominant HSAN
(HSAN1) usually present in adulthood, whereas autosomal re-
cessive HSANs (HSAN2 to HSAN8) typically express at birth.13

Whole-exome sequencing, the analysis of the protein-coding
exons of genes, has the potential to accelerate the diagnosis of
patients with rare inherited neuropathies.14,15 We hypothe-
sized that many patients presenting with a congenital sensory
and autonomic phenotype have lesser known or unidentified
mutations. To test this hypothesis, we performed whole-
exome sequencing in a cohort of well-characterized patients
with a clinical diagnosis of congenital sensory and autonomic
neuropathy that had undergone unrevealing conventional
genetic testing. Discovering genetic variants involved in the
etiology of patients with congenital insensitivity to pain could
expand the genotype-phenotype correlations and contribute
to the development of personalized gene therapies.

Methods
Study Design
Consecutive patients with a phenotype consistent with con-
genital impaired sensation to pain and temperature with variable

degree of autonomic dysfunction referred to the New York
University Dysautonomia Center between July 1, 2013, and July
1, 2019, were eligible. Inclusion criteria were (1) congenital
impaired or absent sensation to pain and temperature; (2)
negative screening for mutations in genes causing early-onset
HSAN including WNK1, FAM134B, KIF1A, IKBKAP (familial
dysautonomia), and NTRK1 (congenital insensitivity to pain
with anhidrosis) performed with a conventional genetic panel
ordered by local pediatrician or geneticist; and (3) preserved
muscle strength with no signs of motor neuropathy. All patients
underwent a comprehensive medical and family history, physical
and neurologic examinations, and cardiovascular autonomic
(including venous plasma catecholamine levels in the supine
resting position) and ophthalmologic evaluations. Neuro-
imaging, nerve conduction studies, polysomnography, and sural
nerve biopsy were performed in some patients.We also reviewed
the patients’ history obtained from medical records including
birth history, developmental history, and clinical/genetic meta-
bolic evaluations.

Genetic Analysis
We reviewed all clinical genetic testing performed for each
case. When a genetic diagnosis was not available, we per-
formed research-based whole-exome sequencing. DNA
extracted from blood obtained from the index case and both
parents (trio analysis) underwent whole-exome sequencing
using either the Agilent Technologies (Santa Clara, CA)
SureSelect XTHuman All Exon v4 or Illumina (San Diego,
CA) Rapid Capture Exome kit. Sequencing of 100 bp paired-
end reads was obtained using Illumina HiSeq. Coverage was
>90% or >80% meeting 20× coverage with the 2 methods,
respectively. Read alignment, variant calling, and annotation
were performed on a pipeline based on Burrows-Wheeler
Aligner.

We called variants using human genome 19 coordinates. For
undescribed variants, we used inheritance patterns and in
silico predictions (PolyPhen216; Sorting Intolerant From
Tolerant [SIFT],17 Combined Annotation-Dependent De-
pletion [CADD],18 Loss of Function Transcript Effect Esti-
mator [LOFTEE],19 MutationTaster,20 Meta-support vector
machine (Meta-SVM),21 and the Functional Algorithm
through Hidden Markov Models [FATHMM]22) to assess
potential pathogenicity. The occurrence frequencies were
obtained from control databases (including the Genome
Aggregation Database [gnomAD],23 1000 Genomes data-
base,24 and dbSNP). We excluded variants with allele fre-
quency >0.5% in control populations. For homozygous
mutations, we excluded homozygous variants in the latest
version of gnomAD (v2.1.1).

Glossary
CADD = Combined Annotation-Dependent Depletion; FATHMM = Functional Algorithm through Hidden Markov Models;
gnomAD = Genome Aggregation Database; HSAN = hereditary sensory and autonomic neuropathy; LOFTEE = Loss of Function
Transcript Effect Estimator; NGF = nerve growth factor; SIFT = Sorting Intolerant From Tolerant; SVM = support vector machine.
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Protein Structure Prediction
To further explore the functional outcomes of some of the
identified mutations predicted to be pathogenic, we investigated
the effect of mutations in genes encoding sodium channels on
the protein secondary structures. Wild-type protein sequences,
mutated positions, original amino acid letters, and substitute
amino acid letters were entered into MUpro (mupro.proteo-
mics.ics.uci.edu).25 Change of free energy (DDG) for each
mutation was predicted using the SVM-based method. A nega-
tive DDG value denotes decreased stability, whereas a positive
value indicates increased stability. For each mutation in genes
encoding sodium channels, a sequence of 200 amino acids (from
−100 to +99 flanking themutated amino acid) was extracted and
entered into PSIPRED (bioinf.cs.ucl.ac.uk/psipred). Default
parameters were used to predict its secondary structure.

Standard Protocol Approvals, Registrations,
and Patient Consents
We followed the STrengthening the REporting of Genetic
Association Studies (STREGA) statement.26 The New York
University School of Medicine Institutional Review Board
approved this study. Written informed consent was obtained
from all patients or guardians participating in the study.

Data Availability
Anonymized data will be shared by written request from any
qualified investigator.

Results
Cohort Phenotype
We studied 13 patients from 10 families with a referral diagnosis of
congenital sensory and autonomic neuropathy without signs of
motor neuropathy. We confirmed reduced or absent sensation to
pain and temperature in all patients, with mostly preserved sen-
sation to fine touch. The first clinical signs of the disease became
manifest between birth and age 6months, themost commonbeing

tongue and lip mutilations in 8 patients (figure 1) and vomiting
with aspiration suggesting neurogenic dysphagia in 5 patients. The
degree and severity of autonomic involvement was variable and
included reduced or absent basal production of tears in 11 patients,
gastrointestinal disturbances (dysphagia in 9, gastroesophageal
reflux in 4, nausea and vomiting in 4, and reduced gastrointestinal
motility and constipation in 7), and either reduced (in 2) or ex-
cessive sweating (in 3). Cardiovascular autonomic function and
plasma catecholamine levels were normal in all cases, except in
patients with LIFR mutations who had paroxysmal episodes of
hypertension and severe diaphoresis associated with high plasma
norepinephrine levels and hyponatremia. The majority of the pa-
tients (8/13) had corneal ulcers or other signs of corneal kerat-
opathy with reduced production of basal tears and absent corneal
reflex (video 1, shows lack of corneal reflex in patient 13 who had a
likely pathogenic variant in PRDM12). Delayed developmental
milestones were seen in 8 patients, despite no signs of myopathy,
motor neuron disease, or peripheral motor neuropathy. Sleep
disorders were infrequent except in patients with TECPR2 and
SCN9A variants, who had central sleep apnea, and in patients who
had LIFR and PRDM12 variants who had predominantly ob-
structive sleep apnea. The clinical characteristics of these patients
are detailed in table 1. All patients were alive at the time of writing.

Identification of Genetic Variants
We identified known or suspected genetic causes of congenital
sensory and autonomic neuropathy in all 13 patients including
known pathogenic variants (3 patients), suspected pathogenic
variants in genes described to cause congenital sensory and
autonomic syndromes (7 patients), and likely pathogenic var-
iants in novel, unexpected genes (3 patients). The genetic
characteristics of the described variants are listed in table 2.

Described Genetic Pathogenic Variants

TECPR2
Two unrelated patients of Ashkenazi Jewish ancestry had a
homozygous known pathogenic variant (p.Leu440Argfs) in

Figure 1Manifestations of Impaired Sensation to Pain in Patients With Congenital Sensory and Autonomic Neuropathies

(A) Severe corneal ulceration in 15-year-old patient with a
variant in the newly described gene PLEKHN1 (patient 9). (B)
Lip and tongue automutilation in a 1-year-old patient with a
novel likely pathogenic variant in PRDM12 (patient 13, this
patient had an absent corneal reflex as documented in the
online video 1). (C) Severe tongue automutilation in a 12-year-
old patient with a novel likely pathogenic variant in LIFR (pa-
tient 6, note also the facial hirsutism, a described feature of
patients with Stüve-Wiedemann syndrome caused by LIFR
mutations).
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Table 1 Summary and Clinical Characteristics of Patients With Congenital Sensory and Autonomic Neuropathy, by
Genetic Subgroup

Characteristic
SMPDL3A hom variants;
n = 2 (twin sisters)

NGF hom variants;
n = 2 (siblings)

LIFR hom variants;
n = 2 (siblings)

TECPR2 hom variants;
n = 2

Sex F, F F, F M, M F, M

Origin Irish Indian Pakistani Ashkenazi

Age at genetic testing Both 14 y 8 y, 14 y 8 y, 12 y 3 y, 4 y

Age at first sign or
symptom identified

Both 6 mo (corneal
insensitivity)

Both 6mo (tongue and
lip mutilations)

At birth (GERD and respiratory
complications)

At birth (vomiting and
aspiration)

Sensation to pain and
temperature

Severely reduced Absent Reduced Reduced

Sensation to fine touch Reduced Preserved Preserved Preserved

Deep tendon reflexes Absent Present Present Reduced

Sensory nerve
conduction velocities

Absent sensory nerve action
potentials

Normal N/A N/A

Sural nerve biopsy Loss of large and small
myelinated and
nonmyelinated neurons

N/A N/A N/A

Basal tears Absent Absent Reduced Reduced

Emotional tears Present Present Present Present

Corneal abrasions Present Absent Present Present (punctate keratitis)

Self-mutilation in the
tongue, lips, or fingers

Yes 2 (100%) Yes 2 (100%) Yes 2 (100%) No

Sweating Normal Absent Paroxysmal hyperhidrosis with
hyponatremia

Normal

Cardiovascular
abnormalities

No No Paroxysmal hypertension Normal

Plasma
catecholamines levels

Normal N/A Elevated norepinephrine during
paroxysmal hypertension

Normal

Gastrointestinal
abnormalities

Neurogenic dysphagia and
sialorrhea 1 (50%)

Reduced motility 2
(100%). Necrotizing
enterocolitis 1 (50%)
requiring colostomy

Neurogenic dysphagia, sialorrhea,
gastroparesis, and nausea
accompanied by hyperhidrosis
and hypertension

Neurogenic dysphagia, and
constipation

Sleep disordered
breathing

No No Obstructive sleep apnea Central sleep apnea, snoring,
and stridor

Orthopedic
abnormalities

Frequent fractures and
neuropathic joints (ankles) 2
(100)

Frequent fractures Bowing of legs, camptodactylia,
and frequent fractures

No

Hyperlordotic spine No No

Sensorineural hearing
loss

1 (50%) No No 1 (50%)

Muscle tone Normal Normal Normal Reduced

Motor development Normal Normal Delayed, did not walk until 2 years
old

Delayed, did not walk until
2.4 years old

Other features Reduced olfaction in 1 (50%) Vesicoureteral reflux 2
(100%)

Hirsutism Neurodevelopmental delay

UPSIT: 34/40 Lung disease (bronchiectasis,
asthma, and restrictive lung
disease)

Proprioceptive ataxia

Mild dysarthria Strabismus

Normal brain MRI Thin corpus callosum1 (50%)

Abbreviations: GERD = gastroesophageal reflux disease; het = heterozygous; hom = homozygous.
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TECPR2. Given their Ashkenazi Jewish ancestry, these 2 pa-
tients were initially tested for familial dysautonomia (HSAN3)

with negative results. Mutations in TECPR2 have been shown
to cause a familial dysautonomia-like syndrome.27,28 Our 2

Table 1 (continued)

PLEKHN1 hom variant;
n = 1

SCN9A hom variant;
n = 1

SCN10A het variant;
n = 1

SCN11Ahet variant;
n = 1

PRDM12 het variant;
n = 1

F M M M F

German German/Irish Caribbean German/Italian Caribbean

15 y 9 y 7 y 16 mo 1 y

At birth (hypotonia, GERD, and
vomiting)

6 mo (insensitivity to
pain with falls or
injuries)

6 mo (tongue and lip
mutilations)

6 mo (tongue and lip
mutilations)

6 mo (tongue and lip
mutilations)

Absent Reduced Absent Absent Absent

Reduced Preserved Preserved Preserved Preserved

Absent Reduced Reduced Present Reduced

Absent sensory nerve action
potentials

N/A Normal N/A Normal

Loss of large and small myelinated
and nonmyelinated neurons

N/A Loss of large and small
myelinated and nonmyelinated
neurons

N/A N/A

Absent Present Absent Present Reduced

Present Present Present Present Present

Present Absent Present Absent Absent

Yes Yes Yes Yes Yes

Normal Normal Normal Increased Normal

No No No No No

Normal Normal Normal Normal Normal

Neurogenic dysphagia, sialorrhea,
GERD, vomiting, and gastroparesis
requiring Nissen fundoplication.

No GERD Neurogenic
dysphagia, GERD,
and frequent
vomiting requiring
Nissen
fundoplication.

Neurogenic dysphagia, GERD,
requiring G-tube

No Central sleep apnea No No Predominantly obstructive
with some central apneas

Frequent hip dislocation and
scoliosis

Frequent fractures Frequent fractures and
neuropathic
joints–osteomyelitis

1 (100%) No No No No

Reduced Normal Reduced Reduced Reduced

Delayed, did not walk until 3 years
old

Normal Delayed, did not walk until 2
years old

Delayed, unable to
walk at age 2; small
for age

Delayed; unable to crawl at age
1.

Reduced olfaction: UPSIT: 28/40 — Neurodevelopmental delay Normal brain MRI Neurodevelopmental delay

Lung disease Normal brain MRI Strabismus

Mild dysarthria and mild
proprioceptive ataxia

Plagiocephaly

Normal brain MRI
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patients (patient 1 and patient 2) share the same TECPR2
pathogenic variant and phenotype with 3 previously reported
patients.28 Patient 2 had a thin corpus callosum, which has been
reported before in other patients with the same TECPR2
pathogenic variant.28

SCN11A
We identified a heterozygous, de novo, SCN11A variant
(p.Leu396Pro) in 1 patient (patient 3) of German/Italian
ancestry. The same variant has been previously described in
another patient with the similar syndrome.29 SCN11A en-
codes the sodium ion channel Nav1.9.

Suspected Pathogenic Variants in Previously
Described Genes

Nerve Growth Factor
Heterozygous mutations in the nerve growth factor (NGF)
(encoding the polypeptide NGF, key in the development of
sensory and autonomic neurons) are described to cause
HSAN5, a disorder characterized by congenital insensitivity to
pain.8 We identified a homozygous previously undescribed
potential pathogenic variant (p.Asp145Ilefs*13) in 2 siblings

(patients 3 and 4) of Indian ancestry. Both patients had a
similar phenotype to that described in the literature, but they
also had anhidrosis, which is not typical of most patients with
NGF mutations.

LIFR
Biallelic mutations in the LIFR gene, encoding the receptor
for leukemia-inhibitory factor, a polyfunctional cytokine that
affects the differentiation, survival, and proliferation of a wide
variety of cells during embryologic development, cause Stüve-
Wiedemann syndrome, a disorder characterized by skeletal
changes, bowing of the lower limbs, episodic changes in
temperature, and respiratory infections.30,31 Reductions in
pain and temperature sensation as well as autonomic dys-
function have been described as well, although they are not
usually listed as classic features of the syndrome.32–34 We
identified a homozygous, previously undescribed potential
pathogenic variant (p.Ser574Ilefs*6) in 2 siblings (patients 5
and 6) of Pakistani ancestry, who had a similar phenotype to
that described in the literature. Of note, these 2 siblings had
paroxysmal episodes of hypertension and diaphoresis associ-
ated with high plasma norepinephrine levels and

Table 2 Summary of Suspected Pathogenic Variants for a Series of 13 Patients With Congenital Sensory and Autonomic
Neuropathy

ID Gene
Suspected or known
pathogenic mutation Zygosity Inheritance

PolyPhen2 prediction
effect (score) SIFT (score) Comment

1 SMPDL3A c.791T>G (p.Ile264Ser) Homozygous AR Probably benign (0.006) Neutral
(0.53)

Novel potential
candidate gene

2 SMPDL3A c.791T>G (p.Ile264Ser) Homozygous AR Probably benign (0.006) Neutral
(0.53)

Novel potential
candidate gene

3 NGF c.433delG (p.Asp145Ilefs*13) Homozygous AR Probably damaging (1) Deleterious
(0)

Novel potential
pathogenic variant

4 NGF c.433delG (p.Asp145Ilefs*13) Homozygous AR Probably damaging (1) Deleterious
(0)

Novel potential
pathogenic variant

5 LIFR c.1718dupT (p.Ser574Ilefs*6) Homozygous AR Probably damaging (1) Deleterious
(0)

Novel potential
pathogenic variant

6 LIFR c.1718dupT (p.Ser574Ilefs*6) Homozygous AR Probably damaging (1) Deleterious
(0)

Novel potential
pathogenic variant

7 TECPR2 c.1319delT (p.Leu440Argfs) Homozygous AR N/A N/A Described
pathogenic variant28

8 TECPR2 c.1319delT (p.Leu440Argfs) Homozygous AR N/A N/A Described
pathogenic variant28

9 PLEKHN1 c.A1091T (p.Asp364Val) Homozygous AR Probably benign (0.02) Deleterious
(0.02)

Novel potential
candidate gene

10 SCN9A c.2686C>T (p.Arg896Trp) Homozygous AR Probably damaging (1) Deleterious
(0)

Novel potential
pathogenic variant

11 SCN10A c.2367C>A (p.Asn789Lys) Heterozygous AD Probably damaging
(0.992)

Deleterious
(0)

Novel potential
candidate gene

12 SCN11A c.1187T>C (p.Leu396Pro) Heterozygous De novo Probably damaging
(0.991)

Deleterious
(0)

Described
pathogenic variant29

13 PRDM12 c.503 G>A (p.Arg168His)
inherited from the father

Compound
heterozygous

AR Probably damaging
(0.994)

Deleterious
(0)

Novel potential
pathogenic variants

c.794A>C (p.His265Pro)
inherited from the mother

Probably damaging
(0.999)

Deleterious
(0)
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hyponatremia, requiring frequent visits to the emergency
department. These episodes of diaphoresis were so severe and
dramatic as to sometimes requiring the patients’ clothes be
changed 7–10 times a day.

SNC9A
Mutations in SCN9A (encoding the sodium ion channel
Nav1.7) have been reported in patients with either painful
neuropathy or congenital insensitivity to pain, depending on
the effect of the mutation on the sodium channel function.35,36

We identified a de novo homozygous previously undescribed
potential pathogenic variant (p.Arg896Trp) in patient 10 with
central European ancestry with a similar phenotype to that of
previously described patients with congenital insensitivity to
pain caused by other SCN9A mutations.

PRDM12
Variants in PRDM12 (encoding a family of transcriptional reg-
ulators that participate in the control of neurogenesis) have been
described in association with autosomal recessive HSAN8, a
disorder characterized by congenital insensitivity to pain, corneal
ulcers, and neuropathic joints with reduced lacrimation.12,37–39

We identified previously undescribed compound heterozygous
potential pathogenic variants (p.Arg168His inherited from her
father and p.His265Pro inherited from her mother) in a patient
of Caribbean ancestry who had a similar phenotype to that
described in the literature.

Novel Potential Pathogenic Variants in
Novel Genes
We identified novel variants in 3 genes never associated with
congenital insensitivity to pain before. These 3 newly iden-
tified variants will require further validation.

SMPDL3A
SMPDL3A encodes the protein sphingomyelin phosphodiester-
ase acid–like 3A. Although the function of this protein remains
poorly understood,40,41 its sequence is homologous to the well-
characterized acid sphingomyelinase. Acid sphingomyelinase
deficiency causes Niemann-Pick disease, which is characterized
by peripheral neuropathy among other manifestations.42,43 We
identified a homozygous SMPDL3A variant (p.Ile264Ser) in 2
siblings with similar phenotype (patients 1 and 2). This variant
had conflicting results in the in silico tools, with a low CADD
score (9.016), a probably benign onPolyPhen2, and neutral SIFT
score. However, the allele frequency is <0.3%, and the homozy-
gous state has never been observed in the control population,
suggesting a likely pathogenic role.

PLEKHN1
PLEKHN1 encodes the protein pleckstrin-homology N1, also
known as cardiolipin phosphatidic acid–binding protein.44 Its
function is yet to be fully defined, but it has been reported to
play a role in axonal transport andmitochondrial metabolism.45

Dysfunction in these systems has been implicated in the
pathophysiology of other HSAN.46,47 We identified a homo-
zygous PLEKHN1missense variant (p.Asp364Val) in patient 9,

who had a remarkably similar phenotype to patients with the
SMPDL3A variant described above, including hyposmia, mild
dysarthria, and loss of myelinated and unmyelinated fibers in
sural nerve biopsy. The PLEKHN1 variant had conflicting re-
sults with in silico predicting tools, with a borderline CADD
score (16.25), a deleterious SIFT score, probably benign on
PolyPhen2, neutral on MutationTaster, and tolerated in
FATHMM. However, it has an allele frequency of <0.04% and
the homozygous state has never been observed in control
populations, suggesting a likely pathogenic role.

SCN10A
The SCN10A gene encodes sodium ion channel Nav1.8, which is
highly expressed in sensory neurons. Heterozygous gain of
function mutations in SCN10A have been reported in individuals
with painful small fiber peripheral neuropathy, characterized by
autonomic dysfunction and burning pain in extremities.48 We
identified a missense heterozygous SCN10A variant (p.Asn789-
Lys) in patient 11, of Caribbean ancestry. All in silico tools
unanimously classified the identified this SCN10A missense
variant as deleterious and damaging, making it highly likely to be
pathogenic. The patient with a heterozygous SCN10A variant had
inherited it from his mother. A careful neurologic examination of
the mother disclosed severely reduced albeit preserved pain and
temperature perception without the other sensory or autonomic
disturbances that were present in her son, suggesting that het-
erozygous SCN10A-associated variants may have incomplete
penetrance or variable expressivity, similarly to what has been
described in other hereditary neuropathies.49

Protein Structure Prediction
To further explore the functional outcomes of the sodium channel
mutations, we investigated the effect of mutations in SCN genes
on the protein secondary structures. We first applied MUpro25

and found that all 3 mutations in SCN9A (p.Arg896W), SCN10A
(p.Asn789Lys), and SCN11A (p.Leu396Pro) resulted in de-
creased protein stability, with predicted changes in Gibbs free
energy (DDG) as −0.518, −0.966, and −1.777, respectively. These
observations indicated that these SCN variations might impair the
protein structures. These 3 proteins are sodium channels, with
transmembrane domains, and we tested the effect of these varia-
tion on the helixes. According to neXtProt,50 the variation
p.Arg896W of SCN9A is inside an extracellular domain, whereas
p.Asn789Lys in SCN10A is the last amino acid of a cytoplasmic
domain followed by a transmembrane domain.Only p.Leu396Pro
of SCN11A is located inside a transmembrane domain. All these 3
variations were predicted to alter the protein helices by
PSIPRED51 (figure e-1, links.lww.com/NXG/A389). These re-
sults suggested all these SCN mutations might interfere the or-
ganization of alpha-helices resulting in the disruption of the
transmembrane or extracellular protein functions.

Discussion
Our results provide insight into the genetic landscape of con-
genital sensory and autonomic neuropathies. We show that
whole-exome sequencing has a high probability of identifying
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the genetic cause of undiagnosed patients with congenital
sensory and autonomic neuropathies that have failed earlier
candidate gene approaches. Because all patients had negative
results from earlier candidate gene testing, we anticipated that
novel causal genes were highly likely to be identified. Likely or
known pathogenic variants in known genes explained more
than 60% of cases. These included novel likely pathogenic
variants in NGF, LIFR, SCN9A, and PRDM12 and known
pathogenic variants in TECPR2 and SCN11A.

Our results expand the phenotype-genotype correlation of
genes involved in congenital sensory and autonomic neu-
ropathies. For instance, our 2 siblings harboring novel NGF
variants had anhidrosis, which is not typical of HSAN5.
Anhidrosis has so far been reported only in 1 family with a
specific NGF mutation (c.661C>T).52 In contrast, anhidrosis
is a defining feature of congenital insensitivity to pain with
anhidrosis caused by NTRK1 mutations (HSAN4). The
anhidrosis in our 2 patients with NFG mutations strongly
suggested that they had mutations in NTRK1 instead, con-
tributing to the delay of the genetic diagnosis. NGF (encoded
by NGF) engages 2 structurally distinct transmembrane re-
ceptors, TrkA (encoded by NTRK1) and p75, which create a
high-affinity NGF binding site through the formation of a
TrkA/NGF/p75 complex.53 It is tempting to hypothesize that
the NGF mutations we here describe may cause a dysfunc-
tional NGF-TrkA resulting in anhidrosis, as seen in patients
with HSAN4.

Mutations in the LIFR gene cause Stüve-Wiedemann syn-
drome, a disorder characterized by skeletal changes with bowing
of the lower limbs, hirsutism, thermoregulation abnormalities,
and frequent respiratory infections.30,31 Our patients with LIFR
mutations also had paroxysmal episodes of hypertension and
severe diaphoresis associated with high plasma norepinephrine
levels and hyponatremia, requiring frequent visits to the emer-
gency department, resembling the dysautonomic crisis of pa-
tients with familial dysautonomia (HSAN3).54 The underlying
pathophysiology of dysautonomic crisis in patients with
HSAN3 is unrestrained catecholamine release in the context of
afferent baroreflex failure.55,56 It is tempting to hypothesize that
a similar mechanism could underlie hyperadrenergic episodes in
Stüve-Wiedemann syndrome. Although Stüve-Wiedemann
syndrome is not included in the classic classification of
HSAN, our results strongly argue for the inclusion of LIFR
mutations in the differential diagnosis of patients with con-
genital sensory and autonomic neuropathy.57

TECPR2 mutations have been described to cause a familial
dysautonomia-like HSAN. The disorder was initially de-
scribed in 3 unrelated Jewish Bukharan families with a dif-
ferent mutation (p.Leu1139Argfs).27 Because some of these
patients developed spasticity in older age, the disease was
initially classified as a subtype of hereditary spastic paraparesis
and named SPG49. A different mutation in the same gene
(p.Leu440Argfs) was reported in 3 non-Bukharan patients
with prominent features of sensory and autonomic

neuropathy, prompting the reclassification of the disease as a
HSAN.28 Our 2 unrelated patients (patients 7 and patient 8),
both from Jewish Ashkenazi families, share the same mutation
and the phenotype previously described in the 3 non-
Bukharan patients. Familial dysautonomia (HSAN3) and the
disorder caused by TECPR2 mutations share similar charac-
teristics, including neurogenic dysphagia, proprioceptive
ataxia and central sleep apnea. However, in contrast to the
marked blood pressure abnormalities characteristic of
HSAN3, patients with TECPR2 mutations appear to have
preserved cardiovascular autonomic function.

We also identified the potential novel candidate genes
SMPDL3A, PLEKHN1, and SCN10A. The patients harboring
SMPDL3A and PLEKHN1 variants had a remarkably similar
phenotype, whereas the patient with the SCN10A variant had
a phenotype similar to that of patients with variants in SCN9A
and SCN11A causing dysfunction in sodium channels. Mu-
tations in SCN10A causing congenital sensory and autonomic
neuropathy expand the phenotype of sodium channelo-
pathies, which also include mutations in genes SCN9A
(encoding sodium ion channel Nav1.7) and SCN11A
(encoding sodium ion channel Nav1.9), as the ones here
described in patient 10 and patient 12, respectively, which
have been reported with both painful neuropathy and con-
genital insensitivity to pain, depending on the effect of the
mutation on the sodium channel function.48,58 The SCN10A
variant was unanimously classified as pathogenic by the in
silico tools. Also, in silico prediction of the SCN protein
function suggested that the SCN mutations in our patients
might interfere the organization of alpha-helices resulting in
the disruption of the transmembrane or extracellular protein
functions.

The function of both SMPDL3A and PLEKHN1 remains
poorly understood, but both are related to functions or
pathways involved in peripheral nerve metabolism and sur-
vival. The SMPDL3A and PLEKHN1 mutations had con-
flicting in silico results, although in both cases, the described
frequencies of the alleles were extremely low and the homo-
zygous state has never been observed in control populations,
suggesting a likely pathogenic role. Additional cases of con-
genital HSAN bearing the identified variants in SMPDL3A,
PLEKHN1, and SCN10A should confirm the pathogenicity of
these novel candidate genes.

Whole-exome sequencing has been previously used in cohorts
of patients with inherited neuropathies15 and has been an-
ecdotally reported in individual cases of congenital sensory
and autonomic neuropathy.59,60 Here, we provide a com-
prehensive report of genetic etiologies in a cohort of patients
with congenital sensory and autonomic neuropathy syn-
dromes. All patients were referred to the NYU Dysautonomia
Center. Although our cohort may have a referral bias, it was
likely biased toward enrollment of patients without a clinical
explanation. Therefore, we do not think that we have over-
estimated the role of genetic influences of congenital
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hereditary sensory and autonomic neuropathies. None of our
patients underwent skin biopsy for the assessment of sensory
and autonomic cutaneous innervation, which would have
been useful to expand our genotype-phenotype correlations.

In the current era of evolving precision medicine, having an
established genetic diagnosis has the potential of influencing
treatment. For instance, familial dysautonomia (HSAN3) is
caused by a founder mutation in the ELP1 gene, causing a pre-
RNA splicing defect resulting in the expression of a truncated
ELP1 protein. Genetic therapies, such as antisense oligonu-
cleotides or U1 snRNAs, as well as small molecules, have
shown promise to correct the splicing defect in preclinical
models of familial dysautonomia.61–63 Similar therapeutic
mechanisms may be useful to correcting the deleterious
consequences of genetic mutations causing other HSAN.
Conversely, the identified mutations may be useful to inform
drug development of new analgesic drugs, and there are now
therapies in the pipeline targeting NGF and sodium channels.

In summary, children with congenital sensory and autonomic
neuropathies have identifiable genetic etiologies. Whole-
exome sequencing should be considered on a clinical basis to
expedite a definite diagnosis, reduce unnecessary laboratory
investigations, and eventually guide enrollment in gene-
specific clinical trials as they emerge. Genetic diagnosis fre-
quently empowers families with the knowledge to care and
advocate for their children and make decisions regarding
family planning. In conclusion, our findings suggest that
whole-exome sequencing is of high yield in patients with
congenital impaired sensation to pain and temperature.
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Abstract
Objective
To assess the association between variant repeat (VR) interruptions in patients with myotonic
dystrophy type 1 (DM1) and clinical symptoms and outcome measures after cognitive be-
havioral therapy (CBT) intervention.

Methods
Adult patients with DM1 were recruited within the OPTIMISTIC trial (NCT02118779).
Disease-related history, current clinical symptoms and comorbidities, functional assessments,
and disease- and health-related questionnaires were obtained at baseline and after 5 and 10
months. After genetic analysis, we assessed the association between the presence of VR in-
terruptions and clinical symptoms’ long-term outcomes and compared the effects of CBT in
patients with and without VR interruptions. Core trial outcome measures analyzed were:
6-minute walking test, DM1-Activ-C, Checklist Individual Strength Fatigue Score, Myotonic
Dystrophy Health Index, McGill-Pain questionnaire, and Beck Depression inventory—fast
screen. Blood samples for DNA testing were obtained at the baseline visit for determining CTG
length and detection of VR interruptions.

Results
VR interruptions were detectable in 21/250 patients (8.4%)—12 were assigned to the
standard-of-care group (control group) and 9 to the CBT group. Patients with VR interruptions
were significantly older when the first medical problem occurred and had a significantly shorter
disease duration at baseline. We found a tendency toward a milder disease severity in patients
with VR interruptions, especially in ventilation status, mobility, and cardiac symptoms. Changes
in clinical outcome measures after CBT were not associated with the presence of VR
interruptions.

Conclusions
The presence of VR interruptions is associated with a later onset of the disease and a milder
phenotype. However, based on the OPTIMISTIC trial data, the presence of VR interruptions
was not associated with significant changes on outcome measures after CBT intervention.
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Trial Registration Information
ClinicalTrials.gov NCT02118779.

