
Volume 7, Number 5, October 2021
Neurology.org/NG

A peer-reviewed clinical and translational neurology open access journal

ARTICLE

Integrative Network-Based Analysis Reveals Gene 
Networks and Novel Drug Repositioning Candidates 
for Alzheimer Disease e622

ARTICLE

Amyotrophic Lateral Sclerosis Genetic 
Access Program: Paving the Way for Genetic 
Characterization of ALS in the Clinic e615

ARTICLE

Impact of MEK Inhibitor Th erapy on 
Neurocognitive Functioning in NF1 e616

ARTICLE

Revealing the Timeline of Structural MRI Changes 
in Premanifest to Manifest Huntington Disease e617



Academy Officers
Orly Avitzur, MD, MBA, FAAN, President
Carlayne E. Jackson, MD, FAAN, President Elect
Janis M. Miyasaki, MD, MEd, FRCPC, FAAN, Vice President
Sarah M. Benish, MD, FAAN, Secretary
Charles C. Flippen II, MD, FAAN, Treasurer
James C. Stevens, MD, FAAN, Past President

CEO, American Academy of Neurology
Mary E. Post, MBA, CAE
Chief Executive Officer
20l Chicago Ave
Minneapolis, MN 55415
Tel: 612-928-6000

Editorial Office
Patricia K. Baskin, MS, Executive Editor
Rachel A. Anderson, Administrative Assistant

Adria Gottesman-Davis, PhD, Journal Editorial Manager

Morgan S. Sorenson, Managing Editor
Neurology® Neuroimmunology & Neuroinflammation
Neurology® Genetics

Kathleen M. Pieper, Senior Managing Editor, Neurology®
Karen Skaja, Senior Editorial Coordinator
Skyler M. Kane, Editorial Coordinator
Margaret A. Rei, Editorial Coordinator

Lee Ann Kleffman, Managing Editor, Neurology® Clinical Practice

Andrea Rahkola, ELS, Production Editor
Kristen Swendsrud, Production Coordinator
Aubrey Zalewski, Production Coordinator

Sharon L. Quimby, Digital Managing Editor
Brooke Eikenberry, Digital Marketing Communications Administrator
Kaitlyn Aman Ramm, Digital Multimedia/Graphics Coordinator
Haley McNiff, Digital Multimedia/Podcast Coordinator

Publisher
Wolters Kluwer
Baltimore, MD

Publishing Staff
Sarah Carrera, MBA, Executive Publisher
Jessica Heise, Production Team Leader, Neurology Journals
Emily Moore, Production Editor
Steve Rose, Editorial Assistant
Stacy Drossner, Production Associate

Neurology® is a registered trademark of the American Academy of Neurology
(registration valid in the United States).

Neurology® Genetics (eISSN 2376-7839) is an open access journal published
online for the American Academy of Neurology, 201 Chicago Avenue,
Minneapolis, MN 55415, by Wolters Kluwer Health, Inc. at 14700 Citicorp
Drive, Bldg. 3, Hagerstown, MD 21742. Business offices are located at Two
Commerce Square, 2001 Market Street, Philadelphia, PA 19103. Production
offices are located at 351 West Camden Street, Baltimore, MD 21201-2436.
© 2021 American Academy of Neurology.

Neurology® Genetics is an official journal of the American Academy of
Neurology. Journal website: Neurology.org/ng, AAN website: AAN.com

Copyright and Permission Information: Please go to the journal website
(www.neurology.org/ng) and click the Permissions tab for the relevant
article. Alternatively, send an email to healthpermissions@wolterskluwer.com.
General information about permissions can be found here: https://shop.lww.com/
journal-permission.

Disclaimer: Opinions expressed by the authors and advertisers are not
necessarily those of the American Academy of Neurology, its affiliates, or of
the Publisher. The American Academy of Neurology, its affiliates, and the
Publisher disclaim any liability to any party for the accuracy, completeness,
efficacy, or availability of the material contained in this publication
(including drug dosages) or for any damages arising out of the use
or non-use of any of the material contained in this publication.

Advertising Sales Representatives: Wolters Kluwer, 333 Seventh Avenue,
New York, NY 10001. Contacts: Eileen Henry, tel: 732-778-2261, fax: 973-215-
2485, eileen.henry@wolterskluwer.com and in Europe: Craig Silver, tel: +44
7855 062 550 or e-mail: craig.silver@wolterskluwer.com.

Careers & Events:Monique McLaughlin, Wolters Kluwer, Two Commerce
Square, 2001Market Street, Philadelphia, PA 19103, tel: 215-521-8468, fax: 215-
521-8801; monique.mclaughlin@wolterskluwer.com.

Reprints:Meredith Edelman, Commercial Reprint Sales, Wolters Kluwer, Two
Commerce Square, 2001Market Street, Philadelphia, PA 19103, tel: 215-356-2721;
meredith.edelman@wolterskluwer.com; reprintsolutions@wolterskluwer.com.

Special Projects: US & Canada: Alan Moore, Wolters Kluwer, Two
Commerce Square, 2001 Market Street, Philadelphia, PA 19103, tel:
215-521-8638, alan.moore@wolterskluwer.com. International: Andrew
Wible, Senior Manager, Rights, Licensing, and Partnerships, Wolters Kluwer;
translationrights@wolterskluwer.com.

http://Neurology.org/ng
mailto:healthpermissions@wolterskluwer.com
https://shop.lww.com/journal-permission
https://shop.lww.com/journal-permission
mailto:eileen.henry@wolterskluwer.com
mailto:craig.silver@wolterskluwer.com
mailto:monique.mclaughlin@wolterskluwer.com
mailto:meredith.edelman@wolterskluwer.com
mailto:reprintsolutions@wolterskluwer.com
mailto:alan.moore@wolterskluwer.com
mailto:translationrights@wolterskluwer.com


A peer-reviewed clinical and translational neurology open access journal Neurology.org/NG

Neurology® Genetics

Editor
Stefan M. Pulst, MD, Dr med, FAAN

Deputy Editor
Massimo Pandolfo, MD, FAAN

Associate Editors
Alexandra Durr, MD, PhD
Suman Jayadev, MD
Margherita Milone, MD, PhD
Raymond P. Roos, MD, FAAN

Editorial Board
ElizabethE.Blue, PhD
FrancoisBolduc,MD,FRCPC,PhD
JoshuaBonkowsky,MD,PhD
GiovanniCoppola,MD
LouiseA.Corben, PhD
ChantalDepondt,MD,PhD
AntoineDuquette,MD,MSc,FRCP(C)
BrentL. Fogel,MD,PhD,FAAN
AlicaM.Goldman,MD,PhD,MS,FAES
Anthony J.Griswold, PhD
AndreaL.Gropman,MD,FAAP,

FACMG,FANA
OrhunH.Kantarci,MD
JulieR.Korenberg, PhD,MD
CarlaMarini,MD,PhD

Neurology® Journals

Editor-in-Chief
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EDITORIAL OPEN ACCESS

The Dose Makes the Poison
Amy Brodtmann, MBBS, FRACP, PhD, and Aamira Huq, MBBS, FRACP

Neurol Genet 2021;7:e610. doi:10.1212/NXG.0000000000000610

Correspondence

Dr. Brodtmann

agbrod@unimelb.edu.au

Most genes cause disease when the function of at least one copy of the gene is disrupted (e.g.,
loss-of-function mutations) or compromised (e.g., missense mutations). Gain of function,
resulting from increased dose of a gene product, is a less common mechanism of disease
causation. Neurologists would be familiar with Charcot-Marie-Tooth disease type 1A caused by
duplications of the PMP22 gene. Gene duplications are also well known in neurodegenerative
diseases, such as duplications of the amyloid precursor protein gene (APP), resulting in early-
onset Alzheimer dementia (AD) and cerebral amyloid angiopathy (CAA), and copy number
increases of the synuclein-alpha gene, SNCA, causing dementia with Lewy bodies or Parkinson
disease dementia.

APP,1 located on chromosome 21, is the gene that produces the amyloid precursor protein
(APP). This is a membrane spanning protein that is converted into smaller subunits including
Aβ by sequential proteolytic processing facilitated by β- and γ-secretases.2 Overexpression of
the APP gene product results in significant increases in the long isoforms of Aβ, overwhelming
the normal clearance processes of the brain. This is posited to cause angiotoxicity (CAA) and
neural synaptic toxicity (AD). Such increased APP dosage causing cognitive decline has been
implicated as the primary cause of early onset AD observed in people with Down syndrome
(trisomy 21), where there is increased APP gene dosage.3 Multiple cases of APP gene dupli-
cations have now been reported in people with early-onset AD.

In this issue of Neurology® Genetics, Grangeon et al.4 present a case report where a 41-year-old
man with episodic memory loss onset at 39 years is found to have a novel heterozygous
triplication of the APP gene, most likely inherited from his father. Although duplications of the
gene APP have been described before, this is a report of a triplication. The proband in this
report developed memory impairment associated with lobar microbleeds identified on MRI.
His CSF biomarkers showed decreased amyloid-β42 levels with increased total-tau and
phosphorylated-tau levels. He fulfilled the clinical diagnostic criteria of probable AD associated
with neuroimaging features consistent with CAA. Of interest, his father had had seizures and
recurrent cerebral hemorrhages beginning in his late thirties, and cerebral biopsy showed
abundant perivascular amyloid deposits. The father’s clinical features and investigations were
also consistent with early-onset AD and probable CAA. He died at age 48 years, and no DNA
was available for analysis.

The messenger RNA (mRNA) analysis in the study by Grangeon et al. highlights the impor-
tance of dosage sensitivity of the APP gene product. Using reverse transcription digital droplet
PCR, they were able to show that the gene triplication in their patient translated into pro-
portionately increased expression of APP. The patient with the triplication (4 copies instead of
the expected 2 copies of the APP gene) had doubling of the APP mRNA levels. Although they
were not able to make direct comparison with patients with APP duplications, people with
duplications (3 copies of APP) have a reported a 1.5-times increase in APP mRNA levels. The
age at onset of symptoms in the patients is also slightly lower than priorAPP duplication reports
(37 and 39 years vs 39–65 years), which could indicate a correlation of severity with increased
gene dosage.

From the The Florey Institute of Neuroscience and Mental Health (A.B.), University of Melbourne; and Genomic Medicine (A.H.), Royal Melbourne Hospital, University of Melbourne,
Australia.
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The strength of the study lies in the clear phenotyping and the
mRNA quantification in the proband. Unfortunately, only 2
familymembers in this pedigree were available, with confirmation
of the APP triplication present only in one of them. Further
genetic analyses, including looking at other AD and CAA risk
genes, would have been important to truly understand the clinical
expression associated with the increased copy numbers of the
APP gene. This is especially pertinent as some animal studies have
suggested that elevated cerebral Aβ deposition can occur in tri-
somy 21 independent of an extra copy of APP, indicating that
other genes in chromosome 21 may affect this pathway.5

Moreover, this case report does not shed any new light onto the
pathophysiology of CAA in themajority of people with CAA and
cognitive decline, who do not have APP copy number increase.

For clinicians involved in the care of patients with a strong
family history of CAA and early-onset AD, the main message
from this study is to consider referral for formal genetic testing
for APP gene copy number variations. Many commercially
available next generation type of gene panels may not have the
capacity to simultaneously look for copy number variants and
therefore may miss this diagnosis. If the laboratory does not
cover copy number variant analysis, a specific test such as a
chromosomal microarray or multiplex ligation-dependent
probe amplification should be organized.

Despite large clinical trials targeting Aβ and its pathways,
disease modification for AD currently remains elusive.6,7

Polygenic and multifactorial contributions to late-onset AD

are the norm, but the early onset, monogenic forms are likely
to benefit from ongoing pursuit of the amyloid pathway in
clinical trials. Moreover, the effect of Aβ pathway modulators
has not been specifically studied in individuals with increased
APP gene dosage, which allows new possibilities for treat-
ments using a precision medicine approach. Studies such as
this one open a gateway into understanding both the pa-
thology and potential disease modifiers in this unique sub-
group of patients.

Study Funding
No targeted funding reported.

Disclosure
The authors report no disclosures relevant to the manuscript.
Go to Neurology.org/NG for full disclosures.
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Abstract
Background and Objective
To report a triplication of the amyloid-β precursor protein (APP) locus along with relative
messenger RNA (mRNA) expression in a family with autosomal dominant early-onset cerebral
amyloid angiopathy (CAA) and Alzheimer disease (AD).

Methods
Four copies of the APP gene were identified by quantitative multiplex PCR of short fluorescent
fragments, fluorescent in situ hybridization (FISH), and array comparative genomic hybrid-
ization. APPmRNA levels were assessed using reverse-transcription–digital droplet PCR in the
proband’s whole blood and compared with 10 controls and 9 APP duplication carriers.

Results
Beginning at age 39 years, the proband developed severe episodic memory deficits with a CSF
biomarker profile typical of AD andmultiple lobar microbleeds in the posterior regions on brain
MRI. His father had seizures and recurrent cerebral hemorrhage since the age of 37 years. His
cerebral biopsy showed abundant perivascular amyloid deposits, leading to a diagnosis of CAA.
In the proband, we identified 4 copies of a 506-kb region located on chromosome 21q21.3 and
encompassing the whole APP gene without any other gene. FISH suggested that the genotype
of the proband was 3 copies/1 copy corresponding to an APP locus triplication, which was
consistent with the presence of 2 APP copies in the healthy mother and with the paternal
medical history. Analysis of the APPmRNA level showed a 2-fold increase in the proband and a
1.8 fold increase in APP duplication carriers compared with controls.

Discussion
Increased copy number of APP is sufficient to cause AD and CAA, with likely earlier onset in
case of triplication compared with duplication.

RELATED ARTICLE

Editorial
The Dose Makes the
Poison

Page e610

From the Department of Neurology and CNR-MAJ (L.G., D.W.), Normandie University, UNIROUEN, Inserm U1245, CHU Rouen, CIC-CRB1404, F 76000; Department of Genetics and
CNR-MAJ (K.C., S.R., N.L.M., A.R.-L., D.C., G.N.), Normandie University, UNIROUEN, Inserm U1245 and CHU Rouen, F 76000; Department of Neurology (B.C., M.F.), Lyon University
Hospital; Department of Neurology (O.M.), Grenoble University Hospital; Department of Histology (J.B.), Grenoble University Hospital; AP-HP (M.M., T.C., E.T.-L.), Groupe Hospitalier
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Amyloid-β precursor protein (APP) is the main gene known to
be involved in autosomal dominantly inherited cerebral amy-
loid angiopathy (CAA). After the description of point muta-
tions, APP locus duplications were identified in 2006 as a cause
of early-onset CAA and/or early onset Alzheimer disease
(EOAD, onset before 65 years).1 Such copy number variations
encompass at least the APP gene, with or without surrounding
genes on chromosome 21,2 and are associated with ;1.5-fold
increased messenger RNA (mRNA) levels in blood compared
with healthy controls, in similar ranges to patients with trisomy
21.3 The size of the duplication and the gene content—beyond
the critical APP gene—do not appear to influence phenotypic
presentation in cases.1,4-6 Patients with trisomy 21 usually show
cognitive impairment similar to Alzheimer disease (AD), al-
though they less frequently exhibit cerebral hematoma, sug-
gesting the presence of protective mechanisms in patients with
Down syndrome.7 Indeed, a recent histopathologic study
showedmore severe CAAbut less parenchymal amyloid plaque
formation in APP duplication than in trisomy 21 patients.7

Given this diversity in amyloid distribution according to the
underlying genetic background, CAA pathogenesis remains to
be understood. We here report an APP locus triplication, along
with relative mRNA expression in the proband’s blood.

Case Presentation
A 41-year-old man without medical history was referred to a
memory care center for the evaluation of progressive

cognitive decline.8 From age 39 years, he presented with an
aggressive course of episodic memory loss making him unable
to maintain his professional activity as well as attention deficit
and executive dysfunction. The Mini Mental State Examina-
tion (MMSE) scored 18/30 and Frontal Assessment Battery
15/18. There was neither language impairment nor praxis or
visuoconstructive dysfunction. The patient did not present
any episode suggestive of stroke or seizures. Brain MRI
showed multiple lobar microbleeds in the posterior fossa and
occipital region and posterior periventricular leukoencephal-
opathy (Figure 1A) with hippocampal atrophy (bilateral
Scheltens scale rating of 2). He underwent lumbar puncture
for quantification of CSF AD biomarkers Aβ42, tau, and
phosphorylated-tau. The Aβ42 level was decreased (404 ng/L,
N > 550), with increased tau (491 ng/L, N < 400) and
phospho-tau protein levels (95 ng/L, N < 60). The Aβ40 level
was 8,546 ng/L (4,540 < N < 8,480). Overall, he fulfilled the
diagnostic criteria of probable AD with evidence of the AD
pathophysiologic process,8 in association with probable CAA
following the modified Boston criteria, except the age
criterion.

His father had had recurrent migraine with visual aura and
presented at age 37 years with transient loss of consciousness
(Figure 1B). Focal epilepsy was diagnosed after recurrent
episodes of contact loss and electroencephalography showing
slow bilateral temporal waves and then treated by carbama-
zepine. Subsequent cerebral MRI showed hyperintensities in

Figure 1 Partial Pedigree, Cerebral MRI of the Proband, and Histopathologic Examination of the Cerebral Biopsy Per-
formed in His Father

(A) T2* weighted sequence showing multiple lobar
microbleeds (first and second images); FLAIR-weighted
sequence showing posterior leukoaraiosis (third image)
and coronal view of T1-weighted sequence showing
moderate bilateral hippocampal atrophy (fourth image).
(B) Age at death (in parentheses) and age at onset are
indicated. The proband is identified by an arrow. (C)
Histopathologic examination of the cerebral biopsy of the
proband’s father. Bouin-fixed paraffin sections of the
cerebral biopsy were stainedwith hematoxylin-eosin (left
part) and Congo red (right part). Sections stained with
Congo red were examined under crossed polarized light
for analyzing vascular amyloid and revealed apple-green
birefringence of amyloid material in blood vessel walls.

Glossary
aCGH = array comparative genomic hybridization; AD = Alzheimer disease; APP = amyloid-β precursor protein; CAA =
cerebral amyloid angiopathy; EOAD = early-onset Alzheimer disease; MMSE = Mini Mental State Examination; mRNA =
messenger RNA; QMPSF = quantitative multiplex PCR of short fluorescent fragments.
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centrum semiovale on T2-weighted sequences. CSF was
acellular and showed a moderately high protein level (0.61 g/
L), but AD biomarkers were not available at this time.

Progressive behavioral disorders and severe cognitive im-
pairment occurred 4 years later and worsened over time with
an MMSE of 24/30. Neuropsychological testing showed

Figure 2 Representation of the 21q21.3 Triplication

(A) Detection by QMPSF of an APP triplication. The electropherogram of the proband (in light gray) was superimposed on that of a normal individual (in black)
by adjusting to the same level the peaks obtained from the control amplicon PCBD2 located on chromosome 5. The vertical axis shows fluorescence in
arbitrary units, and the horizontal axis indicates the size of the amplicon in base pairs. Horizontal bars indicate triplication of the amplicons, detected by a 2-
fold heightening of the corresponding peaks. This QMPSF also covers 2 genes located at 21q21, GABPA and CYYR1 that are not duplicated. (B) Refinement of
triplication breakpoints by array CGH. Representation on the Agilent Genomic Workbench 7.0 software of the 21q21.3 triplication (log ratio: 0.97) on chr21:
38,156,233,-27,662,338;hg19. (C) FISH analysis of peripheral blood lymphocytes of the proband. Red: control probe located on chromosome 21 long arm
subtelomeric region (VIJyRM2029, Vysis; Abbott, Chicago, IL); Blue: APP locus specific probe (RP11-410J1; Empire Genomics, Buffalo, NY) located on 21q21.3.
(D) Gene content of the triplicated region: Visualization in the UCSC genome browser of the 21q21.3 triplication chr21:27,156,233-27,662,338;hg19 (blue
highlight). Yellow bars represent array CGH probes. Yellow bars at both extremes of the blue zone represent the last triplicated probes. The reference
assembly used is GRCh37/hg19. Other panels represent, from top to bottom: Agilent 180K probes, cytogenetic band, UCSC genes (only RefSeq sequence). APP
= amyloid-β precursor protein; FISH = fluorescent in situ hybridization.
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episodic memory loss associated with praxis and visuocon-
structive moderate dysfunction. He thus fulfilled the diagnostic
criteria of probable AD8 and probable CAA. Tc99m-HMPAO
cerebral single photon emission computerized tomography was
considered normal. At age 44 years, his condition was extremely
severe with repeated loss of consciousness episodes and major
upper cerebral dysfunction. Cerebral MRI showed acute bi-
lateral temporal hematomas and posterior leukoencephalop-
athy. Cerebral angiography did not display any sign of cerebral
vasculitis. Cerebral biopsy revealed abundant perivascular am-
yloid deposits enabling the final diagnosis of probable CAAwith
supporting pathological evidence (Figure 1C). He died at age
48 years after a second hemorrhagic event with left temporal
hematoma. There was no history of dementia or stroke in his
family, although a censoring effect was noticed: the paternal
grandfather of the proband indeed died at age 50 years from
lymphoma (Figure 1B).

Genetic Assessment
We obtained informed written consent for genetic analyses by
the patient and by the father’s legal representative. This study
was approved by the Institutional Review Board of Rouen
University Hospital (CERDE #2019-55 notification).

Quantitative multiplex PCR of short fluorescent fragment
(QMPSF) analyses performed from DNA isolated from fresh
whole blood revealed 4 copies of the APP gene in the proband
(Figure 2A). His APOE genotype was 33, and Sanger se-
quencing did not detect any point mutation in exons 16–17 of
APP. The 68-year-old unaffected mother carried 2 copies of
APP, suggesting a 3 + 1 genotype in the proband, but no DNA
sample was available from his father. Fluorescent in situ hy-
bridization using APP locus specific probes (RP11-410J1;
Empire Genomics,Williamsville, NY) on cultured lymphocytes
metaphase cells showed an asymmetric positive hybridization
signal on chromosome 21 long arm without other signal hy-
bridization anywhere else (Figure 2C), further suggesting a 3 +
1 genotype and hence autosomal dominant transmission of a
triplication.

We further mapped the triplication using array comparative
genomic hybridization (aCGH, Agilent SurePrint 4 × 180k;
Agilent Technologies, Santa Clara, CA). The 506-kb 21q21.3
triplication (chr21:27,156,233-27,662,338;hg19) was re-
stricted to the whole APP gene without any flanking gene
coding sequence (Figure 2, B and D).

Finally, mRNA APP levels were assessed using reverse-
transcription–digital droplet PCR in the proband whole blood
comparatively to 10 normal controls (including the proband’s
mother) and 9 patients carrying APP duplications (see
eMethods, links.lww.com/NXG/A465). The patient showed
a 2-fold increase of relative APP mRNA levels compared with
controls (Figure 3 and eFigure 1, links.lww.com/NXG/
A470). Patients with APP duplication showed a median of 1.8
fold increase compared with controls, but no comparison
could be directly made with our proband, considering this
single APP triplication case.

Discussion
To our knowledge, this is the first report of an APP locus
triplication, causing a two-fold upregulation of APP mRNA
levels, in a family presenting with autosomal dominant EOAD
with severe CAA. Although duplications of a given gene are
now a classical cause of several autosomal dominant disorders,
there are few examples of mendelian diseases caused by a gene
triplication. In the field of neurodegenerative diseases, SNCA
triplications on chromosome 4 have been reported in patients
with Parkinson or Lewy body disease along with duplications
in other patients.9 As for the APP gene, alpha-synuclein–
encoding SNCA increased gene copies encompassed at least
the SNCA gene, with or without surrounding genes (1 to 50),
and displayed high diversity in clinical phenotype.10 Similarly,
since its first description, some diversity of phenotypes asso-
ciated with APP duplications has been described, mostly re-
lated to the predominance of AD or CAA-related symptoms
at presentation.6 In this report, triplication was associated
with diverse presentation, including severe cognitive disorder
in the proband and recurrent ICH and seizures in his father.

Figure 3 Expression Analysis Using RT-ddPCR

RT-ddPCRwitha targetamplicon in theAPPgeneandareferenceamplicon in the
DLG4 housekeeping gene for healthy controls (N = 10), patients carrying an APP
duplication (N= 9), andour patient carrying anAPP triplication (N= 1). Eachpoint
represents the average of 3measures obtained for an individual (except for the
proband where the point represents the average of 5 measures). Results are
presented through an expression ratio APP/DLG4 linearized with the average
expression ratio of controls: For each group, the median relative APP mRNA
expression is indicatedwith awide horizontal line, and 95% confidence intervals
are shownwith shorthorizontal lines. APP= amyloid-β precursor protein;mRNA
= messenger RNA; RT-ddPCR = reverse-transcription–digital droplet PCR.
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The higher copy number seemed to be associated with earlier
symptomatic phase in our report (37 and 39 years of age at
onset) compared with APP duplications carriers showing ages
at onset ranging from 39 to 65 years.1,4-6 However, we can
expect some degree of diversity in ages of onset in other APP
triplication families.

In a recent French series of EOAD, APP duplication carriers
were more likely to present with seizures,11 possibly explained
by Aβ overproduction related to increased APP expression.
Early seizures may be a shared clinical feature with APP
triplication as observed in the father of the proband.

Different mechanisms can be involved in autosomal dominant
CAA and AD pathogenesis. In contrast with APP point mu-
tations, which can result in increased beta cleavage of APP,
change in Aβ42/38 ratio, or in Aβ aggregation propensity,12

APP duplications lead to APP overproduction, with severe Aβ
deposits in the brain parenchyma and within vessels walls.1,3

Here, cerebral biopsy of the proband’s father confirmed se-
vere amyloid perivascular deposits consecutive to APP over-
production. Indeed, we found a 2-fold upregulation of APP
mRNA levels in blood. Unfortunately, no comparison could
be made with APP duplication carriers given the availability of
RNA in the proband only so that we cannot be sure that
triplications result in significantly increased mRNA levels than
in duplication.

Here, we showed by aCGH that the triplication encom-
passed the APP gene only. To our knowledge, there is a
single case report of an APP duplication encompassing the
APP gene solely, highlighting that increased APP expression
is sufficient to cause EOAD and CAA.2 However, the reso-
lution of the techniques did not allow us to assess whether
the breakpoints were the same in our case and in this
290–750 kb duplication.2 The mechanisms underlying ge-
nomic instability of the APP region remain elusive, and
further reports are needed to refine shared or novel
breakpoints.

Overall, our report provides further evidence that increased
APP expression is sufficient to lead to Aβ aggregation and
subsequent EOAD and CAA. Although ages at clinical onset
were among the earliest ones in our APP triplication carriers
compared with duplication carriers, further cases would be
required to conclude.
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Abstract
Objective
We evaluated whether substrate reduction therapy with miglustat could alter the course of
action myoclonus–renal failure syndrome (AMRF), a rare, progressive myoclonic epilepsy with
early mortality caused by scavenger receptor class B member 2 (SCARB2) gene mutations.

Methods
We identified an AMRF patient with a biallelic combination of SCARB2mutations determined
by whole exome sequencing. SCARB2 encodes a protein that traffics β-glucocerebrosidase to
the lysosomal membrane. Mutations lead to a complex pattern of glucosylceramide accumu-
lation and neurologic symptoms including progressive action myoclonus, seizures, and ataxia.
We then evaluated the effect of inhibiting glucosylceramide synthesis, as is used in Gaucher
disease. The patient was treated for 3 years with miglustat after several years of steady
worsening.

Results
Progression of myoclonus halted, dysphagia resolved, some skills were reacquired, and seizures
remained well controlled.