Myotonic dystrophy type 1 (DM1) is an autosomal dominant
inherited, clinically heterogeneous chronic progressive multi-
system disorder caused by an expansion of a highly unstable
CTG repeat in the DMPK gene. Overall, the age at onset and
the severity of symptoms are linked to the number of inherited
CTG repeats,1,2 as conventionally analyzed by Southern blot
hybridization of restriction-digested genomic blood DNA.3

Using these methods, the phenotype-genotype correlation is
rather weak and only explains the age at onset in approximately
20%–40% of the variation in age at onset.3–6 However, such
measures of the average CTG repeat length fail to take account
of the age-dependent somatic expansion observed in the blood
DNA,7–9 and estimating the inherited or progenitor allele
length (ePAL, the lower boundary of the expanded allele dis-
tribution) using small-pool PCR8 has been shown to explain
much more of the variability in age at onset (;70%).3 These
data also revealed that the degree of somatic instability is an
individual determinant of the age at onset in DM1.3 Further-
more, large cohort studies have shown that the presence of
variant repeats (VRs) interrupting theDMPKCTG expansions
reduces somatic instability and results in a later age at onset and
delayed progression.10–14 VRs have been identified in 3–11%of
patients with DM1 across various different ethnicities.10,14,15

VRs are located either at the 39 or 59 ends ofDMPK expansions,
and although CCG, CTC, GGC, and CAG interruptions have
been identified, CCG VRs are, by far, the most
common.10–12,15–18 In 2018, Cumming et al.19 described a later
onset of the disease and a milder clinical phenotype in patients
with DM1 with VRs in the OPTIMISTIC cohort.

As part of the OPTIMISTIC trial (NCT0211877920), we
performed an additional analysis on the association between
the presence of VR interruptions and clinical symptoms,
sociodemographic characteristics, and outcome measures af-
ter cognitive behavioral therapy (CBT) intervention. In the
OPTIMISTIC study, we previously demonstrated that most
outcome measures significantly improved after CBT.21 In this
trial, CBT was based on a previously constructed DM1 spe-
cific model of health status. Major determinants of health
status in this model are: chronic fatigue, reduced initiative,
and weak social interactions. Patients in the CBT group were
assigned to a CBT-trained psychologist. After initial assess-
ment of the main neuropsychological symptoms, an in-
dividual overall CBT goal was created by shared decision-

making and using specific tools and modules (goal setting,
getting started, sleep-wake pattern, activity, helpful beliefs,
pain, and optimizing social interactions). Treatment sessions
were conducted in person and by telephone on an individual
frequency between baseline (V2) and month 10 (V4).21

Methods
Protocol and Patient Population
Data analyzed in this work were collected within the OP-
TIMISTIC trial, a multicenter study on the “Observational
Prolonged Trial in Myotonic Dystrophy Type 1 to Improve
Quality of Life—Standards, a Target Identification Collab-
oration.” The study purpose of the OPTIMISTIC trial,
methods, patient selection and characteristics, and outcome
measures were previously described.20,21 In summary, adult
patients with DM1 aged older than or equal to 18 years with
severe fatigue, based on a Checklist Individual Strength
(CIS)-Fatigue score ≥35 at the screening visit (V1), were
enrolled in this 2-arm, multicenter, randomized controlled
study to evaluate the effectiveness of CBT on clinical out-
come measures. The rationale for this longitudinal study is
the model of perpetuating factors for fatigue in patients with
DM1.22 For patients who were not able to provide historical
genetic test results verifying a CTG repeat expansion at the
screening visit, we performed an additional analysis after
informed consent to provide the genetic test result for the
presence of a CTG repeat expansion at the baseline visit
(V2). In total, 255 patients consented to participate in this
study and were enrolled at 4 different centers between April
2014 and May 2015 in the Netherlands, France, Germany,
and the United Kingdom. At the baseline visit, the patients
were assigned to either the control group or the intervention
group 1:1, followed by 5-month (V3), 10-month (V4), and
16-month (V5) visits. CBT intervention was performed in
patients assigned to the intervention group between V2 and
V4. Disease-related history was obtained by historical
medical reports and specific questionnaires filled out at
screening or baseline visits by the patient and the in-
vestigator. At each visit, functional assessments, including
muscular impairment rating scale and the 6-minute walking
test (6MWT), were performed. In addition, disease- and
health-related questionnaires (patient-reported outcome

Glossary
6MWT = 6-minute walking test;BDI-Fs = Beck Depression inventory—fast screen;CBT = cognitive behavioral therapy;CIS =
Checklist Individual Strength; DM1 = myotonic dystrophy type 1; ePAL = estimating the progenitor allele length; MDHI =
Myotonic Dystrophy Health Index; PROM = patient-reported outcome measure; SAP = statistical analysis plan; VR = variant
repeat.
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measures, PROMs) were obtained, including the primary
outcome measure DM1-Activ scale, reflecting as a tool to
assess activity and participation in patients with DM1 and
health status and cognitive-behavioral measures, as de-
scribed previously.20,21 Although the OPTIMISTIC study
covered a total of 16 questionnaires, 3 motor function as-
sessments, and 2 cognitive tests, this analysis focused on 6

core outcome measures typically used in the clinical trials
and applied in daily clinical practice. Blood samples for DNA
testing were obtained at the baseline visit (V2) for de-
termining CTG length by small-pool PCR, i.e., estimated
progenitor CTG repeat length (ePAL), modal CTG repeat
length, and the presence of VRs (VR+), using digestion with
AciI. Patient’s samples were shipped to the Newcastle

Table 1 Demographic Characteristics of Patients With (VR+) and Without Variant Repeats (VR−)

Missing information

VR+ (n = 21 [8.4%]); 13 women (61.9%) VR2 (n = 229 [91.6%]); 103 women (45%)

p Valuen Mean Median SD n Mean Median SD

Age at first med. Problem 25 (10.0%) 18 31.5 29.5 14.8 207 24.8 23.0 13.2 0.043

Age at diagnosis 26 (10.4%) 19 33.4 30.0 15.5 205 37.1 36.0 12.9 0.248

Duration of the disease 25 (10.0%) 18 13.6 11.8 8.2 207 20.7 20.4 10.3 0.035

Age at baseline visit 0 (0.0%) 21 44.5 43.8 13.0 229 45.9 46.5 11.5 0.609

Inheritance 96 (38.4%) 16 6 (37.5%) maternal 138 47 (34.1%) maternal 0.164

Data were normally distributed; group differences were assessed by a 2-sided t test. Bold values indicate significant difference for p ≤ 0.05.

Figure 1 Age at SymptomOnset and at Baseline in Patients With Variant Repeats (VR+) and Without Variant Repeats (VR−)
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Research Biobank for Rare and Neuromuscular Diseases,
and the genetic analysis was performed at the University of
Glasgow. Detailed methods for detecting VRs are described
in.19 Participants with missing data were excluded from
relevant analyses.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the institutional review boards at
each of the 4 clinical sites (National Research Ethics Service
Committee North East—Sunderland, UK, the Comite de

Table 2 Baseline Clinical Characteristics of the Study Cohort

Baseline characteristics VR+ (n = 21 [8.4%]), n (%) VR2 (n = 229 [91.6%]), n (%)

BMI, median ±SD 25.4 ± 4.4 26.4 ± 6.8

MIRS

1 1 (4.8) 7 (3.1)

2 6 (28.6) 38 (16.6)

3 9 (42.9) 82 (35.8)

4 5 (23.8) 95 (41.5)

5 — 7 (3.1)

Myotonia

Mild 12 (57.1) 138 (60.3)

Severe 5 (23.8) 59 (25.8)

Swallowing problems 14 (66.7) 124 (54.1)

Cataracts 6 (28.6) 75 (32.8)

Fatigue

Mild 9 (42.9) 87 (38.0)

Severe 12 (57.1) 128 (55.9)

Depression—not severea 4 (19.0) 44 (19.2)

Ventilation

NIV part-time 1 (4.8) 37 (16.2)

NIV full-time — —

TIV — 1 (0.4)

Mobility (>1 yes possible)

Walk unaided 20 (95.2) 183 (79.9)

Walk with device 1 (4.8) 46 (20.1)

Wheelchair use part-time 2 (9.5) 35 (15.3)

Cardiac symptoms

Cardiomyopathy 1 (4.8) 5 (2.2)

Arrhythmia/conduction block 4 (19.0) 71 (31.0)

Not further specified 2 (9.5) 6 (2.6)

Presence of pacemaker 1 (4.8) 34 (14.8)

Presence of cardioverter/defibrillator — 7 (3.1)

Presence of any pacemaker, not specified — 5 (2.2)

Abbreviations: BMI = bodymass index; MIRS =muscular impairment rating scale; NIV = noninvasive ventilation; TIV = tracheostomy invasive ventilation; VR =
variant repeat.
Data are presented as numbers and % of the subgroup.
a Clinically relevant depressive symptoms, not severe; patients with severe depression at baseline (BeckDepression inventory—fast screen score ≥4)were not
enrolled.
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Protection des Personnes ile de France V, France, the Ethik-
kommission bei der LMU München, Germany, and the Con-
cernstaf Kwaliteit en Veiligheid Commissie Mensgebonden
Onderzoek Regio Arnhem-Nijmegen, the Netherlands). The
protocol was registered on a public clinical trials registry (Clin-
icalTrials.gov,NCT02118779). All patients gavewritten informed
consent to participate in this study. No photographs, videos, or
other information with recognizable persons are published.

Statistical Analysis
In this additional analysis, we assessed the association between
repeat interruptions and clinical symptoms, sociodemographic
characteristics, and outcomes of CBT intervention in our
OPTIMISTIC cohort. For this, we performed a subgroup
analysis on patients with and without VRs (VR+/VR−) and
their assignment to the intervention/control group. We ran
descriptive and exploratory analysis, where applicable. We
tested the data for normal distribution using Shapiro-Wilk tests.
We used the 2-sided t test, Pearson χ2 test, Mann-Whitey U
test, or Wilcoxon-rank-sum test, as appropriate. For statistical
analysis, we used SPSS Statistics 25 and Microsoft Excel 2016.
Significance level (α) was set at 0.05. Because of the small
number of patients with VRs and the clear imbalance of patient
numbers across the subgroups, we focused on descriptive and
group comparison analysis only.

Data Availability
The deidentified participant data are available on reasonable
request from the study director Dr. Baziel G.M. van Engelen
(baziel.vanengelen@radboudumc.nl). The study protocol and
statistical analysis plan (SAP) are available online.20 The SAP
was publicly available before completion of the study.

Results
Variant Repeats
Genetic data on VRs were available from 250 of 255 patients
from the OPTIMISTIC cohort (98%). VRs (VR+) were de-
tectable in 21 of 250 patients (8.4%), as described.19 Divided
into subgroups, VRs were detectable in 12 patients in the
standard-of-care group (control group) and 9 patients in the
intervention group. The frequency of VRs in the whole cohort
was 8.4%19 and was similar in both the intervention (7.03%)
and the natural history groups (9.83%; p = 0.425).

Demographic and Clinical
Baseline Characteristics
Demographic and baseline characteristics are summarized in
table 1. Patients with VRs were significantly older (mean 6.7
years) when the first medical problem occurred (table 1, figure
1, p = 0.043). Furthermore, patients with VRs had a signifi-
cantly shorter duration of the disease at baseline (p = 0.035). In
about 2/3 of patients, inheritance was paternal in both groups.
The clinical baseline characteristics are summarized in table 2.
We found a tendency toward a milder disease severity in pa-
tients with VRs, especially in ventilation status, mobility, and
cardiac symptoms (table 2, figure 2). Significantly less patients
with VRs had any type of ventilation at baseline, underscoring
the milder VR+ phenotype. Further analysis did not reveal any
significant difference between the groups (e.g., VR+ treatment
group vs VR− standard of care group).

Medical History: First Symptoms
First symptoms were primarily core muscular symptoms
myotonia and muscle weakness in 2/3 of the patients in both

Figure 2 Muscular Impairment Rating Scale (MIRS) at Baseline and Visit 4 in Patients With Variant Repeats (VR+) and
Without Variant Repeats (VR−) in % of the Subgroup
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groups (table 3). There were no significant differences be-
tween the 2 groups as to the nature of the first symptoms
(i.e., neuromuscular vs neuropsychological).

Association Between VR Interruptions and
Intervention Outcomes
We analyzed the association between VR interruptions and core
outcomemeasures after CBT, which included themotor function
assessment 6MWT and the PROMs DM1-Activ-C, the CIS,
subscore fatigue, the Myotonic Dystrophy Health Index
(MDHI), the McGill-Pain questionnaire, and the Beck De-
pression Inventory—fast screen (BDI-Fs). In patients with VRs
(VR+), a significant change between baseline (V2) and after 10
months (V4) was only found in the CIS-Fatigue score. In the
VR− group, significant changes between baseline and V4 were
found for the 6MWT only in the intervention group and in the
CIS-Fatigue score and MDHI score in both groups (table 4,
figure 3). Effect size r for significant differences between V2 and
V4 was high (>0.5) for CIS-fatigue in the VR+ CBT group (r =
0.728), moderate (0.3–0.5) for the CIS fatigue in the VR−
standard care and intervention group, and low (<0.3) for MDHI
in the VR− standard care group and intervention group. Except

for MDHI in the VR− standard-of-care group, the results of
significant changes remained valid after Bonferroni correction for
multiple testing and setting the significance level to <0.008. There
was no significant difference in any outcome assessment between
patients with and without VRs.

Discussion
This is the first analysis on the association between VR in-
terruptions and core clinical symptoms, sociodemographic
characteristics, and treatment effects of CBT in a large cohort
of patients with myotonic dystrophy type 1. This additional
analysis was performed on data collected in the OPTIMIS-
TIC trial.20,21 Of 255 patients enrolled, data on VR inter-
ruptions were available from 250 patients. The frequency of
VRs in the whole cohort was 8.4%19 and was similar in both
the intervention and the natural history groups, which is
within the rate of VR interruptions previously described in
different cohorts.10,11,14 Overall, our additional analysis
revealed that the presence of VRs resulted in a later onset of
the disease and a tendency to amilder severity of the disease at
baseline assessments, which is consistent with previous studies

Table 3 First Symptoms Recalled by the Patients in Medical History

VR+ (n = 21 [8.4%]); 13 women (61.9%) VR2 (n = 229 [91.6%]); 103 women (45%)

p ValueN (%) N (%)

Muscle symptoms 16 (76.2) 181 (79.0) 0.417

Muscle cramps/stiffness in hands 10 (47.6) 110 (48.0)

Muscle cramps/stiffness in jaw or tongue 1 (4.8) —

Muscle pain — 10 (4.4)

Muscle weakness 4 (19.0) 48 (21.0)

Swallowing problems — 3 (1.3)

Dysarthria 1 (4.8) 6 (2.6)

Ptosis — 2 (0.9)

Dyspnoea — 1 (0.4)

Neuropsychological 5 (23.8) 24 (10.5) 0.068

Cognitive problems — 1 (0.4)

Daytime sleepiness 4 (19.0) 17 (7.4)

Fatigue 1 (4.8) 6 (2.6)

Cardiac symptoms — 4 (1.7)

Gastrointestinal symptoms — 1 (0.4)

Cataracts — 17 (7.4)

Other — n.a.

Include: voice tone dropped, pain in knees — 2 (0.9)

Abbreviations: n.a. = not applicable; VR = variant repeat.
Group differences were calculated by Pearson χ2 tests.
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and our first analysis of the impact of VR interruptions on disease
severity in patients with DM1.3,11,12,14,19 However, the presence
of VRs was not associated with significant changes in clinical
outcome measures after CBT intervention. Although the limited
power because of the small number of patients in the VR+ group
has to be considered, our results may have a major influence on
the interpretation of outcome measures in future clinical trials.
Despite the later onset of symptoms in these patients, we did not
identify significant differences in baseline characteristics, socio-
demographic characteristics, or the occurrence of first symptoms.
However, we could observe some tendencies toward a milder
disease severity in patients with VRs, based on historic and cur-
rent medical data on cardiac symptoms, mobility, and the use of
assistive devices and ventilation status. Evaluating clinical symp-
toms and assessments at baseline relative to ePAL and age, pa-
tients with VRs tended to have, on average, a milder affected
phenotype in several different domains.19 Subgroup analysis has
to be interpreted with care because of the low number of patients

with VRs. Where assessable, outcome measures showed an im-
provement in the 6MWT for patients withVRs in the standard-of-
care group with low effect size, but not in the intervention group.
A significant change between baseline and 10-month visit after
CBTwas found for theCIS-fatigue in the intervention group both
for VR+ and VR− patients but without a significant difference
between the 2 subgroups. For CIS-fatigue, effect size was high in
the VR+ intervention group (r= 0.728) andmoderate in the VR−
intervention and in the standard-of-care group, respectively (r =
0.417 and r = 0.307). For MDHI, a significant change was only
detectable in patients without VRs both in the standard care and
intervention groups with a low effect size.

One of the limitations of this analysis is the imbalance in
patient numbers between subgroups, especially the low
number of patients in the VR+ CBT group, so that group
comparison analyses should be interpreted with care to avoid a
statistical type II error. Because of the OPTIMISTIC protocol, a

Table 4 Outcome Measures in the 4 Groups

S*

Standard care group (n = 122)

VR2 (n = 110) VR+ (n = 12)

p Valueb VR+/VR2
group

Mean
V2

Mean
V4

Mean D,
%

p Valuea change
V2/V4

Mean
V2

Mean
V4

Mean D,
%

p Valuea change
V2/V4

6MWT, m H 398.1 400.4 1 0.982 465.6 438.0 −6 0.041 0.221

DM1-
Activ-c

H 61.9 60.4 −2 0.306 73.8 67.3 −10 0.221 0.291

CIS-
fatigue

L 45.2 40.4 −12 <0.001; r = 0.307 42.8 43.0 0 0.833 0.058

MDHI L 36.8 33.0 −12 0.010 30.8 31.0 1 0.575 0.886

McGill-
pain

L 30.9 28.7 −8 0.828 29.8 35.3 16 0.514 0.597

BDI-Fs L 4.1 3.6 −14 0.167 3.8 3.7 −3 0.916 0.680

S*

Intervention group (n = 128)

VR2 (n = 119) VR+ (n = 9)

p Valueb VR+/VR2
group

Mean
V2

Mean
V4

Mean D,
%

p Valuea change
V2/V4

Mean
V2

Mean
V4

Mean D,
%

p Valuea change
V2/V4

6MWT, m H 386.1 417.6 8 <0.001; r = 0.119 426.1 454.8 6 0.515 0.744

DM1-
Activ-c

H 61.1 63.8 4 0.241 62.2 65.1 4 0.373 0.535

CIS-
fatigue

L 45.0 36.9 −22 <0.001; r = 0.417 44.0 29.3 −50 0.008; r = 0.728 0.057

MDHI L 37.9 32.1 −18 <0.001; r = 0.153 36.8 28.4 −30 0.086 0.567

McGill-
pain

L 30.9 26.9 −15 0.628 26.1 22.6 −15 0.397 0.382

BDI-Fs L 4.2 4.1 −2 0.311 6.0 4.0 −50 0.127 0.187

Abbreviations: 6MWT = 6-minute walking test; BDI-Fs = Beck Depression inventory—fast screen score; CIS-fatigue = checklist individual strength score,
subscore fatigue;McGill-pain =McGill-Pain Inventory fast screen score;MDHI =Myotonic DystrophyHealth Index score; S* = score direction: H = higher values
indicate improvement; L = lower values indicate improvement; VR = variant repeat.
All data were not normally distributed.
a Wilcoxon test was used for the comparison of outcomes at 2 time points.
b Mann-Whitney test was used for the comparison of change (V2 to V4) in outcome measures between the VR+ and VR− groups. Bold values: significant
difference for p ≤ 0.008.
Effect size r is provided for p values ≤0.008.

Neurology.org/NG Neurology: Genetics | Volume 7, Number 2 | April 2021 7

http://neurology.org/ng


selection bias was predetermined because only patients with se-
vere fatigue were enrolled (based on a CIS-fatigue score ≥35).
Furthermore, patients aged younger than 18 years and patients
with severe depression at baseline (BDI-Fs score ≥4) were not
included in the study.20

In summary, based on data collected from this study cohort, the
presence of VRs has no detectable effect on outcomes after CBT
treatment. However, according to our data, the presence of VRs
suggests a later onset of the disease and is associated with a
milder phenotype. To date, it remains unclear whether the
presence of VR interruptions in the DMPK gene is associated
with improvement of clinical symptoms after investigational
therapy. Further studies will investigate the effects of VR inter-
ruptions, in which case the percentage of VR+ and VR− patients
should be balanced between the intervention and control arms of
the trial.
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Abstract
Objective
To evaluate for racial differences in triggering receptor expressed on myeloid cells 2 (TREM2),
a key immune mediator in Alzheimer disease, the levels of CSF soluble TREM2 (sTREM2),
and the frequency of associated genetic variants were compared in groups of individuals who
self-reported their race as African American (AA) or non-Hispanic White (NHW).

Methods
Community-dwelling older research participants underwent measurement of CSF sTREM2
concentrations and genetic analyses.

Results
The primary cohort included 91 AAs and 868 NHWs. CSF sTREM2 levels were lower in the
AA compared with the NHW group (1,336 ± 470 vs 1,856 ± 624 pg/mL, p < 0.0001). AAs were
more likely to carry TREM2 coding variants (15% vs 3%, p < 0.0001), which were associated
with lower CSF sTREM2. AAs were less likely to carry the rs1582763 minor allele (8% vs 37%,
p < 0.0001), located near MS4A4A, which was associated with higher CSF sTREM2. These
findings were replicated in an independent cohort of 23 AAs and 917 NHWs: CSF sTREM2
levels were lower in the AA group (p = 0.03), AAs were more likely to carry coding TREM2
variants (22% vs 4%, p = 0.002), and AAs were less likely to carry the rs1582763 minor allele
(16% vs 37%, p = 0.003).

Conclusions
On average, AAs had lower CSF sTREM2 levels compared with NHWs, potentially because
AAs are more likely to carry genetic variants associated with lower CSF sTREM2 levels.
Importantly, CSF sTREM2 reflects TREM2-mediated microglial activity, a critical step in the
immune response to amyloid plaques. These findings suggest that race may be associated with
risk for genetic variants that influence Alzheimer disease–related inflammation.
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Alzheimer disease (AD) dementia affects people of all races
and ethnicities.1 Recent studies have found that key proteins
associated with AD, including CSF total tau (tTau) and
phosphorylated tau 181 (pTau), vary between groups of in-
dividuals by self-reported race.2–5 Importantly, race is a social
identity and does not always segregate with genetic markers of
ancestry.6 Associations with race are affected by numerous
nongenetic influences, including factors that affect health such
as socioeconomic status,7 education,8 and stress.9 However,
when individuals are grouped by self-reported race, African
Americans (AAs) and non-Hispanic Whites (NHWs) have
different frequencies of some gene variants known to modify
risk for AD dementia.10

In the brain, triggering receptor expressed on myeloid cells 2
(TREM2) is expressed by microglia and is a key mediator of
the innate immune response to amyloid plaques.11,12 Multiple
coding variants in the TREM2 gene have been associated with
increased AD risk13–15 and are hypothesized to impair
TREM2 function.16 The p.R47H and p.R62H variants, which
are associated with AD risk in individuals of European
ancestry,13,14 are less frequent in AA.17 CSF soluble TREM2
(sTREM2) is a biomarker of TREM2-mediated microglial
activity,18–20 and CSF sTREM2 concentrations have been
associated with some variants in TREM221 and MS4A4A,22 a
gene that is also associated with AD risk.22,23 It is unknown
whether average CSF sTREM2 levels vary in individuals
grouped by racial identity.

We evaluated whether CSF sTREM2 and genetic variants
known to be associated with CSF sTREM2 levels vary be-
tween AA and NHW groups. CSF sTREM2 concentrations,
the frequencies of TREM2 coding variants, and the frequen-
cies of 2 single nucleotide polymorphisms in or nearMS4A4A
were compared in AA and NHW groups.

Methods
Participants
The primary cohort for this study was from the Knight Alz-
heimer Disease Research Center (ADRC), which includes
one of the largest groups of AA in AD research with both CSF
biomarker and genetic data.4 This cohort consists of
community-dwelling older adults, including participants with
and without cognitive impairment, enrolled in research
studies of memory and aging at Washington University in St.
Louis. The cohort was recruited for research participation
only and was not clinic-based. Most participants lived in the

greater St. Louis metropolitan area, which is approximately
18% AAs and 77% NHWs.4 Recruitment methods included
word of mouth from individuals who were already partici-
pants, community presentations and other outreach efforts,
and occasionally physician referral. Eligibility criteria included
the absence of major medical conditions (e.g., metastatic
cancer) that could interfere with longitudinal participation,
but common chronic medical conditions (e.g., hypertension,
diabetes, and depression) were permitted. The participants
underwent annual clinical and cognitive assessments using the
Uniform Data Set24 that includes the Clinical Dementia
Rating (CDR)25 and Mini-Mental State Examination.26 The
CDR and etiologic diagnosis of the cause(s) of dementia
when present was made by the clinician in accordance with
standard criteria and methods24 without reference to the
participant’s performance on neuropsychological tests, the
results of prior assessments, or biomarker results. Race, sex,
and family history of AD were self-reported. Data were used
for research purposes only.

After analyses of the Knight ADRC cohort were complete, an
independent cohort was examined to determine whether the
major findings could be replicated (racial differences in CSF
sTREM2 and associated genetic variants). Data used for the
replication cohort were obtained from the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) database. The ADNI
was launched in 2003 as a public-private partnership, led by
Principal Investigator Michael W. Weiner, MD. For a full
description of the ADNI cohort and protocols, see adni-in-
fo.org.

Participants in both the Knight ADRC and ADNI cohorts met
the following criteria: (1) race was self-reported as either AA
or NHW and (2) CSF sTREM2, Aβ42, tTau, and pTau
measurements were available within 1 year of a clinical as-
sessment. No participants were represented in both cohorts.

Standard Protocol Approvals, Registrations,
and Patient Consents
Written informed consent was obtained from all participants
and their study partners. All procedures were approved by
Washington University’s Human Research Protection Office.

Sequencing and Genotyping
The APOE genotype was determined by genotyping rs7412
and rs429358 using TaqMan genotyping technology.27

TREM2 variants were determined by pooled DNA sequenc-
ing.15 The rs1582763 and rs6591561 polymorphisms associ-
ated with MS4A4A were genotyped using Illumina arrays.15

Glossary
AA = African American; AD = Alzheimer disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative; ADRC = Alzheimer
Disease Research Center; ANCOVA = analysis of covariance; CDR = Clinical Dementia Rating; NfL = neurofilament light
chain; NHW = non-Hispanic White; PC1 = principal component 1; pTau = phosphorylated tau 181; sTREM2 = soluble
TREM2; TREM2 = triggering receptor expressed on myeloid cells 2; tTau = total tau.
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Principal components were computed using genome-wide
genotyping data.28 Estimates of African ancestry for each in-
dividual were established with the first principal component
(PC1) which differentiates European and African ancestry.29

A higher PC1 value corresponds to greater African ancestry.

CSF Collection and Analysis
Methods for the Knight ADRC cohort are described here;
for the ADNI cohort, the methods were similar and are
described in detail online at adni-info.org. Lumbar punc-
ture was performed as previously described.30 For CSF
samples collected before October 11, 2016, Aβ42, tTau,
and pTau were measured with the corresponding Elecsys
assays on a Roche Cobas e 601 analyzer.30 Elecsys data
were not available for samples collected more recently
(October 13, 2016, through February 12, 2019), but Aβ42,
tTau, and pTau were measured with the corresponding
INNOTEST (Fujirebio) assays. Neurofilament light chain
(NfL) was measured with an immunoassay kit manufac-
tured by Uman Diagnostics. Concentrations of sTREM2
were measured with the same immunoassay in both the
Knight ADRC and ADNI cohorts.22 To decrease plate-to-
plate variability due to potential matrix effects, sTREM2
values were normalized using high and low pooled controls
and bridging samples.22

Statistical Analysis
For analyses involving CSF Aβ42, tTau, and pTau, only values
obtained with Elecsys assays (87% of samples) were used
because it is unclear whether INNOTEST values are com-
parable to those measured by Elecsys. CSF biomarker con-
centrations were transformed with the natural logarithm for
visualization, analysis, and covariate adjustment. Character-
istics of AA and NHW groups were compared using Student t
tests for continuous variables and χ2 tests or Fisher exact tests
for categorical variables. The significance of differences in
CSF biomarker values between AA and NHW groups was
calculated by Mann-Whitney tests for unadjusted raw values
and Student t tests for natural logarithm-transformed values.
Comparisons of CSF biomarkers were performed with Stu-
dent t tests of the natural logarithm-transformed value unless
otherwise specified. Spearman correlations were performed
between natural logarithm-transformed CSF biomarker con-
centrations and PC1 because PC1 was not normally
distributed.

Analysis of covariance (ANCOVA) models were imple-
mented using natural logarithm-transformed CSF biomarker
concentrations as the outcome variable. Predictors in the
ANCOVA models were based on previously published
models4 and included the following: race (AA or NHW),
centered age (the age at CSF collection minus the mean age
for the cohort [69.0 years]), sex, years of education (di-
chotomized as ≤12 and >12 years of education), family history
of dementia status (positive or negative, only available for the
Knight ADRC cohort), APOE e4 status (carrier or non-
carrier), dementia status (CDR = 0 or CDR >0), and every

2-way interaction among these variables. Genetic variant
status (carrier or noncarrier) and the interaction of genetic
variant status with all other covariates were entered into the
CSF sTREM2 model to obtain covariate-adjusted p values for
each genetic variant. In the model incorporating both TREM2
coding variant status and rs1582763 minor allele (A) carrier
status, the interaction between these variants was also
included.

Statistical analyses were implemented using SAS 9.4 (SAS
Institute Inc., Cary, NC). Plots were created with GraphPad
Prism version 7.04 (GraphPad Software, La Jolla, CA). All p
values were from 2-sided tests, and results were deemed sta-
tistically significant at p < 0.05.

Data Availability
Data are available to qualified investigators on request to the
Knight ADRC (knightadrc.wustl.edu/Research/ResourceRe-
quest.htm) and ADNI (adni.loni.usc.edu/data-samples/access-
data/).

Results
Participants
The Knight ADRC cohort consisted of 959 participants who
met the inclusion criteria: 91 AAs and 868 NHWs (table 1).
The AA group was younger than the NHW group (66.1 ± 8.2
vs 69.3 ± 9.2 years, p = 0.002), less likely to have dementia
(13% vs 25%, p = 0.01), less likely to have a family history of
dementia (44% vs 56%, p = 0.03), and reported slightly fewer
years of education (15.2 ± 2.9 vs 15.9 ± 2.7, p = 0.02). The
ADNI cohort consisted of 940 participants who met the in-
clusion criteria: 23 AAs and 917 NHWs (table 2). The AA
group reported fewer years of education compared with the
NHW group (14.9 ± 2.5 vs 16.1 ± 2.8, p = 0.04), but did not
differ significantly by age or dementia status.

Differences in CSF Biomarkers by Self-Reported
Race or Genetic Ancestry
Concentrations of CSF biomarkers including sTREM2 were
examined as a function of race. In the Knight ADRC cohort,
there was no difference in CSF Aβ42 concentrations (figure
1A) between AA and NHW groups. However, CSF tTau,
pTau, NfL, and sTREM2 levels were lower in the AA com-
pared with the NHWgroup (p < 0.0001 for all) (figure 1, C, E,
G, and I). CSF biomarker levels were also examined as a
function of the PC1 measure of African genetic ancestry. PC1
was not correlated with CSF Aβ42 (figure 1B), but was cor-
related with CSF tTau, pTau, NfL, and sTREM2 (p < 0.0001
for all) (figure 1, D, F, H, and J), with lower levels of these
biomarkers associated with higher African genetic ancestry.
Even after adjusting for age, sex, years of education, family
history of dementia, APOE e4 status, dementia status, and
every 2 way interaction among these variables, there were
highly significant reductions in CSF tTau, pTau, NfL, and
sTREM2 in the AA compared with the NHW group (p <
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0.0001, <0.0001, 0.0005, and <0.0001, respectively, table 3
and tables e-1 to e-5, links.lww.com/NXG/A399). Race did
not interact significantly with APOE e4 in these models, but
among APOE e4 carriers, pTau and tTau concentrations were
lower in the AA compared with the NHW group (p = 0.0001
and p < 0.0001, respectively). In contrast, among APOE e4
noncarriers, there were no significant racial differences in
pTau and tTau concentrations.