Conclusions
The response suggests that neurologic symptoms of SCARB2-associated AMRF could be
ameliorated, at least partly, by targeting glycosphingolipid metabolism with available
medications.
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Action myoclonus–renal failure syndrome (AMRF) is a rare
autosomal recessive progressive myoclonic epilepsy associ-
ated with renal disease and caused by scavenger receptor class
B member 2 (SCARB2) gene mutations. Symptoms begin in
the teens or twenties with tremor, myoclonus, ataxia, and
epilepsy, characteristically sparing cognition.1 Patients exhibit
tremor in the fingers or hands exacerbated by activities such as
handwriting, action myoclonus, bulbar myoclonus, and less
prominent restingmyoclonus of the face, trunk, and limbs. Seizures
are often clonic-tonic-clonic. AMRF is relentlessly progressive with
a 7- to 15-year lifespan from symptom onset.2 SCARB2 encodes
lysosomal integral membrane protein type 2 (LIMP-2), a receptor
for β-glucocerebrosidase (GCase, encoded by the glucosylcer-
amidase beta gene, or GBA), which transports it from the endo-
plasmic reticulum to lysosomes, where the acidic environment
activates its function. SCARB2mutations lead to impaired GCase
trafficking and subsequent toxic accumulation of glucocerebroside
(GL1) and its bioactive lipid, glucosylsphingosine.3

This glycosphingolipid pathway is also involved in Gaucher dis-
ease, in which GBAmutations lead to similar effects (Figure 1C).
Substrate reduction therapy targeting GL1 synthesis using glu-
cosylceramide synthase (GCS) inhibitors are accepted therapies
for Gaucher disease. The first-generation substrate reduction
therapy, miglustat, is approved for mild type 1 Gaucher disease.
Eliglustat is the most potent GCS inhibitor but does not cross the
blood-brain barrier. Venglustat, aCNS-penetrantGCS inhibitor, is
in trials for neuronopathic Gaucher disease and GBA mutation–
associated Parkinson disease but was not available (compassionate
use declined by the manufacturer). Miglustat exhibits modest
CNS penetration and, in addition to Gaucher disease, is approved
in Europe for treatment of Niemann-Pick disease type C. Hence,
we assessed the response of AMRF to miglustat.

Methods
We conducted a trial in a patient with this rare, devastating
disease that has no approved therapy. Whole exome se-
quencing was performed by array capture and high-
throughput sequencing using an Illumina platform. The
mean coverage of the exome was >100×, and more than 98%
of the exome had at least 20× coverage. SCARB2 variants in
the proband were confirmed by Sanger sequencing. Targeted
parental sequencing confirmed the inheritance pattern.

To confirm an effect on lysosomal function, leukocyte
β-glucocerebrosidase activity was measured. We (P.K.M.)
designed treatment with a GCS inhibitor (Figure 1C).
Miglustat was started at 100 mg twice daily and increased to

200mg 3 times a day over 6 months to improve brain delivery.
This is the upper end of the dose range that has been used and
tolerated in trials for Gaucher disease.4 Myoclonus was eval-
uated with video recordings and patient reports. Epilepsy,
already well controlled via medications, was evaluated by
patient seizure reporting and follow-up EEG.

Standard Protocol Approvals, Registrations,
and Patient Consents
A waiver was obtained from the Yale University Human In-
vestigation Committee (Institutional Review Board Regis-
tration #00011725). The patient provided informed consent
for reporting her case.

Data Availability
Deidentified sequence data will be made available on rea-
sonable request.

Results
The patient was a 25-year-old lawyer and dancer and presented
with seizures and myoclonus. At age 20 years, she developed
imbalance and falls with lower extremity jerking. At age 21 years,
she developed upper extremity myoclonus and had the first of
several bilateral tonic-clonic seizures. At age 22 years, her hand-
writing started to deteriorate. She developed dysarthria when
fatigued. She required a cane at age 23 years and awalker at age 25
years because of lower extremity jerks. Concomitantly, she de-
veloped dysphagia. Family history included childhood-onset
hearing loss on the maternal side and melanoma on the paternal
side, but no seizures or movement disorders (Figure 1A).

Evaluation at age 25 years noted prominent bilateral action
myoclonus in her upper more than lower extremities, titubation,
wide-based gait, ocular dysmetria, and dysarthria. Mental status,
strength, sensation, and reflexes were normal. A video EEG
showed sleep-activated, low-amplitude, generalized polyspikes, a
myoclonic seizure with a burst of central polyspikes, and in-
numerable myoclonic jerks without EEG correlates. Brain and
spinal MRIs were unrevealing other than mild diffuse atrophy in
2019 compared with that in 2009. Clonazepam had no effect on
myoclonus. L-dopa, levetiracetam, and perampanel had mild,
transient effects. Valproate had a more sustained effect, but also
mild. Clobazam was associated with worsening myoclonus. No
medication had a sustained or dramatic response on myoclonus
or any effect on progression of other symptoms (Figure 2).

After clinical genetic evaluation, whole exome sequencing
revealed 2 pathogenic, biallelic, compound heterozygous

Glossary
AMRF = action myoclonus–renal failure syndrome; FSGS = focal segmental glomeruloscerosis; GCS = glucosylceramide
synthase;GL1 = glucocerebroside; LIMP-2 = lysosomal integral membrane protein type 2; PD = Parkinson disease; SCARB2 =
scavenger receptor class B member 2 gene; UPJ = ureteropelvic junction.
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SCARB2 mutations (Figure 1B). One was an insertion of a
dinucleotide repeat, c.431_432insAG on exon 4 (identical to
c.435_436insAG), predicted to cause a frameshift and truncate
the protein to 160 amino acids (full transcript encodes a 478
amino acid protein). The second, nonsense mutation c.862C >
T (p.Gln288Ter) on exon 7 was predicted to cause loss of
function through protein truncation or nonsense-mediated
mRNA decay. Parental analysis confirmed that the mutations
were independently inherited (Figure 1B). In homozygous cases,
they were previously reported in unrelated individuals with
AMRF.5 No pathogenic GBA variants were identified. Acid
β-glucosidase activity in peripheral blood leukocytes was 7.5

nmol/h/mg protein, which, while lower than normal (≥8.7), was
not in diagnostic range for Gaucher disease, where enzyme ac-
tivity is typically less than 10% of normal value.

With miglustat dose escalation to 200 mg 3 times daily, multiple
symptoms were ameliorated (Figure 2).Myoclonus and range of
motion improved. The patient remained seizure-free. Dysphagia
resolved completely; the patient was even able to eat pieces of
steak again. EEG 18 months later showed no epileptiform dis-
charges. Coordination and function improved modestly; for
example, she was again able to use a joystick to play video games
and to use the TV remote. There were no definite side effects.

Figure 1 Patient With Action Myoclonus-Renal Failure Syndrome (AMRF) and Proposed Mechanism of Treatment

(A) Three-generational pedigree. There is no history of epilepsy or neurologic impairment in the extended family. The mother has isolated childhood-onset
hearing loss, similar to her siblings and some of their offspring. The proband’s maternal grandparents were first cousins. The father and his siblings have
melanoma. The ancestry on the maternal side is French-Canadian and on the paternal side Irish-English. The parent’s carrier status is indicated. (B) Sanger
sequencing of DNA from the proband and parents showed that the proband inherited the 2 SCARB2 variants independently (w.t. = wild type). A frameshift (f.s.)
causing insertion at c.431 was inherited from themother and is predicted to produce a premature stop codon and truncate the protein to 160 amino acids. A
nonsense mutation at c.862 was inherited from the father and is predicted to either truncate the protein product at amino acid 288 or lead to nonsense-
mediatedmRNAdecay of the transcript. (C) LIMP-2 bindsβ-glucocerebrosidase (GCase, also calledβ-glucosidase, and encoded byGBA1) and transports it into
lysosomes. GCase normally catalyzes the conversion of lysosomal GL1 (also called glycosylceramide) to ceramide (Cer). Dysfunction of GCase, whether froma
GBA1mutation (Gaucher disease) or from impaired trafficking (SCARB2mutation, as in AMRF), causes GL1 accumulation. Miglustat antagonizes GL1 synthesis
by inhibiting glucosylceramide synthase (also called ceramide glucosyltransferase and encoded by the uridine diphosphate-glucose ceramide glucosyl-
transferase gene or UGCG), preventing this toxic accumulation.
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Although overall improvements were modest, the previously
relentless neurologic progression stopped completely.

Renal function was normal with serum creatinine of 0.9 mg/dL
at the time of genetic diagnosis. One year later, she developed
right flank pain and hydronephrosis. Creatinine remained at 0.9
mg/dL, but proteinuriameasured by spot urine testing was at 1.9
g/g creatinine. CT and retrograde pyelogram demonstrated a
unilateral ureteropelvic junction (UPJ) obstruction from sus-
pected congenital stricture. The obstruction was corrected with a
stent, followed by pyeloplasty. Intraoperative renal biopsy (at age
26 years) showed early reflux nephropathy, but no evidence of
glomerulosclerosis on light microscopy or podocyte effacement
on electron microscopy. Over the next few years, she developed
progressive renal insufficiency with creatinine rising to 1.42 mg/
dL, but proteinuria declined to 0.23 g/g creatinine.

Discussion
We described a patient with AMRF due to biallelic SCARB2
mutations with predicted loss of protein function. While these
variants were previously identified in homozygous state in
patients with AMRF,5 compound heterozygosity has not been
described. The patient had prominent action myoclonus,
controlled epilepsy, and dysphagia. Childhood-onset hearing

loss in the maternal family was suspected to represent a
separate entity of hereditary nonsyndromic deafness. Because
SCARB2mutations lead to GCase dysfunction and the patient
was deteriorating rapidly, we assessed a trial of treatment with
miglustat. Treatment resulted in arrest of progression of
myoclonus, resolution of dysphagia, and mild overall sus-
tained improvement over 3 years.

Treatment of AMRF with miglustat was described previously
in 1 patient in 2011.6 In that report, 1 of the 2 siblings with
AMRF (with homozygous SCARB2 variants introducing
premature stop codon p.Trp178Ter)7 was treated with
miglustat 600 mg/d for 2 years starting at age 24 years, after
earlier GCase enzyme replacement therapy with no im-
provement for 1 year. The patient’s age at onset and pre-
sentation, apart from the renal features, were similar to the
patient we have presented, including an EEG showing gen-
eralized discharges, antiseizure medications yielding only
transient benefit, instability due to myoclonic jerks, and re-
quirement for nasogastric tube. Similar to our patient, my-
oclonus improved and dysphagia resolved; however, that
patient died of pneumonia at age 26 years.

Myoclonus and seizures in AMRF progress independently of
renal failure.8 Usually, renal manifestations include pro-
teinuria, which may be nephrotic, with histology revealing

Figure 2 Clinical Course

The disease progressed over the first few years frombilateral tonic clonic seizures and falls toworsening actionmyoclonus and gait to bulbar symptoms. After
the initiation ofmiglustat, starting at 200mg/d and titrated up to 600mg/d, disease progression halted, and the patient regained skills, including the ability to
type and use amobile phone. Each clinic or hospital visit is marked with a circle, with vertical position indicating whether the patient reported new/worsening
symptoms (low), improving symptoms (high), or no change (middle).
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interstitial fibrosis, atrophy, and focal segmental glomer-
uloscerosis (FSGS). However, some cases with certain bial-
lelic SCARB2 variants have been described as not having
progressive renal failure from FSGS.9 In our patient, kidney
biopsy showed no evidence of FSGS (not repeated since).
Subsequently, creatinine has progressively but slowly in-
creased without concomitant rise in proteinuria, as is more
typical of progressive renal failure from FSGS, including cases
of FSGS in AMRF. It is unknown whether the renal pheno-
type was slowed by the miglustat treatment or whether her
AMRF represents a variant SCARB2 mutation with milder
kidney disease.

In addition, this patient had an anatomical UPJ obstruction,
likely congenital, which was corrected surgically. She has not
shown evidence of recurrent obstruction. However, the
patient’s kidney biopsy indicated fibrosis in a striped pat-
tern, which can be seen in obstructive nephropathy. Thus,
her slowly progressive loss of kidney function may be more
consistent with chronic obstructive nephropathy. UPJ ob-
struction has not been reported in patients with AMRF,5

including the previously reported patient who was treated
with miglustat and had different renal pathology than our
patient.6 It is, however, seen in Limp2-/- mice, which de-
velop hydronephrosis due to UPJ obstruction and pro-
teinuria with glomerular foot-process effacement, but not
FSGS.10

The lysosomal pathway targeted in this case is important in
other neurologic disorders. Human Parkinson disease (PD)
brains have reduced GCase activity in substantia nigra.11GBA
mutations are a risk factor of PD, and genome-wide associa-
tion studies suggest that SCARB2 variants may also increase
PD risk.12 Miglustat is a weak GCS inhibitor; a higher potency
alternative with better brain penetrance, venglustat, is now in
trials for GBA mutation–associated PD and neuronopathic
Gaucher disease.13,14

Although this is a single case, it provides confirmation to a
prior case report of miglustat responsiveness from 10 years
ago,6 and because AMRF is relentlessly progressive with no
other available therapies, consideration should be given to
miglustat or related medications in patients with mutations in
SCARB2 and conceivably other genes associated with im-
paired lysosomal metabolism. Our report is limited by sub-
jectivity in reporting of myoclonus, dysphagia, and other
symptoms. Future, larger, prospective trials should in-
corporate standardized scales for myoclonus and other
symptoms. However, this therapy has the potential to be
disease modifying, and we hope this report will encourage it to
be tried early in the disease course as we gather additional
evidence.
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Abstract
Objective
To report the frequency of amyotrophic lateral sclerosis (ALS) genetic variants in a nationwide
cohort of clinic-based patients with ALS with a family history of ALS (fALS), dementia (dALS),
or both ALS and dementia (fALS/dALS).

Methods
A multicenter, prospective cohort of 573 patients with fALS, dALS, or fALS/dALS, underwent
genetic testing in the ALS Genetic Access Program (ALS GAP), a clinical program for clinics of
the Northeast ALS Consortium. Patients with dALS underwent C9orf72 hexanucleotide repeat
expansion (HRE) testing; those with fALS or fALS/dALS underwent C9orf72 HRE testing,
followed by sequencing of SOD1, FUS, TARDBP, TBK1, and VCP.

Results
A pathogenic (P) or likely pathogenic (LP) variant was identified in 171/573 (30%) of program
participants. About half of patients with fALS or fALS/dALS (138/301, 45.8%) had either a
C9orf72 HRE or a P or LP variant identified in SOD1, FUS, TARDBP, TBK1, or VCP. The use
of a targeted, 5-gene sequencing panel resulted in far fewer uncertain test outcomes in familial
cases compared with larger panels used in other in clinic-based cohorts. Among dALS cases
11.8% (32/270) were found to have the C9orf72 HRE. Patients of non-Caucasian geoancestry
were less likely to test positive for the C9orf72 HRE, but were more likely to test positive on
panel testing, compared with those of Caucasian ancestry.

Conclusions
The ALS GAP program provided a genetic diagnosis to;1 in 3 participants and may serve as a
model for clinical genetic testing in ALS.
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The 2011 discovery of the pathogenic hexanucleotide repeat
expansion (HRE) inC9orf72 and development of commercial
HRE assays empowered amyotrophic lateral sclerosis (ALS)
clinicians to provide a genetic diagnosis for half of familial and
10% of sporadic cases of ALS. However, 10 years later, many
persons with ALS still do not have access to this and other
genetic tests for ALS. Although European guidelines for ALS
genetic testing have been developed,1,2 current US consensus
management guidelines do not address the issue of genetic
testing, and uncertainties persist regarding whom to test,
appropriate testing algorithms, access to genetic counseling,
and cost.3 These challenges have contributed to inconsistent
testing practices and present barriers to the genetic charac-
terization of clinic populations. As gene-targeted therapies
move through the preclinical and clinical trial pipeline, there is
a pressing need to improve the practice of genetic testing,
determine the incidence of genetic forms of ALS in clinic-
based populations, and identify appropriate candidates for
clinical trials.

The ALS Genetic Access Program (ALSGAP) was designed as
a pilot genetic testing and counseling program for clinicians of
the Northeast ALS Consortium (neals.org). A targeted testing
algorithm guided by family history criteria was applied for 573
patients with ALS from NEALS clinics nationwide, represent-
ing the largest clinical ALS cohort reported to undergo clinical
genetic testing using standard commercial testing and Ameri-
can College of Medical Genetics (ACMG) interpretation cri-
teria.4 The cost of genetic testing and counseling was funded by
advocacy and industry donors.

Methods
Program Population
Patients who presented to NEALS clinics and had a diagnosis
of definite or probable ALS per El-Escorial criteria were of-
fered ALS genetic testing using a testing algorithm based on
family history over an 18-month period (January 2019 to June
2020; Figure 1). Program participation is free of cost, and
ordering clinicians are encouraged to prioritize patients with
limited resources for obtaining testing and counseling. This
program continues to enroll patients.

Optional pre- and/or post-test genetic counseling was available
via a telemedicine service staffed by board-certified, licensed
genetic counselors. Eligible patients either were diagnosed
with ALS alone or with concomitant frontotemporal dementia

(FTD). Any family history of ALS (fALS), family history of
dementia (dALS), or family history of both (fALS/dALS)
was recorded for each patient, and the degree of relationship
of these relatives (first-degree relative [FDR], second-degree
relative [SDR], and third-degree relative [TDR]) was noted
on the test requisition form. No attempt was made to dif-
ferentiate FTD from other dementias in the recorded family
history due to unreliability of reported dementia diagnoses
in family histories.3,5 Data were collected on patient de-
mographics, clinical presentation, age at onset, geoancestry,
and testing outcomes. Ordering clinicians were responsible
for obtaining informed consent for genetic testing. The In-
stitutional Review Board of the Ohio State University
Wexner Medical Center designated this project as exempt
from review.

Genetic Testing
All qualifying patients with ALS or ALS/FTD who accepted
testing (n = 573) underwent C9orf72 HRE testing as a first
step. This was performed using a combination of 2 repeat-
primed PCR and 2 fluorescent amplicon length analysis (>30
repeats considered pathogenic, 25–29 repeats considered
intermediate, and <25 repeats considered normal). Patients
with fALS or fALS/dALS who tested negative for the HRE
were then tested via next-generation sequencing for 5 ALS
genes: SOD1, FUS, TARDBP, TBK1, and VCP, selected for
their high penetrance and frequency (1% or more) in familial
ALS cohorts.6,7 Patients with dALS did not undergo panel
testing. Sequencing was performed using Illumina NovaSeq
6000, with >96% of targeted regions covered at a depth of
20×. Reads were aligned to a reference sequence (hg19), and
sequence changes were identified and interpreted. In this
study, a positive result was defined as identifying a pathogenic
C9orf72 HRE or a pathogenic (P) or likely pathogenic (LP)
variant, per ACMG variant classification criteria, on targeted
panel testing. We were unable to determine how many pa-
tients with ALS declined testing when offered.

Family History Quantification
Family history scores were assigned for all patients in our
cohort. The degree of ALS family history was quantified based
on the number and degree (FDR, SDR, and TDR) of affected
family members with ALS, as reported by the ordering clini-
cian. This scoring system was adapted from a previously
reported approach.8 Cumulative scores were assigned in the
following manner: 1 affected FDR = 3; multiple affected FDR
= 6; 1 affected SDR = 2; multiple affected SDR = 4; 1 affected
TDR = 1; 1 affected FDR and 1 affected SDR = 5; and 1

Glossary
ACMG = American College of Medical Genetics; ALS = amyotrophic lateral sclerosis; dALS = patients with a family history of
dementia; fALS = patients with a family history of ALS; fALS/dALS = patients with a family history of both ALS and dementia;
FDR = first-degree relative; FTD = frontotemporal dementia; GAP = Genetic Access Program; HRE = hexanucleotide repeat
expansion; LP = likely pathogenic; OR = odds ratio; P = pathogenic; SDR = second-degree relative; TDR = third-degree
relative; VUS = variant of uncertain significance.
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affected SDR and 1 affected TDR = 3. Dementia family his-
tory was not scored.

Statistical Analysis
Descriptive statistics were used to summarize demographic
and clinical characteristics, as well as testing outcomes,
overall and by relevant subgroups (e.g., ALS, ALS/FTD,
fALS, dALS, fALS/dALS, geoancestry, and age at onset).
Because of the small number of participants who did not
report European geoancestry, participants were grouped as
Caucasian and non-Caucasian for the purposes of this
analysis.

Comparisons between testing outcomes and subgroups were
assessed using descriptive statistics as well as χ2/Fisher exact
tests or analysis of variance, where appropriate. Logistic re-
gression models were used to produce odds ratios (ORs) to
evaluate the impact of early-onset ALS and family history on
test outcome. Statistical analysis was performed using SAS/
STAT statistical software (version 9.4 of SAS for Windows;
SAS Institute Inc, Cary, NC).

Data Availability
All data are included in supplementary files (links.lww.com/
NXG/A441).

Results
Cohort Demographics
The tested cohort comprised 573 patients with ALS or
ALS/FTD. Tested individuals had a diagnosis of either
ALS alone (n = 490) or ALS and concomitant FTD (n =
83). Across the cohort as a whole, mean age at disease
onset was 58.2 years (range 22–85 years), and mean age at
genetic testing was 61 years (range 22–88 years). Onset of

disease occurred earlier in those diagnosed with ALS alone
(mean age at diagnosis 57.4 years) compared with those
diagnosed with ALS/FTD (mean age at diagnosis 64.5
years; p < 0.001; eTable 1, links.lww.com/NXG/A441).

Patients frommore than 100 NEALS clinics across the United
States were tested in the program. Geographic representation
was greatest from the south (180/573, 31.4%) followed by the
Midwest (155/573; 27.1%), the west (122/573; 21.29%), and
the northeast (76/573; 13.26%). For 40 patients (7.0%),
clinic location was not provided.

The majority of patients with ALS in our cohort reported
European geoancestry (360/573; 62.8%) followed by African
American or African (21/573; 3.7%) and Asian/Native
American (6/573; 1.0%). Geoancestry was unknown or not
reported in 32.5% (186/573) of the cohort. This distribution
was similar among those with ALS alone and ALS/FTD
(eTable 1, links.lww.com/NXG/A441). The proportion of
ancestry representation was not found to differ between
geographic regions.

Genetic Diagnosis Identified in 30% of
Program Participants
Approximately 1 in 3 program participants received a positive
genetic diagnosis (171/573, 30.0%; Figure 2A), either testing
positive for aC9orf72HRE (137/573; 24.0%) or testing positive
for a P or LP variant in 1 of the 5 panel genes (34/573; 6.0%).
Variants of uncertain significance (VUS) were identified in 2.4%
of all program participants (14/573) and in 6.7% of patients with
fALS and fALS/dALS who initially tested negative for C9orf72
HRE (13/192). Only 1 intermediate C9orf72 HRE was identi-
fied in the cohort (1/573; 0.2%). The distribution of positive,
negative, and uncertain test outcomes by clinical diagnosis and
family history type is depicted in Figure 2A.

Figure 1 Genetic Testing Algorithm

Testing schematic for the ALS Genetic Access Program. Positive C9orf72 HRE is defined as >30 hexanucleotide repeats in the C9orf72 gene, intermediate
C9orf72 HRE is defined as 25–29 repeats, and negative C9orf72 HRE is defined as <25 repeats. Only patients with a fALS (with or without a family history of
dementia) were offered panel testing. ALS = amyotrophic lateral sclerosis; fALS = family history of ALS; FTD = frontotemporal dementia; HRE = hexanucleotide
repeat expansion; VUS = variants of uncertain significance.
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In targeted panel testing, P or LP variants were identified in
all 5 tested genes (SOD1 n = 19, TARDBP n = 7, FUS n = 5,
VCP n = 2, TBK1 n = 1; Figure 2B). After the C9orf72HRE,
P or LP variants in SOD1 were the second most frequent
finding, and variants were distributed across the gene. In
TARDBP, P and LP variants clustered in the glycine-rich
domain. In FUS, P and LP variants clustered in the nuclear
localization signal. In both TBK1 and VCP, only 1 P or LP
variant was identified.

The diagnostic yield in patients with ALS alone was similar to
those with ALS/FTD (ALS 118/490, 24.1%; ALS/FTD 19/
83, 22.9%, Figure 2A). No patients with ALS/FTD tested
positive on panel testing, whereas 34 patients with ALS with
no concomitant FTDwho were negative for theC9orf72HRE
had a positive result on panel testing (34/490; 6.9%).

Among the family history categories, those with fALS/dALS
had the highest diagnostic yield (33/67; 49.2%), followed by

Figure 2 Testing Outcomes

(A) Testing outcomes stratified by diagnosis and family history. (B) Pathogenic and likely pathogenic variants identified via C9orf72 HRE and targeted
panel testing. Only patients with fALS or fALS/dALS were offered panel testing. ALS = amyotrophic lateral sclerosis; dALS = patients with a family
history of dementia; EL = electrostatic loop; fALS = patients with a family history of ALS; fALS/dALS = patients with a family history of ALS and dementia;
FTD = frontotemporal dementia; HLH =helix-loop-helix; LZ = leucine zipper; MBL =metal-binding loop; NLS = nuclear localization signal; QGSY = region
rich in glutamine, glycine, serine and/or tyrosine; RRM = RNA recognition motif; ULD = ubiquitin-like domain; VUS = variants of uncertain significance;
ZF = zinc finger domain.
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ALS only (fALS) (105/234; 44.8%) and dementia only
(dALS) (32/270; 11.9%) (p < 0.001; Figure 2A). dALS cases
were tested only for the C9orf72 HRE. Two patients with
incomplete family history information were excluded from
analysis (n = 571).

Most Participants Were Not Referred for
Genetic Counseling via the Program
Of 573 participants who underwent testing, 93 (16.2%) were
referred for genetic counseling, which was an optional com-
ponent of the program. The majority of referrals (90/93;
96.8%) were made for post-test counseling, with 2 cases re-
ferred for pretesting counseling and 1 case referred for pre-
and post-test counseling.

Those With Earlier Disease Onset and Stronger
Family History More Likely to Test Positive
To investigate the effect of age of disease onset on the like-
lihood of a positive test result, a logistic regression model was
applied. We sought to test the effect of a 10-year age unit
increase on the likelihood of a positive test (Table 1). Gen-
erally, estimates show that those who are younger at disease
onset are more likely to test positive, specifically, for a panel
gene (OR of younger age interval with likelihood of positive
test = 1.4, p = 0.01, confidence interval = 1.1–1.9). Similarly,
we investigated the effect of strength of ALS family history, as
measured by family history score, on likelihood of positive test
result. We observed that those with higher family history
scores were more likely to test positive (OR = 1.72, p <
0.001).

Testing Outcomes Differ by Geoancestry
Given the different geographic frequencies of variants such as
the C9orf72 HRE, we also compared test outcomes in indi-
viduals for whom geoancestry was reported (n = 396;
Table 2). Because of the small number of participants who did
not report European geoancestry, cases were grouped as
Caucasian and non-Caucasian for the purposes of this anal-
ysis. Between Caucasians and non-Caucasians, the rates of
positive, uncertain, and negative test outcomes were similar.
However, significantly more Caucasian patients tested posi-
tive for C9orf72 HRE than non-Caucasian patients (84/357;
23.5% vs 5/36; 12.8%, respectively; p = 0.028). Non-
Caucasians had a greater proportion of positive results on

panel testing, although this was not significant, possibly due to
small numbers in this comparison. Of interest, the 5 non-
Caucasian patients with ALS who tested positive on the panel
were all Black or Latino persons identified with SOD1
variants.

Discussion
Previous research has shown that patients with ALS desire
access to and value genetic testing.9,10 However, genetic
testing is not standard of care, and testing practices vary
widely.11 The ALS GAP program was designed as pilot
clinical testing and counseling service for patients cared for
at NEALS-member clinics. This program addresses several
current barriers to testing access including cost, identifying
appropriate candidates for testing, appropriate test selec-
tion, and access to genetic counseling; it provides a model
for the widespread application of ALS genetic testing in the
clinic.

To optimize program funding for the identification of genetic
cases, our testing approach relied on family history criteria and
a targeted, 5 gene sequencing panel for familial cases. The
diagnostic yield in familial cases, 45.8% (138/301), is some-
what lower than that of other recently reported clinic-based
ALS testing programs, which ranged from 56.0% in a US12 to
66.7% in an Italian cohort.13 Although larger panels were used
in these cohorts, the higher diagnostic yields in those reports
are not attributable to a greater number of genes tested be-
cause nearly all P and LP variants were identified in the same 6
genes tested in our program. Possible explanations for the
lower diagnostic yield in our cohort include more stringent
application of ACMG variant interpretation guidelines, as well
as the possibility of clinician falsification of family history data
to enable patients with no family of ALS or dementia to access
testing.