Because the AA and NHW groups in the Knight ADRC co-
hort had significant differences in some major covariates (age,

years of education, presence of dementia, and family history of
AD), an alternative approach was performed to evaluate
whether differences in CSF biomarker levels as a function of
race were a result of inadequate statistical correction for
covariates. A computer algorithm matched each AA partici-
pant, if possible, with 1 NHW participant by closest age
(within 3 years), years of education (within 2 years), presence
of dementia (CDR = 0 or CDR >0), and family history of AD.
NHW matches were available for 86 of 91 AA participants
(table e-6, links.lww.com/NXG/A399). In this subcohort
where there were no significant differences between the AA

Table 1 Characteristics of Individuals in the Knight Alzheimer Disease Research Center Cohort

Characteristic

African American participants Non-Hispanic White participants

p Valuen n

Age at CSF collection, y 91 66.1 ± 8.2 868 69.3 ± 9.2 0.002

Sex, n (% female) 91 50 (55) 868 473 (55) N.S.

Years of education 91 15.2 ± 2.9 868 15.9 ± 2.7 0.02

APOE «4 status, n (% carrier) 90 39 (43) 863 348 (40) N.S.

CDR 0/0.5/1/2 (% >0) 91 79/8/4/0 (13) 868 647/177/39/5 (25) 0.01

MMSE (of 30) 91 28.5 ± 2.5 868 28.3 ± 2.5 N.S.

Family history, n (% positive) 91 40 (44) 868 489 (56) 0.03

TREM2 variant carriers, n (%) 91 14 (15) 868 28 (3) <0.0001

rs1582763 genotype AA/AG/GG (minor allele [A] frequency) 89 1/13/75 (8) 843 106/407/330 (37) <0.0001

rs6591561 genotype GG/AG/AA (minor allele [G] frequency) 88 9/31/48 (28) 851 73/355/423 (29) N.S.

Abbreviations: CDR = Clinical Dementia Rating, where CDR = 0 indicates cognitive normality and CDR = 0.5, 1, 2, or 3 indicates very mild, mild, moderate, or
severe dementia, repectively; MMSE = Mini-Mental State Examination, where a score of 30 is “best” and a score of 0 is “worst”; N.S. = not significant.
Continuous measures are presented as the mean ± SD. The significance of differences between groups was determined by Student t tests for continuous
variables and by χ2 or Fisher exact tests for categorical variables. See figure 2 for a listing of specific TREM2 variants by race.

Table 2 Characteristics of Individuals in the Alzheimer’s Disease Neuroimaging Initiative Cohort

Characteristic

African American participants Non-Hispanic White participants

p Valuen n

Age at CSF collection, y 23 73.8 ± 7.4 917 73.3 ± 7.2 N.S.

Sex, n (% female) 23 13 (57) 917 393 (43) N.S.

Years of education 23 14.9 ± 2.5 917 16.1 ± 2.8 0.04

APOE «4 status, n (% carrier) 23 11 (48) 917 441 (48) N.S.

CDR 0/0.5/1 (% >0) 23 9/11/3 (61) 917 265/551/101 (71) N.S.

TREM2 variant carriers, n (%) 23 5 (22) 917 35 (4) 0.002

rs1582763 genotype AA/AG/GG (minor allele [A] frequency) 22 0/7/15 (16) 913 130/424/359 (37) 0.003

rs6591561 genotype GG/AG/AA (minor allele [G] frequency) 23 3/9/11 (33) 917 83/402/432 (31) N.S.

Abbreviations: CDR = Clinical Dementia Rating, where CDR = 0 indicates cognitive normality and CDR = 0.5, 1, 2, or 3 indicates very mild, mild, moderate, or
severe dementia, respectively; N.S. = not significant.
Continuous measures are presented as the mean ± SD. The significance of differences between groups was determined by Student t tests for continuous
variables and by χ2 or Fisher exact tests for categorical variables. See figure 2 for a listing of specific TREM2 variants by race.
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and NHW groups by major covariates, the AA group had
lower CSF tTau, pTau, and sTREM2 compared with the
NHW group (p < 0.0001 for all).

In the ADNI cohort, the power to detect racial differences in
CSF biomarkers wasmuch lower because of the smaller size of
the AA group (n = 23 AA in the ADNI cohort vs n = 91 AA in

Figure 1 Differences in CSF Biomarker Concentrations by Self-Reported Race

The natural logarithm of CSF concentrations of
amyloid-β 42 (Aβ42, A, B), total tau (tTau, C, D),
phosphorylated tau 181 (pTau, E, F), neurofila-
ment light chain (NfL, G, H), and soluble trigger-
ing receptor expressed on myeloid cells 2
(sTREM2, I, J) was plotted as a function of self-
reported race (African American [AA] or non-
Hispanic White [NHW]) or a measure of African
genetic ancestry (PC1, higher values correspond
to higher African genetic ancestry, axis is re-
versed). Corresponding concentrations in pg/mL
are shown on the right axis. Red squares repre-
sent samples from AAs, and gray circles repre-
sent samples from NHWs. The number of
individuals in each group is listed (n).
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the Knight ADRC cohort). There were no significant racial dif-
ferences in concentrations of CSF Aβ42, tTau, pTau, or NfL,
likely because the cohort was insufficiently powered to see these
smaller effects. However, even with such a small AA group, CSF
sTREM2 concentrations were significantly lower in the AA
compared with the NHW group (p = 0.001), and PC1 was
correlated with CSF sTREM2 (p = 0.0005) (table 4). After
adjusting for covariates, the racial difference in CSF sTREM2
remained significant (p = 0.03). In the ADNI cohort, the AA and
NHW groups were relatively well matched for covariates, so no
matching secondary analysis was performed.

Concordance of Self-Reported Race and
Genetic Ancestry
Genetic ancestry data were available for 937 of 959 individuals
(98%) in the Knight ADRC cohort and all individuals in the
ADNI cohort. In both cohorts, only 1 individual was discordant;
in both cases, the individual identified as NHW but had a PC1
consistent with high African genetic ancestry. Because self-
reported race and genetic ancestry were almost completely
concordant in these 2 cohorts (99.9%), analyses using either
measure resulted in nearly identical findings. Self-reported race
was used as the primary categorical measure of race because race
is a social rather than a genetic categorization. In addition, most
individuals (patients and potential research participants) cannot
provide a quantitative measure of their genetic ancestry (e.g.,
PC1), but they can report their racial identity. Most clinical trials
for AD recruit racial and ethnic groups based on self-reported
race, not on GWAS data. Therefore, self-reported race is more
broadly relevant to individuals and to other research studies.

Differences in TREM2 Coding Variants and
MS4A4A Polymorphisms by Self-Reported Race
The frequency of TREM2 coding variant status (any coding
variant vs wild-type sequence) in the AA and the NHW groups
was compared. AAs were more likely than NHWs to carry a
TREM2 coding variant in both the Knight ADRC cohort (15% vs
3%, p < 0.0001) and the ADNI cohort (22% vs 4%, p = 0.002).
This difference was primarily driven by a higher frequency of the
p.T96K, p.L211P, and p.W191X variants in the AA group; these
variants were in linkage disequilibrium.

The frequencies of 2 polymorphisms in theMS4A4A gene region
that have been associated with CSF sTREM2 concentrations
were evaluated. The minor allele (A) of rs1582763, an intergenic
variant located near MS4A4A, was less frequent in the AA than
the NHW group in both the Knight ADRC cohort (minor allele
frequency 8% vs 37%, p < 0.0001) and the ADNI cohort (16% vs
37%, p = 0.003). In contrast, the frequency of the rs6591561
minor allele (G) inMS4A4Awas not significantly different in the
AA andNHWgroups in the Knight ADRC cohort (28% vs 29%)
or the ADNI cohort (33% vs 31%).

Effects of Coding TREM2Variants and rs1582763
on CSF sTREM2 Concentrations
As detailed above, AAs were more likely to carry a TREM2
coding variant and less likely to carry the rs1582763 minor

allele (A). We examined how these genetic factors affected
concentrations of CSF sTREM2 in the better-powered
Knight ADRC cohort. Individuals carrying a TREM2 coding
variant had lower CSF sTREM2 concentrations (figure 2A)
(p < 0.0001 before and p = 0.02 after covariate adjustment),
and individuals carrying theminor allele (A) of rs1582763 had
higher sTREM2 concentrations (figure 2B) (p < 0.0001 be-
fore and after covariate adjustment).

We hypothesized that the difference between AA and NHW
groups in CSF sTREM2 concentrations was largely explained
by the different frequencies of TREM2 coding variants and
rs1582763 (A). The effects of carrying a TREM2 coding
variant and/or rs1582763 (A) were additive such thatTREM2
coding variant carriers and rs1582763 (A) noncarriers had the
lowest CSF sTREM2 levels (figure 2C). In the Knight ADRC
cohort, a model for CSF sTREM2 was implemented that
included race, TREM2 coding variant carrier status,
rs1582763 (A) carrier status, and all covariates and interac-
tions. After accounting for these 2 genetic factors and cova-
riates, concentrations of CSF sTREM2 were not significantly
different in AA and NHW groups (table e-7, links.lww.com/
NXG/A399), implying that racial differences in the frequen-
cies of coding TREM2 variants and rs1582763 (A) were a
major driver of racial differences in CSF sTREM2 levels.
Similar trends were seen in the ADNI cohort (figure e-1),
although the small size of the AA cohort did not provide
adequate power for a complex analysis. In summary, the lower
average concentrations of CSF sTREM2 in AAmay be related
to the higher frequency of coding TREM2 variants and the
lower frequency of the rs1582763 minor allele (A).

Discussion
In the Knight ADRC cohort, which includes one of the largest
groups of AA in AD research with both CSF biomarker and
genetic data, we found that the AA group had lower average
CSF sTREM2 levels compared with the NHW group. Our
analyses suggested that the lower CSF sTREM2 levels in AA
could be related to differences in genetic variant frequencies
between AA andNHWgroups: AAs had a higher frequency of
TREM2 coding variants, which were associated with lower
CSF sTREM2; and AAs had a lower frequency of rs1582763
(A), which was associated with higher CSF sTREM2. After
these differences were found in the Knight ADRC cohort, the
ADNI cohort was evaluated specifically to determine whether
these differences could be replicated, reducing the possibility
of false discovery. Although the sizes of the AA groups in both
cohorts were relatively small, the findings in both the Knight
ADRC and ADNI cohorts were similar and highly statistically
significant. Identification of differences in even small cohorts
is important, as it may justify larger and more comprehensive
studies.

The differences we reported were between racial groups, but
there are likely numerous individual-level factors that modify
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CSF sTREM2 levels. Significant and reproducible differences
in the frequencies of genetic variants between AA and NHW
groups are unlikely to be explained by nonbiological factors,
but the effects of these genetic differences on CSF sTREM2
concentrations could be susceptible to many nonbiological
influences. Reasons for racial differences may include differ-
ences in social, geopolitical, and environmental factors, some
of which may be related to systemic racism. These include
disparities in socioeconomic status,7 education,8 and stress.9

Differences in medical comorbidities and physiology, such as
the prevalence of cerebrovascular disease,1 may also contrib-
ute. Notably, some of these conditions may affect risk for AD
dementia.1 The effects of these factors on CSF sTREM2 are
unknown. Neither the Knight ADRC nor the ADNI data set
currently includes detailed information about social

determinants of health such as economic stability, access to
healthy foods, neighborhood safety, and quality of education.
Studies are needed that include much larger numbers of AA
with detailed sociocultural and environmental data.31

The role of TREM2 in AD has been an active area of in-
vestigation because TREM2 variants were found to be asso-
ciated with the risk of symptomatic AD.13,14 TREM2 is a
microglial receptor that binds amyloid with high affinity and
may mediate the inflammatory response to amyloid
plaques.11,12 Higher TREM2 levels may ameliorate the effects
of AD pathology,32 potentially by decreasing neuritic
dystrophy33,34 and limiting spreading of pathologic tau
seeds.35 CSF sTREM2 concentrations are not linearly asso-
ciated with AD brain pathology, but are thought to peak

Table 3 CSF Biomarker Values of Individuals in the Knight Alzheimer Disease Research Center Cohort

Characteristic

AA participants NHW participants

p Valuen n

Unadjusted raw concentrations (±SD)

Elecsys Aβ42, pg/mL 81 1,271 ± 703 758 1,277 ± 647 N.S.

Elecsys tTau, pg/mL 81 182 ± 77 758 253 ± 120 <0.0001

Elecsys pTau, pg/mL 81 16.6 ± 7.3 758 23.6 ± 13.4 <0.0001

INNOTEST Aβ42, pg/mL 10 893 ± 315 110 927 ± 340 N.S.

INNOTEST tTau, pg/mL 10 253 ± 123 110 411 ± 248 0.02

INNOTEST pTau, pg/mL 10 46.2 ± 18.2 110 66.5 ± 32.1 0.02

NfL, pg/mL 90 1,363 ± 755 853 1,837 ± 1,281 <0.0001

sTREM2, pg/mL 91 1,336 ± 470 868 1,856 ± 624 <0.0001

Unadjusted natural logarithm-transformed values (±SD)

Elecsys Aβ42 81 7.00 ± 0.56 758 7.02 ± 0.53 N.S.

Elecsys tTau 81 5.12 ± 0.39 758 5.44 ± 0.43 <0.0001

Elecsys pTau 81 2.73 ± 0.39 758 3.04 ± 0.48 <0.0001

NfL 90 7.10 ± 0.48 853 7.37 ± 0.51 <0.0001

sTREM2 91 7.13 ± 0.40 868 7.47 ± 0.32 <0.0001

Covariate-adjusted natural logarithm-transformed values (±SE)

Elecsys Aβ42 81 6.79 ± 0.08 758 6.92 ± 0.03 0.10

Elecsys tTau 81 5.28 ± 0.07 758 5.53 ± 0.03 <0.0001

Elecsys pTau 81 2.87 ± 0.08 758 3.12 ± 0.04 <0.0001

NfL 90 7.21 ± 0.08 853 7.44 ± 0.03 0.0005

sTREM2 91 7.38 ± 0.07 868 7.66 ± 0.03 <0.0001

Abbreviations: AA = African American; Aβ42 = amyloid-β 42; NfL = neurofilament light chain; NHW = non-Hispanic White; N.S. = not significant; pTau =
phosphorylated tau181; sTREM2 = soluble triggering receptor expressed on myeloid cells 2; tTau = total tau.
CSF biomarker values were transformed with the natural logarithm. The significance of differences in CSF biomarker values between AA and NHW partic-
ipants was calculated by Mann-Whitney tests for unadjusted raw values and Student t tests for unadjusted natural logarithm-transformed values. For each
CSF biomarker, the natural logarithm-transformed value was the outcome variable in an analysis of covariancemodel with the following predictor variables:
race (AA or NHW), centered age (the age at CSF collection minus the mean age for the cohort [69.0 years]), sex, years of education (≤12 and >12 years of
education), family history of dementia (positive or negative), APOE e4 status (e4 carrier or noncarrier), dementia status (CDR = 0 or CDR >0), and every 2-way
interaction among these variables. The estimated natural logarithm-transformed biomarker value for each race, adjusted for covariates, and the significance
of race as a predictor variable (p value) in the model is shown.
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shortly after AD symptom onset and then plateau or de-
crease.36 In our mostly cognitively normal cohort, we found
overall lower concentrations of CSF sTREM2 in individuals
carrying coding variants in TREM2, but these concentrations
may later rise in response to AD pathology. One recent study
(that did not account for race) demonstrated that lower
baseline CSF sTREM2 is associated with faster cognitive
decline in participants with symptomatic AD20; given our
finding of lower average CSF sTREM2 in AA, this suggests
that AA with AD may decline more rapidly.

TREM2 is a therapeutic target for AD, and an anti-TREM2
antibody is being tested in anADclinical trial.37 TREM2may also
influence antiamyloid treatments for AD—1 study found that
genetic deletion of TREM2 reduced antiamyloid monoclonal
antibody–mediated clearance of amyloid plaques in cell culture
experiments.38 Given the findings of this study that AAs have
lower average CSF sTREM2, this prompts the hypothesis that
poor clearance of amyloid plaques by antiamyloid monoclonal
antibodies may be more common in AA. If true, this difference
may not readily be discerned because AAs are severely un-
derrepresented (<3%) in many recent drug trials for AD.39,40 In
addition, because TREM2 is expressed not only in the brain, but
also throughout the body in multiple myeloid cells,41 studies are

needed to examinewhether racial differences in the frequencies of
TREM2 coding variants and rs1582763 (A) translate to racial
differences in other inflammatory conditions.

Some studies have found that AAs are at higher risk for AD
dementia,42,43 although this is unclear, and the relationship
between race and AD is likely very complex.44 Previous work
has suggested that significant differences in AD pathophysi-
ology exist between AA and NHW groups.2–5 In addition to
our findings related to TREM2, we confirmed previous
findings using more precise automated immunoassays that
AAs had lower average CSF tTau and pTau.2,4 We addition-
ally found lower average NfL in AA compared with NHW
groups. CSF NfL is a nonspecific marker of neuroxonal
damage, and like tTau and pTau, NfL is typically elevated in
AD.45 The lower average levels of CSF tTau, pTau, andNfL in
the AA compared with the NHW group, even when average
CSF Aβ42 levels were not different between the groups, could
indicate that AAs are less likely to develop neuronal damage in
response to brain amyloid. It is unclear how these racial dif-
ferences in CSF biomarkers relate to risk for AD dementia.

A major limitation of most AD studies is the un-
derrepresentation of racial and ethnic minorities. Our study

Table 4 CSF Biomarker Values of Individuals in the Alzheimer’s Disease Neuroimaging Initiative Cohort

Characteristic

AA participants NHW participants

p Valuen n

Unadjusted raw values (±SD)

Elecsys CSF Aβ42, pg/mL 23 1,179 ± 601 916 1,049 ± 592 N.S.

Elecsys CSF tTau, pg/mL 23 283 ± 141 914 292 ± 126 N.S.

Elecsys CSF pTau, pg/mL 23 28.1 ± 16.1 914 28.1 ± 14.1 N.S.

CSF NfL, pg/mL 8 1,050 ± 558 292 1,499 ± 943 0.09

CSF sTREM2, pg/mL 23 3,007 ± 1,541 917 4,128 ± 1,876 0.001

Unadjusted natural logarithm-transformed values (±SD)

Elecsys CSF Aβ42 23 6.92 ± 0.6 916 6.81 ± 0.5 N.S.

Elecsys CSF tTau 23 5.56 ± 0.4 914 5.59 ± 0.4 N.S.

Elecsys CSF pTau 23 3.22 ± 0.5 914 3.22 ± 0.5 N.S.

CSF NfL 8 6.89 ± 0.4 292 7.18 ± 0.4 0.07

CSF sTREM2 23 7.91 ± 0.4 917 8.22 ± 0.5 0.001

Covariate-adjusted natural logarithm-transformed values (±SE)

CSF sTREM2 23 7.87 ± 0.15 917 8.21 ± 0.03 0.03

Abbreviations: AA = African American; Aβ42 = amyloid-β 42; NfL = neurofilament light chain; NHW = non-Hispanic White; N.S. = not significant; pTau =
phosphorylated tau181; sTREM2 = soluble triggering receptor expressed on myeloid cells 2; tTau = total tau.
CSF biomarker values were transformed with the natural logarithm. The significance of differences in CSF biomarker values between AA and NHW partic-
ipants was calculated by Mann-Whitney tests for unadjusted raw values and Student t tests for unadjusted natural logarithm-transformed values. For each
CSF biomarker, the natural logarithm-transformed value was the outcome variable in an analysis of covariance model with the following predictor variables:
race (AA or NHW), centered age (the age at CSF collection minus the mean age for the cohort [69.0 years]), sex, years of education (≤12 and >12 years of
education), APOE e4 status (e4 carrier or noncarrier), dementia status (CDR = 0 or CDR >0), and every 2-way interaction among these variables. The estimated
natural logarithm-transformed biomarker value for each race, adjusted for covariates, and the significance of race as a predictor variable (p value) in the
model is shown.
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used the Knight ADRC cohort, which includes one of the
largest groups of AAs in AD research with both CSF bio-
marker and genetic data, but AAs were still underrepresented.
Adequate representation of racial minorities in research
studies is a challenge nationally due in part to historical abuses
by researchers resulting in the mistrust of medical research by
racial minority communities.46 Furthermore, deeply flawed
andmalignant suppositions about genetic differences between
races have been used to oppress minority groups, especially
AA.47 Race can be an uncomfortable topic for some

researchers and clinicians to discuss and study. However, it is
imperative to study racial differences, including racial differ-
ences related to genetics, because they may influence AD
pathophysiology, diagnosis, treatment efficacy, and outcomes.
For example, applying cutoffs formulated with data from
NHW cohorts could increase the frequency of AD mis-
diagnosis in AA patients.5 Even more concerning, AD clinical
trials with inadequate representation of AA may lead to de-
velopment of AD therapies that are less likely to be safe or
effective in AA as has occurred in other conditions such as

Figure 2Differences in CSF sTREM2 Levels in the Knight Alzheimer Disease Research Center Cohort by Self-Reported Race

The natural logarithm of CSF concentrations of soluble triggering receptor expressed on myeloid cells 2 (sTREM2) was plotted as a function of TREM2 coding
variant (A), MS4A4A rs1582763 genotype (B), or TREM2 coding variant status and MS4A4A rs1582763 (A) carrier status (C). For all plots, the corresponding
sTREM2 concentrations in pg/mL are shown on the right axis. Red squares represent samples from African Americans (AAs), and gray circles represent
samples fromnon-HispanicWhites (NHWs). Horizontal dashed lines indicate themean sTREM2 levels for AA (red) andNHW (gray) groups. Vertical dotted lines
separate genetic groups. The number of individuals in each group is listed (n).
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hypertension.48 Development of AD therapies that are less
likely to be effective in AA would further compound long-
standing injustices experienced by AA. This study under-
scores the importance of carefully evaluating the effects of race
on AD pathophysiology.
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Abstract
Objective
Hexanucleotide repeat expansions (HREs) in C9orf72 are a major cause of frontotemporal
dementia (FTD) and amyotrophic lateral sclerosis (ALS). We aimed to determine the frequency
and phenomenology of movement disorders (MD) in carriers of HRE in C9orf72 through a
retrospective review of patients’ medical records.

Methods
We retrospectively reviewed the clinical records of patients carrying a C9orf72 HRE in the
pathogenic range and compared the characteristics of patients with and without MD.

Results
Seventeen of 40 patients with a C9orf72HRE had a documented MD. In 6 of 17, MD were the
presenting symptom, and in 2 of 17, MD were the sole manifestation of the disease. FTD was
present in 13 of 17 patients, ALS in 5 of 17 patients, and 2 of 17 patients did not develop FTD or
ALS. Thirteen of 17 patients had more than one MD. The most common MD were parkin-
sonism and tremor (resembling essential tremor syndrome), each one present in 11 of 17
patients. Distal, stimulus-sensitive upper limbs myoclonus was present in 6 of 17 patients and
cervical dystonia in 5 of 17 patients. Chorea was present in 5 of 17 patients, 4 of whom showed
marked orofacial dyskinesias. The most frequent MD combination was tremor and parkin-
sonism, observed in 8 of 17 patients, 5 of whom also had myoclonus. C9orf72 patients without
MD had shorter follow-up times and higher proportion of ALS, although these results did not
survive the correction for multiple comparisons.

Conclusions
MD are frequent in C9orf72. They may precede signs of ALS or FTD, or even be present in
isolation. Parkinsonism, tremor, and myoclonus are most commonly observed.
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The GGGGCChexanucleotide repeat expansion (HRE) in the
C9orf72 gene is the most frequent genetic cause of fronto-
temporal dementia (FTD) and amyotrophic lateral sclerosis
(ALS).1,2 Movement disorders (MD) are frequently observed
in C9orf72 HRE carriers,3 generally alongside the features of
FTD or ALS, with parkinsonism being present in up to 40%.4

The prevalence of C9orf72 HRE in other MD has also been
investigated. There is no association between C9orf72 HRE
and Parkinson disease5 or essential tremor syndrome (ETS).6

Conversely, C9orf72 HRE seems over-represented in corti-
cobasal syndrome (CBS)7 and is the most frequent Hun-
tington disease phenocopy.8

In this study, we sought to define the MD associated with
HRE in the C9orf72 gene and compared the characteristics of
C9orf72 patients with and without MD.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
All participants were recruited under ethics-approved re-
search protocol (UCLH: 04/N034). Clinical records of all
patients with HRE in C9orf72 tested at the National Hos-
pital for Neurology and Neurosurgery between May 2012
and May 2019 were retrospectively reviewed. Filmed pa-
tients provided written informed consent before video
recording.

Genetic Analysis
Repeat-primed fluorescent PCR (RP-PCR) was performed as
previously reported in the study by Renton et al. to test for the
presence of an expansion in C9orf72.1 An ABI (Carlsbad, CA)
3730xl automated sequencer was used for fragment length
analysis through capillary electrophoresis. Analysis of RP-
PCR electropherograms was performed using Peak Scanner
v1.0 (ABI). Expansions with a characteristic sawtooth pattern
were put forward for Southern blotting.

Southern hybridization9was performed by combining the use of a
(GGGGCC)5 probe targetingmultiple sites within the expansion
and genomic DNA digested with 2 frequently cutting restriction
endonucleases whose sites closely flanked the repeat region.
Expansion size was estimated by interpolation of autoradiographs
using a plot of log10 base pair number against migration distance.

A minimal size of 30 GGGGCC repeats in the C9orf72 gene
was defined as pathogenic.10 The expansions were classified as

“small” if patients had between 30 and 90 GGGGCC repeats
and “large” if there were >90 GGGGCC repeats.

Statistical Analysis
Quantitative data were not normally distributed after visual
evaluation of the data and using the Shapiro-Wilk test.
Statistical testing was subsequently performed using the
Mann-Whitney U test. Fisher exact test was used to compare
proportions. The results were corrected for multiple com-
parisons using the Benjamini-Hochberg false discovery rate
(FDR), with FDR <0.05 deemed a significant result.

Analyses were performed using Stata version 12.0 (StataCorp,
College Station, TX).

Data Availability
Anonymized data not published in this article will be available
from the corresponding author on reasonable request.

Results
Patients
A total of 501 patients underwent C9orf72 HRE testing. Of
these, 53 patients had more than 30 repeats. Clinical data were
available in 40 of 53 patients. Among the 40 patients with HRE
and available data, 17 had MD according to their clinical notes
(table 1; figure e-1, links.lww.com/NXG/A394).

Patients who developed MD were referred to the neurology
clinics because of either MD (7/17) or cognitive symptoms (9/
17), or both (1/17). Genetic analysis of C9orf72 was requested
because of the combination of MD and cognitive symptoms (4/
17), cognitive symptoms and family history of neurodegenera-
tive conditions (7/17), MD and positive family history (2/17),
isolated MD (3/17), and isolated cognitive symptoms (1/17).

Among patients with MD and HRE, C9orf72 testing was
requested from consultant neurologists from the cognitive (8/
17), MD (6/17) general neurology (2/17), and neuromuscular
clinics (1/17). Of the 17 patients with C9orf72HRE and MD, 2
of 17 had small HREs and the remainder had large expansions in
C9orf72. Seven of 17 patients (41.18%)werewomen.Median age
at onset in patients withMDwas 58 years (range 8–70). A family
history of dementia or ALS in first-degree relatives was present in
64.7% of the cases withMD and 69.5% of the cases withoutMD.

Neuropsychometry
Fourteen of 17 patients with MD had available neuro-
psychological assessments (table 2). Among them, 10 of 14
presented executive dysfunction and/or memory impairment,

Glossary
AAO = age at onset; ALS = amyotrophic lateral sclerosis; CBS = corticobasal syndrome; ETS = essential tremor syndrome;
FDR = false discovery rate; FTD = frontotemporal dementia; HRE = hexanucleotide repeat expansion; MD = movement
disorder.
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whereas 7 of 14 had slow processing speed. Either visuospatial
dysfunction, impaired calculation, or attention deficits were
present in 2 of 14 patients, whereas 4 of 14 patients had de-
creased verbal fluency.

Neuroimaging
Fifteen of 17 patients had available brain MRI reports. Find-
ings included generalized atrophy in 7 of 15 patients, frontal
atrophy in 2 of 15 patients, small vessel disease in 2 of 15
patients, and 1 of 15 patient had midbrain atrophy. The
remaining 3 of 15 patients had a normal MRI. No patients
exhibited asymmetric atrophy.

Symptom Onset and Progression
MDwere the initial disease manifestation in 6 of 17 patients: 1
presented with cerebellar ataxia, 1 with hemichorea, 1 with
cervical dystonia, and 3 with parkinsonism. Among the other
11 patients, 8 presented with cognitive symptoms (7 with
FTD and 1 with learning disabilities) and 3 had a psychiatric
onset (1 recurrent panic attacks, 1 psychotic episode, and 1
schizoid personality disorder). In patients who did not pre-
sent with MD, median time from first symptom to de-
velopment of MD was 3.5 years (range 0–11 years).

During the follow-up, 10 of 17 patients developed FTD, 2 of
17 developed ALS, and 3 of 17 developed FTD/ALS overlap.
The 2 patients who continued to exhibit solely MD features at
the last follow-up had the earliest age at onset (AAO).

Movement Disorders
Most patients (13/17) had more than one MD. The most
frequent combination was tremor and parkinsonism (8/17
patients), 5 of whom also had myoclonus.

Tremor and parkinsonism were equally prevalent MD man-
ifestations in this cohort, each one affecting 11 of 17 patients
(table 1; figure 1). Phenomenologically, tremor usually re-
sembled ETS (8/11) as low-amplitude, high-frequency pos-
tural and intention tremor affecting the upper limbs
symmetrically. Other phenotypes, occasionally overlapping
with ETS-like tremor, included “jerky” arm tremor (2/11),
rest tremor affecting the arms alone (2/11) or legs with later
progression to the arms (3/11), tongue tremor (1/11), and
isolated “no-no” head tremor (1/11).

Parkinsonism was mild in 9 of 11 patients and severe and
rapidly progressive in the remaining 2 patients, leading them

Table 1 Clinical Features

Patient Sex
GGGCC
expansion

AAO,
y

AAO
MD, y FTD ALS Tremor Myoclonus Parkinsonism Ataxia Dystonia Chorea

1a Female Small 64 64 + − + − + + + −

2a Male Small 70 70 − + + + + − − −

3 Male Large 60 60 + − − + − − − +

4 Female Large 58 58 + − + + + − − −

5 Male Large 8 18 − − − + − − + +

6 Male Large 53 56 + − + − + − − −

7 Female Large 54 61 + − + − − − + −

8 Male Large 39 50 + + + + + − − −

9 Male Large 59 69 + + + − − − − −

10a Female Large 55 55 + − − − + − − −

11a Female Large 58 58 − + + − + − + +

12 Male Large 69 72 + − − − + − − −

13a Female Large 40 40 + − + − + − + −

14a Male Large 19 19 − − − − − − − +

15 Male Large 36 41 + + + + + − + −

16 Female Large 62 66 + − + + + − − −

17 Male Large 60 61 + − − − − − + +

Total, n (%
positive)

13
(76.5)

5
(29.4)

11
(64.7)

7 (41.2) 11 (64.7) 1 (5.8) 7 (41.2) 5 (29.4)

AAO of MD,
mean (SD)

57.55
(10.26)

51.86 (17.8) 57.27 (10.60) 64 49 (16.8) 43.2
(22.6)

Abbreviations: AAO = age at onset; ALS = amyotrophic lateral sclerosis; FTD = frontotemporal dementia; MD = movement disorder.
a Patients who had MD as the first manifestation of C9orf72 expansions.

Neurology.org/NG Neurology: Genetics | Volume 7, Number 2 | April 2021 3

http://neurology.org/ng


to become bedbound within a year from onset. Parkinsonism
was asymmetric in 6 of 11 patients; 3 of 11 patients received a
clinical diagnosis of CBS (video 1, segment 1, links.lww.com/
NXG/A396). DaTscan was performed in 3 of 11 patients and
was abnormal in all. Levodopa was administered to all 3 pa-
tients with abnormal DaTscan, providing subjective benefit in
2. One patient without available DaTscan did not improve
with levodopa.