Notably, the proportion of uncertain panel results (VUS) in
HRE-negative fALS cases (6.8%) is significantly lower than
these previously reported cohorts, which ranged from
21.4%,13 to 47%.12 These data reveal an additional cost to the
use of a comprehensive panel: although the diagnostic yield
may (or may not) be marginally higher, far more VUS are
identified. This proportional relationship between the num-
ber of genes tested and VUS identified has been reported
previously.14 With ALS genes in particular, options for re-
solving VUSmay be limited. Criteria for variant pathogenicity
rest on published evidence, including functional studies
establishing deleterious impact as well as cosegregation with
disease in multiple affected cases.4 Functional data are not
available for many ALS genes, and segregation studies are
often not possible because affected relatives are deceased or
not available for testing. The suitability of ACMG criteria for
variant interpretation in ALS genes has been questioned, and
efforts are underway to refine ALS variant interpretation using
disease- and gene-specific data.15

Table 1 Higher Likelihood of Positive Test With Earlier
Disease Onset

Test outcome Onset age interval, y OR (95% CI) p Value

C9orf72 HRE positive 10 1.04 (0.87–1.24) 0.673

Panel positive 10 1.4 (1.1–1.9) 0.010

Overall positive 10 1.16 (0.99–1.37) 0.066

Abbreviations: CI = confidence interval; HRE = hexanucleotide repeat ex-
pansion; OR = odds ratio.
For each analysis, n = 480.
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Although the impact of VUS in ALS genetic testing has not been
studied, the uncertainty surrounding a VUS result can be difficult
for patients to understand and accurately recall, affecting risk
perception and subsequent decision making.16-18 Clinician mis-
interpretation of VUS can be harmful to patients.19-21 However,
VUS must be first identified to be eventually resolved or better
understood. As ALS genetic testing is expanded to broader clinic
and patient populations, the pros and cons of a targeted vs
comprehensive testing panel must be weighed. Clinics that are
new to genetic testing, and/or lack access to genetic counselors,
may benefit from the use of a targeted panel until VUS rates
decrease. An additional advantage of a targeted panel consisting
of well-established, high-penetrance genes is that such genes are
more likely to be targets for interventional trials. A targeted panel
may therefore be suitable for patients who seek genetic testing
for clinical trial eligibility.

Although all patients tested in our cohort had a dALS
(qualifying for HRE testing), fALS, or fALS/dALS, (qualify-
ing for HRE plus targeted panel testing), the relationship we
observed between younger onset age and higher likelihood of
a positive result supports the use of young age at onset as a
criterion for the offer of genetic testing. Other studies have
reported higher diagnostic yields of genetic testing in patients
with earlier-onset disease compared with patients with typical
onset of disease: in juvenile ALS cohorts, the yield of testing
was reported as 43% in a German study22 and 31% in a
Chinese study.23 Among patients with onset age < 50 years,
18.5% tested positive for a P or LP variant in a recent clinic-
based study in the United States.12 Early-onset sporadic cases
may be viewed as fALS cases waiting to happen, and we
suggest that they should be offered the same testing as fALS
cases, particularly because they appear to bemore likely to test
positive for FUS or SOD1 than the C9orf72 HRE.

Our test outcomes data confirm that the C9orf72 HRE is by
far the more frequent pathogenic ALS variant identified in

clinical practice in the United States. Notably, the C9orf72
HRE accounted for all positive outcomes in the ALS/FTD
cohort (19/83; 22.9%), indicating that other P and LP vari-
ants are rare in this group. Variants in SOD1, the second most
frequent genetic cause of ALS in the cohort, do not cause
dementia.24 Although Caucasian patients with ALS are sig-
nificantly more likely to test positive for the HRE, patients of
other geoancestry may be more likely to test positive for other
genes such as SOD1. These data may contribute to the de-
velopment of geoancestry-specific testing approaches in the
future. Further study is needed on the genetic profile of ALS
in patients of diverse geoancestry.

Despite the availability of free genetic counseling for all pro-
gram participants, only 16.2% of participants were referred by
their clinician. Possible explanations for the low utilization of
this service include clinician uncertainty regarding the referral
process, clinician confidence with providing genetic coun-
seling themselves, unfamiliarity or lack of confidence with the
telemedicine genetic counselors, the low VUS rate in the test
outcomes, and patient lack of interest in genetic counseling.
Unfortunately, we were not able to collect data to investigate
these issues, and further study is needed regarding the uptake
and utility of genetic counseling in ALS.

Finally, this program contributes useful data to questions of
resource allocation in genetic testing. In limiting program
participation to those patients at highest risk for genetic
etiology (those with dALS, fALS, or fALS/dALS), we ach-
ieved a lower per-diagnosis cost than if all persons with ALS
were offered testing, irrespective of family history. We
obtained further savings by limiting the use of targeted
panel testing to fALS cases that tested negative for the
C9orf72 HRE. The per-diagnosis cost of our reflex testing
approach for fALS cases was $1,304.86 per positive di-
agnosis ((109 patients × $190 for C9orf72 HRE testing) +
(192 patients × $830 for C9orf72 HRE testing with reflex to

Table 2 Testing Outcomes Differ by Geoancestry

Test Outcome Caucasian (n = 357), n (%) Non-Caucasian (n = 39), n (%) Total (n = 396), n (%) p Value

C9orf72 HRE Negative 273 (76.5) 33 (84.6) 306 (77.3) 0.028

Intermediate 0 (0.0) 1 (2.6) 1 (0.3)

Positive 84 (23.5) 5 (12.8) 89 (22.4)

Panel* Negative 88 (75.8) 12 (70.6) 100 (75.2) 0.194

Uncertain 11 (9.5) 0 (0.0) 11 (8.3)

Positive 17 (14.7) 5 (29.4) 22 (16.5)

Total Negative 245 (68.6) 28 (71.8) 273 (68.9) 0.943

Intermediate/uncertain 11 (3.1) 1 (2.6) 12 (3.0)

Positive 101 (28.3) 10 (25.6) 111 (28.1)

* Panel testing was done in 133 patients for whom ancestry was reported.
Abbreviation: HRE = hexanucleotide repeat expansion.
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targeted panel testing) = $180,070 to identify 138 posi-
tives). Had C9orf72 HRE and targeted panel testing been
performed in every fALS participant, the per-diagnosis cost
would be $1,810.36. Double variant carriers harboring both
the C9orf72 HRE and an additional pathogenic variant are
very rare.25 Other genetic testing programs, whether funded
by insurers, researchers, or health care systems, may wish to
consider the value of prioritizing high-risk patients and
reflex testing strategies to reduce the per-diagnosis cost of
testing.

The participant and test outcomes data reported here rely on
clinician report of all clinical data, including participant di-
agnosis, age at onset, family history, and geoancestry. Given
that this program provided testing free of charge to patients,
some clinicians may have falsified family history or other data
to provide patients with access to testing. However, the
expected effect of this bias would be to decrease, not increase,
reported diagnostic yields. Patients of lower socioeconomic
status may be overrepresented in the cohort, given that cli-
nicians were encouraged to prioritize patients with limited
resources for participation.

The ALS GAP program represents the largest ALS cohort
ever to undergo clinical genetic testing for ALS using standard
testing and interpretation criteria. In this cohort, approxi-
mately 1 in 3 program participants received a positive genetic
diagnosis. In addition, the use of a small, targeted gene panel
resulted in low rate of uncertain test outcomes that are
problematic in clinical practice. This program serves as a
successful model for the practice of genetic testing in the ALS
clinic, and our test outcomes data may serve to inform testing
practice guidelines, clinical trial design, and genetic counseling
for persons with ALS.

Acknowledgment
Statistical analysis and graphic illustration support for this
study was provided by the Ohio State University Neurosci-
ence Research Institute and Ohio State University Biomedical
Illustration, respectively.

Study Funding
The ALS GAP program was funded by grants to NEALS from
the ALS Association, the Muscular Dystrophy Association,
Biogen, and AveXis.

Disclosure
J. Roggenbuck., K.A. Rich., L. Vicini, T. Lincoln, and J.D.
Glass report no disclosures relevant to the manuscript. J.
Schroeder, C. Zaleski, and L. Drury are employees of Pre-
vention Genetics, LLC. Go to Neurology.org/NG for full
disclosures.

Publication History
Received by Neurology: Genetics February 10, 2021. Accepted in final
form May 20, 2021.

References
1. Andersen PM, Borasio GD, Dengler R, et al. EFNS task force on management of

amyotrophic lateral sclerosis: guidelines for diagnosing and clinical care of patients
and relatives. Eur J Neurol. 2005;12(12):921-938.

2. Miller RG, Jackson CE, Kasarskis EJ, et al. Practice parameter update: the care of the
patient with amyotrophic lateral sclerosis: multidisciplinary care, symptom manage-
ment, and cognitive/behavioral impairment (an evidence-based review): report of the
Quality Standards Subcommittee of the American Academy of Neurology. Neurology.
2009;73(15):1227-1233.

3. Roggenbuck J. C9orf72 and the care of the patient with ALS or FTD: progress and
recommendations after 10 years. Neurol Genet. 2021;7(1):e542.

4. Richards S, Aziz N, Bale S, et al. Standards and guidelines for the interpretation of
sequence variants: a joint consensus recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Genet
Med. 2015;17(5):405-424.

5. Umoh ME, Fournier C, Li Y, et al. Comparative analysis of C9orf72 and sporadic
disease in an ALS clinic population. Neurology. 2016;87(10):1024-1030.
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7. Chia R, Chiò A, Traynor BJ. Novel genes associated with amyotrophic lateral scle-
rosis: diagnostic and clinical implications. Lancet Neurol. 2018;17(1):94-102.

Appendix Authors

Name Location Contribution

Jennifer
Roggenbuck,
MS, CGC

The Ohio State University
Wexner Medical Center,
Columbus

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

Kelly A. Rich,
MS, CGC

The Ohio State University
Wexner Medical Center,
Columbus

Drafting/revision of the
manuscript for content,
including medical writing for
content, and analysis or
interpretation of data

Leah Vicini,
MS, CGC

The Ohio State University
Wexner Medical Center,
College of Medicine,
Columbus

Analysis or interpretation of
data

Marilly
Palettas,
MPH

The Ohio State University,
Center for Biostatistics,
Columbus

Analysis or interpretation of
data

Joceyln
Schroeder,
BS

PreventionGenetics, LLC,
Marshfield, WI

Study concept or design and
analysis or interpretation of
data

Christina
Zaleski, MS,
CGC

PreventionGenetics, LLC,
Marshfield, WI

Analysis or interpretation of
data

Tara Lincoln,
MLIS

PreventionGenetics, LLC,
Marshfield, WI; The
Northeast ALS Consortium
(NEALS)

Study concept or design

Luke Drury,
PhD

PreventionGenetics, LLC,
Marshfield, WI

Drafting/revision of the
manuscript for content,
including medical writing for
content, and analysis or
interpretation of data

Jonathan D.
Glass, MD

Emory ALS Center, Emory
University School of
Medicine, Atlanta, GA

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

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

https://ng.neurology.org/content/7/4/e615/tab-article-info
http://neurology.org/ng


8. Church JM. A scoring system for the strength of a family history of colorectal cancer.
Dis Colon Rectum. 2005;48(5):889-896.

9. Wagner KN, Nagaraja HN, Allain DC, Quick A, Kolb SJ, Roggenbuck J. Patients with
sporadic and familial amyotrophic lateral sclerosis found value in genetic testing.Mol
Genet Genomic Med. 2018;6(2):224-229.

10. Wagner KN, Nagaraja H, Allain DC, Quick A, Kolb S, Roggenbuck J. Patients with
amyotrophic lateral sclerosis have high interest in and limited access to genetic testing.
J Genet Couns. 2017;26(3):604-611.

11. Klepek H, Nagaraja H, Goutman SA, Quick A, Kolb SJ, Roggenbuck J. Lack of
consensus in ALS genetic testing practices and divergent views between ALS clinicians
and patients. Amyotroph Lateral Scler Frontotemporal Degener. 2019;20(3-4):216-221.

12. Roggenbuck J, Palettas M, Vicini L, Patel R, Quick A, Kolb SJ. Incidence of patho-
genic, likely pathogenic, and uncertain ALS variants in a clinic cohort. Neurol Genet.
2020;6(1):e390.

13. Lattante S, Marangi G, Doronzio PN, et al. High-throughput genetic testing in ALS:
the challenging path of variant classification considering the ACMG guidelines. Genes.
2020;11(10):1123.

14. Shirts BH, Pritchard CC, Walsh T. Family-specific variants and the limits of human
genetics. Trends Mol Med. 2016;22(11):925-934.

15. Leighton D, de Araujo Martins Moreno C, Lehrer H, et al. Assessing ACMG criteria for
the classification of reported ALS gene mutations: utility, pitfalls and recommendations.
Neurology. 2019;92(15 suppl).

16. Vos J, Otten W, van Asperen C, Jansen A, Menko F, Tibben A. The counsellees’ view
of an unclassified variant in BRCA1/2: recall, interpretation, and impact on life.
Psychooncology. 2008;17(8):822-830.

17. Culver JO, Brinkerhoff CD, Clague J, et al. Variants of uncertain significance in BRCA
testing: evaluation of surgical decisions, risk perception, and cancer distress. Clin Genet.
2013;84(5):464-472.

18. Murray ML, Cerrato F, Bennett RL, Jarvik GP. Follow-up of carriers of BRCA1 and
BRCA2 variants of unknown significance: variant reclassification and surgical deci-
sions. Genet Med. 2011;13(12):998-1005.

19. Makhnoon S, Garrett LT, Burke W, Bowen DJ, Shirts BH. Experiences of patients
seeking to participate in variant of uncertain significance reclassification research.
J Community Genet. 2019;10(2):189-196.

20. O’Neill SC, Rini C, Goldsmith RE, Valdimarsdottir H, Cohen LH, Schwartz MD.
Distress among women receiving uninformative BRCA1/2 results: 12-month out-
comes. Psychooncology. 2009;18(10):1088-1096.

21. van Dijk S, Timmermans DRM, Meijers-Heijboer H, Tibben A, van Asperen CJ,
Otten W. Clinical characteristics affect the impact of an uninformative DNA test
result: the course of worry and distress experienced by women who apply for genetic
testing for breast cancer. J Clin Oncol. 2006;24(22):3672-3677.
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Abstract
Background and Objectives
Neurofibromatosis type 1 (NF1)-associated cognitive impairments carry significant lifelong
morbidity. The lack of targeted biologic treatments remains a significant unmet need. We
examine changes in cognition in patients with NF1 in the first 48 weeks of mitogen-activated
protein kinase inhibitor (MEKi) treatment.

Methods
Fifty-nine patients with NF1 aged 5–27 years on an MEKi clinical trial treating plexiform
neurofibroma underwent pretreatment and follow-up cognitive assessments over 48 weeks of
treatment. Performance tasks (Cogstate) and observer-reported functioning (BRIEF) were the
primary outcomes. Group-level (paired t tests) and individual-level analyses (Reliable Change
Index, RCI) were used.

Results
Analysis showed statistically significant improvements on BRIEF compared with baseline
(24-week Behavioral Regulation Index: t(58) = 3.03, p = 0.004, d = 0.24; 48-week Metacognition
Index: t(39) = 2.70, p = 0.01, d = 0.27). RCI indicated that more patients had clinically significant
improvement at 48 weeks than expected by chance (χ2 = 11.95, p = 0.001, odds ratio [OR] = 6.3).
Group-level analyses indicated stable performance on Cogstate (p > 0.05). RCI statistics showed
high proportions of improved working memory (24-week χ2 = 8.36, p = 0.004, OR = 4.6, and 48-
week χ2 = 9.34, p = 0.004, OR = 5.3) but not visual learning/memory. Patients with baseline
impairments on BRIEF were more likely to show significant improvement than nonimpaired
patients (24 weeks 46% vs 8%; χ2 = 9.54, p = 0.008, OR = 9.22; 48 weeks 63% vs 16%; χ2 = 7.50,
p = 0.02, OR = 9.0).

Discussion
Our data show no evidence of neurotoxicity in 48 weeks of treatment with an MEKi and a
potential clinical signal supporting future research of MEKi as a cognitive intervention.
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Cognitive deficits are prevalent in neurofibromatosis type 1
(NF1). Upward of 80% of individuals with NF1 experience
neurocognitive dysfunction, resulting in significant lifetime
morbidities.1-3 The NF1 cognitive phenotype includes
downward-shifted intellect, high prevalence of attention-
deficit/hyperactivity disorder, executive dysfunction, and
visuospatial deficits, mimicking learning defects in the NF-
knockout mouse.4-7

Suggested mechanisms underlying cognitive deficits in NF1
include the lack of neurofibromin resulting in overactivity of
Ras and hyperactivation of Ras/ERK pathway downstream
signaling cascades, which are vital in long-term potentiation
and cortical plasticity.8-12 Trials manipulating the Ras/ERK
pathway have ameliorated cognitive impairments in NF1
mouse models.13,14 Human trials targeting this pathway appear
promising.1,15 The deregulation of the Ras/ERK cascade en-
hances GABA release, negatively affecting LTP through
heightened inhibition in murine models.16,17 Increased GABA
release inhibits prefrontal cortical circuits necessary for working
memory and has been demonstrated in murine and human
models.14,18,19

Themost severe neurocognitive dysfunction in individuals with
Ras/MAPK pathway disorders appears to be associated with
mutations affecting downstream transducers of RAS such as
MEK1 and BRAF.16,20 Recent successful clinical trials of MEK
and BRAF inhibitors in attenuating plexiform neurofibromas
(PNs) and low-grade gliomas have generated interest in the
effect mitogen-activated protein kinase inhibitor (MEKi) may
have on cognition in NF1.21-25 Two preclinical trials suggest an
impact on cognitive functions with inhibition of MEK in NF1
mouse models.26,27 This study primarily aims to examine
changes in memory and executive functions in patients with
NF1 on MEKi treatment for PN over the first year of therapy.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
This researchwas approved by the institutional ethics committee
at all participating sites (Children’s National Medical Center,
Children’s Hospital of Philadelphia, and National Cancer In-
stitute). Written informed consent was obtained from all
guardians of child participants and adult participants in the study.

This was a single-arm, multicenter ancillary cognitive study
evaluating changes in cognitive functions in the first year of

treatment on a MEKi. Eligible participants were (1) diagnosed
with NF1 per NIH criteria or through germline NF1 mutation
in a CLIA certified laboratory, (2) enrolled on a clinical trial of
an MEKi for the treatment of a PN (including NCT03962543,
NCT02096471, NCT02407405, and NCT02124772), (3) be-
tween the ages of 4 and 35 years, (4) without significant sensory
or motor impairment, and (5) primarily English or Spanish
dominant.28 This study was approved by the institutional review
board of the principal investigator’s institution and at each
participating institution, and all participants consented.

Participants underwent a pretreatment neurocognitive eval-
uation. Three additional evaluations were completed over the
first year on therapy: at 12 weeks (±4 weeks), 24 weeks (±4
weeks), and 48 weeks (±8 weeks). The 48-week assessment
was added to the protocol after study initiation resulting in
some patients not having 48-week data. Participants taken off
treatment early (e.g., for toxicity or a lack of response)
completed the cognitive assessment at the final study visit,
while still taking the study drug. At each time point, partici-
pants completed the cognitive assessment (Cogstate) and a
consistent parent completed a questionnaire of executive
functioning (Behavior Rating Inventory of Executive Func-
tion; BRIEF). Participants ≥18 completed the self-report
BRIEF if an adult caregiver was not present. If a participant
turned 18 during the course of the study, the parent report
was maintained for consistency across the trial.

All data were managed by the coordinating center (Children’s
National Medical Center). Individual participants’ data were
monitored in real time by the principal investigator (K.S.W.),
and findings were conveyed to sites if scores were ≥1.5 SD
below the mean or if there was a significant decrease in more
than 2 measures over time, allowing for additional monitoring
or evaluation for neurotoxicity as needed.

Study Measures
Specific outcome measures were selected to (1) assess cog-
nitive functions relevant to the primary study aims, which are
known deficits in NF1, (2) increase feasibility by minimizing
time and resource burden for institutions and participants,
and (3) allow for repeated measures in shorter intervals than
what is possible with traditional neuropsychological tests. We
were able to study a large, diverse sample using a focused
computerized assessment battery (Cogstate) targeting neu-
rocognitive processes most sensitive to change and predicted
to be affected by MEKi (i.e., learning/memory, working
memory, attention, and processing speed). We also used a
complimentary rating scale (BRIEF) to evaluate real-world

Glossary
ANOVA = analysis of variance; BRI = Behavioral Regulation Index; BRIEF = Behavior Rating Inventory of Executive Function;
CI = confidence interval; MCI = Metacognition Index; MEKi = mitogen-activated protein kinase inhibitor; NF1 =
neurofibromatosis type 1; OCL = one-card learning task; ONB = one-back task; OR = odds ratio; PN = plexiform
neurofibroma; RCI = Reliable Change Index.
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executive functioning. The entire assessment was completed
in ≤30 minutes. See supplement for full test descriptions
(links.lww.com/NXG/A445).

Statistical Design
Changes in performance and ratings over timewere evaluated by
group-level analysis and individually based reliable change anal-
yses. With both, we quantified whether outcomes changed over
time in the sample as a whole. We also investigated whether
changes in performance differed by age (dichotomized at a
median of 12 years) and baseline performance (dichotomized as
nonimpaired or impaired, using 1.5 SD below average). The age
cutoff used themedian split of our sample andwas considered an
appropriate division considering developmental changes around
this age that are relevant to the study outcomes.

First, we analyzed group-level changes with repeated-
measures analysis of variance (ANOVA). We analyzed 2
follow-up time points separately to maximize the available
sample at each time point. We calculated effect sizes between
mean scores at each pair of visits to estimate the mean amount
of change that occurred between time points.

Second, we analyzed change in outcomes over time on an
individual participant level, using a Reliable Change Index
(RCI) methodology, which generates a confidence interval
(CI) that identifies the expected range of change scores in the
normative population, using a test’s SD and test-retest re-
liability (see eMethods, links.lww.com/NXG/A445). Once
the CI cutoff is established, the cutoff and an individual’s
change score (T2 − T1) can be compared to determine
whether a clinically significant change has occurred. Thus,
RCI analysis allows investigation of whether a clinically sig-
nificant, rather than a simply statistically significant, change
has occurred, and in which individuals. Cogstate provides the
within-subject SD to calculate RCI, and we calculated metrics
for the BRIEF using normative data in the modified practice-
adjusted RCI formula outlined in Chelune.29

For each outcome, 2-tailed 90% CIs were constructed. In a
normative sample, a 90% CI identifies 5% as decreased, 90%
as stable, and 5% as improved. We chose 2-tailed because at
this stage of research with MEKi, it is equally important to
identify either detrimental (possibly neurotoxic) or positive
effects on functioning. Individual change scores were calcu-
lated between the pretreatment and the 24-week and 48-week
evaluations and classified as “declined,” “stable,” or “im-
proved” on each outcome for each follow-up time point using
RCI methodology.

We then used 2 (group: normative/expected, NF) × 3
(change status: declined, stable, and improved) χ2 to compare
the frequencies of classification between the normative/
expected (5/90/5%) and NF groups.30 This statistical ap-
proach answers the following question: Does memory or
executive functioning decrease or improve in a greater pro-
portion of individuals who are taking an MEKi, compared

with the proportion expected in the general population who
are tested twice?We hypothesized that a greater proportion of
individuals receiving an MEKi would change in performance
compared with normative expectations.

Third, to assess the influence of age and baseline performance
level on RCI-based classification, we used a set of 2 (age: ≤12
years, >12 years; baseline performance level: nonimpaired, im-
paired) × 3 (change status) χ2 tests. This allowed us to test
whether older or younger childrenweremore likely to change and
whether those with impaired scores at baseline were more likely
to change than those with nonimpaired baseline performance.

Data Availability
Data not provided in the article will be shared at the request of
other investigators for the purpose of replication.

Results
Seventy-four patients aged 5–27 years enrolled on the study.
One patient was ineligible for the treatment study, 1 declined
participation, 1 did not complete the measures at pretreatment,
5 discontinued treatment before the 24-week time point, and 7
discontinued treatment by the 48-week time point. Twelve
patients were outside the 48-week test window as this assess-
ment was amended to the protocol. The remaining 59 patients
completed all scheduled assessments, 40 with 48-week data.
The median age of participants was 12 years (5–27), 64% were
male, and 68% were Caucasian. All participants were English
speaking despite Spanish-speaking individuals being eligible for
the study. The majority of participants on this study were
treated with selumetinib, with the remainder treated with
mirdametinib or trametinib (Table 1).

Patient/Observer–Reported Outcomes (BRIEF)
Descriptive statistics of the 52 BRIEF parent and 7 adult self-
reports are provided in Table 2. ANOVAs indicated small but
significant improvements in BRIEF scores from pretreatment
to 24-week follow-up (Metacognition Index [MCI]: F(1,58) =
5.79, p = 0.02, d = 0.18; Behavioral Regulation Index [BRI]:
F(1,59) = 9.19, p = 0.004, d = 0.24) and 48-week follow-up
(MCI: F(1,39) = 7.29, p = 0.01, d = 0.27; BRI: F(1,39) = 5.63, p =
0.02, d = 0.26). RCI analyses indicated that the distribution
found in those treated with an MEKi was not significantly
different at the 24-week assessment (MCI: 5/80/15% for
declined/stable/improved, respectively; χ2 = 4.89, p = 0.09,
odds ratio [OR] = 3.4; BRI: 2/85/13%; χ2 = 4.42, p = 0.11, OR
= 2.9) than the expected distributions of RCI classifications in
the normative population (5/90/5%). The proportions for
MCI but not BRI were significantly different at 48weeks (MCI:
5/70/25%; χ2 = 12.02, p = 0.002, OR= 6.3; Figure 1), such that
the proportion classified as improved was larger than expected
(BRI: 3/83/15%; χ2 = 4.24, p = 0.12, OR = 3.4; Figure 2).

When examining RCI-based changes in executive function rat-
ings over time in the subsample that completed all assessments
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(n = 40), overall decreases in executive function ratings were
seen in only 5% of the sample on the MCI and 2.5% on the BRI
by 48 weeks. The majority of the sample showed no net
changes: 70% on MCI and 88% on BRI (either decreased/
improved at 24 weeks but then returned to baseline, or never
changed). Of the 25% who showed 48-week improvement on
MCI, half had improved by 24 weeks and then were stable, and
the other half were stable at 24 weeks but improved at 48 weeks.
Of the 15% who showed overall improvement on BRI, 5/6
improved at 24 weeks and were then stable, whereas 1 partici-
pant was stable at 24 weeks and then improved at the final
follow-up. Many of the participants who were stable at 24 weeks
had enrolled in the study before the addition of the 48-week
assessment (MCI n = 17; BRI n = 15), as were some who had

improved at 24 weeks (MCI n = 2; BRI n = 5), limiting the
ability to assess long-term improvement in these individuals.

Primary Performance Outcomes (Cogstate)
Analysis of changes in Cogstate working memory (one-back
task [ONB] speed) and visual learning/memory (one-card
learning task [OCL]) did not reveal a significant change in
performance from pretreatment to 24- or 48-week follow-up
(ONB speed: F(1,56) = 0.50, p = 0.48, d = 0.08; F(1,38) = 0.34,
p = 0.57, d = −0.06, respectively; OCL: F(1,55) = −0.46, p =
0.653, d = 0.07; F(1,38) = 0.00, p = 0.96, d = 0.01, respectively).
However, the distributions of RCI classifications for ONB
speed were significantly different from those of the normative
population (5/90/5%) at the 24-week assessment (14/66/
20%; χ2 = 13.74, p = 0.001, OR = 4.6) and the 48-week
assessment (12/66/22%; χ2 = 12.58, p = 0.002, OR = 5.3).
The distributions of RCI classifications for OCL were not
significantly different at either the 24-week assessment (6/87/
7%; χ2 = 0.36, p = 0.84, OR = 1.5) or the 48-week assessment
(0/98/2%; χ2 = 2.68, p = 0.26, OR = 0.5; Figures 3 and 4).

When examining RCI-based changes in performance over time in
the subsample that completed all assessments, overall decreases
were rare (12% of the sample on ONB and 0% on OCL). The
majority of the sample showed no net changes: 66% onONB and
97%onOCL.Of the 9 participants who showed improvement on
ONB by 48 weeks, 1/3 (n = 3) had improved by 24 weeks and
then were stable; the remaining 2/3 (n = 6) did not improve until
48 weeks. As with the executive functioning ratings, many of those
whohad stable or improved performance at 24weeks did not have
48-week data (n = 8 who were stable, 5 who had improved on
ONB; n = 13 stable and 1 improved on OCL), limiting the
possibility of assessing long-term gains in these participants.

Predictors of RCI Classifications

Age
To determine whether the age of the participant related to the
outcome, we compared children ≤12 years (younger cohort,
n = 34) with those ≥13 (n = 25). There were no differences in
the proportion of participants whose scores decreased, did not

Table 1 Patient and Treatment Characteristics

Age, y

Mean (SD) 12.66 (5.74)

Median 12

Range 5–27

Sex (males), n (%) 38 (64)

Race/ethnicity, n (%)

Caucasian 40 (68)

African American 6 (10)

Asian 3 (5)

Multiple 5 (8)

Hispanic 3 (5)

Other 2 (3)

Drug, n (%)

Selumetinib (NCT02407405) 54 (92)

Mirdametinib (NCT03962543 and NCT02096471) 4 (7)

Trametinib (NCT02124772) 1 (1)

Table 2 Mean Cognitive Scores From Pretreatment to 48-Week Follow-up

Pretreatment 24-wk 48-wk

Mean (SD)
Median
(min–max)

N (%) with
impaired
scoresa Mean (SD)

Median
(min–max) Mean (SD)

Median
(min–max)

BRIEF MCI (t score) 54.93 (10.95) 55.0 (36 to 84) 11 (19) 52.95 (11.07) 53.0 (34 to 82) 51.7 (10.6) 51.5 (31 to 71)

BRIEF BRI (t score) 51.59 (10.31) 51.0 (35 to 79) 6 (10) 49.1 (9.66) 48.0 (35 to 81) 48.73 (9.36) 46.5 (35 to 68)

Cogstate ONB speed (z-score) −0.24 (1.42) −0.1 (−3.7 to 2.82) 9 (15) −0.18 (1.33) 0.1 (−4.4 to 2.89) −0.35 (1.11) −0.3 (−3.11 to 2.89)

Cogstate OCL accuracy (z-score) −0.22 (1.37) −0.4 (−2.67 to 3.0) 8 (14) −0.14 (1.57) 0.0 (−5.78 to 3.78) −0.04 (1.49) −0.2 (−3.3 to 3.0)

Abbreviations: BRIEF BRI = Behavior Rating Inventory of Executive Functioning, Behavioral Regulation Index; BRIEF MCI = Behavior Rating Inventory of
Executive Functioning, Metacognition Index; OCL = one-card learning task; ONB = one-back task.
BRIEF N = 59 (N = 40 for 12 months); Cogstate N = 57 (N = 39 for 12 months); some individual sample sizes vary.
a Impaired scores were defined as ≥1.5 SDs below the mean.
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change, or improved on BRIEF or Cogstate ONB at either 24-
or 48-week follow-ups (all p > 0.05). On Cogstate OCL,
younger children were more likely to improve at 24 weeks (χ2

= 7.05, p = 0.03), but there were no longer any differences by
age at 48 weeks (χ2 = 0.71, p = 0.40).

Baseline Level of Functioning
The contribution of pretreatment functioning to outcomes was
examined. In the normative BRIEF sample, there were no asso-
ciations of time 1 rating level and change in the score at time 2
(p > 0.05). Within the treatment sample, we found that

Figure 1 RCI-Based Outcomes on Observer-Rated Executive Functions Following 24 and 48 Weeks of Treatment

BRIEF BRI = Behavior Rating Inventory of Executive Function-
ing, Behavioral Regulation Index; BRIEF MCI = Behavior Rating
Inventory of Executive Functioning, Metacognition Index; CI =
confidence interval; MEK = receivedmitogen-activated protein
kinase inhibitor; RCI = Reliable Change Index. *Significantly
different fromnormative (expected) proportions using 2-tailed
90% CI.

Figure 2 RCI-Based Outcomes on Performance-Based Learning and Working Memory Following 24 and 48 Weeks of
Treatment

CI = confidence interval; MEK = received mitogen-activated
protein kinase inhibitor; OCL = one-card learning task; ONB =
one-back task; RCI = Reliable Change Index. *Significantly dif-
ferent from normative (expected) proportions using 2-tailed
90% CI.
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participants with baseline MCI ratings in the impaired range
(≤1.5 SDs below themean, which was seen in n = 11; 19%) were
more likely to show significant improvement over the course of
treatment. At 24 weeks, 50% of the impaired pretreatment group
showed significant improvement, compared with only 9% of the

nonimpaired group (χ2 = 10.36, p = 0.006, OR = 10.25), Simi-
larly, at the 48-week follow-up, participants with impaired scores
at pretreatment were significantlymore likely to showmeaningful
improvement on MCI (71%) than those whose initial scores
were not impaired (16%; χ2 = 9.45, p = 0.009, OR = 13.5).

Figure 3 RCI-Based Change in Observer-Rated Executive Function Outcomes on the BRIEF MCI Associated With Baseline
Performance Levels

BRIEF MCI = Behavior Rating Inventory of Executive Function-
ing, Metacognition Index; CI = confidence interval; MEK = re-
ceived mitogen-activated protein kinase inhibitor; RCI =
Reliable Change Index. *Significantly different from the cor-
responding nonimpaired group and normative (expected)
proportions using 2-tailed 90% CI.

Figure 4 Performance-Based Working Memory Outcomes (ONB Speed) Associated With Baseline Performance Levels

CI = confidence interval; MEK = received mitogen-activated
protein kinase inhibitor; ONB = one-back task; RCI = Reliable
Change Index. *Significantly different from the corresponding
nonimpaired group and normative (expected) proportions
using 2-tailed 90% CI.
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A similar pattern was seen between those impaired vs not
impaired at pretreatment on BRI; however, the comparisons
were not statistically significant. A 24 weeks, 33% of those
with impaired pretreatment scores improved compared with
9% of those with nonimpaired pretreatment ratings (χ2 =
3.01, p = 0.22, OR = 4.8). At 48 weeks, 25% of those with
impaired pretreatment scores improved compared with 14%
of those with nonimpaired pretreatment ratings (χ2 = 0.44, p
= 0.80, OR = 2.1).

Using the same cutoff criteria of 1.5 SD below the mean, sta-
tistical significance was reached on one of the Cogstate tasks
from pretreatment to follow-up. At 24 weeks, significant im-
provement on ONB speed was demonstrated in 56% of those
with impaired performance at pretreatment and only 13% of
those with nonimpaired pretreatment performance (χ2 = 9.33,
p = 0.009, OR = 8.5). At 48 weeks, differences were not sig-
nificant, although the pattern was similar: 50% of those per-
forming in the impaired range at pretreatment improved,
whereas only 17% of the participants with nonimpaired pre-
treatment performance showed improvement (χ2 = 3.64, p =
0.16, OR = 4.8).

Neither analysis on Cogstate OCL (accuracy) was statistically
significant. At both 24 and 48 weeks, the only participants
who improved were those with nonimpaired pretreatment
performance, so χ2 could not be computed because of mul-
tiple empty cells.

Discussion
The recent MEKi trials have provided a key opportunity to
enhance our understanding of possiblemechanisms of action in
NF1-associated cognitive impairment as well as to accelerate
our progress toward finding effective therapeutics with the
potential for improving these neurocognitive deficits in pa-
tients. Our innovative methodology of developing an ancillary
cognitive study that could be conducted across multiple on-
going MEKi clinical trials allowed us to assess a key question in
NF1 research and maximize enrollment without having to
design and recruit to a separate clinical trial. The methodology
that we applied showed excellent feasibility in a multicenter
trial, supporting the use of these or similar methods in future
cognitive trials in NF. Given the mixed results of the NF1
murine model research regarding MEK inhibition and
cognition/development, the most important finding of this
study is the lack of evidence of neurotoxicity within the first 48
weeks of therapy in individuals with NF1 aged 5 years and
older.26,27 Performance scores of visual learning remained
stable for the majority of participants. Similarly, performance
on a working memory task and symptom ratings of both
metacognitive and behavioral regulation aspects of executive
function showed stability or improvement over the course of
their treatment trial. We could not evaluate for potential neu-
rotoxicity in children under the age of 5 years, and this will be
an important next step in this research given the greater

susceptibility associated with rapid brain development and
plasticity in this early period.31

Group-level analyses of change indicated small but significant
improvement in parent/patient-reported executive function-
ing but not cognitive performance. Using an RCI framework,
however, our statistical approaches allowed for an in-depth
and clinically meaningful assessment of individual outcomes.

Based on parent/patient-reported symptom ratings of ev-
eryday executive functions, results suggest clinical improve-
ment of metacognitive and behavioral regulation functions
observable by 48 weeks or sooner in a larger proportion of
participants receiving treatment. The age of the participant
did not appear to affect these outcomes; however, pre-
treatment rating of executive dysfunction did relate to greater
improvements in metacognitive and behavioral regulation
functions than in participants rated as unimpaired before
treatment. This finding was most prominent for meta-
cognitive functions with significant improvements reported
by the 24-week follow-up with additional improvements rated
at the 48-week assessment.

On performance-based measures, a significant proportion of
the treatment sample showed clinical improvement on a
working memory task over the first 24 to 48 weeks on therapy,
and again, there was no relationship with age, but those with
greater pretreatment impairment had greater improvements
at 24 weeks than in participants with nonimpaired perfor-
mance before treatment. In contrast, there were no notable
improvements in visual learning/memory.

Results of parent/patient-reported outcome measures were
more robust than findings on performance-based measures. It is
common for these assessment approaches to produce unique
information about patient functions that are complementary.32,33

Some inherent bias might exist in parent and patient reports of
functioning with some expectation of improvement given the
excellent tumor response observed in these trials.21 However,
tumor response was commonly documented at least several
months before the improvement in cognitive performance and
ratings. Furthermore, the cognitive study was presented with
nondirectional hypotheses, which should minimize the issue of
such bias. In addition, each respondent completed new ques-
tionnaires at each assessment blind to their previous ratings,
which would also minimize the influence of prior rating and
allow for relatively independent rating of functioning at each
assessment time point.

It is also possible that the parent/patient report captured a
broader improvement in functioning related to decreased pain
and increased mobility or other functions directly related to
changes in the PN. The patients on trial NCT02407405 were
enrolled based on the severity of their PN and associated pain,
disfigurement, and functional limitations. In addition to tu-
mor response, the patients in that study showed clinically
meaningful improvement in pain intensity, pain interference,
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and overall quality of life.21 Therefore, these improvements
may have resulted in more engagement in school, social, and
other settings that were essentially captured by the BRIEF.
However, as many of the cases in the NCT02407405 trial
showed improvement in pain and quality of life earlier in the
course of treatment (within the first 12 weeks), we may be
discovering unique cognitive improvements as well. Although
parent/patient report of improvement was often first seen at
24 weeks, many of the performance-based cognitive im-
provements (when present) were not evident until 48
weeks.21 This suggests a true association between treatment
with an MEKi and improved cognitive functions that do not
emerge until closer to a year on therapy.

The focused computerized Cogstate battery was chosen in this
study because of the relevance of the outcome measures to the
primary aims of the study and to address long-standing issues
with feasibility for NF cognitive trials including time and the
ability to repeat the test battery in shorter time intervals than
traditional cognitive tests. Although a broader cognitive test
battery could have captured unique data and potentially addi-
tional significant findings, we remained focused on data to
answer our specific primary and secondary aims rather than an
exploratory approach to the study. In addition, traditional
neuropsychological tests are not repeatable within a 12-month
period, which would have excluded our ability to examine any
changes before 1 year on treatment. Based on prior experience
inNF clinical trials, the latter approach would have significantly
diminished feasibility and resulted in incomplete data and less
power to analyze our hypotheses, and we would have missed
information about changes that appear to be evident starting at
6 months on therapy.

This study was an ancillary to several single-arm, open-label
clinical trials, which limits our ability to compare and contrast
these findings to a comparison group (treated or untreated),
which is an obvious limitation to this research. The use of RCI
partially accounts for this, as it uses data from normative test-
retest samples as comparison. Future plans include analyzing
the relationship between cognitive, pain, and mobility out-
comes to determine whether these factors are related to
reported improvement in executive function or whether
symptom reports of everyday executive functions are more
sensitive measures of cognitive change in the context of treat-
ment with an MEKi. Our data cannot speak to the impact that
treatment beyond 1 year may have on cognition or the dura-
bility of these findings. However, a randomized trial of selu-
metinib vs carboplatin/vincristine in patients with NF1 and
low-grade glioma has recently been initiated (NCT03871257),
which will address the limitations related to the lack of a
comparison group, durability, and a general enhancement of
our interpretation of these initial findings.

In conclusion, cognitive impairments and learning disabilities
in NF1 are a significant lifelong morbidity, and the lack of
effective treatments continues to pose a significant unmet
need. This study provides a first investigation into potential

mechanisms of action related to cognitive dysfunction in NF1
involving the Ras/MAPK pathway and provides important
initial findings regarding the effects of MEKi’s on cognitive
function. First, the results of this study do not indicate any
significant cognitive deterioration in functioning over the first
48 weeks of treatment with an MEKi that might suggest drug
neurotoxicity. Our data show evidence of real-world func-
tional and clinical improvement in executive functioning and
improvement on a working memory task that emerges by
around 24 weeks on an MEKi and with continued improve-
ment up to 48 weeks of treatment, particularly for patients
with baseline cognitive dysfunction, as would be expected.
There is enough preliminary support of possible benefit of
MEKi’s on cognitive functioning in NF1 that future research
in this area should be a focus for the NF1 community.

Study Funding
This research was supported by the Children’s Tumor
Foundation, the Jennifer and Daniel Gilbert Neurofibro-
matosis Institute, and, in part, by the Intramural Research
Program of the Center for Cancer Research, NCI, NIH,
Bethesda, MD. This project has been funded in whole or in
part with federal funds from the National Cancer Institute,
NIH, under Contract No. 75N91019D00024, Task Order
No. 75N91019F00129. The content of this publication does
not necessarily reflect the views or policies of the De-
partment of Health and Human Services, nor does mention
of trade names, commercial products, or organizations imply
endorsement by the US Government. None of the funding
sources had any role in the writing of the manuscript or the
decision to submit.

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

Publication History
Received by Neurology: Genetics February 17, 2021. Accepted in final
form July 6, 2021.

Appendix Authors

Name Location Contribution

Karin S.
Walsh, PsyD

Children’s National Hospital,
Washington, DC; George
WashingtonUniversity School of
Medicine, DC

Contributed to the
overall study design,
literature search, data
collection, data analysis,
data interpretation,
creation of figures, and
writing

Pamela L.
Wolters, PhD

National Cancer Institute/NIH
Bethesda, MD

Contributed to the study
design, data collection,
data interpretation, and
writing

Brigitte C.
Widemann,
MD

National Cancer Institute/NIH,
Bethesda, MD

Contributed to the study
design, data collection,
data interpretation, and
review of the manuscript

8 Neurology: Genetics | Volume 7, Number 5 | October 2021 Neurology.org/NG

https://ng.neurology.org/content/7/5/e616/tab-article-info
http://neurology.org/ng


References
1. Krab LC, de Goede-Bolder A, Aarsen FK, et al. Effect of simvastatin on cognitive

functioning in children with neurofibromatosis type 1: a randomized controlled trial.
JAMA. 2008;300(3):287-294.

2. Krab LC, Oostenbrink R, de Goede-Bolder A, Aarsen FK, Elgersma Y, Moll HA.
Health-related quality of life in children with neurofibromatosis type 1: contribution
of demographic factors, disease-related factors, and behavior. J Pediatr. 2009;154(3):
420-425, 425.e1.

3. Martin S, Wolters P, Baldwin A, et al. Social-emotional functioning of children and
adolescents with neurofibromatosis type 1 and plexiform neurofibromas: relation-
ships with cognitive, disease, and environmental variables. J Pediatr Psychol. 2012;
37(7):713-724.

4. Moore BD III, Ater JL, Needle MN, Slopis J, Copeland DR. Neuropsychological
profile of children with neurofibromatosis, brain tumor, or both. J Child Neurol. 1994;
9(4):368-377.

5. Payne JM, Hyman SL, Shores EA, North KN. Assessment of executive function and
attention in children with neurofibromatosis type 1: relationships between cognitive
measures and real-world behavior. Child Neuropsychol. 2011;17(4):313-329.

6. Hyman SL, Shores EA, North KN. Learning disabilities in children with neurofi-
bromatosis type 1: subtypes, cognitive profile, and attention-deficit-hyperactivity
disorder. Dev Med Child Neurol. 2006;48(12):973-977.

7. Silva AJ, Frankland PW, Marowitz Z, et al. A mouse model for the learning and
memory deficits associated with neurofibromatosis type I. Nat Genet. 1997;15(3):
281-284.

8. Sweatt JD, Weeber EJ, Lombroso PJ. Genetics of childhood disorders: LI. Learning
and memory, part 4: human cognitive disorders and the ras/ERK/CREB pathway.
J Am Acad Child Adolesc Psychiatry. 2003;42(6):741-744.

9. Sweatt JD, Weeber EJ. Genetics of childhood disorders: LII. Learning and memory,
part 5: human cognitive disorders and the ras/ERK/CREB pathway. J Am Acad Child
Adolesc Psychiatry. 2003;42(7):873-876.

10. Sweatt JD. Mitogen-activated protein kinases in synaptic plasticity and memory. Curr
Opin Neurobiol. 2004;14(3):311-317.

11. Thomas GM, Huganir RL. MAPK cascade signalling and synaptic plasticity. Nat Rev
Neurosci. 2004;5(3):173-183.

12. Leon WC, Bruno MA, Allard S, Nader K, Cuello AC. Engagement of the PFC in
consolidation and recall of recent spatial memory. Learn Mem. 2010;17(6):297-305.

13. Costa RM, Silva AJ. Molecular and cellular mechanisms underlying the cognitive
deficits associated with neurofibromatosis 1. J Child Neurol. 2002;17(8):622-626.

14. Shilyansky C, Lee YS, Silva AJ. Molecular and cellular mechanisms of learning dis-
abilities: a focus on NF1. Annu Rev Neurosci. 2010;33:221-243.

15. Acosta MT, Kardel PG, Walsh KS, Rosenbaum KN, Gioia GA, Packer RJ. Lovastatin
as treatment for neurocognitive deficits in neurofibromatosis type 1: phase I study.
Pediatr Neurol. 2011;45(4):241-245.

16. Cui Y, Costa RM, Murphy GG, et al. Neurofibromin regulation of ERK signaling
modulates GABA release and learning. Cell. 2008;135(3):549-560.

17. Lee YS, Silva AJ. The molecular and cellular biology of enhanced cognition. Nat Rev
Neurosci. 2009;10(2):126-140.

18. Shilyansky C, Karlsgodt KH, Cummings DM, et al. Neurofibromin regulates corti-
costriatal inhibitory networks during working memory performance. Proc Natl Acad
Sci USA. 2010;107(29):13141-13146.

19. Gutmann DH, Parada LF, Silva AJ, Ratner N. Neurofibromatosis type 1: modeling
CNS dysfunction. J Neurosci. 2012;32(41):14087-14093.

20. Schubbert S, Zenker M, Rowe SL, et al. Germline KRAS mutations cause Noonan
syndrome. Nat Genet. 2006;38(3):331-336.

21. Gross AM, Wolters PL, Dombi E, et al. Selumetinib in children with inoperable
plexiform neurofibromas. N Engl J Med. 2020;382(15):1430-1442. doi:10.1056/
NEJMoa1912735.

22. Fangusaro J, Onar-Thomas A, Young Poussaint T, et al. Selumetinib in paediatric
patients with BRAF-aberrant or neurofibromatosis type 1-associated recurrent, re-
fractory, or progressive low-grade glioma: a multicenter, phase 2 trial. Lancet Oncol.
2019;20(7):1011-1022.

23. Kondyli M, Larouche V, Saint-Martin C, et al. Trametinib for progressive pediatric
low-grade gliomas. J Neurooncol. 2018;140(2):435-444. doi:10.1007/s11060-018-
2971-9.

24. Banerjee A, Jakacki RI, Onar-Thomas A, et al. A phase I trial of the MEK inhibitor
selumetinib (AZD6244) in pediatric patients with recurrent or refractory low-grade
glioma: a Pediatric Brain Tumor Consortium (PBTC) study. Neuro Oncol. 2017;
19(8):1135-1144. doi:10.1093/neuonc/now282.

25. Dombi E, Baldwin A, Marcus LJ, et al. Activity of selumetinib in neurofibromatosis
type 1-related plexiform neurofibromas. N Engl J Med. 2016;375(26):2550-2560.

26. Wang Y, Kim E, Wang X, et al. ERK inhibition rescues defects in fate specification of
Nf1-deficient neural progenitors and brain abnormalities. Cell. 2012;150(4):816-830.

27. Choi J, Huebner AJ, Clement K, et al. Prolonged Mek1/2 suppression impairs the
development of embryonic stem cells. Nature. 2017;548(7666):219-223. doi:10.
1038/nature23274.

28. Neurofibromatosis. NIH Consensus Statement Online. 1987;6(12):1-19.
29. Chelune GJ. Assessing reliable neuropsychological change. In: Franklin RD, ed.

Prediction in Forensic and Neuropsychology: Sound Statistical Practices. Lawrence Erl-
baum Associates Publishers; 2003:123-147.

30. Woods SP, Childers M, Ellis RJ, Guaman S, Grant I, Heaton RK. A battery approach
for measuring neuropsychological change. Arch Clin Neuropsych. 2006;21(1):83-89.
doi:10.1016/j.acn.2005.07.008.

31. Kolb B, Harker A, Gibb R. Principles of plasticity in the developing brain. Dev Med
Child Neurol. 2017;59(12):1218-1223. doi:10.1111/dmcn.13546.

32. Gioia GA, Isquth PK, Guy SC, Kenworthy L. Behavior Rating Inventory of Executive
Function, Second Edition Professional Manual. PAR, Inc.; 2015.

33. Wochos GC, Semerjian CH, Walsh KS. Differences in parent and teacher rating of
everyday executive function in pediatric brain tumor survivors. Clin Neuropsychol.
2014;28(8):1243-1257.

Appendix (continued)

Name Location Contribution

Allison del
Castillo, BA

Children’s National Hospital,
Washington, DC

Contributed to the study
design, literature search,
data collection, data
analysis, data
interpretation, and
writing

Maegan D.
Sady, PhD

Children’s National Hospital,
Washington, DC; George
WashingtonUniversity School of
Medicine, DC

Contributed to data
analysis, data
interpretation, creation
of figures, and writing

Tess Inker,
BA

Children’s National Hospital,
Washington, DC

Contributed to the
literature search, data
collection, and review of
the manuscript

Marie Claire
Roderick,
PsyD

National Cancer Institute/NIH,
Bethesda, MD

Contributed to data
collection and review of
the manuscript

Staci Martin,
PhD

National Cancer Institute/NIH,
Bethesda, MD

Contributed to data
collection, data
interpretation, and
review of the manuscript

Mary Anne
Toledo-
Tamula, MA

Clinical Research Directorate,
Frederick National Laboratory
for Cancer Research, MD

Contributed to data
collection and review of
the manuscript

Kari
Struemph,
PhD

National Cancer Institute/NIH,
Bethesda, MD

Contributed to data
collection and review of
the manuscript

Iris Paltin,
PhD

Children’s Hospital of
Philadelphia, PA; University of
Pennsylvania Perelman School
of Medicine, Philadelphia

Contributed to data
collection and review of
the manuscript

Victoria
Collier, RN,
BSN

Children’s Hospital of
Philadelphia, PA

Contributed to data
collection and review of
the manuscript

Kathy
Mullin, BSN

Children’s Hospital of
Philadelphia, PA

Contributed to data
collection and review of
the manuscript

Michael J.
Fisher, MD

Children’s Hospital of
Philadelphia, PA; University of
Pennsylvania Perelman School
of Medicine, Philadelphia

Contributed to data
collection and review of
the manuscript

Roger J.
Packer, MD

Children’s National Hospital,
Washington, DC; George
WashingtonUniversity School of
Medicine, DC

Contributed to data
collection and review of
the manuscript

Neurology.org/NG Neurology: Genetics | Volume 7, Number 5 | October 2021 9

https://doi.org/10.1056/NEJMoa1912735
https://doi.org/10.1056/NEJMoa1912735
https://doi.org/10.1007/s11060-018-2971-9
https://doi.org/10.1007/s11060-018-2971-9
https://doi.org/10.1093/neuonc/now282
https://doi.org/10.1038/nature23274
https://doi.org/10.1038/nature23274
https://doi.org/10.1016/j.acn.2005.07.008
https://doi.org/10.1111/dmcn.13546
http://neurology.org/ng


ARTICLE OPEN ACCESS

Out-of-Frame Mutations in ACTN2 Last Exon
Cause a Dominant Distal Myopathy With Facial
Weakness
Marco Savarese, PhD, Anna Vihola, PhD, Manu E. Jokela, MD, Sanna Pauliina Huovinen, MD,

Simonetta Gerevini, MD, Annalaura Torella, PhD, Mridul Johari, MSc, Marina Scarlato, MD,

Per Harald Jonson, PhD, Maria Elena Onore, MSc, Peter Hackman, PhD, Mathias Gautel, MD,

Vincenzo Nigro, MD, Stefano Carlo Previtali, MD, and Bjarne Udd, MD

Neurol Genet 2021;7:e619. doi:10.1212/NXG.0000000000000619

Correspondence

Dr. Jokela

mejoke@utu.fi

Abstract
Background and Objectives
To clinically, genetically, and histopathologically characterize patients presenting with an un-
usual combination of distal myopathy and facial weakness, without involvement of upper limb
or shoulder girdle muscles.

Methods
Two families with a novel form of actininopathy were identified. Patients had been followed up
over 10 years. Their molecular genetic diagnosis was not clear after extensive investigations,
including analysis of candidate genes and FSHD1-related D4Z4 repeats.

Results
Patients shared a similar clinical phenotype and a common pattern of muscle involvement. They
presented with a very slowly progressivemyopathy involving anterior lower leg and facial muscles.
Muscle MRI finding showed complete fat replacement of anterolateral compartment muscles of
the lower legs with variable involvement of soleus and gastrocnemius but sparing thigh muscles.
Muscle biopsy showed internalized nuclei, myofibrillar disorganization, and rimmed vacuoles.
High-throughput sequencing identified in each proband a heterozygous single nucleotide de-
letion (c.2558del and c.2567del) in the last exon of the ACTN2 gene. The deletions are predicted
to lead to a novel but unstructured slightly extended C-terminal amino acid sequence.

Discussion
Our findings indicate an unusual form of actininopathy with specific molecular and clinical
features. Actininopathy should be considered in the differential diagnosis of distal myopathy
combined with facial weakness.
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Distal myopathies are genetic muscle diseases, presenting
at the onset with weakness of foot and lower leg and/or
hand and forearm muscles, which cause progressive loss of
muscle tissue.1 Prominent anterior lower leg weakness,
facial weakness, and scapular winging are the hallmarks of
facioscapulohumeral muscular dystrophy.2 Facial weak-
ness has also been reported in patients with distal myop-
athies due to mutations in ADSSL1, RYR1, MYH7, NEB,
and DNM2.1

We have been following up for many years 2 unrelated pa-
tients with an unusual combination of distal lower limb my-
opathy and facial weakness without involvement of upper
limbs or shoulder girdles. Proband 1 (F1,II:4) is a Finnish
woman in her 60s (eFigure1, links.lww.com/NXG/A442).
The proband’s first neurologic examination in 2005 revealed
weakness of ankle dorsiflexion and mild atrophy of anterior
lower leg muscles. Mild facial weakness, noticeable since her
late childhood, was also observed (Table). Weakness slowly
progressed over the years. At age 59 years, she displayed
severe bilateral foot drop and a moderate, slightly asymmetric
facial weakness of frontalis, orbicularis oculi, and perioral
muscles without ptosis or external ophthalmoplegia. She did
not show scapular winging or any proximal weakness. Echo-
cardiography did not show any cardiac abnormalities. Pro-
band’s daughter (F1,III:2), currently in her 30s, had had
conservatively treated scoliosis as a teenager. At around age 35
years, she developed mild bilateral foot drop and lower facial
weakness with inability to whistle.

The second proband (F2,II:2) is a 58-year-old Italian man
(eFigure1). He had presented with tachyarrhythmia and
lower limb distal weakness since his early adulthood (Table).
The disease later progressed to proximal lower limb and facial
muscles (eFigure2, links.lww.com/NXG/A443) without
scapular and upper limbs involvement. He also developed
dilated cardiomyopathy.

Lower leg muscle MRI finding showed a similar pattern with
complete fatty replacement of anterolateral compartment
muscles of the lower legs but largely sparing thigh muscles
(Figure 1).