Myoclonus was present in 7 of 17 patients. In most (6/7
patients), this manifested as distal stimulus-sensitive
jerks affecting both upper limbs (video 1, segment 1,
links.lww.com/NXG/A396), whereas one patient was
considered to have isolated myoclonus of the cheek by a
MD specialist.

Dystonia was observed in 7 of 17 patients during the follow-
up. In 5 of 7, it exclusively involved the cervical region,
whereas one patient had hemidystonia and another had dys-
tonic posturing of the arms.

Five patients had chorea, which was limited to the perioral
region in 2 patients, to one hemibody in another, and
generalized in 2. There were marked orofacial dyskinesias
in 4 of 5 patients with chorea (video 1, segment 2, links.
lww.com/NXG/A396) resembling tardive dyskinesia, al-
though only one patient had a previous history of neuro-
leptic exposure. One patient had prominent appendicular
ataxia.

Seizures occurred in 4 of 17 patients. Further details are
available in the table e-1 (links.lww.com/NXG/A395).

Comparison Between C9orf72 Patients With
and Without MD
Patients with HRE and MD (MD+) had a lower proportion of
ALS compared with patients with HRE without MD (MD−) (5/
17 in MD+ vs 17/23 MD−), a higher proportion of FTD (13/17
MD+ as opposed to 11/23 MD−) and longer median follow-up
times (8 years in MD+ compared with 3 years in MD−). Median
time from onset to death was longer in the patients with HRE and
MD than in those without MD (8 years in MD+ vs 2.5 years in
MD−). A family history of neurodegenerative disorders did not
differ between cohorts (11/17 MD+ vs 16/23 MD−) (table 3).
Noneof this results survived correction formultiple comparisons at
a pFDR = 0.05.

Discussion
This study examined the MD associated with HRE in C9orf72
and the differences between HRE carriers with and without
MD. Our findings suggest that MD are frequent in patients
with HRE in C9orf72 and often precede FTD/ALS. More-
over, MD can be the initial or even the sole manifestation of
C9orf72 HRE. Consequently, the spectrum of MD may be
significantly more diverse than previously appreciated.

Tremor and parkinsonism were the most frequent MD in our
cohort. Although rest tremor has previously been reported in
HRE carriers with parkinsonism, postural and intentional
tremor, frequently observed in our study, were only men-
tioned in one previous study as being rare.4,8

Parkinsonism is a well-recognized feature of the C9orf72HRE
syndrome, particularly in those with FTD phenotypes.

Table 2 Neuropsychometry

Patient
Executive
dysfunction

Impaired
memory

Slow processing
speed

Decreased
attention

Visuospatial
dysfunction

Impaired
calculation

Decreased verbal
fluency

1 X

2 X X

3 X

4 X X X X

5 X X

6 X

7 X X X

8 X X X

9 X X

10 X X X X

11 X

12 X X X

13 X X X X X

14 X X X X X
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However, in 2 patients, levodopa-unresponsive parkinsonism
was the cardinal clinical feature and exhibited a rapidly pro-
gressive course, which has not previously been reported.

Symmetric, stimulus-sensitive upper limb myoclonus, frequently
coexisting with parkinsonism, and chorea with marked orofacial
involvement were also a common finding in our cohort.

Despite MD being frequent in C9orf72 HRE carriers, the phe-
notypic manifestations do not fall neatly into other syndromic

categories, e.g., progressive supranuclear palsy andmultiple system
atrophy. It is therefore unlikely that misdiagnosis as neurodegen-
erative entities other thanFTDorALSwould occur.2This perhaps
explains the low frequency of C9orf72 HRE among patients
with clinical diagnoses of other neurodegenerative conditions.7,11

None of the contrasts between C9orf72 HRE with and without
MD survived multiple comparisons correction. This may be re-
lated to the small sample sizes in both cohorts (MD+ andMD−),
which is inherent to the low frequency of C9orf72 expansions.

Figure 1 Distribution of Movement Disorders in Patients With Hexanucleotide Repeat Expansions in C9orf72

Table 3 Comparison Between Patients With and Without MD

MD-positive (n = 17) MD-negative (n = 23)

Raw p value FDRMedian IQR Median IQR

AAO, y 58 40–60 60 54–63 0.166 Not significant

Onset to death, y (n = 6) 8 5–11 (n = 14) 2.5 2–6 0.166 Not significant

Follow-up, y 8 4–11 3 2–6 0.021 Not significant

Onset to MD, y 3.5 0.5–8.5 N/A N/A N/A N/A

Age at last visit, y 66 59–69 65 56–69 0.974 Not significant

n (%) n (%)

FTD 13 (76.5) 11 (47.8) 0.104 Not significant

ALS 5 (29.4) 17 (73.9) 0.010 Not significant

FH 11 (64.7) 16 (69.5) 0.341 Not significant

Seizures 4 (23.5) 0 (0) 0.008 Not significant

First symptom Cognitive: 8 (47)
MD: 6 (35.3)
Psychiatric: 3 (17.6)

Cognitive: 7 (30.4)
Neuromuscular: 16 (69.5)

N/A N/A

Abbreviations: AAO = age at onset; ALS = amyotrophic lateral sclerosis; FH = family history of ALS or dementia in first-degree relatives; FDR = false discovery
rate; FTD = frontotemporal dementia; IQR = interquartile range; MD = movement disorder; N/A = not applicable.
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However, MD were less common in those presenting with ALS
phenotypes. This may simply reflect shorter follow-up times and
difficulty in identifying certainMD in the context of ALS.1,2,10 Of
note, the 2 sole patients who did not develop FTD or ALS had
the earlier AAO, being therefore possible that either of these
conditions is developed during the follow-up.

Our study has several limitations, mainly derived from its retro-
spective nature. Video recordings were only available in 2 patients,
information about previous medications was not systematically
recorded in medical notes, and none of our patients had neuro-
physiologic studies performed. Furthermore, most of the patients
were unable to visit our hospital for a clinical review. Clinical data
therefore had to be obtained from the medical record and/or
discussion with the treating consultant whenever necessary.

Our results suggest that C9orf72-associated MD are clinically
heterogeneous and frequently found in combination. ETS-like
tremor, parkinsonism, distal myoclonus, chorea with orofacial
involvement, and cervical dystonia in the context of familial
neurodegenerative conditions should prompt molecular ge-
netic testing of the C9orf72 gene. Further prospective, sys-
tematic studies are needed to accurately assess the phenotypic
manifestations of C9orf72-associated MD.
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Abstract
Objective
Alzheimer disease (AD) is a common and costly neurodegenerative disorder. A large pro-
portion of AD risk is heritable, and many genetic risk factors have been identified. The objective
of this study was to test the hypothesis that cumulative genetic risk of known AD markers
contributed to odds of dementia in a population-based sample.

Methods
In the US population-based Health and Retirement Study (waves 1995–2014), we evaluated
the role of cumulative genetic risk of AD, with and without the APOE «4 alleles, on dementia
status (dementia, cognitive impairment without dementia, borderline cognitive impairment
without dementia, and cognitively normal). We used logistic regression, accounting for de-
mographic covariates and genetic principal components, and analyses were stratified by Eu-
ropean and African genetic ancestry.

Results
In the European ancestry sample (n = 8,399), both AD polygenic score excluding the APOE
genetic region (odds ratio [OR] = 1.10; 95% confidence interval [CI]: 1.00–1.20) and the
presence of any APOE «4 alleles (OR = 2.42; 95%CI: 1.99–2.95) were associated with the odds
of dementia relative to normal cognition in a mutually adjusted model. In the African ancestry
sample (n = 1,605), the presence of any APOE «4 alleles was associated with 1.77 (95% CI:
1.20–2.61) times higher odds of dementia, whereas the AD polygenic score excluding the
APOE genetic region was not significantly associated with the odds of dementia relative to
normal cognition 1.06 (95% CI: 0.97–1.30).

Conclusions
Cumulative genetic risk of AD and APOE «4 are both independent predictors of dementia in
European ancestry. This study provides important insight into the polygenic nature of dementia
and demonstrates the utility of polygenic scores in dementia research.\

From the Department of Epidemiology (K.M.B., S.L.R.K., J.A.S.), School of Public Health, University of Michigan; Survey Research Center (H.S.V., J.D.F., S.G.H., K.M.L., C.M.M., E.B.W.),
Institute for Social Research, University of Michigan; VA Center for Clinical Management Research (K.M.L.), Ann Arbor, MI; Department of Neurology (J.J.M.), Columbia University, and
the Taub Institute for Research on Alzheimer’s Disease and the Aging Brain (J.J.M.), New York; and Department of Mental Health (K.S.B.), Bloomberg School of Public Health, Johns
Hopkins University, Baltimore, MD.

Go to Neurology.org/NG for full disclosures. Funding information is provided at the end of the article.

The Article Processing Charge was funded by the NIH.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2021 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.0000000000000576
mailto:bakulski@umich.edu
https://ng.neurology.org/content/7/2/e576/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


Dementia is characterized by progressive cognitive decline,
leading to a loss of independence. The population of those
aged 65+ years is estimated to grow from 55million in 2019 to
88million in 2050, and the number of people with dementia is
predicted to increase.1 In 2019, the estimated health care,
long-term care, and hospice costs associated with dementia
were $290 billion.1 Heritability estimates for dementia at-
tribute 50–80% of risk to genetic factors.2 The most common
dementia genetic susceptibility locus is in the APOE gene,
represented by multiple alleles («2, «3, and «4). In European
and African ancestry samples, APOE e4 alleles increase the
risk of dementia, although they are neither necessary nor
sufficient for disease.3,4 Understanding etiologic factors is
essential for dementia prevention and potential treatment.

Alzheimer disease (AD) is implicated in 70% of dementia
cases,5 and late-onset AD is the more common and sporadic
form of AD. Late-onset AD genome-wide association studies
(GWASs) have identified many single nucleotide polymor-
phisms (SNPs).6 Based on this a priori knowledge of AD
genetics, cumulative genetic risk of AD can be summarized
using polygenic scores (PGSs). In a recent familial AD study
of non-Hispanic White participants, an unweighted PGS
constructed using 19 genome-wide significant AD SNPs,
observed a 1-SD unit increase in the PGS was associated with
1.29 times increased odds of clinically diagnosed late-onset
AD (95% confidence interval [CI]: 1.21–1.37), relative to
unaffected family members.7 The utility of a weighted AD
PGS, independent of APOE, has not been tested in multiple
ancestries or with population-based dementia outcomes.

We investigated whether cumulative genetic risk of AD—over
and above the risk established by the APOE «4 allele—was
associated with dementia or cognitive impairment in 2 genetic
ancestries. In a large, population-based study, the Health and
Retirement Study (HRS), we characterized the utility of AD
PGS in European ancestry as well as African ancestry, where
the PGS may have value, albeit as a less informative in-
strument given the European-based GWAS weights. We
provide important insight into the genetic correlates of de-
mentia and demonstrate the utility of AD PGSs in dementia
research across ancestries.

Methods
Health and Retirement Study
The HRS is a US nationally representative, longitudinal
panel cohort study of adults older than 50 years (n; 22,000,

per wave).8 The HRS was collected biennially beginning in
1992, through face-to-face interviews, mail-in surveys, and
leave-behind questionnaires, with samples obtained for
genotyping (2006–2012). This analysis included 10 waves
(1995–2014). The HRS is sponsored by the National In-
stitute on Aging (U01AG009740) and is conducted by the
University of Michigan. Informed consent was obtained
from all participants.

Standard Protocol Approvals, Registrations,
and Patient Consents
The Health and Retirement Study is sponsored by the Na-
tional Institute on Aging (NIA U01AG009740) and is con-
ducted by the University of Michigan. Before each interview,
participants are provided with a written informed consent
information document. At the start of each interview, all re-
spondents are read a confidentiality statement and give oral
consent by agreeing to do the interview. The University of
Michigan Institutional Review Board approved the collection
of these data (HUM00061128 and HUM00056464). This
secondary data analysis was exempt and not regulated as de-
termined by the University of Michigan Institutional Review
Board (HUM00128220).

Cognitive Outcome
Cognition status at each wave was assigned using the Langa-
Weir method.9 Cognition status at 3 levels (dementia, cog-
nitive impairment–no dementia [CIND], and normal cogni-
tion) was assigned using survey instruments. For missing
values, multivariate, regression-based imputation and variance
estimation were used.10 The Langa-Weir method was vali-
dated against a clinically evaluated subsample of the HRS
where 76% of self-respondents and 84% of proxy respondents
were correctly classified with dementia.11

Cognition can fluctuate between waves. We were interested in
cumulative cognitive status; thus, we constructed summary
cognition measures based on all available wave-specific values
(ranging from 3 to 10 waves). Observations were excluded if the
participant was less than 60 years old at cognitive assessment.
Participants were assigned 1 of 5 possible summary cognitive
statuses: dementia, CIND, borderline CIND, cognitively normal,
and unclassified (table e-1, links.lww.com/NXG/A393). Un-
classified summary cognitive status participants were excluded.

Genetic Variables
Genetic data (waves 2006, 2008, and 2010) were downloaded
from dbGap (phs000428.v2.p2). Saliva DNA was genotyped
on the Illumina Human Omni-2.5-4v1 and Illumina Human

Glossary
AD = Alzheimer dementia; AUC = area under the curve; BMI = body mass index; CI = confidence interval; CIND = cognitive
impairment—no dementia; df = degrees of freedom; GWAS = genome-wide association study;HRS = Health and Retirement
Study; PC = principal component; PGS = polygenic score; ROC = receiver operating characteristic; SNP = single nucleotide
polymorphism.
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Omni-2.5-8v1 Quad BeadChips12 at the Center for Inherited
Disease Research. Autosomal SNPs were filtered on missing
call rate >5% and minor allele frequency <5%. The highly
variant lactase gene, HLA gene, 8p23, and 17q21.31 regions
were excluded.

Genetic ancestry was identified through principal component
(PC) analysis on independent genome-wide SNPs. The Eu-
ropean ancestry sample included all self-reported non-
Hispanic White participants within 1 SD of the mean for
eigenvector 1 (n = 9,991 non-Hispanic White/European an-
cestry). The African ancestry sample included all self-reported
non-Hispanic Black participants within 2 SDs of the mean of
eigenvector 1 and 1 SD of the mean for eigenvector 2 (n =
2,279 non-Hispanic Black/African ancestry). In the HRS
analytic sample, self-reported race/ethnicity and genetic an-
cestry are perfectly correlated by selection, eliminating our
ability to test for effects in discordant or mixed racial/ancestral
groups. To create sample eigenvectors for population strati-
fication covariates, PC analysis was performed again within
each ancestry sample.

Two genetic variants (rs7412 and rs429358) contribute to 3
APOE alleles («2, «3, and «4). One of 6 APOE genotypes («2/
«2, «2/«3, «2/«4, «3/«3, «3/«4, and «4/«4) was assigned
using 1000 Genomes Project imputation.13 Primary analyses
indicated the binary presence of the «4 allele. Sensitivity
analyses included additional APOE genotype categorizations.

Cumulative genetic risk of AD was calculated using PGS12

with the following formula:

PGSi = +J
j = 1WjGij

where i is individual (i = 1 to N), j is SNP (j = 1 to J), andW is
the GWAS meta-analysis effect size for SNP j. G is the
number of variant alleles genotyped (0, 1, or 2), for in-
dividual i at SNP j. Effect estimates were derived from an AD
meta-analysis GWAS (stage 1) in European ancestry with
21,982 cases and 41,944 controls.6 Summary statistics were
downloaded from the National Institute on Aging Genetics
of Alzheimer’s Disease Data Storage Site (niagads.org/
datasets/ng00075). We identified SNPs that overlapped
between the HRS measured genotypes and the AD GWAS
summary statistics,6 after removing the region on chromo-
some 19 containing the linkage disequilibrium block of the
APOE gene (chr19:45384477-45432606, GRCh37/hg19)
from the summary statistics. After evaluating PGS developed
across multiple p value thresholds for outcome association,14

SNPs with p < 0.01 in the summary statistics were included
in the PGS.

Although the AD GWAS was conducted in individuals of
European ancestry, we conducted our analyses in both Eu-
ropean and African ancestry samples. We note the HRS rec-
ommendation12 that “PGSs for other ancestry groupsmay not

have the same predictive capacity” and “users (should) per-
form analyses separately by ancestral group and adjust for
PCs.” We emphasize the need for large GWAS on non-
European ancestries with available summary statistics to ad-
vance the knowledge in this field. AD PGSs were z-score
standardized within ancestry.

Covariates
Information on sex (female and male) and years of education
was collected at the first HRS visit. At last cognitive assess-
ment, we considered respondent age and year in our analyses.

In sensitivity models, we included additional dementia risk
factors: smoking behavior,15 alcohol use,16 body mass index
(BMI),17 and history of hypertension,18 diabetes,19 depressive
symptoms,20 and stroke.21 History of hypertension (no/yes),
diabetes (no/yes), smoking (never, former, or current), and
alcohol use (never/yes) were assessed at the last cognitive
visit using variables from the RAND Center for the Study of
Aging, which is supported by the National Institute of Aging
and Social Security Administration.22 If the last cognitive visit
was face to face, we preferentially used the concurrent mea-
sured BMI (kg/m2), followed by the participant’s self-
reported BMI at that wave. If these 2 values were missing,
we selected prior wave measured BMI followed by prior wave
self-reported BMI. Depressive symptoms, measured by the
8-item Center for Epidemiological Scales—Depression
questionnaire, were averaged across all waves concurrent to
and prior to the last cognitive measure. This value was di-
chotomized at the ancestry-specific mean of depressive
symptoms. At each wave, participants were queried on their
history of stroke or TIA. This information was used to con-
struct a summary variable for ever having a stroke (no/yes) at
the last year of cognitive assessment.

Statistical Analysis
Analyses were performed using SAS 9.4 (SAS Institute, Cary,
NC) and R (version 3.5.1). We calculated univariate and bi-
variate descriptive statistics. Multiple covariates (sex, age,
APOE «4, and education) violated the proportional odds as-
sumptions. Thus, we used separate logistic regressions to
model the odds of impaired cognition (dementia, CIND, or
borderline CIND) with normal cognition as the reference.
Analyses were stratified by ancestry (European and African).
Stratification is essential given genetic architecture varies by
ancestry, the PGSs were created using European ancestry
weights,6 and risk factor profiles vary across groups.23

Model 1 included age and year of last visit, sex, educational
attainment, and 2 ancestry-specific genetic PCs. Model 2
added one of the AD genetic components (model 2a: AD
PGS; model 2b: APOE «4 status) to model 1. Model 3 added
both genetic components to model 1.

Sensitivity Analyses
To assess robustness to methodological and analytic deci-
sions, we conducted several sensitivity analyses. First, to assess
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potential linear deviations among pairs of AD PGSs, we tested
correlation (Pearson) between an ADPGSwithout variants in
the APOE gene region (removing 444 variants from chr19:
45384477-45432606, GRCh37/hg19 from the summary sta-
tistics; table e-2, links.lww.com/NXG/A393), to a PGS in-
cluding APOE gene region variants. Second, to examine the
effect of different p value cutoffs for variants included in the
AD PGS, we compared the performance of AD PGS de-
veloped using variable GWAS p value thresholds (pT = 1, 0.3,
0.1, 0.05, 0.01, 0.001) in model 2a. Third, to account for
potential survival bias, logistic models were repeated after
removing the oldest HRS cohorts, Assets and Health Dy-
namics (AHEAD: birth year <1924) and Children of the
Depression Era (CODA: birth years 1923–1930). Fourth, to
test whether the effect of AD PGS was different in the pres-
ence of APOE and vice versa, we tested for multiplicative
interaction between APOE and the AD PGS. Fifth, to char-
acterize the APOE locus, a set of logistic regression models
examined a 3-level APOE variable, based on the number of «4
copies (0, 1, and 2).We did not have enough individuals in the
protective «2/«2 haplotype (<1% of the total sample in each
ancestry) to assess. Sixth, to assess the potential role of health
behaviors on the relationships presented, we included model
3 variables as well as history of hypertension, diabetes, smoking,
alcohol use, stroke, and depressive symptoms (model 4).

Receiver Operating Characteristic Curve
To evaluate classification capability, receiver operating char-
acteristic (ROC) curves were estimated using areas under the
curve (AUC) of logistic models of dementia vs normal cog-
nition. C-statistics from models 2a, 2b, 3, and 4 were com-
pared with model 1 to assess whether the addition of AD PGS,
APOE «4 status, or the combination of AD PGS and APOE «4
status improved the classification ability over that of the
model 1.We further evaluated the AUCofmodel 3 (with both
AD PGS and APOE «4 status) relative to model 2b (only
APOE «4 status) to determine whether the addition of AD
PGS improved the classification of dementia and normal
cognition over and above APOE «4 status.

Attributable Fraction
To determine the proportion of the dementia burden that
would be reduced in the absence of elevated cumulative ge-
netic risk, we calculated the attributable fraction for adjusted
impaired cognition vs normal cognition regression models.
We first compared those in the highest 20th percentile of AD
PGS with those in the lowest 20th percentile of AD PGS.
Next, we compared those with at least 1 copy of APOE «4
with those without the allele. We calculated the population
attributable fractions and confidence intervals using the AF
package with the case-control option.

Data Availability
All HRS survey data are publicly available (hrs.isr.umich.edu/
data-products). The genetic data are available from the dbGaP
database (accession phs000428.v2.p2). Analytic code is also
publicly available (github.com/bakulskilab).

Results
Sample Description
Analyses were performed in both European (n = 8,399) and
African (n = 1,605) ancestry samples (figure e-1, links.lww.
com/NXG/A393). In the European ancestry sample, 8.6%
were classified with dementia, 8.5% with CIND, and
15.0% with borderline CIND (table e-3). In the African
ancestry sample, 16.9% were classified with dementia,
21.8% with CIND, and 19.4% with borderline CIND. The
proportion of cases in each cognitive status differed by
ancestry (p < 0.001).

The majority of the participants in the samples were female
(European = 57.0%; African = 63.1%). The average age at the
participant’s last cognition visit was 75.3 years (SD = 9.04) in
the European ancestry group and 72.2 years (SD = 8.83) in
the African ancestry group. Sex, age, education, year of last
visit, and APOE «4 status differed by ancestry (p < 0.01). The
prevalence of APOE «4 was lower in the European sample
(26.3%) than in the African sample (36.9%). Hypertension,
diabetes, smoking, alcohol use, and stroke status also differed
by ancestry (p ≤ 0.001). AD PGSs were normally distributed
within ancestries.

Bivariate Analyses
In the European ancestry sample, there were differences in
demographic characteristics by summary cognitive status
(dementia, CIND, borderline CIND, and normal) (table 1).
The mean age at last visit of those with dementia (84.2 years;
SD = 7.73) was higher than those with normal cognition (72.9
years; SD = 8.17). The mean years of education were lower in
those with dementia (11.9 years; SD = 2.90) compared with
those with normal cognition (13.7 years; SD = 2.31). Among
participants with impaired cognition, there were higher pro-
portions of APOE «4 carriers and history of hypertension,
diabetes, stroke and depression, compared to those with
normal cognition (p < 0.001). Lower mean BMI, less alcohol
use, and lower proportions of current smokers were observed
in those with impaired cognition compared with normal
cognition (p < 0.001). PGS for AD, with and without the
APOE gene region, was higher with impaired cognition (p <
0.003) (figure e-2, links.lww.com/NXG/A393).

In the African ancestry sample, the mean age at last visit of
those with dementia (78.8; SD = 9.16) was higher than those
with normal cognition (68.4; SD = 6.84). The mean years of
education were lower among those with dementia (9.49 years;
SD = 3.82), relative to those with normal cognition (13.3
years; SD = 2.35). Among those with impaired cognition,
there was a higher proportion of participants with history of
hypertension, diabetes, stroke, and depression compared to
participants with normal cognition (p < 0.01). Higher mean
BMI and more alcohol use were observed in those with
normal cognition relative to impaired cognition (p < 0.01).
PGS for AD, with and without the APOE gene region, was
higher with impaired cognition (p < 0.005).
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Table 1 Bivariate Analyses of Covariates by Cognition Status Stratified by Ancestry Among Health and Retirement Study
(HRS) Participants With Core Measurements Taken From 1995 to 2014

European ancestry (n = 8,399) African ancestry (n = 1,605)

Normal
(n = 5,708)

Borderline
CIND (n = 1,256)

CIND
(n= 711)

Dementia
(n = 724)

p
Value

Normal
(n = 672)

Borderline
CIND (n = 312)

CIND
(n = 350)

Dementia
(n = 271)

p
Value

AD polygenic
score (no APOE)a

−0.03
(1.01)

0.09 (0.98) 0.02
(1.00)

0.03 (0.99) 0.003 −0.10
(1.01)

0.00 (1.03) −0.02
(0.96)

0.15 (0.96) 0.007

AD polygenic
score (with APOE)

−0.03
(1.00)

0.10 (0.99) 0.03
(0.98)

0.06 (1.01) <0.001 −0.10
(1.01)

0.00 (1.03) −0.02
(0.96)

0.15 (0.96) 0.005

APOE variant
statusb

— —

«2/«2 29 (0.51) 12 (0.96) 5 (0.70) 1 (0.14) 6 (0.89) 5 (1.60) 7 (2.00) 2 (0.74)

«2/«3 780 (13.7) 144 (11.5) 83 (11.7) 72 (9.94) 89 (13.2) 41 (13.1) 49 (14.0) 40 (14.8)

«2/«4 117 (2.05) 23 (1.83) 17 (2.39) 26 (3.59) 23 (3.42) 19 (6.09) 16 (4.57) 19 (7.01)

«3/«3 3,528
(61.8)

738 (58.8) 408
(57.4)

391 (54.0) 337 (50.1) 153 (49.0) 173
(49.4)

111 (41.0)

«3/«4 1,161
(20.3)

306 (24.4) 183
(25.7)

211 (29.1) 188 (28.0) 80 (25.6) 95 (27.1) 85 (31.4)

«4/«4 93 (1.63) 33 (2.63) 15 (2.11) 23 (3.18) 29 (4.32) 14 (4.49) 10 (2.86) 14 (5.17)

APOE «4 binary
statusc

<0.001 0.093

No «4 allele 4,337
(76.0)

894 (71.2) 496
(69.8)

464 (64.1) 432 (64.3) 199 (63.8) 229
(65.4)

153 (56.5)

«4 allele
present

1,371
(24.0)

362 (28.8) 215
(30.2)

260 (35.9) 240 (35.7) 113 (36.2) 121
(34.6)

118 (43.5)

Age at last visit 72.9 (8.17) 78.1 (8.54) 80.8
(8.40)

84.2 (7.73) <0.001 68.4
(6.84)

71.4 (7.76) 75.1
(8.94)

78.8 (9.16) <0.001

Year of last visit <0.001 <0.001

2006 122 (2.1) 40 (3.2) 36 (5.1) 17 (2.4) 8 (3.0) 10 (2.9) 6 (1.9) 9 (1.3)

2008 318 (5.6) 116 (9.2) 65 (9.1) 66 (9.1) 32 (11.8) 32 (9.1) 11 (3.5) 20 (3.0)

2010 274 (4.8) 108 (8.6) 68 (9.6) 103 (14.2) 29 (10.7) 34 (9.7) 11 (3.5) 27 (4.0)

2012 347 (6.1) 165 (13.1) 105
(14.8)

164 (22.7) 39 (14.4) 25 (7.1) 19 (6.1) 28 (4.2)

2014 4,647
(81.4)

827 (65.8) 437
(61.5)

374 (51.7) 163 (60.2) 249 (71.1) 265
(84.9)

588 (87.5)

Sex 0.004 0.067

Male 2,403
(42.1)

582 (46.3) 333
(46.8)

295 (40.7) 226 (33.6) 116 (37.2) 147
(42.0)

103 (38.0)

Female 3,305
(57.9)

674 (53.7) 378
(53.2)

429 (59.3) 446 (66.4) 196 (62.8) 203
(58.0)

168 (62.0)

Education years 13.7 (2.31) 12.6 (2.37) 11.6
(2.70)

11.9 (2.90) <0.001 13.3
(2.35)

12.2 (2.37) 10.3
(2.90)

9.49 (3.82) <0.001

Cohort <0.001 <0.001

AHEAD 371 (6.50) 212 (16.9) 176
(24.8)

275 (38.0) 12 (1.79) 11 (3.53) 38 (10.9) 54 (19.9)

CODA 428 (7.50) 172 (13.7) 126
(17.7)

147 (20.3) 5 (0.74) 10 (3.21) 34 (9.71) 30 (11.1)

Remaining HRS
cohorts

4,909
(86.0)

872 (69.4) 409
(57.5)

302 (41.7) 655 (97.5) 291 (93.3) 278
(79.4)

187 (69.0)

Continued
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Adjusted Association of Genetics With
Dementia Outcomes
Logistic regression models were run separately by ancestry
(table 2). In the European ancestry sample, age and education

(model 1) were associated with each impaired cognitive status
relative to normal cognition (p < 0.0001). AD PGS, without
the APOE gene region, was associated with dementia com-
pared with normal cognition (model 2a: OR = 1.13, 95% CI:

Table 1 Bivariate Analyses of Covariates by Cognition Status Stratified by Ancestry Among Health and Retirement Study
(HRS) Participants With Core Measurements Taken From 1995 to 2014 (continued)

European ancestry (n = 8,399) African ancestry (n = 1,605)

Normal
(n = 5,708)

Borderline
CIND (n = 1,256)

CIND
(n= 711)

Dementia
(n = 724)

p
Value

Normal
(n = 672)

Borderline
CIND (n = 312)

CIND
(n = 350)

Dementia
(n = 271)

p
Value

BMI (kg/m2) at
last visit

29.0 (6.14) 28.2 (6.11) 27.3
(6.22)

25.5 (5.36) <0.001 31.5
(7.31)

30.7 (7.13) 30.2
(7.48)

27.7 (6.49) <0.001

Ever
hypertension

<0.001 <0.001

No 2,090
(36.6)

330 (26.3) 186
(26.2)

190 (26.2) 134 (19.9) 61 (19.6) 43 (12.3) 29 (10.7)

Yes 3,618
(63.4)

926 (73.7) 525
(73.8)

534 (73.8) 538 (80.1) 251 (80.4) 307
(87.7)

242 (89.3)

Diabetes status <0.001 0.005

No 4,420
(77.4)

910 (72.5) 488
(68.6)

540 (74.6) 437 (65.0) 180 (57.7) 198
(56.6)

148 (54.6)

Yes 1,288
(22.6)

346 (27.5) 223
(31.4)

184 (25.4) 235 (35.0) 132 (42.3) 152
(43.4)

123 (45.4)

Stroke status <0.001 <0.001

No 5,303
(92.9)

1,074 (85.5) 576
(81.0)

508 (70.2) 620 (92.3) 282 (90.4) 286
(81.7)

184 (67.9)

Yes 405 (7.10) 182 (14.5) 135
(19.0)

216 (29.8) 52 (7.74) 30 (9.62) 64 (18.3) 87 (32.1)

Depression
status

<0.001 <0.001

Low CESDd 3,996
(70.0)

700 (55.7) 360
(50.6)

361 (49.9) 477 (71.0) 206 (66.0) 169
(48.3)

123 (45.4)

High CESD 1,712
(30.0)

556 (44.3) 351
(49.4)

363 (50.1) 195 (29.0) 106 (34.0) 181
(51.7)

148 (54.6)

Smoking status <0.001 0.434

Never 2,509
(44.0)

503 (40.0) 267
(37.6)

329 (45.4) 288 (42.9) 129 (41.3) 129
(36.9)

108 (39.9)

Former 2,686
(47.1)

621 (49.4) 365
(51.3)

365 (50.4) 289 (43.0) 131 (42.0) 168
(48.0)

128 (47.2)

Current 513 (8.99) 132 (10.5) 79 (11.1) 30 (4.14) 95 (14.1) 52 (16.7) 53 (15.1) 35 (12.9)

Alcohol status <0.001 <0.001

No 2,420
(42.4)

725 (57.7) 488
(68.6)

565 (78.0) 395 (58.8) 198 (63.5) 254
(72.6)

220 (81.2)

Yes 3,288
(57.6)

531 (42.3) 223
(31.4)

159 (22.0) 277 (41.2) 114 (36.5) 96 (27.4) 51 (18.8)

Abbreviations: AHEAD = asset and health dynamics among the oldest old; CESD = Center for Epidemiologic Studies for Depression Scale; CIND = cognitive
impairment–no dementia; CODA = children of the depression study.
The analytic sample includes participants at least 3 visits of cognitionmeasured from ages 60 years and older with an assigned cognition status and complete
genetic information. Analysis was split by genetic ancestry determinedby principal component analysis: European ancestry (n = 8,399) and African ancestry (n
= 1,605). Associations by race between cognition status (normal, borderline CIND, CIND, and dementia) were tested by ancestry. Categorical variables are
represented by n (%) with χ2 test for association. Continuous variables are represented by mean (SD) with analysis of variance test for association.
a Weights derived from Kunkle et al. (IGAP, 2019).6
b APOE status was genotyped using 2 single nucleotide polymorphisms (rs7412 and rs429358) resulting in 3 alleles of APOE. The frequencies listed are of the
possible allelic combinations.
c Binary status was determined by the presence of the e4 allele in participants.
d Binary cutoff determined by ancestry-specific median of all CESD measures before last cognitive assessment.
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1.03–1.24). APOE «4 status was also associated with de-
mentia compared with normal cognition (model 2b: OR =
2.46, 95% CI: 2.02–2.99). In model 3, both AD PGS and
APOE «4 status were significantly and independently associ-
ated with dementia relative to normal cognition. A 1 SD in-
crease in AD PGS was associated with a 1.10 (95% CI:
1.00–1.20) times higher odds of dementia relative to normal
cognition in European ancestry. Carrying an APOE «4 allele
was associated with 2.42 (95% CI: 1.99–2.95) times higher
odds of dementia, relative to normal cognition in European
ancestry.

In the African ancestry sample, age and education (model 1)
were associated with each abnormal cognitive status relative

to normal cognition (p < 0.003). AD PGS, without the APOE
gene region, was not associated with dementia compared with
normal cognition (model 2a: OR = 1.29, 95% CI: 0.98–1.70).
APOE «4 status was associated with dementia compared with
normal cognition (model 2b: OR = 1.77, 95% CI: 1.20–2.61).
In model 3, APOE «4 status remained significantly associated
with dementia relative to normal cognition (OR = 2.10, 95%
CI: 1.34–3.28).

Sensitivity Analyses
We compared the primary AD PGS excluding the APOE gene
region to an AD PGS including the APOE gene region using a
correlation test. These 2 AD PGSs were highly correlated
(rEuropean = 0.9772, p < 0.0001; rAfrican = 0.9981, p < 0.0001).

Table 2 Odds Ratios (ORs) of Cognitive Status, Relative to Normal Status, Explained by 1 SD Increase of Polygenic Score
and the Presence of an APOE «4 Allele in Participants in the Health and Retirement Study (HRS), of European and
African Ancestries, Adjusted for Age, Sex, Education, Year of Last Visit, Genetic Principal Component (PC) 1, and
Genetic PC 2

N

Model 2a Model 2b Model 3 Model 4

OR 95% CI p Value OR 95% CI p Value OR 95% CI p Value OR 95% CI p Value

European ancestry 8,399

Polygenic score

Normal 5,708 Ref Ref Ref

Borderline CIND 1,256 1.15 1.08–1.23 <0.0001 — — 1.14 1.07–1.21 <0.0001 1.13 1.06–1.21 <0.0001

CIND 711 1.06 0.97–1.16 0.188 — — — 1.05 0.96–1.14 0.298 1.05 0.96–1.15 0.288

Dementia 724 1.13 1.03–1.24 0.008 — — — 1.10 1.00–1.20 0.049 1.10 0.99–1.21 0.07

APOE «4

Normal 5,708 Ref Ref — — Ref —

Borderline CIND 1,256 — — — 1.46 1.26–1.69 <0.0001 1.43 1.24–1.65 <0.0001 1.45 1.25–1.68 <0.0001

CIND 711 — — — 1.74 1.43–2.11 <0.0001 1.73 1.43–2.10 <0.0001 1.70 1.39–2.07 <0.0001

Dementia 724 — — — 2.46 2.02–2.99 <0.0001 2.42 1.99–2.95 <0.0001 2.30 1.86–2.85 <0.0001

African ancestry 1,605

Polygenic score

Normal 672 Ref — — — Ref Ref

Borderline CIND 312 1.06 0.87–1.29 0.562 — — — 1.06 0.87–1.30 0.555 1.07 0.86–1.28 0.519

CIND 350 0.96 0.76–1.20 0.702 — — — 0.96 0.76–1.20 0.706 0.92 0.74–1.16 0.46

Dementia 271 1.29 0.98–1.70 0.072 — — — 1.29 0.97–1.70 0.076 1.25 0.95–1.65 0.141

APOE «4

Normal 672 — — — Ref Ref Ref

Borderline CIND 312 — — — 1.10 0.82–1.47 0.541 1.10 0.82–1.47 0.534 1.12 0.84–1.51 0.443

CIND 350 — 1.08 0.78–1.50 0.644 1.08 0.78–1.50 0.648 1.14 0.81–1.61 0.45

Dementia 271 1.77 1.20–2.61 0.004 1.77 1.20–2.61 0.004 1.74 1.15–2.63 0.009

Abbreviations: BMI = body mass index; CI = confidence interval; CIND = cognitive impairment–no dementia.
Final model was additionally adjusted for by BMI, hypertension, diabetes, stroke, depression, smoking, and alcohol. Logistic regressions were performed on
data subset.
Model 2a: β 0+ β1(Polygenic score) + β2(age at last visit) + β3(sex) + β4(educational attainment) + β5(year of last visit) + β6(PC1) + β7(PC2).
Model 2b: β 0+ β1(APOE «4) + β2(age at last visit) + β3(sex) + β4(educational attainment) + β5(year of last visit) + β6(PC1) + β7(PC2).
Model 3: β 0+ β1(Polygenic score) + β2(APOE «4) + β3(age at last visit) + β4(sex) + β5(educational attainment) + β6(year of last visit) + β7(PC1) + β8(PC2).
Model 4: β 0+ β1(Polygenic score)+ β2(APOE «4) + β3(age)+ β4(sex)+ β5(educational attainment) + β6(year of last visit) + β7(PC1) + β8(PC2) + β9(BMI) +
β10(hypertension) + β11(diabetes) + β12(stroke) + β13(depression) + β14(smoking) + β15(alcohol).
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To examine the effect of GWAS p value threshold selection
for SNP inclusion in the PGS, we compared PGSs de-
veloped using variable p value thresholds. Correlations
between PGSs at different p value threshold cutoffs ranged
from 0.30 to 0.98 in the European ancestry sample and
from 0.41 to 0.99 in the African ancestry sample (table e-4,
links.lww.com/NXG/A393). In the European ancestry
sample in model 2a, all AD PGSs were associated with the
odds of borderline CIND (p < 0.05), whereas no AD PGSs
were associated with the odds of CIND (table e-5). The
relationship between AD PGS and dementia was sensitive
to pT. The AD PGS was associated with dementia status at
pT = 0.01 and pT = 0.001 (p < 0.01), but not associated at
pTs > 0.01. In the African ancestry sample, AD PGS was
not associated with odds of impaired cognition, relative to
normal cognition at any pT.

To account for potential survival bias in our study sample, the
oldest HRS cohorts (AHEAD and CODA) were removed,
dropping the sample size from n = 10,004 to n = 7,913
(nEuropean = 6,492; nAfrican = 1,421). In this European ancestry
subset in model 3, a 1 SD increase in AD PGS was not as-
sociated with the odds of dementia OR = 1.05 (95% CI:
0.92–1.20), relative to normal cognition (table e-6, links.lww.
com/NXG/A393). The presence of APOE «4 remained as-
sociated with the odds of dementia relative to normal cog-
nition OR = 2.60 (95%CI: 2.00–3.38). In the African ancestry
subset when AHEAD and CODA were removed, the APOE
«4 relationship attenuated (from 1.77 to 1.55) but remained
associated with dementia.

We tested for a multiplicative interaction between having any
copies of the APOE «4 allele and the AD PGS. There was not
an interaction between APOE «4 and the PGS excluding
APOE region (ORinteraction = 1.10, p = 0.30). There was also
not an interaction between APOE «4 and the PGS including
the APOE region (ORinteraction = 1.09, p = 0.34). This suggests

that the effect of the APOE «4 allele is the same as the APOE
region.

We assessed alternative APOE categories (table e-7, links.lww.
com/NXG/A393). In European and African ancestry models,
having 1 copy and having 2 copies of APOE «4 compared with
no copies both increased the odds of impaired cognition over
normal cognition. Although this may indicate utility in
modeling APOE «4 as 2 indicators for 1 or 2 copies of an «4
allele, the relative prevalence of 2 «4 copies limits the power
(prevalence < 5% in each ancestry).

To assess the robustness of our findings, we additionally ad-
justed for dementia risk factors (BMI, hypertension, de-
pression, diabetes, smoking, alcohol use, and stroke) (table 2;
model 4). In European ancestry, the association between
APOE «4 and the odds of dementia relative to normal cog-
nition remained (model 4; OR = 2.30 95% CI: 1.86–2.85).
The effect of AD PGS was consistent in magnitude, but
nonsignificant (OR = 1.10 95% CI: 0.99–1.21). Similar as-
sociations were observed in African ancestry (APOE «4OR =
1.74, 95% CI: 1.15–2.63; AD PGS OR = 1.25, 95% CI:
0.95–1.65).

ROC Curve
To address the differences in dementia prediction ability and
potential clinical relevance, we assessedAUCusingROC curves.
In European ancestry, using model 1 as a reference (c-statistic =
0.87), adding AD PGS did not improve model discrimination
(cdifference = 0.001, 95% CI: −0.0006 to 0.0018, p = 0.30).
However, adding APOE «4 status increased classification (cdif-
ference = 0.0075, 95% CI: 0.0037 to 0.0114, p = 0.0001). Adding
the AD PGS did not improve classification over the model al-
ready including APOE «4 (model 2b: cmodel2b = 0.87; cdifference =
0.0001, 95% CI: −0.0006 to 0.0008, p = 0.77). In African an-
cestry, no models performed more accurately than model 1
(table e-8, links.lww.com/NXG/A393; figure 1).

Figure 1 Classification of Dementia vs Normal Cognition Status Using Demographics, APOE, and Polygenic Score

(A) European ancestry. (B) African an-
cestry. Receiver operating characteris-
tic (ROC) curves for logistic regression
models, looking at the association be-
tween Alzheimer disease polygenic
risk score (PGS) and presence of APOE
«4 allele (APOE), with summary cogni-
tion statuses (dementia only) relative
to normal status. This is among a sub-
set of participants in the Health and
Retirement Study (HRS) with more
than 2 waves of cognition measured
and in the top 20% PGS or bottom 20%
PGS, by ancestry (nEuropean = 3,359;
nAfrican = 642). AUC = area under the
curve.
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Attributable Fraction
Attributable fraction analyses were restricted a sample of the
top 20th percentile AD PGS and the bottom 20th percentile
AD PGS by ancestry (nEuropean = 3,359, nAfrican = 642). In
European ancestry model 3, having at least 1 copy of APOE «4
was attributed to 21.4% (95% CI: 11.9%–30.8%; p < 0.0001)
of dementia cases and 9.6% (95% CI: 0.9%–18.2%; p = 0.03)
of borderline CIND cases. The AD PGS (top 20%) was at-
tributed to 19.0% (95% CI: 8.5%–29.5%; p < 0.0001) of
borderline CIND cases, relative to the bottom 20% of the AD
PGS distribution. In African ancestry model 3, 53.9% (95%
CI: 35.7%–72.0%; p < 0.0001) of dementia cases were at-
tributed to being in the top 20% of the AD PGS distribution.
All other attributable fractions were not significantly different
than zero (table e-9, links.lww.com/NXG/A393).

Discussion
In the large US population–based HRS panel cohort, we
observed that AD PGS and APOE «4 status had independent
associations with dementia and cognitive impairment com-
pared with normal cognition in European and African an-
cestry samples. These genetic factors were associated with
significant attributable fractions of impaired cognition. APOE
«4 status improved classification of dementia cases; however,
the AD PGS did not improve classification. Together, these
findings confirm that APOE «4 and AD PGS are powerful
predictors of cognitive impairment in population-based
studies, although only APOE «4 currently provides suffi-
cient improved classification for potential clinical utility. It
should be noted that the African ancestry analysis had a
smaller sample size and used weights from a European-based
study of Alzheimer disease to build the PGS. Our study rep-
licates previous APOE results and expands to also consider
cumulative genetic risk, providing greater understanding of
the genetic etiology of dementia.

APOE «4 is a consistent genetic risk factor associated with AD
and dementia, but it accounts for only a portion of the heri-
tability.24 In the Rotterdam study, those with a single copy of
APOE «4 had 1.7 times higher odds of dementia (95% CI:
1.0–2.9) and those with 2 copies had 11.2 times higher odds
of dementia (95% CI: 3.6–35.2) compared with e3/e3.3 In
our supplemental analysis, we also detected APOE «4 dose-
increasing odds for dementia relative to normal cognition (1
copy [n = 237]: OR = 2.29, 95% CI: 1.87–2.81; 2 copies [n =
23]: OR = 4.93, 95% CI: 2.82–8.62) in the European ancestry
sample. To compare the highest genetic risk to the lowest
genetic risk, we note that the attributable fraction analysis was
performed on a sample that was 40% of the size of the primary
analytic sample. This sample size and selection may have
modified the relationship between APOE and cognitive status
in the sensitivity analysis. We saw a similar APOE «4 dose-
effect pattern in the African Ancestry sample, although the
observed effect size was smaller and the sample was more
limited (1 copy [n = 104]: OR = 1.68, 95% CI: 1.12–2.51; 2

copies [n = 14]: OR = 2.65, 95% CI: 1.11–6.33). In an in-
dependent African-American sample, those with a single copy
of APOE «4 had 2.6 higher odds of dementia (95% CI:
1.8–3.7) and those with 2 copies had 10.5 higher odds of
dementia (95% CI: 5.1–21.8), relative to e3/e3.4 Consistent
with prior research, we observed that APOE «4 is associated
with impaired cognition in multiple ancestries and APOE «4
status can improve classification of dementia cases in pop-
ulation based-samples.

Studies of AD PGS and AD or cognitive status have largely
been restricted to participants of European ancestry or iden-
tifying as non-Hispanic White,24–29 and these studies have
varied in their PGS development techniques and modeling
decisions. A non-APOE PGS study (constructed from 19
SNPs outside the APOE gene) found those with the highest
PGS had 62% increased late-onset AD risk over the lowest
PGS.30 Non-APOE PGS have also been used for AD-patient
classification.31–35 One reported AD classification when in-
cluding age, sex, APOE «4, APOE «2, and a PGS with AD
associated SNPs (p < 0.5) (AUC: 0.78, 95% CI: 0.77–0.80).25

This study used PGS weights from a GWAS that included the
study sample. In our European ancestry sample independent
of the GWAS weights, our estimate of the AUC for dementia
with similar covariates (any APOE «4, APOE «2/«2, and PGS
with AD-associated SNPs p < 0.1) was higher (AUC: 0.85,
95% CI: 0.83–0.86). This difference is likely due to the
broader definition of our dementia phenotype. Other PGS
analyses have reported AD-subtype discrimination from PGS
created for AD,36 revealing multiple biological mechanisms
underlying AD subtypes.

A previous longitudinal analysis in the HRS (n = 8,253) fea-
turing a 21 SNP AD PGS excluding APOE observed that a 0.1
unit increase in PGS was associated with 0.016 decreased
memory score units (95% CI: −0.036 to 0.005) in European
ancestry (n = 7,172) and 0.049 decreased memory score units
(95% CI: −0.12 to 0.023) in African ancestry (N = 1,081)
samples.37 Consistent with this prior study on impaired
memory, in our analysis, we observed AD PGS was associated
with increased odds of dementia. We further extended our
analysis, by accounting for APOE and adjusting for additional
dementia risk factors.

In this study, we assessed the utility of transferring PGS
weights from one population to another population. Allele
frequencies, linkage disequilibrium patterns, and the genetic
architecture can vary by ancestral populations38 based on
recombination and demographic histories.39 Participation or
inclusion in the discovery GWAS is influenced by social and
behavioral factors, which relates to the applicability of the
discovery GWAS results to another population.40 Also, the
background of nongenetic risk factors differs across pop-
ulations, likely affecting the observed genetic signal.40 Fur-
thermore, in population-based studies such as the HRS,
accuracy of dementia classification algorithms varies across
racial/ethnic groups41 and the algorithm used in the current
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study11 has higher accuracy in non-Hispanic White partici-
pants. Future studies in other samples may examine herita-
bility in diverse populations to assess whether genetic or
environmental factors explain different proportions of the
variance in cognitive status. With systemic differences in the
outcome classification and differences in the genetic exposure
(PGS) classification by ancestry in our study, it is essential to
not directly compare the genetic associations across groups
(European ancestry and African ancestry). We focused on the
within-ancestry findings and are cautious not to overstate our
results. Although trans-ancestry genetic analyses are chal-
lenging, it remains important to perform studies in multiple
ancestries to demonstrate these fundamental differences, re-
fine methods that generate AD PGSs, and call for more in-
clusive ancestry GWAS.

Older participants with cognitive impairments may be more
likely to die of other comorbid causes, and capturing cogni-
tively impaired cases in older age groups may be difficult.42

Individuals surviving to age 90 years with no cognitive im-
pairment may skew estimates. The HRS began genetic sample
collection in 2006 and APOE or other risk genotypes may
have already influenced survival for inclusion in our analytic
sample. In sensitivity analyses, we removed the older cohorts
(AHEAD and CODA) to observe if our results were robust to
mortality selection. Removing AHEAD and CODA in the
European ancestry sample, we dropped 58.3% of dementia
cases with 1 substantive change in findings: the PGS associ-
ation with odds of dementia (model 3) attenuated from 1.10
(95% CI: 1.00–1.20) to 1.05 (95% CI: 0.92–1.20), whereas
the APOE «4 association increased in magnitude from 2.42
(95% CI: 1.99–2.95) to 2.60 (95% CI: 2.00–3.38). The ORs
did not significantly differ between the models, indicating that
mortality selection did not critically bias these results.

Dementia ascertainment in population cohorts can be highly
variable. We used the Langa-Weir method that incorporates
the Telephone Interview of Cognitive Status and assigns a
cognition status using cut points mirroring clinical diagnosis.
This method has a comparable sensitivity and specificity
(sensitivity: 75%; specificity: 83%) to related methods and
provides balanced accuracy with prior clinical validation.41

Outcome misclassification can introduce bias into the study,
likely toward the null, and may have contributed to the null
findings with the ROC analysis. Future studies may improve
dementia classification. New and larger studies may increase
power with greater numbers of participants with impaired
cognition, particularly in diverse ancestries. Importantly, our
broad outcome of dementia did not involve direct imaging or
biomarker measures or clinician diagnostic evaluation and did
not allow for dementia subtyping, such as AD. Studies with
specific clinical AD diagnoses may have higher predictive
values of AD PGS. Other challenges such as time-varying
biases and nonlinear cognitive trajectory43 were addressed by
constructing a summary cognition status based on multiple
visits. There are documented learning effects—where scores
are higher the second time a participant sees a similar

examination—for these cognition tests.43 Our summary
cognition status excluded those with less than 3 visits,
strengthening the cognitive status designation for each in-
dividual, and reducing practice effects.

Assessing outcome classification allows researchers to better
understand how genetic factors can potentially contribute to
clinical diagnosis of complex disease outcomes. The utility of
PGS has helped to identify (for example) risk of MS,44 Par-
kinson disease,45 and cardiovascular disease.46 AD PGSs may
also predict age at AD onset, where individuals with a top
quartile AD PGS had an age at onset of 75 vs an age at onset of
95 for the lowest quartile.31 Despite the motivation to use AD
PGS in clinical practice, scientists are understandably hesitant
to encourage PGS use outside of research. The risk conferred
by AD PGS is calculated at a population level and may not be
appropriate to predict individual risk. In addition, current AD
PGSs are not created with diverse populations as the reference
weights, which may provide inaccurate risk for individuals of
diverse ancestries,47 and clinical use in their present form may
exacerbate health disparities.48

In summary, AD PGS and APOE «4 were independently
associated with dementia and cognitive impairment in the
large, US population–based longitudinal HRS in European
and African ancestry samples. APOE «4 was associated with
improved dementia classification; however, the current AD
PGS did not improve classification. There are many oppor-
tunities to improve and apply AD PGS, especially in non-
European ancestries. We may eventually be able to use PGSs
for primary prevention (quantifying the genetic burden in
subpopulations), secondary prevention (detecting high-risk
individuals for disease screening), and tertiary prevention (a
potential biomarker for optimizing treatment stratification).49

However, current AD PGSs, though associated with odds of
dementia, are not sufficiently accurate enough for clinical
diagnosis, particularly across ancestries.
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Abstract
Objective
To describe the WFS1 c.1672C>T; p.R558C missense variant, found in 1.34% of Ashkenazi
Jews, that has a relatively mild phenotype and to use computational normal mode analysis
(NMA) to explain the genotype-phenotype relationship.

Methods
The clinical, laboratory, and genetic features of 8 homozygotes were collected. A model of the
wolframin protein was constructed, and NMA was used to simulate the effect of the variant on
protein thermodynamics.

Results
Mean age at Wolfram syndrome (WS) diagnosis among homozygotes was 30 years; diabetes
(7/8) was diagnosed at mean age 19 years (15–21 years), and bilateral optic atrophy (withMRI
evidence of optic/chiasm atrophy) (6/8) at mean age 29 years (15–48 years). The oldest
patient (62 years) also had gait difficulties, memory problems, parietal and cerebellar atrophy,
and white matter hyperintense lesions. All retained functional vision with independent am-
bulation and self-care; none had diabetes insipidus or hearing loss. The p.R558C variant caused
less impairment of protein entropy than WFS1 variants associated with a more severe
phenotype.

Conclusions
The p.R558C variant causes amilder, late-onset phenotype ofWS.We report a structural model
of wolframin protein based on empirical functional studies and use NMA modeling to show a
genotype-phenotype correlation across all homozygotes. Clinicians should be alert to this
condition in patients with juvenile diabetes and patients of any age with a combination of
diabetes and optic atrophy. Computational NMA has potential benefit for prediction of the
genotype-phenotype relationship.
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Wolfram syndrome (WS) (OMIM 222300) is a rare
inherited autosomal recessive neurodegenerative disease.1 It
is characterized clinically by diabetes mellitus, bilateral optic
atrophy, and deafness.1,2 Diabetes insipidus and anterior
pituitary hypofunction have been described as well.3 Neu-
rologic complications, including bladder dysfunction, cere-
bellar ataxia, cognitive impairment, and psychiatric
disturbances, tend to present later as the disease
progresses.4,5 Classic brain MRI shows marked brainstem,
cerebellum, and optic atrophy.6 Individuals with WS have a
median lifespan of 30 years.7,8

WS is caused by a mutation in the WFS1 gene located on
chromosome 4p16.1, consisting of 8 exons. WFS1 encodes
the 890-amino-acid-long wolframin protein that is thought
to serve as a novel endoplasmic reticulum (ER) calcium
channel or regulator of channel activity.9,10 The genotype-
phenotype correlation is complex. Biallelic pathogenic
missense variants are less frequent and are associated with a
significantly later age at diagnosis of both diabetes mellitus
and optic atrophy than biallelic missense variants involving
at least one truncating mutation.11,12 Significant pheno-
typic differences have been reported among the different
missense variants.9,13 The WFS1 c.1672C>T, p.R558C
variant is reported in 1.34% of Ashkenazi Jews (see Web
Resources: omim.org; ncbi.nih.gov/clinvar/variation/
198835/; gnomad.broadinstitute.org/variant/4-6303194-
C-T?dataset=gnomad_r2_1). It was recently found to be
associated with a milder phenotype.14

The aim of this study was to describe the unique late-onset
phenotype caused by the p.R558C pathogenic variant and to use
computational normal mode analysis (NMA) to simulate the
effect of the missense mutation on the stability of the protein and
predict the genotype-phenotype relationship.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the Rabin Medical Center In-
stitutional Review Board (Helsinki Committee 0187-19-RMC).

Study Design and Data Collection
A retrospective case series design was used. All patients enrolled in
the study were homozygotes for the WFS1 variant NM_
006005.3:c.1672C>T (p.Arg558Cys). Data were collected on
family history, demographics, medical history, and medications.
All patients underwent a neurologic/neuro-ophthalmologic eval-
uation including visual acuity, visual fields, color vision test, and
dilated fundus examination, and brain MRI.

Genetic Analysis
Genetic analysis included whole-exome sequencing (patients
5 and 6), WFS1 gene sequencing (patients 1, 3, and 4), and
targeted mutation analysis (patients 2, 7, and 8).

Data on the prevalence of the variant in the local population
were retrieved from the local database of 636 exome trios.

Wolframin Structure Prediction and NMS
As the structure of wolframin is not available, we used the
I-TASSER hierarchical protocol for automated protein structure
prediction.15 We identified a cytosolic, transmembrane, and lu-
minal domain, as previously published.16,17 The cytosolic domain
(residues 1–310) and the luminal domain (residues 655–890)
were modeled using the I-TASSER online server,15 and the
transmembrane domain (residues 300–670) was modeled using
the GPCR-I-TASSER online server.18 The resulting domains with
overlapping residues were stitched together using the PyMol
Molecular Graphics System, version 1.8 (Schrödinger, LLC,
Cambridge,MA). To select the best fittingmodel, transmembrane
structures with helices in opposite directions were chosen, and the
minimal root mean square deviation between stitched structures
was set at less than 2Å.Weeliminated all structureswith coinciding
residues in the z-plane for cytosolic and luminal residues with the
transmembrane domain. The remaining 5 structures were com-
bined to form a homotetramer model using the HSYMDOCK
server.19 This produced 500 different structures that were screened
for those most closely representing the properties of known cal-
cium channels according to previous publications20,21: pore di-
ameter 4–6.3 Å, smaller cytosolic than luminal pore size, and
formation of a channel by the transmembrane domains with a
maximal number of residues less than 20 Å between any 2 facing
subunits. These criteria were maximized to yield the modeled
structure. Each in silico missense variant was created by muta-
genesis plug-in using the PyMol system.

We compared the energetic effect of the p.Arg558Cys variant on
wolframin and searched the literature for other cases of WS due
to homozygous missense variants.9,13,22–25 The cases were di-
vided into 2 groups according to the reported phenotype: clas-
sical phenotype and/or presentation of symptoms at a younger
age (group 1) and milder disease affecting fewer organ systems
and/or presenting at an older age (group 2). Elastic network
contact model (ENCoM) coarse-grained NMA was used to
evaluate the effect of the missense variants on the stability of the
protein. This method is based on the ENCoM entropic con-
siderations C package,26 available at the ENCoM development
website (github.com/NRGlab/ENCoM), compiled on a
Ubuntu platform (Canonical Group, London, UK). Using
Matlab software (MathWorks, Natick, MA), for each variant, we
subtracted the WT complex entropy from the missense variant

Glossary
ER = endoplasmic reticulum; NMA = normal mode analysis; WS = Wolfram syndrome.
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entropy and normalized the difference (ΔG) to the maximum
absolute values. Cluster analysis was performed using MATLAB
software, as described previously.26

We defined an interval I2[mean(DG)- 0.5*std(DG),
mean(DG)+ 0.5*std(DG)] for each entropic DG profile.
I.S1 was defined as the absolute mean of DG values be-
longing outside the interval; I.S2 was defined as the abso-
lute mean of DG values belonging inside the interval; and
I.S3 was defined as the ratio of std (ΔG)/mean (ΔG). The
entropic profile of each variant compared with the WT
contained information on total relative protein stability
(mean ΔG) and range of fluctuations of the energetic
profile (std ΔG). In addition, we determined the most
pronounced perturbation of ΔG representing direct effects
close to the location of the mutation (S1) and distant effects

on ΔG by the mutation (S2). S3 represented the combined
stability and fluctuability of the variant protein compared
with the WT.

Data Availability
Anonymized data can be made available to qualified investi-
gators on request to the corresponding author.

Results
Demographic and Clinical Features
The study group consisted of 8 patients, 6 women and 2
men, of mean age 37 years (range 17–62 years) (table 1).
They included 8 homozygotes from 7 unrelated families (2
were sisters) of Ashkenazi Jewish origin.

Table 1 Characteristics of 8 Patients With WFS1 Variant c.1672C>Ta

Patient
Age/
sex

Age
at
Dx

DM
(age
at
onset)

OA
(age
at
onset) VA VF

Color
vision

Cataract
(age at
onset)

Neurologic
symptoms
(age at
examination)

Brain MRI
(age at
imaging)

Other
medical
conditions

DM in
family
members

1 42/F 33 Yes
(21)

Yes
(33)

R
6/8
L 6/
8.5

Bilateral
mild central
scotoma

R 2.5/
12
L 0/12

None (42) Optic chiasm
and optic
nerve atrophy
(42)

No

2 62/
M

32 Yes
(18)

Yes
(30)

R
6/
60
L 6/
30

Concentric
visual field
constriction

0/12 Neurogenic
bladder, mild
cognitive
impairment,
and gait
instability (60)

Optic chiasm,
optic nerve
atrophy,
cerebellar and
cerebral
atrophy, and
T2
hyperintense
changes (60)

No

3 41/F 31 Yes
(18)

Yes
(33)

R
6/
100
L 6/
40

Generalized
decreased
sensitivity

0/12 None (41) Optic chiasm
atrophy (31)

Adult
onset (F)

4 17/F 17 Yes
(15)

Yes
(15)

R
6/
10
L 6/
12

0/12 None (17) Optic nerve
atrophy (16)

Osteoid
osteoma

GDM +
adult-
onset (M)

5 30/F 30 Yes
(20)

No None (30) Normal (30) N/A

6 22/F 22 No Yes
(16)

R
6/
12
L 6/
12

0/12 None (22) Optic nerve
atrophy (25)

GDM (M)

7 27/F 27 Yes
(21)

No None (27) Not done Irregular
menses

GDM (M)

8 53/
M

53 Yes
(20)

Yes
(48)

R
6/8
L 6/
10

Concentric
visual field
constriction

0/12 Yes (25) None (53) Optic chiasm
and optic
nerve atrophy
(53)

Seminoma GDM (2
sisters) +
adult
onset (F)

Abbreviations: DM = diabetes mellitus; Dx = diagnosis; GDM = gestational diabetes; MCI = mild cognitive impairment; OA = optic atrophy; VA = visual acuity;
VF = visual fields.
None of the patients had diabetes insipidus or deafness.
a All patients were homozygotes for c.1672C>T.
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Mean age at genetic diagnosis of WS was 30.6 years (17–53
years). Insulin-dependent nonautoimmune diabetes mellitus
was the first clinical feature in 7 patients (87.5%). Diabetes
was diagnosed in 7/8 homozygotes at mean age 19 years
(range 15–21 years). Progressive bilateral optic atrophy was
diagnosed in 6 patients at mean age 29 years (range 15–48
years), and cataract was diagnosed in 1 patient at age 25 years.
All patients with optic atrophy had decreased visual acuity and
reduced color vision. None of the patients in the cohort had
sensorineural hearing loss or diabetes insipidus.

Other than optic atrophy, neurologic examination was normal in
9/10 patients. Patient 2, a 62-year-old man, had gait instability
and complained of memory loss that had started at age 59 years.

Montreal Cognitive Assessment score indicated mild cognitive
impairment mainly involving short-term memory.

Intrafamilial phenotypic heterogeneity was observed. Of the 2
sisters homozygous for the c.1672C>T variant, one (patient 6)
had optic atrophy and no evidence of diabetes, and the other
(patient 7) had diabetes and no evidence of optic atrophy.

The patients reported late-onset and/or gestational diabetes
in 5 first-degree relatives of whom 4 were obligate carriers.