The probands did not have any FSHD-1–causing mutation.
High-throughput sequencing analysis (for F1,II:4, Nimblegen
SeqcapEz Human Exome Library v2.0; Roche, Basel, Swit-
zerland, and for F2,II:1, ClearSeq Inherited DiseaseXT; Agi-
lent Technologies, Santa Clara, CA) identified single
nucleotide deletions in the ACTN2 last exon and did not
detect causative mutations in SMCHD1 or other myopathy-
causing genes. The variant NM001103:c.2567del in the
Finnish patients causes a frameshift predicted to replace the
last 42 amino acids with 44 novel (p.Pro856Argfs*45)
(eFigure3, links.lww.com/NXG/A444). The variant segre-
gated with the disease in the proband’s daughter and was
absent in the unaffected relatives tested. The ACTN2 de-
letion, NM001103:c.2558del, identified in the Italian patient,
replaces the 45 final amino acids (p.Glu853Glyfs*48) and
results in a C-terminal amino acid sequence similar to the one

Table Clinical Data of the Reported Patients

Patient

Sex/age at
last
examination/
origin

Symptoms
at onset
(age at
onset)

Muscle
weakness
(last
assessment) MRI findings CK Muscle biopsy EMG

Cardiac
function

Causative variant
(NM_001103)

F1 II:4 F/early 60s/
Finland

Facial
weakness
(childhood)/
foot drop
(young
adult)

Distal
anterior LL
weakness
and atrophy,
moderate
facial
weakness

Anterior and
peroneal
compartments,
gastrocnemius
medialis, and
soleus

Normal Core-like
structures and
internalized
nuclei;
myofibrillar
aggregates and
rimmed vacuoles

Myopathic Normal cardiac
echo at age 60
years

c.2567del;
p.(Pro856Argfs*45)

F1 III:2 F/39/Finland Scoliosis
(teen)

Mild bilateral
foot drop,
lower
facial
weakness

n.a. n.a. Core-like
structures and
internalized
nuclei;
myofibrillar
aggregates and
rimmed vacuoles

n.a. n.a. c.2567del;
p.(Pro856Argfs*45)

F2 II:1 M/58/Italy Foot drop
and atrial
fibrillation
(young
adult)

Severe distal
LL weakness
and
atrophy, mild
proximal LL
weakness;
moderate
facial
weakness,
and pes
cavus

Anterior
compartment,
gastrocnemius
medialis, soleus,
vastus
intermedius, and
hamstrings

1–1.5× Internalized
nuclei

Myopathic DCM, AF,
tachyarrhythmia

c.2558del;
p.(Glu853Glyfs*48)

Abbreviations: AF = atrial fibrillation; CK = creatine kinase; DCM = dilated cardiomyopathy; LL = lower limb; n.a. = not available.
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resulting from the c.2567del variant (eFigure3). The variant
was not present in the proband’s healthy mother and brother.

The identified variants are not listed in gnomADv2.1.1 and
are not anticipated to result in nonsense-mediated decay. The
variants replace the entire second EF (EF3-4) domain that is
needed for alpha-actinin 2 dimerization and for its binding to
titin3 (eFigure3).

Muscle biopsies showed internalized nuclei and fiber size
variation. Immunohistochemical analysis was performed on
the Finnish patients using monoclonal antibodies against
desmin (Biogenex, Fremont, CA; clone D33), myotilin
(Leica Biosystems, Wetzlar, Germany; clone RSO34), alpha-
B-crystallin (Novus Biologicals, Littleton, CO; clone
1D11C6E6), and alpha-actinin (Sigma-Aldrich, St. Louis,
MO; clone EA-53). In the Finnish patients’ biopsies, there
were rimmed vacuoles and myofibrillar aggregates, strongly
positive for alpha-crystallin and myotilin and weakly positive
for desmin (Figure 2). Nicotinamide adenine dinucleotide
stain showed core-like pathology.

In the Finnish proband’s muscle biopsy, immunochemistry
showed minor irregular staining of alpha-actinin pinpointing
the areas of myofibrillar disarray (Figure 2), which, however,
could simply reflect disorganization of the underlying
myofibrils. No clear accumulation of alpha-actinin was ob-
served (the antibody recognizes both alpha-actinin 2 and 3,
but the patient has no expression of alpha-actinin 3, being
homozygous for the ACTN3 p.R577X variant4). A tran-
scriptome analysis (library prepared using the NEBNext
Ultra II Directional RNA library Prep for Illumina, New
England Biolabs) on the same sample confirms that the
variant c.2567del results in a normal, biallelic expression of
ACTN2 transcripts.

In 2019, we described a distal myopathy, without facial
weakness, caused by ACTN2missense variants in 4 families.5

De novo ACTN2 variants were identified in 2 patients with
congenital myopathy with structured cores, showing mild
facial weakness.6 Missense variants have also been associated
with cardiomyopathies7 (eFigure3c, links.lww.com/NXG/
A444).

In this study, we describe a novel form of dominant distal
actininopathy to be considered in the differential diagnosis of
patients having lower leg predominant distal myopathy with
facial weakness.

Standard Protocol Approvals and
Patient Consents
Patients provided informed consent. Ethical approval falls
under HUS:195/13/03/00/11.

Data Availability
Deidentified data are available on request.

Figure 1 Muscle MRI Findings in the Finnish (A–C) and
Italian (D–F) Probands

(A) Thigh: normal; (B and C) lower leg: anterolateral compartment muscles,
gastrocnemius medialis, and distal soleus muscles bilaterally are replaced
by fibrofatty tissue. (D) Thigh: mild diffuse fatty degenerative changes in
vastus intermedius andhamstringmuscles; (E and F) lower leg: anterolateral
compartmentmuscles and bilateral soleusmuscles are completely replaced
by fibrofatty tissue. Mild changes in gastrocnemius medialis.
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Figure 2 Histopathology

Immunohistochemical stainings of themuscle biopsy of the Finnish proband (A–D) show central myofibrillar aggregations in several fibers positive for alpha-
B-crystallin (A) and myotilin (B), whereas desmin (C) shows weak positivity; B and C are serial sections, and the same fibers are indicated with white
arrowheads. Alpha-actinin staining (D) shows areas of myofibrillar disorganization, indicated by arrowheads. Herovici staining (E) of themuscle biopsy of the
daughter of the Finnish proband shows 2 fibers with prominent rimmed vacuoles (arrowheads). Hematoxylin and eosin staining of the muscle biopsy of the
Italian proband (F) shows fiber size variation and multiple internal nuclei. Scale bar = 100 μm.
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Folkhälsan Research Center,
Helsinki; Department of
Medical Genetics, Medicum,
University of Helsinki;
Neuromuscular Research
Center, Department of
Genetics, Fimlab Laboratories,
Tampere, Finland

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

Manu E.
Jokela, MD

Division of Clinical
Neurosciences, Department
of Neurology, Turku
University and University
Hospital; Neuromuscular
Research Center, Department
of Neurology, Tampere
University and University
Hospital, Finland

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

Sanna
Pauliina
Huovinen,
MD

Neuromuscular Research
Center, Department of
Pathology, Fimlab
Laboratories, Tampere,
Finland

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

4 Neurology: Genetics | Volume 7, Number 5 | October 2021 Neurology.org/NG

https://ng.neurology.org/content/7/5/e619/tab-article-info
http://neurology.org/ng


References
1. Savarese M, Sarparanta J, Vihola A, et al. Panorama of the distal myopathies. Acta

Myol. 2020;39(4):245-265.
2. Sacconi S, Briand-Suleau A, Gros M, et al. FSHD1 and FSHD2 form a disease

continuum. Neurology. 2019;92(19):E2273-E2285.
3. Atkinson RA, Joseph C, Kelly G, et al. Ca2+-independent binding of an EF-hand domain

to a novel motif in the alpha-actinin-titin complex. Nat Struct Biol. 2001;8(10):853-857.
4. North KN, Yang N,Wattanasirichaigoon D, Mills M, Easteal S, Beggs AH. A common

nonsense mutation results in alpha-actinin-3 deficiency in the general population.Nat
Genet. 1999;21(4):353-354.

5. Savarese M, Palmio J, Poza JJ, et al. Actininopathy: a new muscular dystrophy caused
by ACTN2 dominant mutations. Ann Neurol. 2019;85(6):899-906.

6. Lornage X, Romero NB, Grosgogeat CA, et al. ACTN2 mutations cause “multiple
structured core disease” (MsCD). Acta Neuropathol. 2019;137(3):501-519.

7. Chiu C, Bagnall RD, Ingles J, et al. Mutations in alpha-actinin-2 cause hypertrophic
cardiomyopathy: a genome-wide analysis. J Am Coll Cardiol. 2010;55(11):1127-1135.

Appendix (continued)

Name Location Contribution

Simonetta
Gerevini,
MD

Neuroradiology Unit, ASST
Papa Giovanni XXIII, Bergamo,
Italy

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

Annalaura
Torella, PhD

Dipartimento di Medicina di
Precisione, Università degli
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Abstract
Background and Objectives
Inherited peripheral neuropathies (IPNs) are a group of genetic disorders of the peripheral
nervous system in which neuropathy is the only or the most predominant clinical feature. The
most common type of IPN is Charcot-Marie-Tooth (CMT) disease. Autosomal recessive CMT
(ARCMT) is generally more severe than dominant CMT and its genetic basis is poorly
understood due to high clinical and genetic diversity. Here, we report clinical and genetic
findings from 56 consanguineous Turkish families initially diagnosed with CMT disease.

Methods
We initially screened the GDAP1 gene in our cohort as it is the most commonly mutated
ARCMT gene. Next, whole-exome sequencing and homozygosity mapping based on whole-
exome sequencing (HOMWES) analysis was performed. To understand the molecular impact
of candidate causative genes, functional analyses were performed in patient primary fibroblasts.

Results
Biallelic recurrent mutations in the GDAP1 gene have been identified in 6 patients. Whole-
exome sequencing and HOMWES analysis revealed 16 recurrent and 13 novel disease-causing
alleles in known IPN-related genes and 2 novel candidate genes: 1 for a CMT-like disease and 1
for autosomal recessive cerebellar ataxia with axonal neuropathy. We have achieved a potential
genetic diagnosis rate of 62.5% (35/56 families) in our cohort. Considering only the variants
that meet the American College for Medical Genetics and Genomics (ACMG) classification as
pathogenic or likely pathogenic, the definitive diagnosis rate was 55.35% (31/56 families).

Discussion
This study paints a genetic landscape of the Turkish ARCMT population and reports additional
candidate genes that might help enlighten the mechanism of pathogenesis of the disease.
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Inherited peripheral neuropathies (IPNs) are a group of clini-
cally and genetically diverse disorders of the peripheral nervous
system inwhich neuropathy is the only or themost predominant
clinical feature.1 The most common type of IPN is hereditary
motor and sensory neuropathy, generally referred to as Charcot-
Marie-Tooth (CMT) disease, named after the 3 neurologists
who first reported the clinical features.2 Widespread population
analyses are very limited to pinpoint the true prevalence of
CMT; however, recent population-based studies report a prev-
alence between 9.7 and 82.3 in 100,000 individuals.3 The clinical
progression of the disease is characterized by prominent length-
dependent muscle weakness and sensory loss with commonly
observed foot deformities such as pes cavus.1,2

Historically, CMT is classified into 2 broad groups by evalu-
ating the clinical features of the patient: an upper limb motor
nerve conduction velocity (mNCV) less than 38 m/s suggests
a demyelinating pathology (also called CMT1), whereas a
velocity above 38 m/s suggests an axonal pathology (also
called CMT2).4 Later, an additional subtype was introduced
into the literature as intermediate CMT (CMT-I) for indi-
viduals with an upper limb mNCV between 25 and 45 m/s.5

As the field advanced, a further subclassification was used that
assigns different letters to phenotypically classified subtypes
according to the causative gene.6 More recently, a new classi-
fication was proposed that uses abbreviations for inheritance
type, phenotypical form of the disease, and the genetic cause.7,8

The first CMT-causing genetic locus was identified in 1982,9 and,
at the time of writing, more than 90 distinct disease-causing genes
were reported.10-12 Investigation of novel causative genes was
initially performed by genetic linkage analyses in large pedigrees,
positional cloning, or candidate gene approaches, whereas the
Human Genome Project and subsequent advances in next-
generation sequencing (NGS) technologies have led to a great
acceleration in the number of CMT-causing genes and
mutations.11,13 However, even with the widespread use of ad-
vanced NGS technologies, only about 45%–60% of patients with
CMT receive genetic diagnosis worldwide, suggesting that the
number of CMT-causative genes will increase by time.11,14-17

In the current study, we evaluated 56 Turkish families likely
representing an autosomal recessive CMT (ARCMT) cohort. In
the strategy used, initially GDAP1 was screened for causative
variants in the cohort, followed by a combination of whole-
exome sequencing and homozygosity mapping with HOMWES
approach. This allowed us to reach a potential genetic diagnosis
rate of 62.5% (35/56 families) and identify 2 novel candidate
genes: 1 of which is likely causative for ARCMT disease with

atypical features and 1 for autosomal recessive cerebellar ataxia
with axonal peripheral neuropathy. The genetic data should be
considered cautiously since large datasets for control individuals
of Turkish origin are limited in the literature.

Methods
Patient Cohort
A total of 180 individuals including affected and unaffected
members from 56 unrelated families from different regions in
Turkey have been analyzed in this study. The index patients
from each family were evaluated by expert neurologists and
were initially diagnosed with CMT. Among these 56 families,
27 had a family history of CMT with multiple affected indi-
viduals, whereas 29 families had a single affected individual
born to consanguineous parents. Age at onset was in child-
hood in 52 index cases and in adulthood in 4 families. Over
50% of index patients studied had a severe phenotype with
additional clinical features, such as severe scoliosis, hearing
loss, vocal cord involvement, and intellectual disability along
with symmetrical distal weakness. The presence of CMT1A
duplication or hereditary neuropathy with pressure palsies
deletion was excluded in all patients using short tandem re-
peat markers.18 Acquired neuropathy was excluded for all
patients in the clinical setting. Therefore, the patients studied
here most likely represented an ARCMT cohort.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the Human Research Ethics
Committees of Istanbul University (45103048) and Boğaziçi
University (FMINAREK-2018/05). All participants (or
guardians of participants) enrolled in the study signed an
informed consent for research. STROBE cohort checklist was
used when writing the report.19

Genetic Analyses
Peripheral blood samples from 180 individuals (56 families)
were obtained, and genomic DNA was purified from these
samples. All DNA samples were barcoded anonymously with
a unique family identifier and kept refrigerated until fur-
ther use.

The first step of the analysis was screening of the coding
regions of the GDAP1 gene using PCR and subsequent
Sanger sequencing. The patients with a GDAP1 mutation
previously identified as disease-causing (a recurrent muta-
tion) were excluded from further analyses. Next, whole-
exome sequencing was performed using the Illumina NextSeq

Glossary
ACMG = American College for Medical Genetics and Genomics; ARCMT = autosomal recessive CMT; CMT = Charcot-
Marie-Tooth; FRDA = Friedreich’s ataxia; IPN = inherited peripheral neuropathy;mNCV = motor nerve conduction velocity;
NGS = next-generation sequencing; SIFT = sorting intolerant from tolerant; WES = whole-exome sequencing.

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

http://neurology.org/ng


500 device with Illumina Nextera rapid capture kit for the pa-
tients without a GDAP1 recurrent mutation. Whole-exome se-
quencing (WES) data quality was confirmed by combining
paired-end and single-end binary alignment map files, excluding
repetitions, and excluding variants with a coverage less than
50X. An average of 20,000 different variants were observed in
each index patient. Initially, WES data were filtered for variants
in a data set of known causative genes for IPN: synonymous and
deep intronic variants and variants with alternative allele fre-
quency over 5% in the general population were filtered out.
Recurrent disease-causing mutations identified in patients using
this approach were verified in index cases using Sanger se-
quencing. In a number of patients, novel variants were identified
in known disease-causing genes that were not previously
reported in databases as disease causing. For these patients, the
segregation of variants was verified in the proband and their
available affected or unaffected family members using Sanger
sequencing. For the variants that fit the inheritance pattern in
the family, possible diagnoses were considered when the re-
ferring clinician approved the genotype/phenotype correlation.

Finally, the patientswho could not be genetically diagnosed by this
procedure were further analyzed for disease-causing gene dis-
covery. For this purpose, homozygosity mapping based on whole-
exome sequencing analysis (HOMWES) software (genomecomb.
sourceforge.net/releases/release0.11.0.html) was used to de-
termine the homozygous regions in patient exomes as previously
described.20 To search for novel candidate genes in these patients,
variants that reside in the large homozygous regions identified by
HOMWES were prioritized. Variant filtering was performed with
strict parameters: variants with a read depth of less than 30, var-
iants with alternative allele frequency over 1%, and variants that
were predicted to be benign/tolerated by both sorting intolerant
from tolerant (SIFT) and PolyPhen2 algorithms were excluded.
Candidate variants were then verified in the proband and their
affected or unaffected family members with Sanger sequencing.
ToppGene (toppgene.cchmc.org/prioritization.jsp) and Endeav-
our (homes.esat.kuleuven.be/;bioiuser/endeavour/tool/endeav-
ourweb.php) algorithms were used to prioritize among the
multiple candidate genes. All genetic findings were analyzed for
American College for Medical Genetics and Genomics (ACMG)
criteria and classified according to this guideline.21

Data Availability
Whole-exome sequencing data of all participants are present in
the Genesis Platform (tgp-foundation.org/g-e-n-e-s-i-s). All
variants reported here are submitted to the ClinVar database
and can be found in accession numbers SCV001548301-
SCV001548332. Additional data can be made available on
reasonable request.

Results
Mutations in the GDAP1 Gene
Mutations in the GDAP1 gene are the most common cause of
ARCMT disease with a frequency of 10%–15% in ARCMT

cases.22,23 Therefore, we initially screened our cohort for
mutations in this gene. As expected, 6 patients were shown to
carry recurrent homozygous mutations in GDAP1 (eTable 1,
links.lww.com/NXG/A464). Families 5, 12, 26, and 42 had
c.786del, p.Phe263Leufs*22 variant, family 9 had c.174_
176delinsTGTG, p.Pro59Valfs*4 variant, and family 50 had
c.458C>T, p.Pro153Leu variant, all in homozygous condition.
These patients with recurrent GDAP1 mutations were ex-
cluded from further analyses. The clinical and genetic findings
of all 56 patients enrolled in the study are given in eTable 1,
links.lww.com/NXG/A464.

Whole-Exome Sequencing
WES was performed for 50 patients, and among those, 16
were genetically diagnosed by filtering for recurrent variants
in known IPN-causing genes. Among these, 1 patient was
shown to carry a recurrent mutation (c.2182C>T,
p.Arg728Ter) in the SACS gene, which is a known causative
gene for autosomal recessive spastic ataxia of Charlevoix-
Saguenay.24 The clinical re-evaluation revealed that the pa-
tient developed mild spasticity, positive Babinski sign, and
cerebellar ataxia after his initial referral for genetic analysis.

We have identified 13 further candidate variants in known
IPN genes that were not previously reported as disease
causing. These variants were shown to fit the segregation of
the disease in the pedigree, and the referring clinicians sug-
gested that the corresponding genes could explain the clinical
representation of each patient. Seven of these 13 patients
carried homozygous termination or frameshift mutations in
genes that were reported to be disease causing due to loss of
function. These 7 mutations were in MME (homozygous,
c.531del, p.Lys177Asnfs*15), HINT1 (homozygous, c.99del,
p.Phe33Leufs*22), NDRG1 (homozygous, c.237C>A;
p.Tyr79Ter), NEFL (homozygous, c.54C>A, p.Tyr18Ter),
GDAP1 (homozygous, c.112C>T, p.Gln38Ter), C12ORF65
(homozygous, c.18_21del, p.Leu6Phefs*7), and SH3TC2
(homozygous, c.54dup, p.Lys19Ter) genes, and they were
classified as pathogenic or likely pathogenic according to the
ACMG criteria. The other 6 patients were homozygous for
missense mutations; thus, pathogenicity could not be assessed
solely on familial segregation analysis. Still, 2 of those alleles
(homozygous c.1586G>A; p.Arg529His variant in SH3TC2
and homozygous c.271G>T; p.Val91Leu variant in MFN2
genes) were classified as likely pathogenic according to the
ACMG criteria because, in addition to other supporting evi-
dence, these variants were observed in the same codon where
a different missense change was reported as pathogenic pre-
viously (CM033080 and CM127950 for SH3TC2;
CM117904 forMFN2 in HGMD). The remaining 4 missense
variants with unknown significance were in SPG7 (c.454A>G,
p.Met152Val), AP5Z1 (c.1568G>A, p.Arg523His), SBF2
(c.2549T>C, p.Met850Thr), and MPZ (c.362A>G,
p.Asp121Gly) genes (eTable 1, links.lww.com/NXG/A464).

Although the cohort represented possible recessive in-
heritance based on declared parental consanguinity, pedigree
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analysis, and/or severity of symptoms, pathogenic dominant
mutations have also been observed. Families 32, 52, and 53
were shown to carry recurrent heterozygous mutations in the
MFN2 gene and family 43 to carry a novel heterozygousMPZ
variant of unknown significance. Besides, family 51 was shown
to have a recurrent disease-causing mutation in the GJB1
gene.

Novel Candidate Genes
We have used homozygosity mapping onWES data to unravel
the causative loci for the remaining undiagnosed 21 families.
This analysis revealed 2 candidate disease-causing genes.

An isolated pediatric patient (family 39) had a biallelic frame-
shift variant in the SEPTIN11 gene (c.265dup; p.Glu89-
Glyfs*12). Her symptoms started with walking difficulty at age
7 years. Dysmetria, dysdiadochokinesia, and truncal ataxia were
her prominent findings during neurologic examination. She
had additional axonal sensorimotor polyneuropathy prominent
in the lower extremities and hypertrophic cardiomyopathy. Her
visual evoked potential examination revealed bilateral sym-
metrical prolongation of latencies. The p.Glu89Glyfs*12 vari-
ant in SEPTIN11 was not reported in population databases.
Besides, MutationTaster (mutationtaster.org/) algorithm pre-
dicted the variant to cause nonsense-mediated mRNA decay.

qPCR and Western blotting analyses performed on the skin
fibroblasts of the proband showed significantly decreased ex-
pression of Septin11mRNA and protein, respectively (data not
shown). We could not identify an additional family with a
mutation in the same gene in our patient cohort, through
GeneMatcher (genematcher.org/) or Genesis Platform (tgp-
foundation.org/).

In family 24, we have identified a biallelic missense variant in
the FXN gene (c.493C>T; p.Arg165Cys), which is a known
causative gene for Friedreich ataxia. Three affected siblings in
this family (24) were homozygous for the variant and pre-
sented a CMT-like phenotype. The clinical features of this
family and the genetic findings were reported previously.25

Diagnostic Outcome of the Analyses
The initial screening of the patients for founder GDAP1
mutations in the Turkish population revealed that about 10%
of the cohort has causative mutations in this gene. WES
analysis identified the causative genes in 29 additional cases.
Among these, 16 cases had recurrent and 13 had novel vari-
ants in known IPN-related genes. This approach for screening
known disease-causing genes allowed genetic diagnosis of
62.5% (35/56) of families in our cohort. Nine of the novel
deleterious variants met the ACMG variant classification as

Figure 1 Summary of Diagnostic Outcome of the Study
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likely pathogenic or pathogenic. The other 4 were missense
variants of unknown significance and need further molecular
analyses to assess pathogenicity. When these 4 cases are not
considered as definitive diagnoses, the diagnostic rate remains
to be 55.35% (31/56 cases). Diagnostic outcome of the study
is summarized in Figure 1.

Discussion
In this study, genetic survey of 56 index patients with CMT
unraveled the genetic causes of autosomal recessive subtypes in
the Turkish population and allowed identification of 2 novel
candidate genes. The GDAP1 gene was the most commonly
mutated gene in 12.5% of the cases.WES analysis allowed further
identification of causative variants in 29 patients in known genes
for CMT or other related neuronopathies. Nine of 13 novel
variants were likely pathogenic or pathogenic according to the
ACMGcriteria, whereas 4 variants were of unknown significance.
Thus, we provided genetic diagnosis in 35 patients (62.5%), 31 of
which were definitive (55.35%). In family 24, we defined a new
gene-disease relationship and showed that biallelic FXNmissense
mutations are not lethal, but can cause a CMT-like phenotype,
rather than Friedreich’s ataxia (FRDA), as reported previously.25

In another family (39), we identified SEPTIN11 as a novel can-
didate disease-causing gene for autosomal recessive cerebellar
ataxia with axonal peripheral neuropathy.

The overall definitive genetic diagnosis rate in our study was
55.35% in accordance with 45%–60%, reported by previous
studies.11,14,15,17,26 In our cohort, GDAP1 gene mutations
were the most common genetic cause (12.5%, 7/56 patients),
followed by mutations in SH3TC2 (10.7%, 6/56 patients). In
similar studies examining patients with ARCMT, the muta-
tion frequency in GDAP1 was reported to be 10%–15%, and
the mutation frequency in SH3TC2 was 7.5%.22,23 Thus, the
commonly mutated genes were also in correlation with the
previously reported population frequencies. MFN2 was the
third most commonly mutated gene, with 5 families (8.9%),
and HINT1, PRX, and GJB1 mutations were observed in 2
families (3.6% each). Mutations in AP5Z1, C12ORF65,
EGR2, MME, MPV17, MPZ, NDRG1, NEFL, SACS, SBF2,
and SPG7 genes were observed only once in our cohort.

We have identified recurrent heterozygous mutations in the
MFN2 gene in 3 families and a novel heterozygous MPZ
variant in 1 family implicating dominant cases in a possible
recessive inheritance cohort. Besides, 1 family was shown to
have a recurrent disease-causing mutation in the GJB1 gene.
Thus, it is advisable to focus on known disease genes, but not
particularly on inheritance pattern during initial variant fil-
tering. Otherwise, we would have missed these variants in
genes responsible for autosomal dominant and X-linked
forms of the disease. It should also be noted that disease-
causing mutations in MFN2 and MPZ could occur sporadi-
cally and expressivity could be low for some individuals.27

The filtering criteria used to evaluate WES data generally
include the nucleotide changes caused by the variant (such as
substitutions, short indels, frameshifts, and changes in regu-
latory regions), alternative allele frequency, and pathogenicity
scores predicted by SIFT and PolyPhen2.28 Read depth is
usually used as a filtering criterion to remove false positives
from the data. In our study, although the variants in the
known IPN genes were examined, read depth or pathoge-
nicity predictions were not used as filtering criteria initially,
and the alternative allele frequency was set to less than 5%,
which could be considered as a wide range. Still, we did not
encounter a high number of false-positive results and found
out that the use of this initial relaxed filtering criteria allowed
us to reach a relatively high genetic diagnosis rate. Further-
more, although all patients enrolled were initially diagnosed
with CMT, genetic findings suggested overlapping neurologic
disorders for some patients. Thus, investigating causative
genes for related disorders, as well as CMT-causing genes, in
data analysis also improved genetic diagnosis rate. To all our
efforts, we could not identify the genetic cause in about 40% of
patients, which can be attributed to disadvantages of
WES,29,30 but also underlines the genetic heterogeneity of
IPN and points to the presence of unknown causative genes
or perhaps to nonmendelian characteristics.31

Apart from providing a genetic overview of ARCMT in
Turkey, we have identified 2 potential candidate genes. One
of the families (24) had a homozygous missense FXN muta-
tion with a CMT-like disease, instead of FRDA. To the best of
our knowledge, this case was the first family reported in lit-
erature with a biallelic missense mutation in this gene, and the
findings challenge the idea that these mutations cause em-
bryonic lethality, as suggested previously.32 This finding
represents a novel phenotype in the clinical spectrum between
CMT and FRDA for which the clinical findings were reported
previously.25 Another family we identified in this study (39)
has a biallelic frameshift mutation in the SEPTIN11 gene. The
clinical features of the index patient revealed cerebellar ataxia,
axonal sensorimotor polyneuropathy, and hypertrophic car-
diomyopathy. Unfortunately, we were not able to find any
additional families with similar clinical features and genetic
findings through matchmaking tools including GeneMatcher
and Genesis Platform. However, we found that Septin11
mRNA and protein was significantly reduced in patient skin
fibroblasts (data not shown). Septin11 protein was shown to
be highly expressed in intact mouse cerebellum, particularly in
Purkinje cells and the knockdown of Septin11 reduced den-
dritic branching and spine density, while increasing the length of
dendritic protrusions in cultured murine hippocampal neu-
rons.33 The clinical features of our patient can be explained by
these alterations in the neuronal cytoarchitecture due to reduced
expression of Septin11 caused by the biallelic frameshift muta-
tion. Therefore, SEPTIN11 should be considered as a causative
gene for autosomal recessive cerebellar ataxia with axonal neu-
ropathy, and patients with similar phenotypes should be
screened for mutations in this gene.
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In conclusion, we have analyzed a cohort of 56 consanguineous
Turkish families with likely autosomal recessive peripheral
neuropathy and provided genetic diagnoses to about 55% (31/
56) of the patients. Our genetic diagnosis rate is one of the
highest reported in the literature, and we believe that this is
achieved by initially analyzing the data with relaxed filtering
criteria and not restricting the analysis to CMT-causative genes.
We have identified 22 families with 17 distinct recurrent mu-
tations, as well as 13 families with novel alleles in known IPN-
related genes, suggesting a rather high heterogeneity in this
cohort. We believe that our study provides a genetic overview of
the ARCMT population in Turkey and can provide a reference
for genetic diagnosis strategies for populations with similar ge-
netic background. In accordance with one of themain objectives
of the study, we have identified 2 novel candidate disease-
causing genes in this cohort. We suggest that biallelic FXN and
SEPTIN11 mutations should also be screened in patients with
relevant clinical features. Based on our findings with marked
genetic heterogeneity in this cohort, we suggest use of gene
panels or whole-exome sequencing rather than single gene
screening in populations with high consanguinity rate.
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Abstract
Background and Objectives
To integrate genome-wide association study data with tissue-specific gene expression in-
formation to identify coexpression networks, biological pathways, and drug repositioning
candidates for Alzheimer disease.