Neuroradiologic Features
Brain MRI studies were conducted in 7/8 patients (table 1).
Six (75% of the cohort) showed evidence of optic nerve and/

Figure 1 Homotetrameric Model of the Wolframin Protein

Cytoplasmatic (A) and lateral view (B). Known variants are indicated by red dots in each of the 4 subunits, and the unique variant reported here (c.1672C>T;
p.R558C) is depicted in blue (no. 8). The known variants (red) are labeled in one of the subunits and are numbered from 1 to 7 for identification purposes
according to table 2. Each subunit is color coded (blue, green, yellow, and magenta). The differences between the entropic profile based on normal mode
analysis for the c.1672C>T; p.R558C variant to the entropic profile of the WT are shown for comparison (C). The y-scale is enlarged in the inlay for better
visualization. Clear energy differences from WT are shown. The same color code as in schemes A and B is used to represent the subunit.
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or optic chiasm atrophy. All also had clinical evidence of optic
atrophy. In the oldest patient in the cohort (patient 2, age 62
years), brain MRI also revealed cerebellar and cerebral atro-
phy mainly of the parietal lobes as well as T2-weighted signal
intensity changes in the periventricular white matter and
centrum semiovale areas.

Prevalence
The c.1672C>T variant was found in a monoallelic phase in
13 of 636 (2.5%) exomes evaluated at the Genetic Institute of
Rabin Medical Center. All carriers were of Ashkenazi Jewish
origin. The prevalence of the variant among all Ashkenazi
Jewish patients in our database was 13/350 (3.7%).

Construction of Wolframin
Functional Structure
The spatial structure of the wolframin protein is unknown.
Based on the assumption that wolframin behaves like a cal-
cium channel protein,9,10 we constructed a homotetrameric
model of theWT protein as described inMethods (figure 1, A
and B and supplementary PDB, links.lww.com/NXG/A401).

Energetic Profile of c.1672C>T (p.R558C) Variant
by NMA
Our literature search yielded 8 homozygous missense WFS1
pathogenic variants (table 2) located in the cytosolic domain
[c.472G>A (Glu158Lys)9], transmembrane domain [c.1672C>T

(Arg558Cys), c.1752T>G (Tyr528Asp)25 and c.1885C>T
(Arg629Trp)13], or luminal domain [c.2654C>T (Ser885Leu),23

c.2411T>C (Leu804Pro),24 c.2104G>A (Gly702Ser),22 and
c.1991T>C (Leu664Arg)9] (figure 1). Using in silicomutagenesis,
we studied the effect of each of these variants on protein ther-
modynamics using NMA and correlated the results to the clinical
phenotype. The entropic difference (ΔG) between theWTWFS1
complex and the missense variant described here (c.1672C>T;
p.R558C) is shown in figure 1C.

To investigate the protein’s energetic profile for each of the
variant structures, we performed NMA and calculated the
putative entropic changes (DG) by subtracting the WT en-
tropic profile as described before.26 The mean DG for each
variant indicated the total energetic stability of the structure
compared with theWT, whereas the SD indicated the range of
fluctuations of the energetic profile. Of interest, analysis of the
thermodynamic profile of 2 variants [c.1672C>T (Arg558-
Cys) and c.1752T>G (Tyr528Asp)] located in the trans-
membrane domain and associated with a milder clinical
phenotype (table 2) resulted in negative values of mean
DG. This implied that the protein was energetically more
stable than the WT. To compare the thermodynamic
profiles of the variants (represented by red dots in figure 1,
A and B), we combined the entropic profile scores (S1, S2,
S3) of each variant. We found a clear separation of variants
with a mild phenotype [c.472G>A (Glu158Lys), c.1672C>T

Table 2 Cases of Wolfram Syndrome due to Homozygous Missense Variants Reported in the Literature WFS1 Variant

DM (age
at onset)

OA (age
at onset)

Deafness
(age at
onset)

DI (age
at
onset)

Neurologic
symptoms (age at
onset)

Neurogenic
bladder (age at
onset)

Location of
mutation

Group by
severitya

1 c.1885C>T
(Arg629Trp)
13

Age not
reported

Age not
reported

Age not
reported

Age not
reported

Age not reported Age not reported Transmembrane 1

2 c.1991T>C
(Leu664Arg)9

3 12 17 Luminal 1

3 c.2104G>A
(Gly702Ser)
22

10 27 Luminal 1

4 c.2411T>C
(Leu804Pro)
24

5 9 Luminal 1

5 c.2654C>T
(Ser885Leu)
23

5 9 12 Luminal 1

6 c.472G>A
(Glu158Lys)9

27 19 39 Cytosol 2

7 c.1752T>G
(Tyr528Asp)
25

9 24 24 25 Transmembrane 2

8 c.1672C>T
(Arg558Cys)

18 29 Transmembrane 2

Abbreviations: DI = diabetes insipidus; DM = diabetes mellitus, OA = optic atrophy.
a Group 1—classical phenotype and/or presentation of symptoms at a younger age; group 2—milder disease affecting fewer organ systems and/or pre-
senting at an older age.
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(Arg558Cys), and c.1752T>G (Tyr528Asp)] and variants
with a severe phenotype. The resulting characterization of all
variants showed monotonically decreasing dependence of the
combined scores as a function of phenotype and residue
number (figure 2A). The segregation of the variants according
to the thermodynamic scores is shown in the clustergram
(figure 2B), with those associated with a mild phenotype
clustered together, separate from those associated with a se-
vere phenotype (table 2).

Discussion
We describe a unique relatively mild phenotype of WS in Ash-
kenazi Jews caused by the common c.1672C>T founder patho-
genic variant. We constructed a structural model of wolframin
based on empirical functional studies and used protein thermo-
dynamics modeling with NMA to study the effect of the mutation
on protein stability and predict variant-associated disease severity.

Our data provide evidence of the pathogenicity of this variant,
designated “conflicting interpretations of pathogenicity” by Clin-
Var with referral to 6 submissions 4 were defined as pathogenic/
likely pathogenic and 2 as of uncertain significance. The reported
frequency in Ashkenazi Jews is 1.72% in GnomAD genomes and
1.33% inGnomADexomes (seeWebResources: omim.org; ncbi.
nih.gov/clinvar/variation/198835/; gnomad.broadinstitute.org/
variant/4-6303194-C-T?dataset=gnomad_ r2_1). The variant is
rare in other ethnic groups, with an allele frequency of 0.000246
among Europeans. It has been reported a few times in the
past.14,27–29 One homozygous patient had only juvenile diabetes
and none of the other features typical of WS syndrome,27 and
another was diagnosed with diabetes mellitus at age 33 years and
with optic atrophy at age 53 years.29 Bansal et al.14 reported on 8
homozygotes in a cohort of 475 individuals diagnosed with type 1

diabetes at a relatively late age (mean 17.8 ± 8.3 years) with low
penetrance of optic atrophy. This variant was also observed in
compound heterozygous combination with other variants in
several individuals with WS.28

Most homozygotes in our cohort presented with slowly pro-
gressive bilateral optic atrophy. Thus, although they retained
functional vision enabling independent ambulation and self-care,
the penetrance of optic atrophy was high, in contrast to the
report of Bansal et al.14 In one of our patients, neurologic
complications of WS developed at the age of 59 years suggesting
that other features of WS might also evolve at a later age.

Diabetes mellitus was the first and the most common pre-
sentation in our cohort, although mean age at its diagnosis was
higher than expected in WS. There have been reports of
dominant inheritance of WS.30 Although none of the hetero-
zygote family members of our cohort reported features of WS,
5 of them had adult-onset or gestational diabetes. This is in line
with a previous study by Bansal et al.,27 in which analysis of
sequence and genotype data in 2 case-controlled cohorts of
Ashkenazi ancestry, demonstrated an association of this variant
with an increased risk of type 2 diabetes in heterozygotes (odds
ratio 1.81, p = 0.004). Single genemutations that affect beta-cell
function account for 1–2% of all cases of diabetes. However,
phenotypic heterogeneity and lack of family history of diabetes
mellitus can limit the diagnosis of monogenic forms of diabetes.
Identification of WS in individuals diagnosed with diabetes in
childhood or adolescence is important because the manage-
ment and prognosis of WS differs from type 1 diabetes.31

Suspicions should also be raised in the presence of a finding of
islet-cell autoantibodies that are positive in 10–20% of patients
with WS.32 Early diagnosis of WS may improve an individual’s
prognosis, potential treatment or referral to clinical trials, and

Figure 2 Thermodynamic Profiles of the Variants

Combined normalized scores describing the entropy (S1*S2 *S3) per variant. The differences in entropy scores are displayed for comparisons (A). Results of
cluster analysis using a hierarchical clustering heatmap of the change in the normalized scores (S1, S2, and S3) for all variants (B). The vertical axis displays the
individual variants analyzed (right). Color scale represents normalized z-scores.
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detection of WS-related complications, and hasten genetic
counseling of family members.

Previous empirical studies implied that WFS1 functions as a
Ca2+ ion channel.20,21 We present a structural model based on
empirical and functional studies of WFS1. Following the selec-
tion of one of the homotetrameric structures best representing
known Ca2+- channel properties, NMA modeling provided ex-
cellent genotype-phenotype correlation across all homozygous
variants. The agreement of the modeled thermodynamic fluc-
tuations with the clinical consequences of the variants suggests
that our structural model is close to the still unresolved structure
of WFS1. Moreover, NMA and thermodynamic fluctuations
correlate with functional data and are strong indicators of
phenotype-genotype correlations.26 The computational analysis
of the thermodynamic profile of the variants revealed a location-
based separation. Variants located in the transmembrane domain
seemed to be energetically more stable than the WT except
those situated in the ion channel pore possibly explaining the
severe phenotype seen in the c.1885C variant. This finding
supports previous published evidence of more pronounced
functional effects of mutations located outside the trans-
membrane domain.16 In addition, a clear entropy-based dis-
tinction was seen between variants associated with a milder
phenotype, which were clustered together and separated from
variants with a more severe phenotype.

We have shown the unique thermodynamic profile caused by the
p.R558C variant. As ER stress has been suggested to be involved
in the pathogenesis of WS,33 it seems reasonable to assume that
among homozygous for this variant, regulation of the unfolded
protein response pathway, and consequently on ER stress, is
mildly disturbed. However, further studies are needed to cor-
relate between the various thermodynamic profiles, their effect
on the pathogenic mechanisms leading toWS, and their effect of
the on the extent of ER stress. This might also help design a
mutation-based therapeutic strategy for patients with WS.

Carrier screening is recommended for many recessive diseases,
particularly in Ashkenazi Jews.34 The p.R558C WS variant has
an estimated carrier frequency of 1/36 in this population. Al-
though homozygotes have a milder form of WS, it is still as-
sociated with significant morbidity. Therefore, adding this
variant to carrier screening panels might be considered.

In conclusion, WFS1 p.R558C is a very common pathogenic
variant among Ashkenazi Jews. It is associated with a milder
phenotype but high morbidity. Protein modeling and ther-
modynamic NMA suggest a structural mechanism that may
explain the milder phenotype. Our findings provide proof of
concept for the use of mutated protein structural modeling and
energetic analysis to predict phenotype severity in yet un-
discovered pathogenic variants of WS. Clinicians should be
alert to this variant among young Ashkenazi Jewish patients
with early-onset diabetes, even if positive for autoimmune an-
tibodies, and in adults with diabetes mellitus and optic atrophy.
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Abstract
Objective
To describe the phenotypic spectrum in patients with MBD5-associated neurodevelopmental
disorder (MAND) and seizures; features of MAND include intellectual disability, epilepsy,
psychiatric features of aggression and hyperactivity, and dysmorphic features including short
stature and microcephaly, sleep disturbance, and ataxia.

Methods
We performed phenotyping on patients withMBD5 deletions, duplications, or point mutations
and a history of seizures.

Results
Twenty-three patients with MAND and seizures were included. Median seizure onset age was
2.9 years (range 3 days–13 years). Themost common seizure type was generalized tonic-clonic;
focal, atypical absence, tonic, drop attacks, and myoclonic seizures occurred frequently. Seven
children had convulsive status epilepticus and 3 nonconvulsive status epilepticus. Fever, viral
illnesses, and hot weather provoked seizures. EEG studies in 17/21 patients were abnormal,
typically showing slow generalized spike-wave and background slowing. Nine had drug-
resistant epilepsy, although 3 eventually became seizure-free. All but one had moderate-to-
severe developmental impairment. Epilepsy syndromes included Lennox-Gastaut syndrome,
myoclonic-atonic epilepsy, and infantile spasms syndrome. Behavioral problems in 20/23
included aggression, self-injurious behavior, and sleep disturbance.

Conclusions
MBD5 disruption may be associated with severe early childhood-onset developmental and
epileptic encephalopathy. Because neuropsychiatric dysfunction is common and severe, it
should be an important focus of clinical management.
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MBD5 (methyl-CpG-binding domain protein 5; OMIM
#611472), located on chromosome 2q23.1, belongs to a
family of genes involved in DNAmethylation and chromatin
remodeling.1 Disruption of this gene through heterozygous
deletion or point mutation leads to MBD5-associated neu-
rodevelopmental disorder (MAND), with some patients
described as having a Kleefstra syndrome phenotypic spec-
trum.2 Intellectual disability occurs in all patients, with sei-
zures, dysmorphic features including short stature and
microcephaly, sleep disturbance, ataxia, aggressive behavior,
and hyperactivity frequently observed.3–5 MBD5 deletions
are not especially rare, found in 0.05% (1 in 2,000) of 17,477
samples that underwent clinical microarray testing.3 Dele-
tions or mutations are almost always de novo although in-
heritance from mildly affected or mosaic parents has been
reported.6

Seizures occur in over 80% of patients with MAND; however,
the epileptology has not yet been delineated.3–5,7 Here, we
analyzed the phenotypic spectrum in 23 patients with het-
erozygous deletion, duplication, or point mutation of MBD5
and a history of seizures.

Methods
We searched our epilepsy genetics research databases for
patients with pathogenic variants involving MBD5 and iden-
tified 9 individuals. Two patients were identified through the
Epi4K research testing program.8 Fourteen additional families
volunteered to participate after social media patient groups
brought attention to our research. Patients were ascertained
from Australia, Italy, New Zealand, Finland, Canada, Ger-
many, the United Kingdom, and the United States. We con-
ducted personal interviews with all patients’ families and
reviewed medical records, EEG, neuroimaging, and genetic
testing results. For medication response, we classified drugs as
effective if caregivers reported a clear reduction in seizure
frequency, even if seizures were not completely controlled.
Wherever possible, epilepsy syndromes were classified
according to the International League Against Epilepsy
classification.9,10 Genetic variants were classified per Ameri-
can College of Medical Genetics and Genomics
guidelines.11,12

Standard Protocol Approvals, Registrations,
and Patient Consents
Written informed consent was provided for all patients by a
parent or legal guardian. This study was approved by the
Human Research Ethics Committee, Austin Health, or the
local ethics committee.

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

Results
Twenty-three patients from 22 families were identified with a
history of seizures in the context of aMBD5molecular lesion.

Genetic Findings
Nineteen of the 23 patients had heterozygous 2q23.1 dele-
tions: 15 resulted in partial deletion ofMBD5 (11 proximal, 3
distal, and 1 data not available) and 4 had complete loss of
MBD5 (figure 1, table 1). Two patients had 2q23 micro-
duplications with partial MBD5 duplication (1 distal and 1
intragenic). The remaining 2 patients had point mutations
resulting in truncation: p.Arg200* and p.Thr157Glnfs*4
(previously published13).

Pathogenic variants were de novo in 9 patients, with results
from both parents not available in 10. Mutations were
inherited from a mosaic parent in 4 patients from 3 families
(figure 2). Patients 7 and 8 were brothers whose mosaic
mother (20%–30% mosaicism in blood) had mild-moderate
intellectual disability, but no history of seizures. Patient 13 had
a mosaic carrier father (36% mosaicism in blood) of normal
intellect and no history of seizures. Her older brother also
inherited the deletion and had autism spectrum disorder and
intellectual disability, without seizures. Patient 19 had parents
who both tested negative for his mutation on blood-derived
DNA; however, chorionic villus sampling of their next preg-
nancy showed that the fetus carried the mutation and the
pregnancy was terminated. This suggested that 1 parent must
be mosaic, with the mutation possibly limited to gonadal
tissue. Patient 12 was mosaic for his deletion, affecting;65%
of cells in saliva. The results of other genetic testing per-
formed are given in table e-1, links.lww.com/NXG/A402.

Seizures
Seizures began at median age 2.9 years (range 3 days to 13
years; table 2). Bilateral tonic-clonic seizures occurred in 19/
23 (83%) patients, with focal impaired awareness seizures
(FIAS; 9/23; 39%), tonic (8/23; 35%), unclassified drop at-
tacks (7/23; 30%), myoclonic (7/23; 30%), atypical absences
(7/23; 30%), myoclonic-atonic (1/23; 4%), atonic (1/23;
4%), hemiclonic (1/23; 4%), unclassified staring spells (ab-
sences vs FIAS; 1/23; 4%), and epileptic spasms (1/23; 4%)
also observed. Convulsive status epilepticus occurred in 7/23
(30%) patients and nonconvulsive status epilepticus in 3/23
(13%). Fever and viral illnesses provoked seizures in 11

Glossary
DS = Dravet syndrome; FS+ = febrile seizures plus; LGS = Lennox-Gastaut syndrome; MAE = myoclonic-atonic epilepsy;
MAND = MBD5-associated neurodevelopmental disorder.
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patients; 1 patient’s seizures were triggered by painful stimuli
(e.g., mild accidental falls to the ground).

The most common interictal EEG findings were diffuse back-
ground slowing (11/23; 48%) and generalized spike-wave or
polyspike-wave activity (10/23; 43%). Focal slowing and/or
multifocal epileptiform discharges occurred in 9/23 (39%) pa-
tients. Epilepsy syndromes were defined in 7 patients: 3 had
Lennox-Gastaut syndrome (LGS), 2 had myoclonic-atonic epi-
lepsy (MAE), 1 had infantile spasms syndrome, and 1 had febrile
seizures plus (FS+).

Ten patients had drug-resistant epilepsy. Although no drug
was clearly superior, valproate showed the most consistent
beneficial effect (12/14 cases), while carbamazepine exacer-
bated seizures in patient 2. Patient 2 became seizure-free
during periods of illness and had dramatic reduction in seizure
frequency on the ketogenic diet. Ketogenic diet therapy was
also trialled in patient 5 with no benefit.

Twenty-one patients had available brain MRI results, with
normal findings in 17/21 (85%). Of the patients with ab-
normalMRI, none had epileptogenic lesions (table 3). Patient
12 had a normal MRI, but fluorodeoxyglucose PET showed
severe hypometabolism in the temporoparietal and occipital
regions bilaterally.

Development and Behavior
Developmental impairment was present in all patients: severe
in 14, moderate in 8, and mild in 1 (table 3). Regression with
seizures occurred in 5 patients. The most dramatic regression
occurred in patient 2 whose early developmental milestones
were normal to mildly delayed (sat at 8 months, walked at 17
months, and first word at 12 months). When seizures began at
age 2 years, there was marked developmental regression,
particularly involving language. By age 4 years, he had only
single words that were mostly unintelligible.

Marked behavioral difficulties were reported in 16 patients,
with hyperactivity and aggression most common. Self-
injurious behaviors occurred frequently, including finger
and nail biting, scratching and picking lips until they bled.
Behavioral difficulties were not controlled by stimulants, an-
tipsychotics, and sedatives although methylphenidate elicited
some benefit. Sleep disturbance during childhood was
reported in 17 patients and involved frequent nocturnal
awakenings. Nine patients had microcephaly.

Three patients had signs of metabolic dysfunction, which
were considered coincidental. Patient 2 had decreased bio-
tinidase activity suggesting a partial biotinidase deficiency; his
parents reported some improvement in seizure control with
biotin therapy. Patient 5 had borderline hypoglycorrhachia on

Figure 1 Copy Number Variants of Patients With MBD5-Associated Neurodevelopmental Disorder

Green denotes deletion; yellow denotes duplication. This figure includes a screenshot from UCSC genome browser (genome.ucsc.edu).
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lumbar punctures at 8 and 10 years (CSF glucose 2.9 and
2.2 mMwith CSF:serum ratios of 0.41 and 0.43, respectively).
Patient 20 was diagnosed with galactosemia on newborn
screening.

Although our cohort is relatively small, we looked for
genotype-phenotype correlations. Surprisingly, phenotypic
severity was not more severe in patients with deletions af-
fecting multiple genes. For example, patient 5 with a simple
MBD5 truncation point mutation had one of the most severe
phenotypes with a refractory developmental and epileptic
encephalopathy and severe behavioral disturbance. The lack
of strong genotype-phenotype correlation was further em-
phasized by the 2 families in which sibling pairs inherited the
same deletion from a mosaic parent but had marked pheno-
typic differences, with 1 not having epilepsy at all. We did,
however, observe greater phenotypic severity in patients with
complete deletion of MBD5 compared with those with only
partial gene deletion. Of those with partial deletions, the
mildest phenotypes (patients 10, 16, and 20) were seen in
individuals with loss of the proximal end of MBD5.

Table 1 Heterozygous Pathogenic Variants and Affecting
MBD5

No.
MBD5 effect;
inheritance

Del/
Dup
size

Breakpoints
(build) Genes affected

1 Complete
deletion; de novo

2.2
Mb

SNP-A-
189490 to
SNP-A-
226411

ACVR2A, ORC4,
MBD5, EPC2

2 Proximal
deletion (exons
1–2); N/A

0.2
Mb

148734048-
148932576
(Hg19)

ORC4, MBD5

3 Distal deletion
(exons 3–15); N/A

1.5
Mb

148839546-
150345992
(Hg19)

MBD5, EPC2, KIF5C,
LYPD6B, LYPD6

4 Proximal
deletion (exons
1–3); de novo

0.2
Mb

148489085-
148678668
(Hg18)

ORC4, MBD5

5 p.Thr157Glnfs*4
truncation; de
novo

N/A N/A MBD5

6 Proximal
deletion (exons
1–2); de novo

0.1
Mb

148715661-
148842706
(Hg19)

ORC4, MBD5

7 Proximal
deletion (exons
1–2); inherited
(mosaic mother)

0.1
Mb

148669363-
148788392
(Hg19)

ACVR2A, ORC4,
MBD5

8 Proximal
deletion (exons
1–2); inherited
(mosaic mother)

0.1
Mb

148669363-
148788392
(Hg19)

ACVR2A, ORC4,
MBD5

9 Complete del; N/
A

10.1
Mb

141060000-
151150000
(Hg18)

LRP1B, KYNU,
ARHGAP15, GTDC1,
ZEB2, ACVR2A,
ORC4, MBD5, EPC2,
KIF5C, LYPD6B,
LYPD6, MMADHC,
RND3

10 Proximal
deletion (exons
1–2); de novo

0.1
Mb

148703861-
148829749
(Hg19)

ORC4, MBD5

11 Complete
deletion; N/A

3.7
Mb

146855669-
150602070
(Hg19)

ACVR2A, ORC4,
MBD5, EPC2, KIF5C,
LYPD6B, LYPD6,
MMADHC

12 Proximal
deletion (exons
1–3); de novo
(mosaic; 65%
cells)

0.2
Mb

148758479-
148954077
(Hg19)

ORC4, MBD5

13 Proximal
deletion (exons
1–2); inherited
mosaic father)

0.2
Mb

148734046-
148897348
(Hg19)

ORC4, MBD5

14 Partial deletion;
N/A

0.2
Mb

Not available Not available

15 Proximal
deletion (exons
1–4); N/A

0.3
Mb

148462331-
148741534
(Hg18)

ORC4, MBD5

16 Proximal
deletion (exons
1–2); N/A

0.05
Mb

148755020-
148802565
(Hg19)

ORC4, MBD5

Table 1 Heterozygous Pathogenic Variants and Affecting
MBD5 (continued)

No.
MBD5 effect;
inheritance

Del/
Dup
size

Breakpoints
(build) Genes affected

17 Distal
duplication
(exons 7–15); N/A

0.4
Mb

149218851-
149655290
(Hg19)

MBD5, EPC2, KIF5C

18 Distal deletion
(exons 7–15); de
novo

0.6
Mb

149219863-
149796844
(Hg19)

MBD5, EPC2, KIF5C

19 c.598C > T;
p.Arg200*
(truncation);
inherited (parent
mosaic)

N/A N/A MBD5

20 Proximal
deletion (exons
1–2); N/A

0.02
Mb

148764203-
148786336
(Hg19)

ORC4, MBD5

21 Complete
deletion; de novo

6.5
Mb

148438001-
154962504
(Hg19)

ACVR2A, ORC4,
MBD5, EPC2, KIF5C,
LYPD6B, LYPD6,
MMADHC, RND3,
RBM43, NMI,
TNFAIP6, RIF1, NEB,
ARL5A, CACNB4,
STAM2, FMNL2,
PRPF40A, ARL6IP6,
RPRM, GALNT13

22 Intragenic
duplication (exon
5); de novo

0.085
Mb

149052433-
149137634
(Hg19)

MBD5

23 Distal deletion
(exons 6–15); de
novo

0.789
Mb

148914820-
149703672
(Hg18)

MBD5, EPC2, KIF5C,
LYPD6B

Abbreviations: N/A = inheritance unknown; MLPA = multiplex ligation-de-
pendent probe amplification,WES =whole exome sequencing,WGS =whole
genome sequencing.
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Discussion
With increasing access to molecular testing including high-
resolution chromosomal microarray, more patients with dis-
ruption of MBD5 resulting in MAND will be identified.
Understanding the epileptology of this genetic disease is critical
for prompt diagnosis and optimal management. We analyzed
the phenotypes of a global cohort of patients with MBD5 de-
letion, duplication, or point mutation and a history of seizures.
We found a spectrum of phenotypes associated with MBD5
pathogenic variants, which often resulted in a severe early
childhood-onset developmental and epileptic encephalopathy.

A broad spectrum of phenotypes was observed, and no
genotype-phenotype correlation could be identified. The size
of the cohort limits this analysis, and as the epileptology of
further cases is described, correlations may become apparent.
Phenotypes were more severe in patients with complete
MBD5 gene deletion andmilder in those with deletion of only
the proximal end of the gene. This phenomenon could be
explained by the deletion of fewer and different contiguous
genes in the patients with proximal deletions. However,
substantial phenotypic differences were noted in siblings
carrying the same deletion, suggesting that variable expres-
sivity in MAND reflects the involvement of modifier genes,
epigenetic, or environmental influences.

Our molecular data highlight the importance of mosaicism,
both in patient 12 and, even more critically, in 3/22 (14%)
families who had 2 affected pregnancies. In 1 family, antenatal
testing identified a second affected child despite negative test-
ing of parental blood, strongly implicating gonadal mosaicism
or low-level mosaicism in 1 parent that was missed on con-
ventional sequencing. This suggests that inheritance from
parents with low-level mosaicism may be more frequent than
previously thought with key implications for reproductive
counseling.14

Multiple seizure types were usual, including both generalized
and focal, with tonic-clonic, focal, absence, atonic, myoclonic,
and tonic seizures. EEG studies showed generalized and

multifocal epileptiform activity. Seizures were often initially
medically refractory but sometimes spontaneously resolved in
childhood (age 4–7 years). Neuropsychiatric and de-
velopmental features were prominent including moderate-to-
severe developmental impairment, language deficits, sleep
disturbance, hyperactivity, and aggression.

Fever provoked seizures in 10 patients in our cohort, a pattern
reported in 4 published cases.4,5,15,16 An additional study
described hemiclonic seizures with alternating sides beginning
at 10 months of age, a feature classically associated with
Dravet syndrome (DS), a well-recognized developmental and
epileptic encephalopathy associated with SCN1A
mutations.17,18 Our cases, together with those reported, sug-
gest that epilepsy in MAND sometimes has phenotypes on
the genetic epilepsy with febrile seizures plus spectrum, in-
cluding DS, MAE, FS+, and febrile seizures.19

MAND is typically associated with normal neuroimaging or
thin corpus callosum with mild hypomyelination in rare cases.
There are rare reports of focal cerebral malformations with
MBD5 pathogenic variants, but these were associated with
relatively large heterozygous deletions involving loss of many
genes other than MBD5.4,20,21

The neuropsychiatric and behavioral abnormalities com-
monly observed inMBD5 pathogenic variants included sleep
disturbance, developmental disability, language impairment,
aggressive, and hyperactive behavior.4 When these occur,
families should be counseled that these features are likely
intrinsic to the genetic syndrome rather than secondary to
medications or uncontrolled seizures. This is an important
observation because some patients may undergo un-
necessary investigations or medication changes, potentially
jeopardizing seizure control, when the etiology of these
behaviors is poorly understood.

Our findings should, however, be considered with some
caution, given that this study had several limitations. Given
the small size of the cohort, it was not possible to conduct
statistical analyses or to make meaningful comments

Figure 2 Pedigrees of Families With Inheritance From Mosaic Parent

The parents of patient 19 (right) both tested negative for the mutation on blood sequencing; however, chorionic villus sampling of their second pregnancy
showed that the fetus carried the same mutation, so one of the parents is assumed to have low-level (likely gonadal) mosaicism. “m” = deletion/truncation
mutation affectingMBD5; “m0.x” = mosaic with x% of cells having deletion; “+” = wild type. Central black circle indicates mosaic carrier; central question mark
indicates possible mosaic carrier.
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Table 2 Epilepsy Features

No./
Sex/
Age

Sz
onset

Seizure
types
(initial
seizure
type in
bold)

Seizure
triggers SE? EEG

Electroclinical
syndrome Epilepsy course

Effective
meds

Ineffective
meds

1/
M/
10 y

2 y GTC, atonic,
myoclonic,
myoclonic-
atonic

Hot
weather,
febrile
illnesses

Yesa Diffuse slowing;
generalized SW/PSW

MAE Refractory initially,
Sz-free since age 4 y

PHT, CLN,
TPM, LEV,
VPA

—

2/
M/4
y

2 y Atypical
absence,
DA, GTC,
myoclonic,
tonic

None Yesa Diffuse slowing;
generalized ShW, GSW,
increase in sleep

— Refractory VPA, LTG,
KD, biotin

CBZ
(worsened)

3/
M/5
y

4 m GTC,
myoclonic,
tonic

Viral
illnesses

Yes Diffuse slowing; focal
slowing (L temporal),
generalized and
multifocal ShW, SWat 4m
(not present at 4 y)

— Only 3 sz clusters
but 2 involved SE

LEV, CLN,
TPM

—

4/F/
6 y

3 y Atypical
absence,
GTC

Pain No Diffuse slowing;
generalized SW

— Controlled with LTG LTG —

5/F/
26 y

6 m Atypical
absence,
DA, FIAS,
GTC,
myoclonic,
tonic

Hot
weather,
febrile
illnesses

Yes Diffuse slowing; parieto-
occipital spikes
independent bilaterally;
generalized SW/PSW

— Refractory LTG, PHT,
VPA, CLB,
LEV

GAB, TPM,
KD

6/F/
10 y

3 y FS, GTC Fever,
sleep

No Normal background;
centrotemporal or
diffuse SW

— 2 sz total; sz-free for
>3 y

VPA —

7/
M/
10 y

4 y FS, FBTC,
FIAS

Febrile
illnesses

No Normal background;
diffuse epileptiform
discharges with TPO
predominance

Focal epilepsy Refractory initially;
now sz-free

VPA, LEV,
TPM

—

8/
M/
11 y

7 y FBTC, FIAS No No Normal background;
diffuse epileptiform
discharges with TPO
predominance

Focal epilepsy Sz-free LEV —

9/
M/
13 y

10 m Hemiclonic,
F

Sleep Yes Diffuse and multifocal
epileptiform discharges

Focal epilepsy Refractory initially;
Sz-free since 4 y

VPA, TPM,
CLB, PHT

VIG, LTG,
LEV

10/
F/
3.5 y

2.5 y FS Febrile
illness

No Normal FS Only one event; not
treated

— —

11/
F/11
y

0.3 y ES, GTC,
FIAS

Hot
weather

No Hypsarrhythmia with ES;
normal when other sz
types emerged

West Responded well to
medication

ACTH,
VPA, OXC

TPM, VGB,
CLN

12/
M/
13 y

2.5 y GTC, FIAS,
myoclonic,
tonic, DA,
atypical
absence

Sleep Yes Diffuse slowing;
multifocal epileptiform
discharges; generalized
slow SW and PSW; PFA

LGS Refractory VPA, ETX,
LTG, LEV,
TPM

CLB

13/
F/28
y

2.5 y GTC, tonic,
atypical
absence,
myoclonic,
DA, FIAS

Sleep,
illness

Yes Generalized 1.5 Hz SW,
PSW, ShW; diffuse
slowing

LGS Refractory LTG,
VPA,CLB,
CLN, LEV

TPM, ETX

14/
M/5
y

1.5 y FS, GTC, DA,
myoclonic

Febrile
illness,
sleep

Yes Diffuse slowing;
generalized slow SW,
PSW

MAE Refractory VPA, CLB,
LTG

TPM, LEV

Continued
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regarding genotype-phenotype correlation. As a retrospective
study in which many patients self-referred, there are potential
biases, most notably selection and recall biases. There was a
preponderance of patients with copy number variants in our co-
hort because only 2 individuals had truncating MBD5 variants.
This may relate to the accessibility of different investigations be-
cause CGH microarrays are far more readily available than gene
panels around the world so that point mutations may be being
missed in patients who lack access to next-generation sequencing.

In summary, patients with MBD5 pathogenic variants and sei-
zuresmay have a range of phenotypes, including early childhood-

onset developmental and epileptic encephalopathy. Epilepsy
syndromes include infantile spasms syndrome, LGS, and MAE.
Convulsive status epilepticus and nonconvulsive status epi-
lepticus are fairly frequent, and seizures are often provoked by
fever or environmental hyperthermia. Parental genetic testing
should be offered because inheritance from mosaic parents may
be more common than currently appreciated with important
implications for genetic counseling.

Disclosure
K.A. Myers has received a travel grant from Zynerba and
receives/has received research support from Fonds de

Table 2 Epilepsy Features (continued)

No./
Sex/
Age

Sz
onset

Seizure
types
(initial
seizure
type in
bold)

Seizure
triggers SE? EEG

Electroclinical
syndrome Epilepsy course

Effective
meds

Ineffective
meds

15/
M/9
y

1.5 y Tonic, DA
GTC,
atypical
absence,
gelastic

Febrile
illness,
sleep

Yes Diffuse slowing;
generalized and
multifocal (R and L
frontocentral) slow 1.5–2
Hz SW, PSW

LGS Refractory OXC, LEV,
CLB, NIT

—

16/
M/
15 y

13 y GTC,
atypical
absence

— No Normal background;
3–3.5 Hz generalized SW

— Only 3 GTC VPA LTG

17/
F/7
y

3 y FS,
hemiclonic,
DA

Febrile
illness

Yes Official reports not
available; parents
reported ESES diagnosis
at age 3 y

— Refractory LEV, CLN,
IVIG

—

18/
M/
11 y

2 y FS Febrile
illness

No Not performed FS Only one febrile
seizure; not
medicated

— —

19/
M/
3.3 y

9 m FS, GTC Febrile
illness

No Normal FS+ Seizure-free on LEV LEV VPA

20/
M/
3.3 y

2.9 y Staring
spells
(absences
vs FIAS)

— No Normal (at 6 m) — 3 events; not
medicated

— —

21/
M/
2.3 y

3 d FIAS, tonic — No Normal — Cluster of events in
first week of life,
then 2 likely FIA
seizures at 26 m; not
medicated

— —

22/
F/
12.5
y

8 y FIAS, GTC,
tonic

— No Focal SW and PSW right
frontocentral region

— Sz controlled onOXC OXC —

23/
M/
11 y

18 m GTC — No Diffuse slowing — Sz controlled on VPA
and LEV

VPA, LEV —

Abbreviations: ACTH = adrenocorticotropic hormone; CBZ = carbamazepine; CLB = clobazam; CLN = clonazepam; DA = drop attacks; ES = epileptic spasms;
F = focal; FBTC = focal to bilateral tonic-clonic; FIAS = focal with impaired awareness seizures; FS = febrile seizures; FS+ = febrile seizures plus; G = gelastic;
GAB = gabapentin; GTC = generalized tonic-clonic; IVIG = intravenous immunoglobulin; KD = ketogenic diet; LEV = levetiracetam; LGS = Lennox-Gastaut
syndrome; LTG = lamotrigine; MAE = myoclonic-atonic epilepsy; NCSE = nonconvulsive status epilepticus; NIT = nitrazepam; OXC = oxcarbazepine;
PB = phenobarbital; PFA = paroxysmal fast activity; PHT = phenytoin; PSW = polyspike-wave; RUF = rufinamide; ShW = sharp-slow wave; SW = spike-wave;
Sz = seizure; TPM = topiramate; TPO = temporoparieto-occipital; VGB = vigabatrin; VPA = valproic acid.
Medicationswere classified as “effective” if there was reported to be at least partial improvement in seizure control, and “ineffective” if there was no apparent
improvement.
a Status epilepticus was the initial presentation of seizures.
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Table 3 Developmental Impairment, Behavioral Issues, and Other Clinical Features

#/Sex/
Age

Developmental
milestones
(sat/walked/
first word) ID
degree
Regress with
seizures? Microcephaly? Sleep issues Behavioral issues MRI brain

Musculoskeletal
abnormalities

1/M/
10 y

8 m/20 m/2 y
Severe
No

Y Frequent
waking from
age 4 y

Agitation, hyperactivity,
anxiety, aggression; self-
mutilation

Normal at age 2.2 y;
mild thickening of
corpus callosum noted
at 14 y

Idiopathic torticollis

2/M/4
y

8 m/17 m/12 m
Severe
Yes

N Frequent
waking with
nocturnal
tonic seizures

N Normal (age 2.1 y) N

3/M/5
y

18 m/4 y/3 y
Severe
No

Y No Irritability, aggression, violent
tantrums, obsessiveness,
inflexibility

Normal (age 4.5 mths) Abnormal increased left
foot and ankle tone with
fixed, plantar-flexed,
hindfoot varus, inverted
position

4/F/6
y

6 m/18 m/3.5 y
Severe
No

N Sleep
initiation
difficulty

ADHD, anxiety, tantrums, self-
mutilation

Normal (age 3.2 y) N

5/F/26
y

?/3 y/NV
Severe
No

N Frequent
waking

Compulsive behavior, severe
agitation, violence, self-
mutilation

“Global reduction in
white matter” (age 10 y)

N

6/F/10
y

?/?/NV
Severe
No (behavior
worsened at 6 y)

Y Parasomnias,
bruxism and
sleep talking

Fluctuating aggressiveness,
irritability

Chiari I malformation
(age 6.5 y)

N

7/M/
10 y

?/2 y/2.5 y
Severe
No

N N Hyperactivity Normal (age 5 y) N

8/M/
11 y

?/2 y/4 y
Severe
No

Y Pavor
nocturnus

Hyperactivity Normal (age 6 y) N

9/M/
13 y

20 m/NA/NV
Severe
No

Y N N Mild hypomyelination,
thin CC (age 3 y)

N

10/F/
3.5 y

7 m/19 m/11 m
Mild
No

N N N Not performed N

11/F/
11 y

17 m/23 m/NV
Severe
No

N Frequent
waking; “tears
apart
bedroom”

Bangs head, scratches arms;
self-stimulation

Normal (age 5 mths) N

12/M/
13 y

8 m/15 m/13 m
Moderate-
severe
Yes

N Frequent
waking and
very active

N Normal (age 3 y) N

13/F/
28 y

8 m/15 m/?
Moderate
Yes

Y Frequent
waking

Obsessive behaviors and
tantrums

Normal (age 8 y) N

14/M/
5 y

10 m/19 m/NV
Moderate-
severe
No

N Frequent
waking
(average 10/
night)

Bites self; bangs head against
wall

Normal N

15/M/
9 y

9 m/17 m/17 m
Moderate-
severe
Yes

N Frequent
waking

Tantrums; bites hands Normal (ages 2.5 y and
10 y)

N

Continued
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Table 3 Developmental Impairment, Behavioral Issues, and Other Clinical Features (continued)

#/Sex/
Age

Developmental
milestones
(sat/walked/
first word) ID
degree
Regress with
seizures? Microcephaly? Sleep issues Behavioral issues MRI brain

Musculoskeletal
abnormalities

16/M/
15 y

7 m/15 m/18 m
Moderate
Yes

N Frequent
waking

Misbehaves frequently Normal N

17/F/
7 y

3 y/NA/NV
severe
No

Y Frequent
waking with
nocturnal
seizures

N Not available Congenital bilateral
talipes equinovarus

18/M/
11 y

1y/2y 3m/2y
Severe
No

N Frequent
waking from
age 6 y

Poor attention and
concentration, hyperactivity,
repetitive hand mannerisms

Normal (age 2 y) N

19/M/
3.3 y

8m/16m/2y 4m
Moderate
No

N N Hyperactivity Normal N

20/M/
3.3 y

12 m/21 m/2.5 y
Moderate
No

N N Pushing other children;
pinching himself

Normal N

21/M/
2.3 y

2 y/NA/10 m
Moderate
No

N Frequent
waking

N Normal (age 2.3 y) N

22/F/
12.5 y

10 m/2.5 y/4 y
Moderate
No

Y Frequent
waking

N Normal (age 8.5 y) N

23/M/
11 y

6 m/2.5 y/16 m
Severe
No

Y Frequent
waking

Food-hoarding behaviors and
other obsessions; had self-
injurious behaviors when
younger; now, hits and
scratches others

Focal T2
hyperintensities in
occipital white matter;
mild cerebral and
cerebellar atrophy (age
1.9 y)

N

Abbreviations: ADHD = attention deficit hyperactivity disorder; CC = corpus callosum; NA = non-ambulatory; NV = non-verbal.
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Abstract
Objective
The goal of the study was to identify brain and functional features associated with premanifest
phases of adult-onset myotonic dystrophy type 1 (i.e., PreDM1).

Methods
This cross-sectional study included 68 healthy adults (mean age = 43.4 years, SD = 12.9), 13
individuals with PreDM1 (mean age: 47.4 years, SD = 16.3), and 37 individuals with manifest
DM1 (mean age = 45.2 years, SD = 9.3). The primary outcome measures included fractional
anisotropy (FA), motor measures (Muscle Impairment Rating Scale, Grooved Pegboard,
Finger-Tapping Test, and grip force), general cognitive abilities (Wechsler Adult Intelligence
Scales), sleep quality (Scales for Outcomes in Parkinson’s Disease–Sleep), and apathy (Apathy
Evaluation Scale).

Results
Individuals with PreDM1 exhibited an intermediate level of white matter FA abnormality,
where whole-brain FA was lower relative to healthy controls (difference of the estimated
marginal mean [EMMdifference] = 0.02, 95% confidence interval (CI) 0.01–0.03, p < 0.001), but
the PreDM1 group had significantly higher FA than did individuals with manifest DM1
(EMMdifference = 0.02, 95% CI 0.009–0.03, p < 0.001). Individuals with PreDM1 exhibited
reduced performance on the finger-tapping task relative to control peers (EMMdifference = 5.70,
95% CI 0.51–11.00, p = 0.03), but performance of the PreDM1 group was better than that of
the manifest DM1 group (EMMdifference = 5.60, 95% CI 0.11–11.00, p = 0.05). Hypersom-
nolence in PreDM1 was intermediate between controls (EMMdifference = −1.70, 95% CI
−3.10–0.35, p = 0.01) and manifest DM1 (EMMdifference = −2.10, 95% CI −3.50–0.60, p =
0.006).

Conclusions
Our findings highlight key CNS and functional deficits associated with PreDM1, offering
insight in early disease course.
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Myotonic dystrophy type 1 (DM1) is an autosomal dominant
trinucleotide repeat disorder caused by a CTG repeat ex-
pansion in the DMPK gene. Symptom manifestation of adult-
onset DM1may be preceded by a prodromal phase, similar to
Huntington disease (HD) where motor manifestation is
preceded by changes in brain morphology, cognition, be-
havior, and motor function.1–3 Formulas that include age and
trinucleotide repeat length have been developed for the pre-
symptomatic phases of HD to determine proximity to disease
onset and progression. Proximity to HD onset is correlated
with reduced striatal volume, the most sensitive MRI measure
of HD motor onset.3–8 A Dutch group introduced the notion
that some carriers of the DM1 mutation lacked diagnostic
signs.9 Several studies have subsequently evaluated swallow-
ing10 and eye movement11 in presymptomatic patients with
DM1. Collectively, little is known about the presymptomatic
phase of DM1 (PreDM1), particularly regarding brain mor-
phology, or the potential utility of an age by CTG product for
estimating disease burden.

Several key features require exploration in the context of
PreDM1. Reduced white matter (WM) fractional anisotropy
(FA) in patients with DM1 relative to controls is a prominent
feature of CNS abnormality.12–21 Cognitive challenges are
also prevalent in adult-onset DM122 and encompass mild to
moderate intellectual impairment, executive dysfunction, and
visuospatial difficulty.23 Apathy is substantially more preva-
lent in adults with DM1 than unaffected adults.24 Finally,
hypersomnolence is evident in approximately 30%–60% of
patients, making it one of the most frequent nonmuscular
symptoms.25

First, we identified brain WM FA and functional measures—
including motor skill, general cognitive abilities, somnolence,
and apathy—associated with PreDM1. Second, we evaluated
the utility of a CTG by age product to approximate disease
burden in regard to brain imaging measures.

Methods
Participants
Individuals with DM1 were recruited consecutively to par-
ticipate in the Iowa DM1–Brain and Muscle study in Iowa
City, Iowa, via advertisements through the advocacy group
The Myotonic Dystrophy Foundation and word of mouth.
Healthy control participants were recruited from the Iowa
City area via advertisements or as a spouse/partner of par-
ticipants with DM1. Exclusion criteria for all participants in-
cluded MRI contraindication, a history of serious head injury,

or a chronic neurologic disorder other than DM1. Control
participants were additionally required to be without history
of substance abuse, psychiatric disease, or major medical
disease. Recruitment was targeted to adult-onset DM1 only
(onset after age 18 years). Individuals who reported disease
onset DM1 before age 18 years were excluded. The groups
consisted of 61 controls, 45 subjects who had been geneti-
cally confirmed to have the gene expansion (CTG ≥50) for
DM1, and 12 with a family history of DM1 without con-
firmative testing (i.e., at risk). These at-risk participants
underwent genetic testing for research purposes only. At-risk
individuals who were determined to have CTG repeat length
≥50 were included in the DM1 group (N = 5); the remainder
were included in the control group (N = 7). The final sample
included 118 individuals (68 controls and 50 DM1). Re-
cruitment took place between March 2016 and February
2020.

PreDM1 was operationally defined by the absence of de-
tectable motor symptoms as determined by a clinical exami-
nation by neuromuscular neurologist using the Muscle
Impairment Rating Scale (MIRS). The MIRS ranges from 1
(normal, no symptoms) to 5 (severe symptoms). We chose
this definition to operationalize our analysis; however, we
understand that the onset of DM1 is not always clear. Some
patients may have, for example, cataracts, sleepiness, or apa-
thy, but no motor symptoms. Some patients may also have
mild motor symptoms subjectively that do not manifest by a
clinical examination.26 From our sample of 50 subjects with
DM1, 13 of them had anMIRS = 1 and were therefore defined
as preDM1, with the remaining 37 subjects defined as mani-
fest DM1.

Standard Protocol Approvals, Registrations,
and Patient Consents
All data were deidentified, and all participants consented to
nondisclosure of genetic results obtained as part of the study.
All participants gave written informed consent before en-
rolling in the protocol. The study was approved by the Uni-
versity of Iowa Institutional Review Board.

Genetics: Estimated Progenitor Allele Length
and Detection of Variant Repeats
Genotyping of pre- and manifest DM1 participants was com-
pleted by small-pool PCR (SP-PCR).27 For each participant, 4
reactions were completed, each using 300 pg genomic DNA
template derived from blood leukocytes. The primers used
were (forward) DM-C (59 AACGGGGCTCGAAGGGTCCT
39) and (reverse) DM-DR (59 CAGGCCTGCAGTTTGCC-
CATC 39). CTG repeat lengths were estimated by comparison

Glossary
AES = Apathy Evaluation Scale; DM1 = myotonic dystrophy type 1; EMM = estimated marginal mean; ePAL = estimated
progenitor allele length; FA = fractional anisotropy; FDR = false discovery rate; HD = Huntington disease; MIRS = Muscle
Impairment Rating Scale; PreDM1 = presymptomatic phase of DM1; SP-PCR = small-pool PCR; WM = white matter.
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against DNA fragments of known length and molecular weight
markers, using CLIQS software (TotalLabs UK Ltd., New-
castle upon Tyne, United Kingdom). The lower boundary of
the expanded molecules in SP-PCR was used to estimate the
progenitor (or inherited) allele length (ePAL).28 Patients with
CCG interruptions (referred to as variant repeats) have been
shown to have a substantially milder form of DM1 compared
with patients with pure repeats.29 Therefore, we also evaluated
small-pool PCR products from all participants for AciI sensi-
tivity (New England BioLabs UK Ltd., Hitchin, United King-
dom; restriction site 59CCGC-39) allowing identification of
participants with variant repeats, as previously described.30 For
patients with variant repeats, as for those with pure CTG repeat

expansions, ePAL was defined as the total length of triplet
repeats (whether CTG, CCG, or other triplet motifs) as de-
termined from the lower boundary of bands on the SP-PCR
blot. This estimate was used because AciI sensitivity alone
cannot be used to infer the precise number or location of
variant repeats or to determine the length of the longest stretch
of pure CTG repeats present.

Genetics: Determination of CTG Repeat Length
in Control Participants
CTG repeat length was estimated by MiSeq sequencing, es-
sentially as described for HD alleles,31 substituting DM1-for
HD-specific primers, and using reference sequences

Table 1 Sample Characteristics

Healthy adults (N = 68) PreDM1 (N = 13) DM1 (N = 37)

Sex, n (%)

Female 45 (66.2) 7 (53.8) 26 (70.3)

Male 23 (33.8) 6 (46.2) 11 (29.7)

Age, y

Mean (SD) 43.4 (12.9) 47.4 (16.3) 45.2 (9.27)

Median [min, max] 43.7 [18.3, 63.4] 53.3 [19.2, 64.0] 44.1 [30.3, 62.2]

Age of symptom onset, y

Mean (SD) — — 32.7 (10.1)

Median [min, max] — — 32.0 [16.0c, 52.0]

Education, y

Mean (SD) 16.1 (2.07) 15.8 (1.83) 15.8 (2.24)

Median [min, max] 16.0 [12.0, 20.0] 16.0 [13.0, 20.0] 16.0 [12.0, 20.0]

ePALa

Mean (SD) 13.9 (6.13) 102 (59.1) 180 (97.4)

Median [min, max] 13.0 [5.00, 43.0] 85.0 [55.0, 276] 146 [67.0, 501]

Missing, n (%) 1 (1.5) 0 (0) 1 (2.7)

Variant repeats, n (%)b

Controls 68 (100) 0 (0) 0 (0)

Pure 0 (0) 12 (92.3) 33 (89.2)

Variant 0 (0) 1 (7.7) 4 (10.8)

Muscle Impairment Rating Scale, n (%)

1 0 (0) 13 (100) 0 (0)

2 0 (0) 0 (0) 25 (67.6)

3 0 (0) 0 (0) 9 (24.3)

4 0 (0) 0 (0) 2 (5.4)

Abbreviations: DM1 = myotonic dystrophy type 1; ePAL = estimated progenitor allele length; PreDM1 = presymptomatic phase of DM1.
a For alleles <50, the value represents the absolute length of the longest inherited allele.
b Refers to naturally occurring interruptions in the CTG repeat tract that has been associated with a milder phenotype.
c One individual reported mild hand myotonia at age 16 years, but no other symptoms.
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comprising 0 to 100 CTG repeats and 59- and 39-flanking
sequence to the primer binding sites.

MRI
Participants who participated before June 2016 (N = 52, 24
controls, 28 DM1) were scanned using a 3T Siemens Tri-
oTIM scanner. Those who participated after June 2016 (N =
66, 34 controls, 22 DM1) were scanned using a 3T General
Electric Discovery MR750w scanner.

Batch effects in diffusion-weighted images associated with
scanner versions were normalized using ComBat harmoni-
zation (see figure e-1, links.lww.com/NXG/A406).32

Diffusion-weighted images were collected using echo planar
recovery magnitude sequences collected in the axial plane
with either a single shell (B1000, 64 directions), multishell
(B1000 and B2000, 29–30 directions per shell), or both
(details provided in table e-1, links.lww.com/NXG/A406).

White Matter FA
Diffusion-weighted images were processed using standard
procedures of the FMRIB Diffusion toolbox from the FSL
software package (fmrib.ox.ac.uk/fsl), where phase encoding
distortion and eddy current artifacts were removed.33,34 Diffu-
sion tensor models were generated using dtifit, and diffusivity
measures, including FA, were calculated. To normalize scalars to
a common space, the following registrations were performed
using rigid, affine, and nonlinear (symmetric normalization)
components using Advanced Normalization Tools35: (1) B0
images (after encoding distortion and artifacts are removed)
were registered to T2w images in native space (not to T1w
images, since B0 and T2w images have similar intensity distri-
butions by tissue type, which improves registration accuracy).
(2) For more accurate anatomic registrations, T2w images were
coregistered to T1w images in native, individual space. Finally,
(3) for accurate normalization, both T1w and T2w coregistered
images were registered simultaneously to coregistered, same-
modality images in template space. These transformations were
applied to FA maps in a single linear interpolation step to
prevent compounding interpolation errors.

Motor Function
The MIRS is an expert rating tool established in accordance
with the clinically recognized distal to proximal progression of
muscle impairment in DM1.36

Fine motor skills were measured with the finger-tapping and
the grooved Pegboard tests (Lafayette Instruments, Lafayette,
LA). Participants completed 5 consecutive 10 second tap
trials. The dependent variable was the average number of taps
using the dominant hand. The Grooved Pegboard test re-
quires participants to insert keyed pegs into slots. The out-
come measure of interest was time in seconds, to completion
using the dominant hand. The Lafayette Instruments dyna-
mometer was used to assess grip force in kilogram force. The
dependent variable represents the average grip force of the
dominant hand across 3 trials.

General Cognitive Abilities
Participants completed the Wechsler Adult Intelligence Scale
IV to estimate verbal comprehension, perceptual reasoning,
working memory, and processing speed.37

Sleep Quality
The Scales for Outcomes in Parkinson’s Disease–Sleep survey
was used to assess sleep quality.38 The self-report scale in-
cludes 5 nighttime sleep quality items and 6 hypersomnolence
items, which were summed to calculate total sleep quality and
hypersomnolence scores.

Apathy
The Apathy Evaluation Scale (AES) was used to determine self-
reported degree of apathy.39 The AES includes 18 items that are
rated on a 4-point Likert scale. Items were summed to create a
total score, where higher scores represent increased apathy.

Statistical Analysis
Demographic characteristics of the DM1 group and the
control group were summarized with descriptive statistics.

Figure 1 WM FA Across Groups

Panel A shows that whole-brainWM FA is shown on the x-axis across groups
(controls, PreDM1, and manifest DM1). Estimated marginal means are
represented as diamonds with associated 95% confidence limits. Small cir-
cles represent individual observations. Significant differences between
groups at p < 0.05 are marked with black, vertical bars. Whole-brain WM FA
in PreDM1 was intermediate between that of control individuals and pa-
tients with manifest DM1. Panel B shows a voxel-wisemap of FA differences
between the control group andPreDM1 group. Panel C shows FA differences
between the control group and the manifest DM1 group. DM1 = myotonic
dystrophy type 1; FA = fractional anisotropy; PreDM1 = presymptomatic
phase of DM1; WM = white matter.

4 Neurology: Genetics | Volume 7, Number 2 | April 2021 Neurology.org/NG

http://links.lww.com/NXG/A406
http://links.lww.com/NXG/A406
http://www.fmrib.ox.ac.uk/fsl
http://neurology.org/ng


Group differences in functional outcomes and WM FA values
were examined using a linearmixed effects framework, where the
random effect of family and fixed effects of group controls vs
PreDM1 vs manifest DM1, age, and sex were included in each
model. Wald tests were applied to assess effects of grouping
variables with more than 2 levels, and the false discovery rate
(FDR) was applied to account for multiple comparisons.40 Re-
sults were displayed as estimated marginal means (EMMs) or as
the difference in EMM (EMMdifference). The age*ePAL product
was computed and examined in relationship to whole-brainWM
FA within individuals with PreDM1 and in DM1.

Data Availability
Data can be shared on reasonable request.

Results
Sample
The sample included 68 control individuals (33.8% male), 13
individuals with PreDM1 (46.2% male), and 37 individuals with
manifest DM1 (29.7% male; table 1). There were fewer males
than females (χ2(1) = 12.237, p = 0.0005); however, the sex
distribution was similar across groups (χ2(2) = 1.159, p = 0.560).
Age at evaluation and education were also comparable across
groups (F(2,115) = 0.66, p = 0.519; F(2,115) = 0.27, p = 0.766,
respectively). ePALwas significantly longer in themanifest DM1
group relative to the PreDM1 group (Χ(2)

2 = 86.98, p = 7.9 ×
10−5). One individual with PreDM1 and 4 individuals withDM1
were identified as having a variant repeat.

Figure 2 ePAL Characteristics of Subset of Patients With DM1

Panel A shows the distribution of the natural log of
ePAL (x-axis) across groups (y-axis). Individuals
with ePAL (estimated progenitor allele length)
greater than 125 repeats were excluded (manifest
DM1 = 14; PreDM1 = 1), resulting in a group of 12
individuals with PreDM1 and 22 individuals with
manifest DM1with comparable ePAL repeats. The
dotted, vertical line represents the cutoff for cre-
ating subgroups with comparable ePAL. The open
circles represent observations that were excluded
from the subset analysis. Panel B shows whole-
brainWM FA on the x-axis and group on the y-axis.
Estimated marginal means are shown as dia-
monds with associated 95% confidence limits. The
analyses included participants with DM1 with
comparable ePAL repeats. The findings re-
capitulate those of the full sample: cerebral FA of
the PreDM1 group is intermediate between that of
controls and individuals with manifest DM1. The
vertical bars highlight pairwise comparisons that
were statistically significant at p < 0.05. DM1 =
myotonic dystrophy type 1; ePAL = estimated
progenitor allele length; PreDM1 = pre-
symptomatic phase of DM1; WM = white matter.
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White Matter FA
The PreDM1 group exhibited an intermediate level of WM
FA abnormality: whole-brain FA was lower relative to con-
trols (EMMPreDM1 = 0.39, EMMcontrol = 0.42, EMMdifference =
0.02, p < 0.001), but the PreDM1 group had significantly
higher FA than did individuals with manifest DM1 (EMMDM1

= 0.37, EMMdifference = 0.02, p < 0.001; figure 1A). On aver-
age, whole-brain WM FA in the PreDM1 group was ;6%
lower than that of the control group and;5% higher than the
manifest DM1 group. Figure 1B highlights voxel-wise FA
differences between the control group and PreDM1 and be-
tween manifest DM1 and controls (figure 1C). The pattern
for both is widespread changes with the greatest changes
being in frontal regions. Group differences between regional
WM FA are shown in figure e-2 (links.lww.com/NXG/
A406). Similar to the voxel-wide analysis, most regions are
affected with the anterior aspects of the corpus callosum
(genu) having the highest level of abnormality.

Note that removal of the 5 individuals (PreDM1= 1;DM1= 4)
with variant repeats did not result in significant changes
(controls vs PreDM1: EMMdifference = 0.02, controls vs DM1 =
0.04, PreDM1 vs DM1 = 0.02).

To explore the potential impact of differences in ePAL be-
tween PreDM1 and manifest DM1, analyses were repeated in
a subset of patients with DM1 with comparable ePAL (figure
2A; PreDM1 = 12 [mean age = 49.55 years, SD = 14.99];
manifest DM1 = 22 [mean age = 47.95 years, SD = 9.26]). As
with the full sample, the PreDM1 group exhibited lower

whole-brain WM FA than the control group (EMMdifference =
0.019, 95%, p < 0.001) and higher whole-brain WM FA than
the manifest DM1 group (EMMdifference = 0.020, p = 0.002;
figure 2B).

Functional Outcomes
Group differences were significant for all measures, except
verbal comprehension and sleep quality (all, pFDR < 0.05;
table 2). In general, the PreDM1 group was intermediate
between the control group and manifest DM1 (figure 3).
Significant differences between PreDM1 and controls were
noted for finger tapping (EMMdifference = 5.70, p = 0.03) and
hypersomnolence (EMMdifference = −1.70, p = 0.01). Differ-
ences between PreDM1 and manifest DM1 were statistically
significant for finger tapping (EMMdifference = 5.60, p = 0.05)
and hypersomnolence (EMMdifference = −2.10, p = 0.006).
Comparisons between the PreDM1 and the manifest DM1
group also showed significant differences on other functional
measures (table 2), including apathy, Perceptual Reasoning
Index scores, Processing Speed Index scores, Full-Scale IQ,
Pegboard, and grip strength. The manifest DM1 consistently
had poorer outcomes than did the PreDM1 group. Differ-
ences between controls and individuals with manifest DM1
were all significant (all, p < 0.01), except for sleep quality (p =
0.91; table 2 and figure 3).

Association Between WM FA and Proxy for
Disease Burden
The age*ePAL product was computed as a proxy for disease
burden, and its association with whole-brain WM FA was
explored within individuals with PreDM1 and in DM1.

Table 2 Functional Outcomes Across Groups

Main group effecta Controls–PreDM1 Controls–DM1 PreDM1–DM1

χ2
(2) p Value pFDR Value EMMdiff 95% CI EMMdiff 95% CI EMMdiff 95% CI

WRAT—Scaled Score 9.59 0.008 0.05 3.10 −3.30 to 9.50 7.60 2.60 to 13.00 4.50 −1.30 to 10.00

Apathy Self-Score 25.70 <0.001 <0.001 −1.50 −4.90 to 2.00 −6.10 −8.60 to 3.70 −4.70 −8.20 to 1.10

Verbal comprehension 9.84 0.007 0.05 1.90 −4.50 to 8.20 7.30 2.60 to 12.00 5.40 −0.98 to 12.00

Perceptual reasoning 30.90 <0.001 <0.001 −3.90 −11.00 to 3.40 13.00 7.60 to 18.00 17.00 8.80 to 24.00

Working memory 16.04 0.0003 0.002 4.60 −3.60 to 13.00 11.00 5.70 to 17.00 6.60 −2.10 to 15.00

Processing speed 18.93 <0.001 0.0005 0.43 −7.40 to 8.20 12.00 6.10 to 17.00 11.00 2.90 to 19.00

Full-Scale IQ 29.36 <0.001 <0.001 1.10 −5.90 to 8.00 13.00 8.00 to 18.00 12.00 4.50 to 19.00

Pegboard 16.61 <0.001 0.001 −2.30 −11.00 to 6.50 −12.00 −18.00 to 6.30 −10.00 −19.00 to 0.68

Finger tapping 40.48 <0.001 <0.001 5.70 0.51 to 11.00 11.00 7.80 to 15.00 5.60 0.11 to 11.00

Grip strength 41.99 <0.001 <0.001 4.80 −1.90 to 11.00 15.00 10.00 to 19.00 9.90 2.80 to 17.00

Sleep quality 1.78 0.41 1 −0.61 −2.20 to 1.00 −0.71 −1.80 to 0.40 −0.10 −1.80 to 1.60

Hypersomnolence 64.07 <0.001 <0.001 −1.70 −3.10 to 0.35 −3.80 −4.80 to 2.90 −2.10 −3.50 to 0.60

Abbreviations: CI = confidence interval; DM1 = myotonic dystrophy type 1; EMMdiff = difference of estimated marginal mean; FDR = false discovery rate;
PreDM1 = presymptomatic phase of DM1; WRAT = Wide Range Achievement Test.
a Represents summary statistics for group coefficient in the model.
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Whole-brain WM FA was significantly predicted by age*ePAL
in the PreDM1 group (t(10) = −2.87, p = 0.02), suggesting that a
large age*ePAL product was significantly associated with lower
whole-brain WM FA (figure 4). In contrast, the age*ePAL
product did not significantly predict whole-brain WM FA
among individuals with DM1 (t(29) = −1.22, p = 0.2; figure 4).

Discussion
In almost all measures, we found that the PreDM1 group was
generally intermediate between healthy controls and indi-
viduals with manifest DM1. In particular, compared with
controls, subjects with PreDM1 had significantly (1) lower
brain FA; (2) poorer finger-tapping scores; and (3) higher
self-ratings of hypersomnolence. These findings support the

notion that among DM1 mutation carriers, changes in the
brain, finemotor skills, and sleep may precede the onset of the
classic clinical motor signs.