Methods
We integrated genome-wide association summary statistics for Alzheimer disease with tissue-
specific gene coexpression networks from brain tissue samples in the Genotype-Tissue Ex-
pression study. We identified gene coexpression networks enriched with genetic signals for
Alzheimer disease and characterized the associated networks using biological pathway analysis.
The disease-implicated modules were subsequently used as a molecular substrate for a com-
putational drug repositioning analysis, in which we (1) imputed genetically regulated gene
expression within Alzheimer disease implicated modules; (2) integrated the imputed gene
expression levels with drug-gene signatures from the connectivity map to identify compounds
that normalize dysregulated gene expression underlying Alzheimer disease; and (3) prioritized
drug compounds and mechanisms of action based on the extent to which they normalize
dysregulated expression signatures.

Results
Genetic factors for Alzheimer disease are enriched in brain gene coexpression networks in-
volved in the immune response. Computational drug repositioning analyses of expression
changes within the disease-associated networks retrieved known Alzheimer disease drugs (e.g.,
memantine) as well as biologically meaningful drug categories (e.g., glutamate receptor
antagonists).

Discussion
Our results improve the biological interpretation of genetic data for Alzheimer disease and
provide a list of potential antidementia drug repositioning candidates for which the efficacy
should be investigated in functional validation studies.
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Alzheimer disease is a common neurodegenerative disorder,
characterized in its early stages by mild memory loss and
progressing to severe impairment of broad executive and cog-
nitive functions. The most common form of Alzheimer disease
(late-onset Alzheimer disease) typically affects individuals older
than 65 years and has an oligogenic architecture, with 1 major
(APOE) and around 100 smaller genetic risk factors.1 A recent
genome-wide association study (GWAS) meta-analysis of
71,880 Alzheimer cases and proxy cases and 383,378 controls
identified 20 disease-associated loci.2 Detailed functional
studies showed that these loci harbor common (minor allele
frequency >0.01) single nucleotide polymorphisms (SNPs)
that regulate the activity of genes in immune-related peripheral
tissues (whole blood, liver, and spleen), as well as microglial
cells—the primary immune cells of the brain. Biological path-
way analysis of the implicated genes shows enrichment of
dysfunctional lipoprotein clearance,3 highlighting a potential
link between dysfunctional lipid metabolism and immune re-
sponses in the brain.4

The integration of these genetic data with large-scale drug-
response databases provides an avenue to identify existing drugs
that may alleviate the signs and symptoms of Alzheimer disease.
This approach to drug discovery, known as drug repositioning,
often circumvents expensive and time-consuming phase I and
phase II clinical trials and may double the success rate in drug
approval.5We therefore aimed to develop an analytical pipeline to
integrate genetic risk factors with drug-response data to identify
novel compounds for the treatment of Alzheimer disease.

Genetic risk factors for Alzheimer disease may converge on
highly correlated groups of genes that interact with one an-
other to alter the activity of multiple biological pathways and
cellular processes in a disease relevant tissue.6 Gene expres-
sion is an intermediate molecular phenotype that is directly
modified by DNA sequence variation (expression quantitative
trait loci [eQTLs]), epigenetic marks such as DNA methyl-
ation, and the environment, as well as the expression of other
genes.7 Gene expression analyses of postmortem brain tissue
have identified distinct cell types and biological pathways
underlying Alzheimer pathogenesis.8,9 These studies are
largely based on tests of association with individual genes or
groups of curated genes with a common biological function.
An alternative, agnostic approach is to model gene interac-
tions using gene coexpression analysis, which takes the cor-
relation between every gene pair expressed in a particular
(tissue) sample to generate a molecular substrate for associ-
ation testing with a disease state.10 We recently built gene

coexpression networks using expression data from 14 human
tissues (13 from brain) obtained from healthy donors from
the Genotype-Tissue Expression (GTEx) study.11 We used
these data to test for the enrichment of GWAS signals within
gene coexpression modules (or groups of highly correlated
genes), under the biologically relevant assumption that con-
nectivity among genes may be leveraged to identify genes not
directly implicated in disease. The use of gene expression data
from healthy participants, rather than diseased cases, to build
coexpression networks has a number of advantages. First, it
removes the effect of ascertainment bias when collecting case
and control samples, where common factors (such as medi-
cation use) underlie both the exposure of interest and the
disease.12,13 Second, it mitigates the effect of reverse causa-
tion, where the disease process leads to changes in gene ex-
pression rather than the other way around. Third, for many
brain-related diseases, including Alzheimer disease, the dis-
ease process is likely to start early, before the manifestation of
symptoms for case ascertainment. Successful interventions
are required before irreversible neuronal dysfunction and loss
have occurred. Finally, expression data from nondiseased in-
dividuals are easier to collect and uniformly process in the
numbers required to characterize and model complex mo-
lecular interactions. These advantages ensure the construc-
tion of a robust molecular substrate for the subsequent
integration of disease associations from independent samples.

Recent studies exploring the role of gene coexpression net-
works have been performed using postmortem brain tissues of
patients with Alzheimer disease and non-Alzheimer controls
and recapitulate a role of immune and microglial biological
pathways identified in GWASs.14 Groups of highly connected
(i.e., correlated) immune-related genes contain central regu-
lators (or hub genes) that are highly correlated with their
neighboring genes and whose expression changes with cog-
nitive impairment in Alzheimer disease.14 More recent in-
tegrated approaches that incorporate knowledge of network
coexpression with other genomic elements (such as epige-
netic modifications) identified gene targets and drug com-
pounds for a range of immune-related disorders.15 These data
suggest that characterizing the interaction and dynamic re-
lationship between genes within implicated modules within a
gene coexpression network-based paradigm can identify and
prioritize genes that may serve as effective targets for thera-
peutic intervention.

Coexpression networks can also be used to model the effect of
a drug compound on a group of functionally related genes.

Glossary
CMap =ConnectivityMap; eQTL = expression quantitative trait loci;GTEx =Genotype-Tissue Expression;GWAS = genome-
wide association study; LD = linkage disequilibrium;MOA = mechanism of action; NSAID = nonsteroidal anti-inflammatory
drug; RPKM = Reads Per Kilobase of transcript, per Million mapped reads; SNP = single nucleotide polymorphism; UKBB =
UK Biobank; WGCNA = weighted gene coexpression network analysis.
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For example, the ConnectivityMap (CMap)16 contains gene
expression signatures resulting from genetic and pharma-
cologic perturbagens measured across multiple cell types.
Drug-gene signatures—that is, gene expression changes

following a genetic or pharmacologic perturbagen—can be
integrated with disease-associated gene expression changes
to identify existing compounds that might normalize gene
expression. Characterizing the complex interactions

Figure 1 Overview of the Computational Drug Repositioning Pipeline

(A) For each tissue, perform aweighted gene co-expression analysis to identify modules of highly correlated genes. (B) Test for the enrichment of Alzheimer’s
disease association signals within tissue-specific gene co-expression networks. Assess the functional relevance of enriched modules by performing a
biological pathway analysis of themodular genes. (C) Use S-PrediXcan to impute genetically regulated levels of gene expression for modular genes. All genes
within the enriched module are separated into up-regulated and down-regulated gene sets. (D) Integrate the Alzheimer disease gene sets with the CMap
database to identify compounds that are predicated to “normalise” the Alzheimer disease-associated signature. (E) Generate a ranked list of drug reposi-
tioning candidates and mechanism of action categories.
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between genes in a network-based framework may identify
targets for potential treatments through computational drug
repositioning. In the present study, we have developed a
novel computational drug repositioning approach that in-
tegrates tissue-specific gene coexpression networks with
Alzheimer association signals and drug-gene signature data
to identify and prioritize drug compounds that target disease
processes.

Methods
Alzheimer Disease GWAS Summary Statistics
Detailed methods, including a description of population co-
horts, quality control of raw SNP genotype data, and associ-
ation analyses for the Alzheimer disease GWAS, are described
in detail elsewhere.2 The Alzheimer disease GWAS was per-
formed in a three-stage meta-analysis. The first phase con-
sisted of 24,087 Alzheimer cases and 55,058 controls collected
by the Alzheimer disease working group of the Psychiatric
Genomics Consortium, the International Genomics of Alz-
heimer’s Project, and the Alzheimer’s Disease Sequencing
Project. All cases in phase 1 received clinical confirmation of
late-onset Alzheimer disease. The second phase included
47,793 proxy cases and 328,320 proxy controls from the UK
Biobank (UKBB); proxy cases were defined as individuals
with one or both parents diagnosed with Alzheimer disease,
whereas proxy controls were defined as individuals with

parents who do not have Alzheimer disease. Phase 3 involved
the meta-analysis of phase 1 and phase 2 cohorts, the results of
which were tested for replication in an additional independent
case-control sample from deCODE (6,593 Alzheimer cases
and 174,289 controls). Raw genotype data for each cohort
were processed according to a standardized quality control
pipeline.2 Logistic regression association tests were per-
formed on imputed marker dosages and binary phenotypes in
phase 1, and linear regression for variables treated as con-
tinuous outcomes (the number of parents with Alzheimer
disease) in phase 2. For phase 1 phenotypes, the association
tests were adjusted for sex, batch, and the first 4 principal
components, with age also included as a covariation in the
Alzheimer-PGC cohort. For phase 2 (UKBB) data, age, sex,
batch, and assessment center were included as covariates.
Summary statistics for 13,367,301 autosomal SNPs from
phase 3 of the analyses described in reference 2 (N samples =
455,258) were made available by the Complex Trait Genetics
Laboratory at VU University and VU Medical Centre,
Amsterdam, and were used in our study.

Identification of Gene Coexpression Modules
We downloaded preprocessed and normalized gene ex-
pression data for 13 brain tissues collected by the GTEx
project (gtexportal.org) (version 7). The expression data
were filtered to include genes with 10 or more tissue donors
with expression estimates >0.1 Reads Per Kilobase of tran-
script, per Million mapped reads (RPKM) and an aligned

Table 1 Gene-Set Enrichment Analysis and Biological Pathway Analysis of Alzheimer Disease Modules Across 13 Brain
Tissues in GTEx

Tissue

Gene-set enrichment analysis Biological pathway analysis

N genes Beta SE p Value p Adjust Term Term name p Cor

Amygdala 630 0.157 0.0351 3.80E-06 5.60E-05 GO:0002376 Immune system process 2.48E-73

Anterior cingulate cortex BA24 353 0.164 0.047 2.34E-04 4.50E-03 GO:0006955 Immune response 4.54E-78

Caudate basal ganglia 393 0.143 0.0442 6.28E-04 1.01E-02 GO:0002376 Immune system process 7.84E-73

Cerebellar hemisphere 197 0.248 0.0635 4.78E-05 7.00E-04 GO:0006955 Immune response 2.08E-50

Cerebellum 103 0.425 0.0868 4.78E-07 1.58E-05 GO:0002376 Immune system process 1.60E-32

Cortex 233 0.226 0.0567 3.32E-05 3.00E-04 GO:0006955 Immune response 1.64E-67

Frontal cortex BA9 420 0.13 0.0423 1.02E-03 1.90E-02 GO:0006955 Immune response 1.14E-76

Hippocampus 485 0.212 0.0395 3.98E-08 7.60E-07 GO:0002376 Immune system process 1.12E-95

Hypothalamus 768 0.191 0.0315 7.53E-10 6.68E-08 GO:0006955 Immune response 1.83E-96

Nucleus accumbens basal ganglia 463 0.171 0.0411 1.59E-05 4.00E-04 GO:0006955 Immune response 9.69E-81

Putamen basal ganglia 352 0.175 0.0469 9.61E-05 1.40E-03 GO:0006955 Immune response 5.95E-72

Spinal cord cervical c-1 1,205 0.0915 0.0248 1.10E-04 1.70E-03 GO:0002376 Immune system process 5.86E-77

Substantia nigra 888 0.133 0.0291 2.44E-06 3.94E-05 GO:0002376 Immune system process 3.14E-88

Abbreviations: Beta = test statistic from the gene-set enrichment analysis in MAGMA; GO = Gene Ontology; GTEx = Genotype-Tissue Expression; N Genes =
number of genes inmodule; p adjust = p value corrected for gene size, gene density, and gene correlation; p cor = p value corrected for correlated structure of
GO terms and corresponds to an experiment-wide threshold of α = 0.05; SE, standard error of the test statistic.
See eTable 2, links.lww.com/NXG/A452, for a complete list of enriched biological pathways for the immune system–related modules.
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read count of a least 6 within each tissue. The distribution of
RPKMs in each tissue sample was quantile transformed us-
ing the average empirical distribution observed across all
samples. Finally, the gene expression values for each gene in
each tissue were transformed to the quantiles of the standard
normal distribution.

The construction of gene coexpression modules followed a
protocol previously described by our laboratory.11We used the
weighted gene coexpression network analysis (WGCNA)

package in R v3.5.110 to build gene coexpression networks for
13 GTEx brain tissues. First, we computed an unsigned pair-
wise correlation matrix from the GTEx gene expression values
using Pearson product-moment correlation coefficient. For
each correlation matrix, we selected an appropriate soft-
thresholding value in WGCNA by plotting the strength of
correlation against a range (2–20) of soft threshold powers.We
calculated network adjacency for each correlation matrix using
the appropriate soft-threshold power and normalized each
adjacency to generate a topological overlap matrix. Hierarchical

Figure 2 Gene Overlap (A) and Coexpression Preservation (B) Between Modules Enriched With Alzheimer Disease Asso-
ciation Signals

(A) The number of overlapping genes across tissue-
specific modules is represented by the legend color
scale. Blue represents the lowest gene overlap, and
red represents the highest gene overlap. (B) The
preservation of modular connectivity across tissues
is represented by the legend color scale. A Z score
greater than 10 (light blue-green) suggests that there
is strong evidence that a module is preserved be-
tween the reference and test network modules,
whereas a value between 2 and 10 indicates weak to
moderate preservation, and a value less than 2 indi-
cates no preservation (dark blue). All preservation Z
scores were above 10 (minimum Z = 13.96 [between
spinal cord cervical c-1 and anterior cingulate cor-
tex]), indicating strong preservation of modular con-
nectivity across brain tissues/regions.
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clustering was performed on each topological overlap matrix
using average linkage, with one minus the topological overlap
matrix as the distancemeasure. The hierarchical cluster tree was
cut into gene modules using the dynamic tree cut algorithm,17

with a minimummodule size of 50 genes. For each module, we
calculated the first principal component the gene expression
values (known as an eigengene) and merged modules if the
correlation between their eigengenes was greater or equal
to 0.8.

To assess the comparability of our module assignments to
postmortemAlzheimer disease brain samples, we cross-tabulated
our module assignments with those generated by Morabito
et al.18 Morabito and colleagues used WGCNA to cluster 1,268
postmortem Alzheimer disease brain tissue gene expression data
from 3 different studies—theMayoClinic Brain Bank (temporal
cortex); Religious Orders Study andMemory and Aging Project
(prefrontal cortex); and the Mount Sinai School of Medicine
study (parahippocampal gyrus, inferior frontal gyrus, superior
temporal gyrus, and frontal pole).

Gene-Set Analysis of Gene
Coexpression Modules
The gene-set enrichment analysis of gene coexpression
modules followed a protocol previously described by our
laboratory.11 First, we used MAGMA v1.0719 to (1) identify
Alzheimer disease risk genes and (2) identify coexpression
modules enriched with Alzheimer risk genes using gene-set
analysis. The gene-based test of MAGMA assigns SNPs to
genes within a predefined genomic window (35 kb upstream
or 10 kb downstream of a gene body) and calculates a gene-
based statistic based on the sum of the assigned SNP –log(10)
p values while accounting for linkage disequilibrium (LD). To
identify coexpression modules enriched with Alzheimer dis-
ease risk genes, we performed a competitive gene-set analysis
in MAGMA. The gene-set analysis tests whether the genes

in a gene coexpression module have a greater number of
Alzheimer risk genes compared with other modules than
expected by chance while accounting for gene size and gene
density. We used an adaptive permutation procedure (N =
10,000 permutations) to correct for multiple testing (false
discovery rate < 0.05). The 1000 Genomes European refer-
ence panel (phase 3) was used to account for LD between
SNPs.

Biological Characterization of Alzheimer-
Associated Gene Expression Modules
We performed functional enrichment analysis for each mod-
ule using g:Profiler (biit.cs.ut.ee/gprofiler/).20 Gene symbols
within tissue-specific modules were used as input, and the
gene universe was restricted to annotated genes. We tested for
the overrepresentation of modular genes in Gene Ontology
biological processes and Reactome biological pathways. The
g:Profiler algorithm uses a Fisher 1-tailed test for gene path-
way enrichment, which tests the probability a given gene is
both a member of a coexpression module and particular bi-
ological pathway or process. Multiple testing correction was
performed using g:SCS to account for the correlated structure
of biological annotation terms, corresponding to an
experiment-wide threshold of α = 0.05.

Overlap and Preservation of Gene
Coexpression Networks Across Tissues
We assessed the module overlap and preservation of coex-
pression patterns across tissue-specific coexpression modules.
Module overlap was calculated as the number and proportion
of genes present in each pairwise tissue comparison (N = 78).
Module preservation was calculated using the mod-
ulePreservation function implemented in WGCNA.21 The
module preservation function assesses the similarity of coex-
pression patterns across tissue-specific modules. We used the
Zsummary statistic to represent preservation; a Zsummary

Table 2 Number (Proportion) of Drug Compounds With Significant (≤-90) Connectivity Scores Across 13 Brain Tissues

Tissue

Gene input (N) Number (proportion) of significant connectivity scores by cell type

Total Up Dn A375 A549 HA1E HCC515 HEPG2 HT29 MCF7 PC3 VCAP

Amygdala 34 18 16 93 (0.03) 53 (0.02) 62 (0.02) 100 (0.04) 43 (0.02) 108 (0.04) 37 (0.01) 74 (0.03) 55 (0.02)

Caudate 31 18 13 51 (0.02) 22 (0.01) 77 (0.03) 94 (0.04) 46 (0.02) 58 (0.02) 20 (0.01) 31 (0.01) 28 (0.01)

Frontal cortex 27 18 9 93 (0.03) 51 (0.02) 59 (0.02) 71 (0.03) 60 (0.03) 55 (0.02) 36 (0.01) 48 (0.02) 28 (0.01)

Hippocampus 32 19 13 58 (0.02) 38 (0.01) 44 (0.02) 51 (0.02) 55 (0.03) 64 (0.02) 20 (0.01) 40 (0.01) 22 (0.01)

Hypothalamus 49 25 24 82 (0.03) 26 (0.01) 52 (0.02) 43 (0.02) 43 (0.02) 63 (0.02) 35 (0.01) 34 (0.01) 18 (0.01)

Nucleus accumbens 26 11 15 64 (0.02) 43 (0.02) 47 (0.02) 52 (0.02) 47 (0.02) 53 (0.02) 24 (0.01) 31 (0.01) 19 (0.01)

Spinal cord cervical 81 41 40 41 (0.01) 38 (0.01) 28 (0.01) 67 (0.03) 35 (0.02) 53 (0.02) 25 (0.01) 19 (0.01) 51 (0.02)

Substantia nigra 36 18 18 89 (0.03) 33 (0.01) 76 (0.03) 74 (0.03) 52 (0.03) 52 (0.02) 15 (0.01) 29 (0.01) 27 (0.01)

Abbreviations: CMap = Connectivity Map; Dn = number of downregulated genes; N = total number of genes uploaded to CMap; Up = number of upregulated
genes.
Only genes with reliably imputed genetically regulated gene expression were included in the CMap analysis.
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statistic greater than 10 indicates strong modular preservation
across tissues, whereas a statistic between 2 and 10 indicates
weak to moderate modular preservation, and a statistic less
than 2 suggests no preservation.

Computational Drug Repositioning
Our computational drug repositioning analysis tests the pre-
dicted effect of a drug compound on dysregulated gene ex-
pression modules underlying Alzheimer disease. First, we
used S-PrediXcan (version 0.6.10) to estimate the magnitude
and direction of gene expression changes associated with
Alzheimer disease. This approach integrates eQTL in-
formation with GWAS summary statistics to estimate the
effect of genetic variation underlying a disease or trait on gene
expression.12 We used eQTL information (expression
weights) from 13 tissues generated by the GTEx project (v7)
12 and LD information from the 1000 Genomes Project Phase
3.22 These data were processed with beta values and standard
errors from the GWAS of Alzheimer disease to estimate the
expression-GWAS association statistic. For each GTEx tissue,
we extracted the S-PrediXcan Z scores for genes within
modules enriched with Alzheimer disease association signals
and created 2 lists containing genes with either upregulated or
downregulated expression. Second, the gene lists were used as
the basis of drug repositioning using drug gene signatures
downloaded from the CMap.16 For each gene list and unique
compound in CMap, we calculated a connectivity score based
on a modified Kolmogorov-Smirnov score, which summa-
rizes the transcriptional relationship to the Alzheimer dis-
ease module genes. The connectivity score is a standardized
statistic ranging from −100 to 100, where a highly nega-
tive score indicates predicted expression effect from
S-PrediXcan, and the drug-gene signatures are opposing
(i.e., genes that are upregulated in disease cases are down-
regulated by the compound and vice versa). Third, we se-
lected compounds with connectivity scores of −90 and
lower (indicating a significant effect of a compound on the
Alzheimer disease expression signature). The selected

Table 3 Number and Distribution of Connectivity Scores
by Mechanism of Action

MOA
Drugs
(N)

Genes
(N)

Score quantile

25th 50th 75th

Acetylcholine receptor
antagonist

35 46 −51.50 −15.27 28.48

Adrenergic receptor
agonist

41 49 −44.59 −4.77 35.22

Adrenergic receptor
antagonist

52 117 −44.84 −7.18 33.42

ATPase inhibitor 13 56 −54.54 −19.65 20.70

Bacterial wall
synthesis inhibitor

22 40 −45.14 −0.31 41.56

Calcium channel
blocker

24 131 −46.51 −12.90 28.33

Cyclooxygenase
inhibitor

51 152 −36.42 −3.84 30.63

Dopamine receptor
agonist

23 53 −45.96 −10.81 31.12

Dopamine receptor
antagonist

59 163 −33.93 −2.57 29.98

EGFR inhibitor 22 71 −43.57 3.65 42.91

Estrogen receptor
agonist

18 87 −51.11 −23.08 26.89

Estrogen receptor
antagonist

9 102 −62.86 −30.98 15.64

FLT3 inhibitor 13 98 −66.99 −20.26 43.39

GABA receptor
antagonist

10 33 −52.37 −14.13 32.92

GABA receptor
modulator

8 40 −49.25 6.70 41.38

Glucocorticoid
receptor agonist

31 160 −50.86 −16.13 32.40

Glutamate receptor
antagonist

31 103 −49.73 −10.92 38.69

HDAC inhibitor 19 41 −28.95 19.62 51.30

Histamine receptor
antagonist

39 96 −40.75 −7.57 30.32

JAK inhibitor 11 26 −46.71 −9.44 42.31

MEK inhibitor 12 38 −38.30 −7.79 30.77

Phosphodiesterase
inhibitor

31 104 −38.48 −4.79 29.22

PPAR receptor agonist 19 85 −48.77 6.40 46.45

Progesterone receptor
agonist

13 81 −53.21 −22.36 35.57

Protein synthesis
inhibitor

11 47 −65.55 −27.79 35.74

Retinoid receptor
agonist

10 107 −48.62 −12.89 26.72

Serotonin receptor
agonist

29 67 −36.08 1.07 37.78

Table 3 Number andDistribution of Connectivity Scores by
Mechanism of Action (continued)

MOA
Drugs
(N)

Genes
(N)

Score quantile

25th 50th 75th

Serotonin receptor
antagonist

60 157 −42.09 −4.89 34.09

Sodium channel
blocker

23 98 −38.84 −6.34 24.14

Tyrosine kinase
inhibitor

14 87 −44.91 −10.65 46.80

VEGFR inhibitor 18 91 −54.58 6.62 41.19

Abbreviations: Drugs (N) = number of drugs within each MOA category;
Genes (N) = number of target genes from drug bank and the drug-gene
interaction database within each MOA; MOA = mechanism of action
Score quantile shows the 25th, 50th, and 75th quantiles for connectivity
scores within each MOA.
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compounds were mapped to their target genes using drug-
target information curated from DrugBank23 and the Drug-
Gene Interaction database24 and assign to mechanism of
action (MOA) categories to identify chemogenomic trends.
To assess the disease specificity of the CMap enrichments,
we performed our pipeline using GWAS summary statistics
for schizophrenia,25 a brain-related neuropsychiatric disor-
der with an immune component. Top-ranked compounds
from schizophrenia and Alzheimer disease were placed in a
contingency table and assessed for significant overlap
(i.e., significant in both schizophrenia and Alzheimer dis-
ease) using the hypergeometric test.

To assess how drugs that have undergone a clinical trial for
Alzheimer disease or its associated symptoms were prioritized
by our repositioning pipeline, we downloaded all available
clinical trial data for Alzheimer disease from ClinicalTrials.
gov, resulting in 2,565 records. We subset these data to drug
compound interventions, leaving 1,707 records. Finally, we
intersected the clinical trial drug list with repositioning in-
formation from our study and summarized the connectivity
scores for each drug.

To test the significance of the Alzheimer disease perturba-
tional enrichments (i.e., ensuring that significant results are

Figure 3 Proportion of Drug Target Genes With Significant p Values for Alzheimer Disease by MOA Category

A single asterisk indicates nominal
(Fisher exact test, p < 0.05) enrichment
of smaller than expected (p < 0.05) p
values within a drug category. A double
asterisk indicates significant enrich-
ment of smaller than expected p values
within a drug category after multiple
testing correction for the number of
MOA categories (p < 0.0016). MOA =
mechanism of action.
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not due to random chance), we grouped the observed coex-
pression values for pairs of genes from a single tissue
(amygdala) into 100 bins. We randomly sampled genes across
bins, selecting the same number of gene coexpression values
from each bin as the observed data. This stratified method of
sampling was performed to ensure that the observed and
permuted data were matched on connectivity. The permuted
coexpression modules were uploaded to CMap using the clue
API client, and connectivity scores for each compound were
extracted from the output files. We calculated empirical p
values for observed compounds with connectivity scores
smaller than −90 by counting the number of times the same
compound from the permuted data had a connectivity score
smaller than −90. A compound with an empirical p value
<0.05 is unlikely to be prioritized by random chance.

Standard Protocol Approvals, Registrations,
and Patient Consents
The GTEx v7 data were downloaded from the publicly
available GTEx data portal (gtexportal.org/home/datasets).
Data access followed the guidelines in the Data Use Certifi-
cation Agreement. All study protocols regarding human
subjects have been approved by their local institutional review
board and were compliant with Health Insurance Portability
and Accountability Act (HIPAA) regulations. Informed
written consent was given by family decision makers of de-
ceased donors.26

Data Availability
All data generated during this study are included in this
published article and its supplementary information files.
Original raw data can be made available on request.

Results
Figure 1 provides an overview of our analytical pipeline. Step
1: For 13 brain tissues in GTEx, we performed a weighted
gene coexpression analysis to identify modules of highly
correlated genes. Step 2: We test for the enrichment of Alz-
heimer disease association signals within tissue-specific gene
coexpression networks and assess the functional relevance of
enriched modules by performing a biological pathway analysis
of the modular genes. Step 3: We use S-PrediXcan to impute
genetically regulated levels of gene expression for modular
genes, which provides a direction of effect of dysregulated
gene expression in Alzheimer disease (Alzheimer disease
signature). All genes within the enriched module are sepa-
rated into upregulated and downregulated gene sets. Step 4:
We interrogate the CMap database for drug compounds with
negative connectivity scores that are predicated to normalize
the Alzheimer disease–associated signature. Step 5: We gen-
erate a ranked list of drug repositioning candidates and MOA
categories that show enrichment of nominally significant (p <
0.05) gene-based associations (MAGMA and S-PrediXcan)
across compounds within each category.

Alzheimer Disease Risk Genes Are Enriched in
Gene Coexpression Modules Associated With
the Immune System
Our MAGMA gene-based analysis of existing GWAS data
revealed 74 genes significantly associated with Alzheimer
disease after multiple testing correction (p < 2.78 × 10−6)
(eTable 1, links.lww.com/NXG/A451, and eFigure 1, links.
lww.com/NXG/A463). We tested for the enrichment of gene-
based association in gene coexpression modules built from 13

Figure 4 Top 3 Drugs Within MOA Categories Enriched With Gene-Based Association Signals for Alzheimer Disease

Thedensity plots andhistograms show the distribution of connectivity scores across cell types and tissues for each top-ranked compound. MOA=mechanism
of action.
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GTEx brain tissues.11 In each of the 13 tissues, a single gene
module was enriched with Alzheimer disease risk genes
(henceforth referred to as Alzheimer disease modules)
(Table 1) (eTable 2, links.lww.com/NXG/A452). There
was substantial sharing of genes across the tissue-specific
Alzheimer disease modules. The modules comprised 103
(cerebellum) to 1,205 (spinal cord) genes; 87 genes were
common across all modules and the proportion of shared
genes in pairwise tissue comparisons ranged from 16%
(amygdala and cerebellum) to 100% (cerebellum and hy-
pothalamus) (Figure 2A; eTable 3, links.lww.com/NXG/
A453). Gene pathway analyses found the enrichment of
immune system pathways (e.g., immune system process in
the brain amygdala, p = 2.48 × 10−73, and immune response
in the brain substantia nigra; p = 2.48 × 10−88) within all
Alzheimer modules (Table 1) (see eTable 4, links.lww.com/
NXG/A454, for a full list of biological pathway enrichments in
the Alzheimer disease modules). We assessed the preservation
(i.e., reproducibility) of the connectivity structure across brain

tissues using the WGCNA modulePreservation algorithm.
Strong modular preservation (Z score ≥ 10) was observed
across all brain tissues (Figure 2B), suggesting that the con-
nectivity structure (i.e., correlation) of genes is similar across
brain tissues.

We also found nonenriched modules that harbored significant
(p < 2.78 × 10−6) Alzheimer disease risk genes. For example,
module M1 in the amygdala contained 2 Alzheimer disease
risk genes, PICALM and BIN1, and was enriched for bi-
ological pathways related to myelination and neurogenesis.
Furthermore, module M2 in the amygdala contained 8 risk
genes (including APOC1) and was enriched with pathways
related to synaptic signaling (eTable 5, links.lww.com/NXG/
A455). However, these modules were not statistically
enriched with Alzheimer disease risk genes on a global level
and did not replicate well across GTEx brain tissues. We
therefore focused on the immune system-related modules for
the computational repositioning analysis.

Table 4 Top-Ranked Glutamate and Dopamine Receptor Antagonists for Repositioning in Alzheimer Disease

Compound MOA

Connectivity score

Mean Min Max N ≤ 290

Methylergometrine Dopamine receptor antagonist −50.65 −97.62 −10.86 1

L-689560 Glutamate receptor antagonist −47.96 −95.76 38.17 6

Memantinea Glutamate receptor antagonist −43.88 −94.74 65.57 2

Ziprasidone Dopamine receptor antagonist −39.64 −98.86 45.44 1

Thiothixene Dopamine receptor antagonist −38.43 −92.71 23.85 1

Fluphenazine Dopamine receptor antagonist −30.93 −95.07 62.63 1

Dextromethorphan Glutamate receptor antagonist −30.92 −99.36 48.45 2

YM-298198 Glutamate receptor antagonist −21.14 −94.32 83.77 1

N20C Glutamate receptor antagonist −20.32 −94.04 76.00 2

Ifenprodil Glutamate receptor antagonist −16.50 −92.86 68.01 2

Flupirtine Glutamate receptor antagonist −16.46 −88.88 92.51 0

Felbamate Glutamate receptor antagonist −16.13 −93.40 69.99 1

SCH-23390 Dopamine receptor antagonist −14.05 −90.08 77.37 1

Clozapine Dopamine receptor antagonist −12.22 −96.72 87.41 2

Droperidol Dopamine receptor antagonist −10.60 −99.77 86.29 5

GR-103691 Dopamine receptor antagonist −10.45 −96.67 87.93 3

SIB-1893 Glutamate receptor antagonist −9.39 −97.26 84.33 3

NBQX Glutamate receptor antagonist −9.38 −99.64 93.74 3

Iloperidone Dopamine receptor antagonist −9.06 −97.64 84.81 1

Triflupromazine Dopamine receptor antagonist −8.49 −99.29 64.73 1

Abbreviations: CMap = Connectivity Map; MOA = mechanism of action.
N ≤ −90 shows the number of times a given drug compound had a connectivity score ≤ −90 across tissues/CMap cell types.
a Memantine is currently used for the treatment of moderate-to-severe Alzheimer disease.
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We compared our gene coexpression modules, which were
derived from brain tissue samples from healthy donors, with
modules reported by Morabito et al., who derived their
modules from postmortem Alzheimer disease brain tissue
samples. We found an average of 54% of genes overlapping
between our modules and a single postmortem module from
Morabito et al., with nonoverlapping genes falling within an
unassigned (gray) module (eTable 6, links.lww.com/NXG/
A456, and eTable 7, links.lww.com/NXG/A457). Impor-
tantly, the overlapping postmortem module was enriched
with Alzheimer disease GWAS association signals as well as
microglial cell markers and immune-related biological path-
ways. These data suggest that gene expression from non-
diseased brain tissues coupled with imputation of genetically
regulated gene expression may capture gene coexpression
networks underlying Alzheimer disease.

A Computational Drug Repurposing Analysis
Identifies Drug Compounds for
Further Analysis
Our tissue-specific gene coexpression modules provide a
useful substrate for the identification and prioritization of
drugs that may normalize altered gene coexpression in Alz-
heimer disease. We used S-PrediXcan to identify genes whose
genetically regulated expression is associated with genetic
variation underlying Alzheimer disease (eTable 8, links.lww.
com/NXG/A471). The use of genetically regulated gene
expression removed unwanted environmental effects on gene
expression (e.g., medication use) and thereby mitigates re-
verse causation. We assigned the S-PrediXcan Z score for the
direction and magnitude of effect to all genes within Alz-
heimer disease risk modules and generated lists of upregulated
and downregulated genes. The gene lists were used as input to
the CMap, which computes a connectivity score based on the
transcriptional relationship between the gene lists and ob-
served drug-gene signatures across multiple cell types. Table 2
provides a summary of the number of upregulated and
downregulated genes uploaded to CMap and the number and
proportion of drug compounds with significant connectivity
scores by brain tissue (a full list of compounds with significant
connectivity scores [score ≤ -90] is provided in eTable 9,
links.lww.com/NXG/A458).

To identify drug categories associated with Alzheimer disease,
we first assigned each drug compound to a MOA category
(Table 3; eTable 10, links.lww.com/NXG/A459). We then
tested for the enrichment of nominally significant (p < 0.05)
gene-based associations (MAGMA and S-PrediXcan) across
compounds within each category. Two categories—
glutamate receptor antagonists and dopamine receptor
antagonists—harbored a larger proportion of nominally sig-
nificant p values for Alzheimer disease than expected by
chance (Figure 3). We extracted top-ranked compounds (by
mean connectivity score across all tissues and cell types)
within significant MOAs and plotted the distribution of their
connectivity scores (Figure 4). The top 3 glutamate receptor
antagonists included memantine, commonly used to treat the

symptoms of moderate-to-severe Alzheimer disease, and
dextromethorphan, a compound with clinical efficacy for the
treatment of agitation associated with Alzheimer disease,
highlighting the utility of our approach. Top dopamine re-
ceptor antagonists included a number of antipsychotics (e.g.,
ziprasidone) that are used to treat aggression and behavioral
issues in Alzheimer disease (Table 4).27 We also examined
how drugs that have undergone a clinical trial for Alzheimer
disease and/or its associated symptoms performed in the
repositioning pipeline. Although their respective MOA cate-
gories were not enriched with Alzheimer disease association
signals, top-ranked drug compounds that have undergone a
clinical trial included naproxen (cyclooxygenase inhibitor),
mirtazapine (serotonin receptor antagonist), and caffeine
(phosphodiesterase inhibitor) (eTable 11, links.lww.com/
NXG/A460).

To assess the significance of drug-gene level results, we ap-
plied a permutation procedure (methods) using expression
data from the amygdala—the tissue with the largest number
of drug-gene associations. The results show that top-ranked
compounds are unlikely to be due to correlated expression
(eTable 12, links.lww.com/NXG/A461). We also ran our
network-based pipeline with GWAS summary statistics for
schizophrenia, a brain-related disorder with an immune
component that is not genetically correlated with Alzheimer
disease, as a negative control, and found no significant overlap
(hypergeometric test) with our observed results for Alzheimer
disease across cell types (eTable 13, links.lww.com/NXG/
A462). These observations strengthen the candidacy of po-
tential Alzheimer therapeutics and illustrate the potential of
CMap within a gene coexpression network framework to
generate novel, unbiased hypotheses on the pharmacologic
modulation of disease states.

Discussion
We developed a novel computational drug repositioning ap-
proach based on the integration of SNP genotype, tissue-
specific gene coexpression patterns, and drug perturbation
data. Computational drug repositioning provides a bi-
ologically valid approach to evaluate the predicted effect of
drug compounds on cellular activity. We applied a tissue-
specific network-based gene coexpression method to identify
groups of highly correlated, functionally related genes asso-
ciated with Alzheimer disease. Gene-based analyses of GWAS
summary statistics were enriched in a single gene module in
13 brain tissues, each of which contained genes involved in the
immune system and immune response. A computational drug
repositioning analysis of genes within these tissue-specific
Alzheimer modules identified drugs and broader mechanisms
of action categories. Some of the identified compounds have
been approved to treat Alzheimer disease and its associated
symptoms (e.g., memantine). We also provide a list of plau-
sible novel drug candidates for functional validation studies.
Our results demonstrate that a tissue-specific approach to
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gene discovery in Alzheimer disease may not only identify
candidate causal genes, tissues, and biological pathways but
also targets for therapeutic intervention.

Neuroinflammation has an important role in the onset and
progression of the pathologic changes underlying Alzheimer
disease. Independent studies have identified immune-related
proteins and cells in the proximity of β-amyloid plaques,28 for
example, and epidemiologic reports suggested that anti-
inflammatory agents used to treat immune disorders, such as
rheumatoid arthritis, decrease the risk of Alzheimer disease.29

It was not until the publication of a large-scale GWAS on
Alzheimer that the first robust evidence for a causal associa-
tion between neuroinflammation and disease onset was
established.2 We performed a secondary analysis of the
GWAS results, and the study of tissue-specific gene coex-
pression patterns allowed us to investigate a larger set of genes
that might be implicated in disease based on network con-
nectivity. We identified immune system–related tissue-
specific modules (i.e., groups) of coexpressed genes that are
both enriched with Alzheimer disease association signals and
strongly preserved (i.e., replicated) across tissues.

Our gene coexpression networks, built frombrain gene expression
data from healthy individuals, showed good overlap with post-
mortemAlzheimer disease samples, whichwere also enrichedwith
GWAS signals and immune system–related biological pathways.
This suggests that coexpression patterns from nondiseased brain
tissue followed by the integration of disease-associated genetically
regulated gene expressionmay be used to identify groups of genes
whose activity drives Alzheimer disease onset and progression.
Furthermore, the diversity of sampled brain regions between
GTEx and the data sets used byMorabito, which included samples
from the temporal cortex,30 prefrontal cortex,31 parahippocampal
gyrus, inferior frontal gyrus, superior temporal gyrus, and frontal
pole,32 suggests that genetically regulated changes underlying
Alzheimer disease may converge on neuroimmune networks
operating across brain regions. Therefore, meaningful biological
insights for Alzheimer diseasemay be derived from the integration
of disease-associated genetic data with large numbers of non-
diseased and non–tissue-specific brain samples, which are rela-
tively easy to collect for a sufficiently powered study.

We further demonstrated the versatility of coexpression
network-based methods with the application of a novel com-
putational drug repositioning approach, where the imputed ef-
fect direction in Alzheimer disease for all genes within disease-
implicated modules was used as input to CMap. This approach
was taken under the biologically valid assumption that a drug
compound not only alters the activity of a single target gene but
the activity of multiple related genes through coregulation.33

Furthermore, by imputing gene expression effects from GWAS
summary statistics, we focused only on genetically regulated
gene expression effects, thereby removing unwanted variation on
gene expression from environmental effects (e.g., medication
use) as well as controlling for reverse causation.12 This approach
identified drug compounds within disease relevant mechanisms

of action that are predicted to normalize the expression of can-
didate causal genes in Alzheimer disease.

We identified 2 drugMOA categories enriched with smaller than
expected Alzheimer disease association signals: glutamate re-
ceptor antagonists and dopamine receptor antagonists. Gluta-
mate is present in higher levels in patients with Alzheimer
disease.34 Increased glutamate in the brain is widely thought to
promote neurotoxicity and neurodegeneration andmay also may
also trigger neuroinflammation in (genetically) susceptible indi-
viduals.35 Genetic studies strongly support a role of the immune
system in Alzheimer disease pathophysiology,36 and risk genes
are highly expressed in microglia—the primary immune cells of
the brain.37,38 Therefore, glutamate may be an important link
between the nervous and immune systems in Alzheimer disease
onset and progression, with a central role for microglial cells,
however, a functional mechanism has yet to be established. Do-
pamine receptor modulators are also used to treat some of the
symptoms of Alzheimer disease, such as agitation and psycho-
sis39; however, a clear role of dopamine in Alzheimer patho-
physiology has yet to be established. Nonetheless, dopamine is an
important regulator of immune function and response in the
brain,40 and microglial cells express functional dopamine recep-
tors. Therefore, dopamine may also play a role in the crosstalk
between immune and nervous systems in Alzheimer disease.

Top-ranked glutamate receptor antagonists included mem-
antine, which is approved to treat the symptoms of moderate-
to-severe Alzheimer disease,41 and dextromethorphan, which is
used to treat agitation associated with Alzheimer disease.39

Other highly ranked selective antagonists of glutamate recep-
tors with potential neuroprotective effects included ifenprodil,
shown to ameliorate amyloid-β induced inhibition of synaptic
transmission and hippocampal dysfunction,42 and flupirtine, a
well-tolerated nonopioid analgesic drug with potential neuro-
protective effects.43 Highly ranked dopamine receptor antag-
onists included methylergometrine, which has been shown to
inhibit inflammasome degranulation under proinflammatory
conditions44 with potential therapeutic benefits for diseases
with an inflammatory component, such as Alzheimer disease.
While these drugs alleviate the symptoms of Alzheimer disease,
it is not known if they target a causal gene or biological
mechanism. Our results suggest that these drugs may indeed
target a causal mechanism, given that the drug-gene signatures
were derived from genetic data from Alzheimer disease cases
and controls. The use of drug perturbation data may therefore
refine our understanding of gene mechanisms underlying
Alzheimer disease, in addition to potential therapeutic targets.

Genetic associations for Alzheimer disease are enriched in
genomic regions that encode druggable gene targets.45

Computational repositioning is therefore a promising avenue
for the translation of genetic associations to drug targets. So
et al.46 used GWAS-imputed transcriptome profiles and the
CMap algorithm to identify candidates for drug repositioning
in neuropsychiatric disorders and identified several non-
steroidal anti-inflammatory drugs (NSAIDs), also known as
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cyclooxygenase inhibitors, with possible benefits in Alzheimer
disease. We identified several NSAIDs with promising con-
nectivity score distributions across cell types and tissues, in-
cluding (for example) naproxen, which has shown mixed
results for their protective effect from Alzheimer disease.47,48

However, we did not find enrichment of significant gene-
based association signals for Alzheimer disease within known
gene targets of NSAIDs. We extend the analysis of So et al.
with the use of a larger, more highly powered GWAS and
network-based methods to implicate additional genes with
potential relevance in Alzheimer disease pathology. A recently
published study used genetic information and network-based
methods to develop a priority index for drug target validation
in immune-mediated traits.15 The priority index incorporated
functional genomic information with protein-protein network
connectivity information and was shown to successfully
identify current therapeutics and prioritize alternative com-
pounds for early-stage testing. Their network annotations,
however, do not directly integrate genetic coexpression, but
instead rely on disparate sources of protein interaction data to
characterize gene connectivity. Our gene coexpression-based
approach, on the other hand, directly anchors changes in
genetically regulated gene expression to observed levels of
coexpression between genes and arguably more closely rep-
resents underlying biological relationships.

The results of this study should be interpreted in view of the
following limitations. First, we used GWAS summary statistics
that included Alzheimer disease–by-proxy cases. Although proxy
cases, based on parental diagnoses, show a high genetic corre-
lationwith clinically diagnosed cases, follow-up studies should be
conducted using GWAS summary statistics from diagnosed
Alzheimer disease studies.36 Second, we used gene expression
data from bulk human brain tissue as single-cell expression data
are not available in GTEx. Bulk brain tissue is not homogeneous
with respect to individual cell types. As a result, true Alzheimer
disease association signals may be diluted by nonspecific ex-
pression, or expression differences may simply reflect mosaic
effects of different cell types. This is especially problematic for
Alzheimer disease, where many of the risk genes are highly
expressed inmicroglia cells which only account for around 3% of
the total brain cell population.49-51 RNA sequencing of in-
dividualized cells (known as single-cell RNA sequencing) may
partition genetic signals to causal cell types and improve power
to identify functional genes and mechanisms underlying Alz-
heimer disease and, in turn, improve the accuracy of drug po-
sitioning.9 Third, the CMap database does not contain drug-
gene signatures for every approved and experimental drug. Im-
portantly, 3 FDA acetylcholinesterase inhibitors used to treat the
symptoms of Alzheimer disease (galantamine, rivastigmine, and
donepezil) were missing from CMap. The absence of these
compounds may explain why we did not observe significant
enrichment of Alzheimer disease association signals within the
acetylcholinesterase inhibitors MOA category. Fourth, our ob-
served drug compound associations are derived from the com-
bined effect of gene expression patterns within Alzheimer disease
modules. Therefore, our analytical pipeline cannot identify

individual drug-gene pairs that drive the observed drug com-
pound enrichments in coexpression networks. Finally, CMap
only contains drug-gene signatures from cultured human cancer
cell lines. A comparison of drug compounds profiled in neuronal
progenitor cells and differentiated neurons with 9 cancer cell
lines profiled inCMap suggested that neuronal cell lines produce
different connectivity patterns in a subset of compounds.52 Our
pipeline would therefore benefit from the inclusion of drug-gene
signatures derived from neuronal and glial (astrocytes, microglia,
and oligodendrocytes) cell lines, as they become available.

In summary, we developed a novel drug repositioning approach
that first identifies gene networks associated with Alzheimer
disease before using the implicated networks as a molecular
substrate for a drug repositioning analysis. Our approach
identified drug mechanisms of action categories containing
drug compounds with both proven and potential therapeutic
benefit in Alzheimer disease. We identified the drug mem-
antine, which is 1 of only 4 FDA-approved drugs for Alzheimer
disease, supporting the validity of our approach. Follow-up
molecular studies will seek to validate prioritized drug candi-
dates in relevant human cell models, such as monocyte-induced
microglia. Our approach will help researchers leverage genetic
data for drug discovery and development in Alzheimer disease.
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Abstract
Background and Objectives
To conduct a genetic and molecular functional study of a family with members affected of
hereditary spastic paraplegia (HSP) of unknown origin and carrying a novel pathogenic
vaccinia-related kinase 1 (VRK1) variant.

Methods
Whole-exome sequencing was performed in 2 patients, and their parents diagnosed with HSP.
The novel VRK1 variant was detected by whole-exome sequencing, molecularly modeled and
biochemically characterized in kinase assays. Functionally, we studied the role of this VRK1
variant in DNA damage response and its effect on the assembly of Cajal bodies (CBs).

Results
We have identified a very rare homozygous variant VRK1-D263G with a neurologic phenotype
associated with HSP andmoderate intellectual disability. Themolecular modeling of this VRK1
variant protein predicted an alteration in the folding of a loop that interferes with the access to
the kinase catalytic site. The VRK1-D263G variant is kinase inactive and does not phosphor-
ylate histones H2AX and H3, transcription factors activating transcription factor 2 and p53,
coilin needed for assembly of CBs, and p53 binding protein 1, a DNA repair protein. Func-
tionally, this VRK1 variant protein impairs CB formation and the DNA damage response.

Discussion
This report expands the neurologic spectrum of neuromotor syndromes associated with a new
and rare VRK1 variant, representing a novel pathogenic participant in complicated HSP and
demonstrates that CBs and the DNA damage response are impaired in these patients.
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Human voluntary movements are under control of the py-
ramidal motor system. Motor neuropathies are a heteroge-
neous group of motor neuron diseases that share some
common characteristics, but differ in their clinical pre-
sentation and severity. Among these diseases are Charcot-
Marie-Tooth (CMT), spinal muscular atrophy (SMA),
amyotrophic lateral sclerosis (ALS), and hereditary spastic
paraplegia (HSP). These diseases have a genetic origin, but
the genes implicated are heterogeneous. Patients with HSP,
also known as Strumpell-Lorrain syndrome, present lower
limb spasticity, muscle weakness, and neurogenic bladder.
However, patients may also present additional neurologic
and non-neurologic symptoms.1 Patients with HSP share
axon degeneration, mainly in the thoracic and distal spinal
cord, and a reduced affectation of the cervical cord, implying
affectations of both motor neurons with different degrees of
severity.2 HSP has a low frequency, between 3 and 10/
100,000 depending on the population, and has been asso-
ciated with mutations or gene variants in at least 73 different
genes.1,3

Recently a novel gene, vaccinia-related kinase 1 (VRK1), has
been associated with motor neuron diseases that present a
significant heterogeneity. They include several of the clinical
phenotypes associated with motor neurons, including
SMA,4-6 ALS,7 and Charcot-Marie Tooth.8,9 Functionally,
the VRK1 gene is implicated in the regulation of cell
proliferation,10,11 transcription,12-14 autophagy,15 chromatin
compaction,16,17 DNA damage responses,18,19 Cajal body
(CB) stability and assembly,20-22 and neuronal migration.23

Most of the known VRK1 mutants are very uncommon
variants in the population, which are recessive, and their
neurologic phenotype is only detected in either homozygous
or compound heterozygous individuals. However, the
pathogenic role of VRK1 variants in neurologic diseases is
not yet understood, but it may represent either a specific
subtype of these diseases or alternatively a pathogenic
mechanism common to all of them. In this work, we have
studied a case of complicated HSP that expands the neuro-
logic phenotypes associated with VRK1 mutations in motor
neuron diseases.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
Informed consent forms were signed by participating indi-
viduals, and all procedures performed in studies involving

human participants were in accordance with the ethical
standards of the Ethical Board of the La Pitié-Salpêtrière
Hospital (Paris, France) and adhere to the ethical standards
laid down in the 1964 Declaration of Helsinki and its later
amendments. The CARE reporting guidelines were used.

Data Availability
The VRK1 mutation is available in ClinVar with the ID (ac-
cession number: SCV001478444). Because of their sensitive
nature, genomic data sets generated in this study are available
from the corresponding author on request, given that the
request is not in conflict with French General Data Protection
Regulations.

Genome Aggregation Database (gnomAD), gnomad.broad-
institute.org/.

Polymorphism Phenotyping v2 (PolyPhen2), genetics.bwh.
harvard.edu/pph2/.

Whole-Exome Sequencing
Whole-exome sequencing (WES) was performed in the
family trio (patients and both parents) for diagnostic pur-
poses due to the unknown origin of the disease. Library
preparation, sequencing was performed according to the
manufacturer protocol (Roche Technologies). Exons were
captured using the SeqCap EZ MedExome kit (Roche
Technologies), and the sequence was generated on a NextSeq
500 instrument (Illumina Inc). For data analysis, raw reads
were mapped to the human reference genome GRCh37 using
the Burrow-Wheeler aligner (v0.717). The resulting binary
alignment/map files were further processed by genome
analysis tool kit haplotypecaller (v3.8). The variant call format
files were then annotated on Snpeff version 4.3T.24 Only
coding nonsynonymous and splicing variants were consid-
ered. Variant prioritization was conducted thanks to the
transmission mode (de novo, autosomal recessive, and X
linked) and the frequency of the variants in the gnomAD
database 16. The variant identified was confirmed by Sanger
sequencing using the following primers: forward: 59-GCTA-
GAAGTTAATTGGGAGGTAAGC-39; and reverse: 59-
TGTGCTACATCCTAAATATGCTTAC-39. Polymorphism
Phenotyping v2 (PolyPhen2), genetics.bwh.harvard.edu/pph2/.

Molecular Dynamics Simulation of
Human VRK1-D263G
The 3D structure of the human VRK1 wild-type protein
(UniprotKB id: Q99986) was obtained from the Protein Data
Bank (PDB id: 2LAV). The conformer no. 16 (of the 20

Glossary
53BP1 = p53 binding protein 1;ALS = amyotrophic lateral sclerosis;ATF2 = activating transcription factor 2;CB = Cajal body;
CMT = Charcot-Marie-Tooth; HA = hemagglutinin; HSP = hereditary spastic paraplegia; MD = molecular dynamics;
mVRK1 = murine VRK1; PCH1 = pontocerebellar hypoplasia; PDB = Protein Data Bank; SMA = spinal muscular atrophy;
SMN = survival of motorneuron; VRK1 = vaccinia-related kinase 1; WES = whole-exome sequencing.
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NMR conformers included in the PDB file) was selected for
further processing. The model for VRK1-G263 variant was
generated using the wild-type structure as template and
standard homology modeling methods. Structures for the
wild-type and variant proteins were subjected to 200 ns of
unrestrained molecular dynamics (MD) simulation, essen-
tially as previously described.25 The full modeling and MD
methods are described in eMethods, links.lww.com/NXG/
A468.

VRK1 Gene, Plasmids, and Mutagenesis
Human VRK1 was expressed from mammalian expression
vector, pCEFL-hemagglutinin (HA)-VRK1,26 and bacterial
expression plasmid-glutathione S-transferase expression-4T-
VRK1.22,26-28 The D263G mutation was introduced in these
plasmids with the GeneArt Site-Directed Mutagenesis System
(Invitrogen–Thermo Fisher). The primers to generate human
VRK1-D263G were forward (59-CTTCCTTGG
GAGGGTAATTTGAA-39) and reverse (59-ATCTTT-
CAAATTACCCTCCCAAG-39). The human D263G muta-
tion was also introduced in murine VRK1 (mVRK1) cDNA
and cloned in pCEFL-Myc-mVRK1 to generate pCEFL-Myc-
mVRK1-D263G plasmid for use in transfection experiments.
The primers used to generate the mVRK1-D263G were for-
ward (59-CTTCCTTGGGAAGGTAACTTGAAA-39) and
reverse (59-ATCTTTCAAGTTACCTTCCCAAGG-39).
This mutation was also introduced in mVRK1 to generate a
lentiviral expression construct, plasmids pLenti-C-HA-IRES-
BSD-mVRK1-D263G that was used for the generation of
stable cells lines expressing the murine gene for use in rescue
experiments. Control plasmids expressing murine kinase-
active (pLenti-C-HA-IRES-BSD-mVRK1) and kinase-dead
(K179E) (pLenti-C-HA-IRES-BSD-mVRK-K179E) have al-
ready been reported.8,22 Full methods and plasmids coding
used for some substrates are described in eMethods, links.
lww.com/NXG/A468.

Kinase Assays
Kinase assays were performed as previously described.22,26

Briefly, in vitro kinase assays with [32-P]-γATP were per-
formed with glutathione S-transferase-VRK1 wild-type or the
VRK1-D263G variant.20,22

In vitro kinase assays with the histone H317,28 and H2AX,17

p53,13,29,30 p53 binding protein 1 (53BP1),18,31 activating
transcription factor 2 (ATF2),12 or coilin20 as substrates were
previously published. Kinase-dead VRK1 (K179E) was used
as negative control in the assays.8,22 All plasmids were trans-
fected in BL21 E coli to express and purify the fusion protein
used as substrate in kinase assays. Full methods are in Sup-
plementary eMethods, links.lww.com/NXG/A468.