Premanifest DM1 was defined based on the absence of motor
signs and symptoms as measured with the MIRS, which is
commonly used for monitoring DM1 stage and progression.
Although our definition did not encompass nonmuscular
symptoms that are known to be associated with DM1 (e.g.,
cataracts),41 a precise definition of disease manifestation in DM1
is challenging given the multisystemic nature of the disease.
Nonetheless, muscle impairment remains a key defining feature
of DM1, making MIRS a useful proxy for disease manifestation.

Reduced WM FA is one of the most reproducible findings in
the DM1 literature,12 and we showed that reductions in WM

Figure 3 Functional Outcomes Across Groups

Each panel lists the functional measure at the top, with scores on the y-axis for controls (white), PreDM1 (gray), andmanifest DM1 (black). Estimatedmarginal
means and associated 95% confidence limits are shown. The horizontal lines highlight pairwise comparisons that were statistically different at p < 0.05. DM1 =
myotonic dystrophy type 1; FSIQ = Full-Scale IQ; PreDM1 = presymptomatic phase of DM1; PRI = perceptual Reasoning Index; PSI = Processing Speed Index;
VCI = Verbal Comprehension Index; WMI = Working Memory Index; WRAT = Wide Range Achievement Test.
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FA precede clinical motor signs and symptoms associated
with DM1. Moreover, we noted that an estimate of disease
burden, age*ePAL product, was highly predictive of FA
measures in the PreDM1 sample—those with the highest
disease burden (a proxy to time to onset) had the lowest FA
values. These results suggest that WM FA may be useful in

tracking disease progress before clinical symptoms parallel to
the way striatal volume tracks and predicts motor onset in
HD.42 The age*ePAL did not predict FA in the manifest
phase, which could mean that by the time of motor onset, FA
has declined so far that there may be a floor effect for pre-
dicting further change using this index. The present sample of

Figure 4 Relationship Between ePAL*Age Product and Whole-Brain WM FA Among Individuals With DM1 and PreMD1

Panel A shows the relationship between age*ePAL product (x-axis) and whole-brain WM FA (y-axis) for the PreDM1 group, and panel B shows the same
relationship for individuals with manifest DM1. DM1 = myotonic dystrophy type 1; ePAL = estimated progenitor allele length; FA = fractional anisotropy;
PreDM1 = presymptomatic phase of DM1; WM = white matter.
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manifest DM1 had a median MIRS score of 2, indicating that
as a group, these patients were very early in the course of
disease, yet their WM FA was a full 10% lower than healthy
controls. Our novel estimate of disease burden requires fur-
ther investigation to establish its utility in predicting disease
onset.

Individuals with PreDM1 exhibited significantly more diffi-
culty with the finger-tapping test than did controls, suggesting
that this quantitative measure of fine motor skill may be quite
sensitive to early brain changes in addition to primary muscle
dysfunction. Abnormalities in similar finger-tapping tasks also
are reported as some of the earliest changes in individuals with
PreHD and speeded finger-tapping paradigms appear partic-
ularly useful in detecting such changes in motor function.43

Evaluation of fine motor skills among individuals in pre-
manifest stages of DM1 will be important in determining
markers of disease progression.

Hypersomnolence also appeared to precede muscle impair-
ment. Although this is a self-reported measure and not a
quantitative assessment, excessive daytime sleepiness has been
considered one of the most troublesome and disabling features
of the disease. Future studies might involve monitoring of
objective measures of wakefulness such as using monitors that
track movement/activity or direct assessment of EEG.

Our findings should be considered with several limitations. As
noted previously, our definition of PreDM1 is limited to
clinical motor signs and symptoms. Some subtle manifesta-
tions of clinical symptoms may not have been detected with
the clinical examination we used to determine a patient’s
status. Second, the sample included a small number of pre-
manifest individuals with DM1, limiting statistical power.
DM1 being a rare disorder, it is challenging to recruit a large
sample at a single institute. Multisite efforts are required to
gain insight into CNS involvement in DM1. Third, ePAL
differed significantly between the PreDM1 group and the
manifest DM1 group. This difference could be related to
participation bias, where patients who are healthy enough to
participate in research are also likely less affected by the dis-
ease. Limiting the analyses to DM1 groups with comparable
ePAL recapitulated the pattern observed in the entire sample,
suggesting that the observed differences between PreDM1
and manifest DM1 were not explained by ePAL differences
alone. Fourth, our study design was cross-sectional, and lon-
gitudinal studies evaluating changes in brain structure and
function are essential for understanding disease progression.
Longitudinal assessment will be particularly important in
establishing if FA, speeded finger tapping, and hypersomno-
lence are useful in predicting motor onset among premanifest
patients.

The present study identified brain and functional changes in
premanifest DM1 as defined by the absence of clinically de-
termined motor symptoms. Further studies are needed to
replicate and extend our findings.
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Mutations in ATP1A3, which encodes the α3 subunit of Na, K-ATPase, produce various
neurologic and psychological disorders that are increasingly believed to be on a continuum,
from severe infantile presentations to adult-onset movement disorders. We present evidence
that a single codon deletion can nonetheless produce a typical syndrome of rapid onset
dystonia-parkinsonism (RDP, DYT/PARK-ATP1A3, OMIM 128235).1 The novel heterozy-
gous mutation p.Phe297del (c.889-891delTTC in NM_152296) was identified in 4 patients in
3 different countries with different genetic backgrounds, European, Japanese, and mixed. This
supports the idea that there are discrete mutation-related syndromes underlying the continuum
of ATP1A3 phenotypes.

A 19-year-old Japanese man, 44-year-old and 37-year-old Portuguese siblings (older sister and
younger brother), and a 29-year-old Brazilian woman were investigated clinically and geneti-
cally. Subjects underwent next-generation sequencing panel or Sanger sequencing under re-
search protocols. All 4 cases had typical1 and mild-to-moderate symptoms of RDP. Details are
in table 1. All cases were familial according to family history and/or genetic testing. Rapid onset
of oromandibular and upper extremity dystonia occurred in adolescence in 3 patients and at age
25 in 1. There were triggers in 3. Symptoms appeared immediately or over 3 weeks. Three
developed mild parkinsonism within a decade. All had mild-to-moderate scores in the Burke-
Fahn-Marsden dystonia scale; both the Japanese and Portuguese men work. None suffered
from severe psychiatric disorders or intellectual disability. The Japanese man revealed abnormal
SPECT, EEG, and memory-guided saccades (e-Methods case 1, figures e-1–5 and table e-1,
links.lww.com/NXG/A392, and video 1). The Portuguese woman had normal muscle biopsy
and metabolic screening. The Brazilian woman had normal brain tomography.

The presence of consistent symptoms in independent patients with the same recurrent variant
is itself strong evidence for pathogenicity. Supporting the pathogenicity of the shared variant,
p.Phe297del in ATP1A3 corresponds to p.Phe305del in ATP1A2, which was reported in a case
of hemiplegic migraine with symptoms typical of other mutations in that gene (FHM2, OMIM
602481).2 In all 4 Na, K-ATPase catalytic subunit genes, there are 2 adjacent phenylalanines
with the same codons, TTCTTC in ATP1A1, ATP1A2, and ATP1A3 and TTTTTT in
ATP1A4. The deletion of 3 bases is so far the only mutation found at the site. p.Phe297del in
ATP1A3 produced a uniform syndrome on different genetic backgrounds here, suggesting a
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mutation-phenotype relationship. The position in the protein
is near the extracellular surface, not close to the ion binding
sites or to domains essential for ATP hydrolysis (figure e-6,

links.lww.com/NXG/A392). Deleting 1 residue of a helix will
change the positions of amino acids around it, and in this case,
this has the potential to distort the pathway for K+ entry and

Table 1 Clinical and Demographic Characteristics of Patients

Profile Nationality Japan Portugal Portugal Brazil

Current age,
M/F

19, M 44, F 37, M 29, F

Family
history of
RDP

Symptomatic
DNA verified

Mother (asymptomatic carrier) Father and 2 other
sisters negative; mother
died (asymptomatic)

Same family Maternal grandfather
and aunt symptomatic
and died; mother
(asymptomatic)

Development Perinatal
course

Seizures from day 19 postpartum
to 3 mo

Normal Normal Listeriosis in first
trimester treated with
amoxicillin

Childhood ADHD-like episode Normal Normal Normal

Clinical
course of
RDP

Age at onset 16 12 25 15

Initial
symptoms

Acute right arm and oromandibular
dystonia with drowsiness

After found
unconscious, dysarthria,
dysphagia, and dystonia
of lower limbs

Dysphonia and
oromandibular
dystonia

Acute left hand and
arm dystonia and
oromandibular
dystonia

Trigger Travel (motion) sickness Uncertain if syncope/
seizure/bump to the
head

None reported,
sudden onset

Death of relative

Progression 5 mo after onset, acute regression
with recovery over 1 mo

Anarthria, generalized
dystonia with
oromandibular
involvement,
hyperreflexia

2 wk to plateau, then
slowly progressive,
hyperreflexia

3 wk evolution
between onset and
plateau of dystonia

Onset of
parkinsonism

16 36 25 None

Epilepsy Irregular slow waves in bilateral
frontal cortex

Normal EEG GTCS at 14 after
death of relative;
medication until 20

None

Psychosis None None None None

Severity BFM dystonia
scalea

34 58 17.5 24

Disability
scaleb

7 13 10 5

Intellectual
disability

Mild None None None

Social state Painting industry Lives independently and
no regular job

Driver and part time
fireman

Lives independently
no regular job

Examination MRI Normal Normal Normal Normal

Other Decreased eye saccade, normal gating
of SEP SPECT: hypoperfusion in
temporal area, inferior frontal area,
hippocampus, and thalamus

Normal muscle biopsy,
metabolic screening,
and DYT1/6 gene study

Brain tomography
normal EMG: Dystonia

Treatment Medications Responsive to levodopa, diazepam,
and trihexyphenidyl

Responsive to
diazepam,
trihexyphenidyl, and
baclofen and
unresponsive to
levodopa

Responsive to
diazepam and
trihexyphenidyl and
unresponsive to
levodopa

Unresponsive to
levodopa

Abbreviations: ADHD = attention-deficit hyperactivity disorder; BFM = Burke‐Fahn‐Marsden; GTCS = generalized tonic-clonic seizure; RDP = rapid-onset
dystonia-parkinsonism.
a Scale is 0–120.
b Scale is 0–30.
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Na+ exit at the extracellular surface.3 The deletion will slightly
shorten transmembrane helix M3, which means shifting the
short extracellular linker between M3 and M4 inward. There
is good reason to predict a functional consequence: movement of
the extracellular segment of M4 controls the opening and closing
of the ion pathway.3 The shortening is also likely to affect the
orientation of Glu309, which is on M4 approximately opposite
Phe297. In one of the most intriguing laboratory studies of
ATP1A3 diseasemutations, the secondarymutation p.Glu309Asp
was shown to correct the reduced Na+ affinity of the human
mutation p.Asp923Asn, 30 Å distant on the cytoplasmic side of
M8.4 Aspartate is only slightly smaller than glutamate, and the
affinity increase was believed to be due to adjustment of the
position of M4, which contributes part of the ion binding
pocket.3,5 In this context, p.Phe297del may produceATP1A3 and
ATP1A2 neurologic disorders by altered kinetic properties or by
inactivation of enzymatic activity.3,5

Different ATP1A3 mutations produce a range of symptoms
with considerable overlap,6 but there seem to be discrete
mutation-related syndromes underlying the continuum of
phenotypes, and early indications of structure-phenotype re-
lationships.7 Why mutations of ATP1A3 produce 1 syndrome
and not others is of paramount importance for development
of therapies. Factors that can impact phenotype are the level
of inactivation (loss of activity or loss of membrane delivery);
alteration of neuronal physiology by changing ion affinity,
intracellular Na+, and membrane potential; and whether the
protein is stable. Each ATP1A3 variant will have an intrinsic
propensity to each form of damage, resulting in a tendency to
produce milder or more severe syndromes. A few mutations,
such as p.Asp923Asn, have been shown to produce 2 different
syndromes even in the same family, and in such cases, other
factors must contribute to symptom differences.
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Inherited retinal dystrophies (IRD) comprise a heterogeneous group of disorders that affect
visual function. IRD occur in isolated forms or in association with systemic abnormalities.1 Over
300 disease-causing genes have been identified in IRD.

We report an unusual form of syndromic IRDwith a complex neurologic phenotype caused by a
mutation in PRPS1 gene. Pathogenic variants in PRPS1 lead to Arts syndrome, X-linked
deafness 1, PRPS-related gout, or Charcot-Marie-Tooth 5 (CMTX5) in boys,2 but it has been
recently shown that women may also be symptomatic and display hearing loss, ophthalmologic
abnormalities, and neurologic manifestations.3

Case Report
A 30-year-old woman, born from nonconsanguineous parents, presented with a 5-year history
of progressive ataxia. She also had congenital strabismus, infantile-onset hearing loss, and a
retinal dystrophy with progressive visual loss for the past 10 years. The visual acuity was 20/200
on the right eye and 20/40 on the left eye. Fundus examination revealed pale optic discs,
attenuated vessels, and atrophic areas containing whitish fine dots, reticular pigmentation, and
bone spicules bilaterally. Examination showed cerebellar ataxia, dysarthria, and gaze-evoked
nystagmus. Audiometry confirmed bilateral sensorineural hearing loss. Brain MRI showed
atrophy in the pons, middle cerebellar peduncles, vermis, and cerebellar hemispheres (figure).
The genetic test for Friedreich ataxia was negative. Alpha-fetoprotein, albumin, vitamin E,
creatine kinase, and lactate were normal. Whole-exome sequencing disclosed a heterozygous
missense variant c.359G>T(p.Gly120Val) in one of her PRPS1 alleles.

Discussion
PRPS1 is located in X chromosome and codes the enzyme phosphoribosyl pyrophosphate
(PRPP) synthetase 1. This enzyme is involved in the synthesis of PRPP from ATP and ribose-5-
phosphate, which is essential in the production of purines (adenine and guanine) and py-
rimidines (cytosine, thymine, and uracil) nucleotides, the building blocks of life. Pathogenic
variants in PRPS1 cause 4 distinct conditions in males: CMTX5, X-linked deafness 1 (DFNX1),
Arts syndrome, and an inherited form of gout (PRPS-related gout). Sensorineural hearing loss
is the only common manifestation of these disorders and the isolated finding of DFNX1.
Patients with CMTX5 and Arts syndrome additionally have peripheral neuropathy, ataxia, and
optic atrophy.2,4 Severe cognitive decline, recurrent infections, and early death complicate the
clinical course in Arts syndrome, the most severe phenotype.5 Individuals with PRPS-related
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gout, the most common form, have hyperuricemia, but some
exhibit mental retardation, ataxia, and hypotonia.2

The variant found in our patient, c.359G>T(p.Gly120Val), is
novel and was confirmed by Sanger sequencing. Also, it was
absent in the parents characterizing a de novo mutation.
Moreover, this variant is absent in 178,000 X chromosomes. It
affects a highly conserved residue, and in silico prediction
indicates a deleterious effect. The combination of the mo-
lecular mechanism, location, and the correlation with clinical
features suggests that this variant is most likely pathogenic.

Female patients with PRPS1 mutations are usually asymp-
tomatic and rarely present with neurologic symptoms.6 The
female disease spectrum ranges from isolated sensorineural
hearing loss to the combination of retinal dystrophy, optic
atrophy, peripheral neuropathy, ataxia with cerebellar atrophy
in MRI, and developmental delay.3,4,7 Our patient presented
early-onset hearing loss, retinal dystrophy, and cerebellar
ataxia. Her phenotype is consistent with the one described in
2 women from a Spanish family.3 Fiorentino et al.7 reported
similar phenotypic features in a Japanese mother and her
daughter, who had retinal dystrophy, optic atrophy, sensori-
neural hearing loss, and gait ataxia. A pathophysiologic ex-
planation for a late-onset phenotype in a woman related to

PRPS1 is the X inactivation. De novo variants and skewed
inactivation of X chromosome have been described.

The work by Fiorentino et al.7 demonstrated 7 of 9 patients
with PRPS1-related retinal dystrophy had asymmetric retinal
abnormalities. A high proportion of women with X-linked
IRD have fundus changes, which are frequently asymmetric.
This may be a consequence of skewed inactivation of X
chromosomes in females, causing a higher proportion of
retinal cells to express the pathogenic variant of PRPS1 gene,
rather than the wild-type allele. The degree of skewed
X-chromosome inactivation and PRPP synthetase residual
activity are the likely determinants of phenotype severity in
women with pathogenic variants of PRPS1.4

It is noteworthy that PRPS1-related disorders might be
treatable. Dietary S-adenosylmethionine supplementation
(SAM) exploits an alternative route of ATP biosynthesis,
which may alleviate the shortage of adenosine-derived nu-
cleotides. Of interest, in 2 individuals with Arts syndrome,
SAM supplementation resulted in clinical improvement.2

In conclusion, this report illustrates the remarkable phenotypic
variability of PRPS1 mutations, which may cause a rare form of
X-linked adult-onset cerebellar ataxia. Asymmetric retinal dys-
trophy might represent a clue for the diagnosis of PRPS1 spec-
trum disease in women with hearing loss and cerebellar signs.
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Figure Ophthalmologic and Radiologic Findings

Color fundus photographs of both eyes depicting pale optic discs, attenu-
ated retinal vessels, and atrophic areas containing whitish fine dots with
reticular pigmentation (A). The pattern of retinal dystrophy is remarkably
asymmetric and more severe on the right eye, in which the macula is af-
fected. Axial T2-weighted sequence of brain MRI shows atrophy in the cer-
ebellar peduncles and pons (B) and in cerebellar hemispheres (C) (white
arrows).
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Erythromelalgia is a rare pain syndrome caused by gain-of-function mutations of the SCN9A
gene. The gene encodes Nav1.7 channels, preferentially located in the sympathetic ganglia and
nociceptive sensory neurons of the dorsal root ganglia (DRG),1 that play a key role in pain
modulation.2 DRG hyperexcitability leads to decreased pain threshold and increased firing
frequency of pain signaling neurons.3 Clinically, this presents as recurrent, severe burning pain,
redness, warmth, and often swelling of the distal extremities. Exposure to cold may provide
relief but can lead to skin ulcerations.4 There is anecdotal evidence of partial relief from
NSAIDS, antihistamines, and sodium channel blockers.5,6 Carbamazepine and oxcarbazepine
inactivate sodium channels but have been ineffective in most patients. Only 1 family with
erythromelalgia and V400M mutation in the SCN9A gene that responded to carbamazepine
was reported so far.3

Case Presentation
We report a 10-year-old girl with erythromelalgia who tested positive for the V400M mutation
in the SCN9A gene. Born at full term, she had normal development. Around the age of 2, she
started crying and refused to walk for days; she often walked on her tiptoes. After several
hospitalizations for severe pain, she was diagnosed with viral myalgia or growing pains. The pain
gradually worsened with age. Occasionally, she experiences burning of the fingertips and
flushing of the face and ears. The flairs occur at least once a month for several days at a time,
oftentimes waking her from sleep. Exposure to high temperature and humidity, spicy foods, and
fever aggravates pain, while cooling measures alleviate it. Frequent use of ice packs, fans, A/C,
and swims in cool water led to skin ulcerations. Gabapentin, acetaminophen, naproxen, and
massages provided little relief.

She has no siblings. There is no family history of similar symptoms, rheumatological, auto-
immune, paroxysmal pain disorders or insensitivity to pain. Autoimmune-related peripheral
neuropathy was ruled out by full rheumatological workup. Nerve conduction studies did not
reveal generalized peripheral neuropathy. EEG was normal. Erythromelalgia was diagnosed.

Genetic testing using next-generation sequencing confirmed by multiplex ligation-dependent
probe amplification was positive for mutation in the SCN9A gene (c.1198G>A, p.Val400Met),
characterized as likely pathogenic. Testing of her parents was negative for this mutation.
Lidocaine cream and extended release carbamazepine 100mg twice a day provided partial relief.
Carbamazepine was titrated to 200 mg 3 times daily without improvement. After a flair of pain
lasting for several days, she received 0.2 mg/kg/h ketamine infusion for 3 days. She was pain
free for 7 days.
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After 14 days, because of recurrent pain, lidocaine drip of 4
mg/kg over 3 hours was administered with complete relief.
Mexiletine 150 mg orally twice daily was added at discharge.
Despite outpatient treatment with mexiletine, ketamine loz-
enges, and intermittent ketamine drips, the pain gradually
recurred at a severity of 10/10 within a few weeks. Sub-
sequently, a lidocaine drip was initiated at 16 μg/kg/h, at
increments of 20% every 8 hours, and a goal pain level of 4/10.
Simultaneously, mexiletine was titrated to 650 mg/d orally in
3 divided doses. After 2 weeks, lidocaine was tapered off, and
she was discharged with minimal nocturnal pain.

Discussion
The V400M mutation in SCN9A was reported as likely
pathogenic in 1 family with erythromelalgia which respon-
ded very well to carbamazepine.3 Our patient shares the
same mutation. This provides further evidence that this
mutation is associated with erythromelalgia. Her parents
tested negative for the mutation, raising the possibility of a
de novo mutation.

In contrast to the previously described family, our patient
responded poorly to carbamazepine. Similarly to other pa-
tients with unexplored genetic mutations,7 our patient re-
quired IV lidocaine while transitioning to oral mexiletine.

Electrophysiologic studies in the presence of the V400M mu-
tation showed that carbamazepine normalizes both the acti-
vation and inactivation curves of the mutant sodium channels
without affecting the wild-type channels.2,3 Rather than
blocking the sodium channels, carbamazepine has amodulating
effect on the V400M variant. The varied responsiveness to
carbamazepine may be explained by the distinct mutations
participating in different steps of channel gating.2

In summary, we describe a patient with erythromelalgia
and V400Mmutation in SCN9Awho responded inadequately
to carbamazepine and required IV ketamine or lidocaine
for adequate pain relief while transitioned successfully to
oral mexiletine. This report of C.1198G>A(V400M) muta-
tion brings additional support for classification of this
variant as pathogenic and provides insight into effective
pharmacotherapy.
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Translational activator of cytochrome c oxidase I (TACO1) is a mitochondrial translation
factor involved in mitochondria-encoded cytochrome c oxidase subunit I (MT-CO1)
synthesis.1,2 Loss-of-functionmutations in theTACO1 gene cause respiratory chain complex IV
deficiency. Clinically heterogeneous human diseases are due to cytochrome c oxidase (COX)
deficiency, ranging from Leigh syndrome to myopathy, deafness, or ataxia. Recently, 2 different
TACO1 mutations have been identified in 3 families with late-onset Leigh syndrome and a
leukoencephalopathy involving predominantly basal ganglia and cystic changes.3,4 Here, we
report a subject carrying a novel homozygous truncating mutation in the TACO1 gene and
presenting an adult-onset slowly progressive spastic paraparesis with cognitive impairment and
a subcortical U-fiber leukoencephalopathy.

Case Presentation
The proband is a 50-year-old Italian woman with a 20-year history of slowly progressive spastic
gait and mild cognitive impairment. No family history and no clear consanguinity have been
reported. She has a daughter, now 24-years-old, healthy. Neurologic examination showed diffuse
signs of upper motor neuron involvement and an impairment of executive functions in a context
of low cognitive ability setting. Neither involuntary movements nor cerebellar dysfunction signs
were present. Optical coherence tomography highlighted a significant bilateral temporal retinal
nerve fiber layer thickness reduction. Brain MRI showed a white matter disease with an extensive
symmetrical involvement of U-fibers (figure 1A). Laboratory panels (including creatine kinase
and lactic acid) and EMG were unremarkable. In a 10-year follow-up, we observed a spastic gait
worsening leading to the necessary use of 2 sticks, and a cognitive impairment progression in
terms of perseveration and reduced speed in information processing. MRI follow-up displayed a
brain atrophy increase.

Genetics and Functional Studies
Whole-exome sequencing was performed on the proband, her healthy sister, and daughter after
written informed consent. Two variants in TACO1 and mitochondrial distribution and mor-
phology regulator 1 (MSTO1) were identified in the proband: a novel homozygous truncating
change c.676G>T (p.Glu226Ter) in TACO1 and c.833A>G (p.Tyr278Cys) (rs143029385) in
MSTO1 (freq. 0.04% in ExAC). None of the variants segregated in the sister, whereas the
daughter is a carrier of the TACO1 change (figure 1B). Based on this, we speculated that
TACO1 variant might be the disease-causing mutation. Functional studies demonstrated that
the newly identified TACO1 mutation is highly pathogenic. Indeed, sodium dodecyl sulfate–

From the Department of Neurology (G.S., S.G., M.F., M.S.), and Mitochondrial Dysfunctions in Neurodegeneration Unit (A.D.B., F.M.), Division of Neuroscience, IRCCS San Raffaele
Scientific Institute, Milan; Laboratory of Molecular Biology (A.C., M.T.B.), Scientific Institute IRCCS E. Medea, Bosisio Parini, Lecco; Department of Neuroradiology (P.V.), IRCCS San
Raffaele Scientific Institute, Milan; Department of Neurology (M.R.), Papa Giovanni XXIII, Bergamo; Dino Ferrari Centre (F.M.B.), Neuroscience Section, Department of Pathophys-
iology and Transplantation (DEPT), University of Milan; and Fondazione IRCCS Ca’Granda OspedaleMaggiore Policlinico (F.M.B.), Neurology Unit andMultiple Sclerosis Center, Milan,
Italy.

Go to Neurology.org/NG for full disclosures. Funding information is provided at the end of the article.

The Article Processing Charge was funded by the authors.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2021 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.0000000000000573
mailto:scarlato.marina@hsr.it
https://ng.neurology.org/content/7/2/e573/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


polyacrylamide gel electrophoresis showed a striking reduction
of MT-CO1 in patient fibroblasts compared with the hetero-
zygous daughter and a healthy control (figure 1C). Destabilized
MT-CO1 resulted in a fully compromised assembly of COX, as
assessed by blue native polyacrylamide gel electrophoresis on
isolated mitochondria from proband and control fibroblasts
(figure 1D). To determine whether COX dysfunction could
cause fragmentation of the mitochondrial network in the pro-
band, we assayed mitochondrial morphology by live imaging
microscopy in primary fibroblasts (supplemental data, links.
lww.com/NXG/A400). Despite a mild reduction of optic at-
rophy gene 1 long forms, which are the active mediators of
mitochondrial fusion (figure 1C), the proband displayed a
mitochondrial network morphology comparable to controls,
with the highest percentage of cells showing fused and inter-
connected organelles (figures e-1 and e-2, links.lww.com/
NXG/A397). This finding also demonstrates that the

heterozygous MSTO1 variant identified is likely not patho-
genic, as it does not affect mitochondrial morphology.

Discussion
We reported a novel mutation in the TACO1 gene causing a
striking reduction in the MT-CO1 synthesis and compro-
mised COX assembly in fibroblasts. Complex IV, the last
enzyme of the mitochondrial respiratory chain, catalyzes
electrons transfer to the final acceptor O2 for adenosine
triphosphate synthesis.5 Three of the 14 COX subunits are
encoded by mitochondrial DNA (mtDNA), and their syn-
thesis is regulated by different nuclear genes like TACO1.2

To date, this is the third TACO1 homozygous mutation
reported. In the first and second one,3,4 a juvenile-onset
Leigh-like disease was described with wide symptom vari-
ability also within the same family. We expanded the clinical

Figure 1 Brain MRI, the Result of Sequence Analysis, SDS-PAGE, and BN-PAGE

(A) Brain MRIs showing multifocal
confluent T2/FLAIR hyperintense le-
sions involving the supratentorial
bihemispheric subcortical white
matter, mainly located at the corti-
cal-juxtacortical junction involving
the U-fibers. Periventricular white
matter is involved bilaterally, and the
body of the corpus callosum showed
few focal lesions. Hyperintense T2/
FLAIR putaminal rim could be detec-
ted on both sides, involving the ex-
ternal capsule bilaterally. The cortex
is preserved. After contrast injection,
no area of enhancement could be
picked up (not shown). Frontal sub-
cortical lesions were partially ne-
crotic on T1-weighted images. No
focal lesions were detected at the
level of the basal ganglia, as well as
the brainstem and cerebellum.
There is evidence of a mild brain at-
rophy, with a moderate ventricular
system enlargement and prominent
sulci at the vertex. MR spectroscopy
did not show any abnormal findings
(data not shown). (B) Family pedigree
of the patient. Black and white sym-
bols indicate the proband and
healthy family members, re-
spectively. Electropherograms of
wild-type and mutated sequences
are shown below. (C) SDS-PAGE and
WB analysis of MT-CO1 and OPA1
normalized on translocase of outer
mitochondrial membrane 40
(TOM40). (D) BN-PAGE and WB anal-
ysis of assembled COX (200 kDa)
normalized on TOM complex (400
kDa). BN-PAGE = blue native poly-
acrylamide gel electrophoresis; COX
= cytochrome c oxidase; FLAIR =
fluid-attenuated inversion recovery;
MSTO1 = mitochondrial distribution
and morphology regulator 1; MT-
CO1 = mitochondria-encoded cyto-
chrome c oxidase subunit I; OPA1 =
optic atrophy gene 1; SDS-PAGE =
sodium dodecyl sulfate–
polyacrylamide gel electrophoresis;
TACO1 = translational activator of
cytochrome c oxidase I; WB = West-
ern blot.
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and neuroradiologic spectrum associated with TACO1
mutations, reporting a non-Turkish woman with a novel
clinical and neuroradiologic phenotype. Subcortical arcuate
U-fibers are among the slowest and latest myelinating fi-
bers, with a reduced rate of myelin turnover; therefore, they
are generally spared in other inherited leukodystrophies,6

except for Alexander and Canavan disease. In mitochon-
drial disorders, white matter involvement is a common
feature. Usually, lesions caused by mtDNA point mutation
predominantly affect deep gray matter with minor periph-
eral white matter involvement, whereas diffuse necrotic or
cystic changes associated with brain atrophy are frequently
observed in patients with Leigh disease due to mutation in
nuclear genes encoding for complex I or IV and assembly
factor. Late-onset and slow progressing neurologic mani-
festations make the described case an uncommon variant of
COX deficiency spectrum disorder7 and are apparently in
contrast with functional data showing a markedly reduced
COX activity in fibroblasts. This discrepancy highlights the
complex protein interactions involved in COX synthesis
and assembly, which are probably tissue and development
specific.
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CORRECTION

V374A KCND3 Pathogenic Variant Associated With Paroxysmal
Ataxia Exacerbations
Neurol Genet 2021;7:e567. doi:10.1212/NXG.0000000000000567

In the article “V374A KCND3 Pathogenic Variant Associated With Paroxysmal Ataxia Exacer-
bations” by Paucar et al.,1 the eighth author’s name should read “Irina Savitcheva.” Additionally,
the order of authors in the byline should be as follows: Martin Paucar, Richard Ågren, Tianyi Li,
Simon Lissmats, Åsa Bergendal, Jan Weinberg, Daniel Nilsson, Irina Savitcheva, Kristoffer
Sahlholm, Per Svenningsson, and Johanna Nilsson. The authors regret the errors.

Reference
1. Paucar M, Ågren R, Li T, et al. V374A KCND3 pathogenic variant associated with paroxysmal ataxia exacerbations. Neurol Genet 2021;

7:e546. doi: 10.1212/NXG.0000000000000546.

Copyright © 2021 American Academy of Neurology 1

Copyright © 2021 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://dx.doi.org/10.1212/NXG.0000000000000567

	Binder1.pdf
	NG2021016927.pdf
	NG2020014845.pdf
	NG2020015727.pdf
	NG2020015859.pdf
	NG2020016089.pdf
	NG2020016303.pdf
	NG2020015008.pdf
	NG2020014720.pdf
	NG2020014274.pdf
	NG2020015081.pdf
	NG2020015909.pdf
	NG2020016352.pdf
	NG2020016501.pdf
	NG2020014753.pdf
	NG2020016915.pdf
	NG2020016345.pdf
	NG2020015701.pdf
	NG2020015644.pdf
	NG2020015750.pdf
	NG2020016196.pdf
	NG2020016014.pdf
	NNG-D-21-00001.pdf