Cell Lines, Transfections, and Protein Analysis
All molecular and cellular methods have been reported be-
fore22 and are detailed in Supplementary eMethods, links.
lww.com/NXG/A468. The antibodies used in this work are
described in eTable 1, links.lww.com/NXG/A469.

Results
Clinical Presentation of the Patients Carrying
the Novel VRK1-D263G Mutation
The 2 cases under study belong to a family from Senegal. The
parents are first cousins and have 6 children, 2 affected women
with a progressive neuromotor disease and 4 healthy
children—although 2 were born prematurely. Noticeably, the
mother had 4 late miscarriages in Senegal, from unknown
causes. Both patients were born in Senegal.

Patient 1 is a 29-year-old woman. Pregnancy and delivery
were reportedly uneventful. She presented with psychomotor
development and started to walk at age 2.5 years. Her gait
became spastic at about age 5 years, and she developed dys-
arthria in late adolescence. She stopped attending school at
age 10 years.

At examination at age 21 years, she walked without aid, but
her gait was clearly spastic with flessum of the knee. The
Romberg test was negative. She had decreased proximal
muscle strength of her lower limbs (iliopsoas 3/5 and gluteus
medius 4/5) but normal muscle strength of the upper limbs.
She had brisk reflexes of the 4 limbs with bilateral Babinski
sign, nonsustained clonus, and spastic equinus feet. There was
moderate vibration loss at the ankles and mild dysarthria.

Brain MRI detected a minimal cerebellar atrophy. Spine MRI,
nerve conduction studies, CSF standard analyses, EEG, fun-
doscopy, and visual and auditory evoked potentials were all
normal. Neuropsychological testing revealed moderate in-
tellectual disability and dysexecutive functions. Metabolic
tests (plasma folate, B12 and homocysteine, plasma amino
acid and urine organic acid chromatography, plasma very-
long-chain fatty acids, phytanic and pristanic acids, plasma
cholestanol, and 25- and 27-hydroxycholesterol) were normal.
A gene panel for HSP (74 genes) did not identify any patho-
genic variant. Clinical examination has been stable over 8 years.

Patient 2 is a 25-year-old woman. Pregnancy and delivery
were reportedly uneventful. Information regarding early
milestones was not available. There was a history of epileptic
seizures in infancy, but not documented. The onset of spastic
gate occurred at age 8 years, and the patient developed signs
of a neurogenic bladder in her twenties. At first examination at
age 17 years, she presented with spastic gait with flessum of
the knee, but could walk without aid. The Romberg test was
negative. She had mild decreased proximal muscle strength of
her lower limbs (iliopsoas 4/5 and gluteus medius 4/5). She
displayed brisk reflexes of the 4 limbs with bilateral Babinski
and Hoffmann signs, nonsustained clonus, and mild spastic
equinus feet. There was mild vibration loss at the ankles.

Brain MRI, nerve conduction studies, EEG, fundoscopy, vi-
sual evoked potentials, and electroretinogramwere all normal.
Neuropsychological testing revealed moderate intellectual
disability and dysexecutive functions. Metabolic tests (plasma
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folate, B12 and homocysteine, plasma amino acid and urine
organic acid chromatography, plasma very-long-chain fatty
acids, phytanic and pristanic acids, plasma cholestanol, and
25- and 27-hydroxycholesterol) were normal. A gene panel
for HSP (74 genes) did not identify any pathogenic variant.

Clinical follow-up was remarkable for the occurrence of
mouth ulcers, arthralgia, and Raynaud syndrome and elevated
creatine kinase (between 1,500 and 3,000 U/L). Further
tests revealed myositis, mild pericarditis, polyclonal
hypergammaglobulinemia, and antinuclear antibodies, which
led to the diagnosis of mixed connective tissue. The patient
was treated with hydroxychloroquine with clinical benefit.

Detection of Homozygous VRK1-D263G Variant
To identify the candidate gene that might be implicated in this
phenotype, a diagnostic WES study was performed. TheWES
study detected in both patients a homozygousmissense variant,
NM_003384.2:c.788A>G Chr14(GRCh37):g.97322545A>G
p.(Asp263Gly). This amino acid change (D263G) has a very
low frequency (3.98e-6) in the human population based on

gnomAD database. The parents are first cousins and asymp-
tomatic heterozygous carriers. This variant was confirmed by
Sanger sequencing (eFigure 1, links.lww.com/NXG/A466).

Molecular Dynamics Simulation of the
VRK1-D263G Variant
The wild-type and mutant proteins were analyzed using MD
simulation techniques. To study the structural and functional
implications of the missense VRK1 variant D263G, we used
the 3D structure of the human VRK1 wild-type protein that
was obtained from the PDB (id: 2LAV). In the case of the
wild-type protein VRK1-D263, quickly after the beginning of
the simulation, the amino acid Asp263 establishes a salt bridge
with the amino acid Arg3 in the N-terminal end of the protein,
which, together with the adjacent Lys5 residue, forms a pos-
itively charged patch. The contact formed between the neg-
atively charged Asp263 and the positively charged amino acids
of the amino-terminus of the VRK1 protein remains stable
along most of the trajectory. The N-term loop is then located
near the active center of the protein, probably regulating its
activity or substrate accessibility in some way (Figure 1, left).

Figure 1 Molecular Effect of the D263G Substitution on the VRK1 Protein

Three-dimensional representation of
the protein model showing the ele-
ments of the secondary structure of
VRK1 (A) and VRK1-D263G (B). The N-
terminal region bends and interacts by
Arg3 and Lys5 with D263 in the wild-
type protein. The mutant D263G mu-
tant impairs this interaction with the N-
terminus. (C and D) Three-dimensional
representation of the protein surface
on the secondary structure of VRK1 (C)
and variant VRK1-D263G (D). VRK1 =
vaccinia-related kinase 1.
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The behavior of the VRK1-D263G mutant protein is very
different in the MD simulation. Gly263 does not establish a
stable bond with the amino acids Arg3 or Lys5 in the amino-
terminus end; thus, the VRK1 N-term loop acquires a
completely different structural conformation, which can
alter the regulation of the activity or accessibility of sub-
strates to the active center (Figure 1, right) impairing its
functionality.

The VRK1-D263G Protein Is a Loss-of-Function
Variant
To determine the consequences of this amino acid change in
the VRK1 protein, we performed in vitro kinase activity and
protein stability assays. These VRK1 substrates included
p53,13 histones H316,28 and H2AX,17,19 53BP1 that is in-
volved in DNA repair,18,31 coilin that is the structural scaf-
fold protein of CBs,32,33 and ATF2,12 which can affect motor
neuron degeneration34 and axonal transport.35 All these
VRK1 substrates were phosphorylated by the wild-type
VRK1, but not by the VRK1-D263G variant nor the kinase-
dead VRK1-K179E (Figure 2), which was used as a negative
control.

In addition, we also tested whether the stability of VRK1-
D263G protein was altered. For this aim, cells were trans-
fected with HA-tagged VRK1 constructs and treated with
cycloheximide to block translation. A time curve was per-
formed with the wild-type VRK1, the variant VRK1-D263G,
and the kinase-dead VRK1-K179E14,36 proteins. The wild-
type and the variant proteins were equally stable, whereas the
kinase-dead VRK1-K179E was unstable (eFigure 2, links.lww.
com/NXG/A467) as predicted.10

VRK1-D263G Loss-of-Function Variant Impairs
the Assembly of CBs
CBs are assembled on coilin,37 which is regulated by its direct
phosphorylation on Ser184 mediated by VRK1.20,33 To study
the effect that the VRK1-D263G variant has on the assembly
of CBs, detected by coilin aggregation, we performed recue
experiments in Hela cells in which the endogenous human
VRK1 was depleted and replaced by transfection using plas-
mids expressing either the mVRK1 or the mVRK1-D263G
variant. In VRK1-depleted, the CBs were lost, but their as-
sembly was only rescued by the wild-type mVRK1, but not by
the mVRK1-D263G loss-of function variant or the kinase-
dead, mVRK1(K179E) (Figure 3). Therefore, we concluded
that in the patients carrying this homozygous variant, the
assembly of CBs is defective.

VRK1-D263G Loss-of-Function Variant Impairs
the Formation of 53BP1 Foci in Response to
DNA Damage
VRK1 regulates the response to DNA damage, and its de-
pletion impairs the assembly of 53BP1 foci induced by ion-
izing radiation or doxorubicin.18,19 Therefore, we studied the
effect of the VRK1-D263G variant on the response to DNA
damage induced by doxorubicin. For this aim, we generated
stable cell lines in A549 cells that express the mVRK1, the
variant (mVRK1-D263G), and the kinase-dead protein
(mVRK1-K179E) as control. In these stable cells lines, the
human endogenous VRK1 was depleted with 2 different
siRNA and followed by treatment with doxorubicin to induce
DNA damage, which was detected by formation of 53BP1
foci. In control cells or in the cells in which the wild-type
mVRK1 was used, the murine gene rescued the formation of

Figure 2 Kinase Assay of the VRK1-D263G Loss-of-Function Variant With Different Substrates

In all assays, a control was includedwith a kinase-dead vaccinia-related kinase 1–K179E protein and the indicated substrate. (A) Histone H3. (B) Histone H2AX.
(C) TP53. (D) p53 binding protein 1. (E) Coilin. (F) Activating transcription factor 2.

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

http://links.lww.com/NXG/A467
http://links.lww.com/NXG/A467
http://neurology.org/ng


53BP1 foci (Figure 4, left). However, the mutant mVRK1-
D263G, after depletion of the endogenous human VRK1, was
unable to rescue 53BP1 foci formation in response to doxo-
rubicin (Figure 4, right) and behaved like the kinase-dead
mVRK1(K179E). These results indicated that the VRK1-
D263G mutant is unable to respond to DNA damage.

Discussion
We have identified and functionally validated a novel patho-
genic homozygous variant in theVRK1 gene, associated with a
novel phenotype comprising HSP and intellectual disability.
Functionally, the role of VRK1 variants has to be interpreted

in the context of the protein complexes in which the VRK1
protein is integrated and in which some of its components are
regulated by this kinase. Particularly, if these interacting or
phosphorylation targets are also proteins already known to be
implicated in neurologic phenotypes. In this context, the
regulation of coilin, the scaffold of CBs, by VRK1 might be a
common central mechanisms. Among the components of
CBs are survival of motorneuron (SMN) associated with
SMA,38 ataxin associated with motor coordination alter-
ations,39 and some aminoacyl-tRNA synthetase, such as glycyl
tRNA synthetase which is associated with some forms of
CMT.40 The heterogeneity of the phenotypes can be a con-
sequence of the VRK1 variant itself and its effect on the dif-
ferent protein complexes in which it participates. This

Figure 3 Effect of VRK1-D263G Loss-of-Function Variant on the Formation of CBs

Endogenous human VRK1 was depleted in Hela cells followed by transfection with plasmids expressing murine wild-type mVRK1, mVRK1-D263G, or kinase-
dead mVRK1-K179E. In cells expressing the transfected murine construct, tagged with the HA epitope, the presence of CBs was determined. CBs were
detected by immunofluorescence. The quantification of cells with CBs is shown in the graph. ns: not significant. ***p < 0.001. The human andmurine proteins
were detected by immunoblot. CBs = Cajal bodies, mVRK1 = murine VRK1, VRK1 = vaccinia-related kinase 1.
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Figure 4 The VRK1-D263G Loss-of-Function Mutant Does Not Rescue 53BP1 Foci Induced by DNA Damage

Human stable A549 cell lines expressing murine VRK1 (wt, D263G or K179E) were depleted of the endogenous human VRK1 with two different siRNA. Cells
were treated with doxorubicin to induce 53BP1 foci. The immunofluorescence images show the 53BP1 foci. The graphs show the mean number, confidence
intervals, and percentiles of 53BP1 foci per cell. The immunoblots show the expression of the different VRK1 proteins in these cells. ***p < 0.001. 53BP1 = p53
binding protein 1; ns = not significant; VRK1 = vaccinia-related kinase 1.
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heterogeneity can also be modulated by the presence of var-
iants in other proteins that participate in these complexes.
Some of them can be related to the alteration in CB functions.
The loss of coilin can alter its interactions, and functions, with
SMN involved in SMA, valosin containing protein implicated
in ALS, or proteins such as glycyl tRNA synthetase involved
in some forms of CMT.

The VRK1-D263G variant causes a loss of CB assembly, an
effect shared with most of the known VRK1 pathogenic var-
iants.22 Residual CBs in coilin knock-out mice fail to recruit
small nuclear ribonucleoprotein and SMN,41 with which
coilin forms a bridge.42 A recent study has shown that the
compound heterozygous VRK1 (R291I, W254L) mutations
alter CBs formation in motor neurons.21 Furthermore, the
VRK1 (R358X) mutant alters neuronal migration that is
amyloid-beta precursor protein 1 dependent.23

Another pathogenic factor is represented by alterations in
DNA damage response (DDR) genes that are associated with
several neurologic and neurodevelopmental phenotypes.43

HSP paraplegia is caused by pathogenic variants in numerous
genes, mainly associated with pathways involved in lipid
metabolism, endosomal trafficking, and mitochondrial regu-
lation.44 Only 1 gene (AP5Z1/SPG48)45 has been associated
with DNA repair.46 This protein is very abundant in nuclei
and affects the motor neuron,3 but it is normal in these in
these patients. An important component of the phenotype
can be due to the role of the VRK1 variant in DDR31 as it
occurs with most of the VRK1 variants identified in patients
with motor neuron diseases.4,8,22 Among the proteins impli-
cated in DDR, 4 are direct phosphorylation targets of VRK1.
VRK1 regulates H2AX,17 Nijmegen breakage syndrome 1
(nibrin),36 53BP1,18 p53,13,15 and 53BP1.18,31 These proteins
are not phosphorylated by the variant VRK1-D263G, and
therefore, DDR response is defective, as shown by the lack of
53BP1 foci formation in response to DNA damage.

An alternative implication of VRK1 might be a consequence of
the loss of ATF2 activation, a transcription factor involved in
neurodegeneration and neurogenesis,47 which regulates neu-
ronal survival48 by playing a protective role.49 Pathogenically,
ATF2 also can have a role on axonopathies.50 In a murine
model, the loss of ATF2 causes motor neuron degeneration.34

The heterogeneity of the neurologic phenotype among dif-
ferent patients suggests that it may have 2 different pathogenic
components. One is the heterogeneity of the VRK1 variant, or
mutation, that although the protein complexes in which
VRK1 participates is affected, the effect might vary depending
on specific protein interactions or levels. Furthermore, this
clinical heterogeneity is likely to be determined by the com-
bination with variants in other genes in the patients, which
have not been identified. In this context, homozygous variant
VRK1-R358X has different clinical phenotypes. In 1 family,
the patient had SMA and pontocerebellar hypoplasia
(PCH1),4 whereas in an unrelated family, the patient bore

muscular atrophy and progressive hypotonia with decreased
deep tendon reflexes, severe nonprogressive microcephaly,
but normal intellectual development and no PCH1.51 The
clinical heterogeneity among patients with homozygous or
compound heterozygous VRK1 variants suggests that the
observed neuromotor phenotype has to be modulated by
variants in other genes that cooperate with VRK1 and which
have not been identified.

In conclusion, our study has identified an additional neuro-
motor phenotype, HSP, associated with a new VRK1 patho-
genic variant. VRK1 pathogenic variants cause several motor
neuron diseases such as SMA, CMT, HSP, and ALS, with a
variable clinical phenotype, both in type and severity. This
clinical heterogeneity of VRK1 neuromotor phenotypes is
likely to be determined by its cooperation with other genes.
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10. Valbuena A, López-Sánchez I, Lazo PA. Human VRK1 is an early response gene and
its loss causes a block in cell cycle progression. Plos One. 2008;3(2):e1642.

11. Kim YS, Kim SH, Shin J, et al. Luteolin suppresses cancer cell proliferation by
targeting vaccinia-related kinase 1. Plos One. 2014;9(10):e109655.

12. Sevilla A, Santos CR, Vega FM, Lazo PA. Human vaccinia-related kinase 1 (VRK1)
activates the ATF2 transcriptional activity by novel phosphorylation on Thr-73 and
Ser-62 and cooperates with JNK. J Biol Chem. 2004;279(26):27458-27465.

13. Vega FM, Sevilla A, Lazo PA. p53 Stabilization and accumulation induced by human
vaccinia-related kinase 1. Mol Cell Biol. 2004;24(23):10366-10380.

14. Sevilla A, Santos CR, Barcia R, Vega FM, Lazo PA. c-Jun phosphorylation by the
human vaccinia-related kinase 1 (VRK1) and its cooperation with the N-terminal
kinase of c-Jun (JNK). Oncogene. 2004;23(55):8950-8958.

15. Valbuena A, Vega FM, Blanco S, Lazo PA. p53 downregulates its activating vaccinia-
related kinase 1, forming a new autoregulatory loop. Mol Cell Biol. 2006;26(13):
4782-4793.

16. Kang TH, Park DY, Choi YH, Kim KJ, Yoon HS, Kim KT. Mitotic histone H3
phosphorylation by vaccinia-related kinase 1 in mammalian cells.Mol Cell Biol. 2007;
27(24):8533-8546.
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Abstract
Background and Objectives
Longitudinal measurements of brain atrophy using structural MRI (sMRI) can provide pow-
erful markers for tracking disease progression in neurodegenerative diseases. In this study, we
use a disease progression model to learn individual-level disease times and hence reveal a new
timeline of sMRI changes in Huntington disease (HD).

Methods
We use data from the 2 largest cohort imaging studies in HD—284 participants from TRACK-
HD (100 control, 104 premanifest, and 80 manifest) and 159 participants from PREDICT-HD
(36 control and 128 premanifest)—to train and test the model. We longitudinally register T1-
weighted sMRI scans from 3 consecutive time points to reduce intraindividual variability and
calculate regional brain volumes using an automated segmentation tool with rigorous manual
quality control.

Results
Our model reveals, for the first time, the relative magnitude and timescale of subcortical and
cortical atrophy changes in HD. We find that the largest (;20% average change in magnitude)
and earliest (;2 years before average abnormality) changes occur in the subcortex (pallidum,
putamen, and caudate), followed by a cascade of changes across other subcortical and cortical
regions over a period of;11 years. We also show that sMRI, when combined with our disease
progression model, provides improved prediction of onset over the current best method (root
mean square error = 4.5 years and maximum error = 7.9 years vs root mean square error = 6.6
years and maximum error = 18.2 years).

Discussion
Our findings support the use of disease progression modeling to reveal new information from
sMRI, which can potentially inform imaging marker selection for clinical trials.
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Identification of new biomarkers of disease progression is
crucial for the efficient design and execution of clinical trials in
Huntington disease (HD),1 and more broadly any neurode-
generative disease. Structural MRI (sMRI) measured at more
than 1 time point can provide continuous measures that track
disease progression (i.e., biomarkers), and methods such as
voxel-based morphometry can be used to directly estimate
longitudinal changes in sMRI data.2 Direct regression models
(i.e., those that do not account for hidden variables) have also
been used to model dynamic change in sMRI measures in
Alzheimer disease (AD),3 Parkinson disease,4 and HD.5

However, longitudinal analysis in medical data is confounded
by intersubject variability, measurement noise, and the lack of
a common reference timeline, as study participants are typi-
cally drawn from a mixture of unknown or broadly defined
disease times. This makes it difficult to establish a common
disease timeline and hence identify suitable markers of disease
progression for clinical trials. Moreover, both clinical trial
design and clinical practice would benefit from methods that
can position individuals along a common disease timeline to
inform cohort selection criteria and potentially assist in
prognosis, respectively.

Disease progression modeling addresses this problem using
computational methods to reconstruct long-term trajectories
from short-term data. There are numerous methods that
handle longitudinal data (i.e., more than 1 measurement per
individual), which have been applied to a wide range of
neurologic diseases to reveal new clinically useful information
(see reference 6 for a comprehensive review). The methods
most directly relevant to our work are continuous models of
biomarker dynamics, which have seen broad application in
AD.7-10 These models are regression based and typically in-
volve fitting parameters to data from multiple individuals to
reconstruct trajectories of clinical9 and mixed biofluid and
clinical and imaging markers.7,8,10 Notably, the authors in
reference 9 introduced an individual-level time-shift into their
regression model, allowing variability in the hidden individual-
level disease time to be estimated directly from the data. More
recently, Bayesian mixed-effects models with individual-level
time-shifts have been developed.11,12 These models can make
estimates of the shape and time scale of biomarker trajectories
in progressive diseases, at the expense of requiring sigmoidal
forms for the trajectories to be assumed a priori.

With respect to disease progression modeling in HD specifi-
cally, we previously trained an event-based model (EBM) to
estimate the hidden sequence of sMRI changes using cross-

sectional data from the TRACK-HD study.13 However, the
EBM does not model longitudinal information, which is
necessary to estimate the time between events and hence
identify potential biomarkers and make individual-level
prognoses. A continuous-time hidden Markov model was
applied to longitudinal clinical test score data from the Enroll-
HD study in HD.14 However, they did not perform any
out-of-sample cross-validation and provided only limited ex-
amples of the model’s predictive utility. Recently, the authors
of reference 15 developed a generative model of individual-
and group-level sMRI changes using a dynamic causal model
(DCM). They found heterogeneous trajectories in regional
volumes in a small (N = 49) gene-positive HD cohort from
the TRACK-HD and TRACKOn-HD studies.16,17 However,
the proposed DCM did not infer individual-level disease time,
which necessitated large numbers of time points per in-
dividual to capture disease progression (an average of 5.94
time points per individual were used). This limits the possible
cohorts that can be used to train the model, which by ex-
tension limits its broader applicability to unseen data, a key
requirement for model validation and clinical utility. Fur-
thermore, DCMs are based on parametric models and
therefore require hypothesis testing to identify the functional
form of each trajectory from the data. This typically limits
trajectories to a symmetric form (e.g., sigmoidal), which is a
reasonable assumption for brain volumes18 but precludes the
possibility of a trajectory havingmore than one time-dependent
rate of change (i.e., acceleration). Although not well reported,
multiple accelerations could be biologically feasible; for exam-
ple, if the rate of atrophy in a given brain region is changed by
external factors (such as accumulation of proteinopathies1).

A nonparametric approach to modeling longitudinal changes
is provided by Gaussian process (GP) regression, which al-
lows one to capture temporal covariance without making
limiting—and often unsuitable—a priori assumptions on the
form of the distributions generating observed data.19 A GP
model of normative individual-level changes in global gray
matter abnormalities was proposed by the authors of reference
20.However, thismodel did not account for individual-level time-
shifts and hence is not suitable for modeling disease pro-
cesses. The GP progression model (GPPM) formulates GP
regression within a disease progression modeling frame-
work, allowing for simultaneous inference of group-level
dynamics and individual-level time-shifts21; here, the au-
thors also demonstrate the GPPM’s capabilities in Alzheimer
disease. The GPPM has 3 key strengths: (1) unlike the EBM
in reference 13, it models temporal covariance, giving us

Glossary
AD = Alzheimer disease; CAG = cytosine-adenine-guanine; DCM = dynamic causal model; EBM = event-based model; GP =
Gaussian process; GPPM = GP progression model; HC = healthy control; HD = Huntington disease; PreHD = premanifest
HD; SDMT = Symbol Digit Modalities Test; SM = survival model; sMRI = structural MRI; SWRT = Stroop Word Reading
Test; TMS = Total Motor Score.
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information on the timescale of changes in HD; (2) unlike
the DCM in reference 15, it infers individual-level disease
time, allowing us to stitch together short-term measure-
ments into long-term trajectories; and (3) unlike either EBM
or DCM, it is nonparametric, allowing us to infer data-driven
trajectories without making a priori assumptions. Further-
more, GPPM is generative, meaning that it provides prob-
abilistic predictions and hence allows for direct
quantification of prediction uncertainty.

Here, we apply the GPPM to learn a common disease timeline
and hence model longitudinal trajectories of regional sMRI
markers in HD. Next, we use the disease timeline of sMRI
trajectories inferred by the GPPM to estimate, for the first time,
the relative timescale andmagnitude of regional volume changes
across the HD brain. Finally, we also demonstrate that the
GPPM can provide improved predictive utility of clinical onset
over the current state of the art. We use the 2 largest imaging
data sets in HD, TRACK-HD16 and PREDICT-HD,22 to train
and test theGPPM, respectively. These data sets also allow us to
test our model with unseen data from a completely separate
study, providing a realistic measure of its clinical predictive
utility, where individuals may be observed under completely
different conditions (e.g., place, time) than those used to train
the model. As such, we demonstrate the clinical validity and
utility of our findings, which have broad implications for the use
of sMRI markers in clinical trials and clinical practice.

Methods
Participants
We used T1-weighted 3T sMRI scans and genetic data (number
of cytosine-adenine-guanine [CAG] repeats) from 284 partici-
pants (100 healthy control [HC]; 104 premanifest HD
[PreHD]; and 80 manifest HD: HD) from the TRACK-HD
study16 and 1.5 T and 3 T sMRI scans from 164 participants (36
HC [23 at 1.5 T; 13 at 3 T]; 128 [111 at 1.5 T; 17 at 3 T]
PreHD) from the PREDICT-HD study,22 which corresponded
to all available participants with measurements at 3 consecutive
time points (baseline plus 2 follow-ups at 12-month intervals).
Summary demographic data are shown in Table 1. We have
previously studied these data sets in detail; see reference 23 for
more detailed inclusion criteria, demographics, image acquisition
protocols, and interstudy comparisons.

Standard Protocol Approvals, Registrations,
and Patient Consents
The TRACK-HD and PREDICT-HD study protocols were
approved by the local Research Ethics Committees, and
participants signed consents for both participation and to al-
low deidentified research data to be sent to collaborative in-
stitutions for analysis.

Image Analysis
We longitudinally registered scans to reduce intraindividual var-
iability using the SPM12 tool,24 including differential bias

correction for between timepoint scan inhomogeneities.25 Scans
were then postprocessed using the Geodesic Information Flows
segmentation tool26 to provide bilateral regional volume mea-
surements. Rigorous manual quality control was performed on
both the raw and processed images from every individual to
remove noisy images and failed segmentations. All volumes were
adjusted for covariates (age, sex, site, and total intracranial vol-
ume) by regressing against the HC group in each study sepa-
rately. Field strength was also included as a covariate in the
PREDICT-HD data set. We previously found consistent changes
in regional volumes in the PreHD groups between studies.23

Ten adjusted regions of interest were then selected based on
either clinical knowledge of HD pathology (caudate, putamen,
pallidum, ventricles, thalamus proper, and sensory motor; see
e.g., references 2, 27, 28) or to provide coverage of the 4 main
regions of the cerebral cortex (frontal, temporal, occipital, and
parietal). We trained GPPM using these volumes from gene-
positive (PreHD and HD) individuals from TRACK-HD and
tested GPPM using the PreHD group from PREDICT-HD.
The CAG data are reserved for model comparison to a
benchmark survival model (SM) that predicts time to onset
using individual-level age and CAG repeat count.29

Disease Progression Modeling
Longitudinal change in key regional volumes was modeled at
both the individual and group levels using the GPPM in-
troduced by the authors in reference 21. GPPM estimates a
common timeline across the population, as well as a time-shift
(position) for each individual along the timeline. Together,
this information provides a staging system, with individual
times given by the time-shift and prognosis given by the
timeline.

More formally, GPPM implements time-reparameterized GP
regression defined by the generative model:

yjðfjðtÞÞ = f ðfjðtÞÞ + νjðfjðtÞÞ + ε: (1)

Here, yj is the vector of regional volume measurements for
subject j, fjðtÞis the time reparameterization function for
subject j, f ðfjðtÞÞis the fixed-effect GP used to model group-
level trajectories, νjðfjðtÞÞis the individual Gaussian random
effect, and ε is time-independent measurement noise. The
time reparameterization function fjðtÞ = t + dj defines the
individual-level time-shift, dj, which is learned from the data.
The model therefore allows for estimation of both longitu-
dinal volumetric change at the group and individual levels and
individual-level time-shift along the predicted trajectory.
Furthermore, GPPM is formulated in a Bayesian framework,
allowing estimation of the uncertainty over predicted trajec-
tories. Monotonicity in the group-level volumetric evolution
was enforced by requiring the first derivative of the fixed-
effects function to be positive. Model parameters were esti-
mated using the Deep GP variational framework presented by
the authors in reference 30 and implemented in PyTorch
(pytorch.org).
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To define a common threshold for biomarker abnormality, we
shifted trajectories such that the magnitude of each trajectory
at t = 0 was equal to the mean volume of the biomarker for the
manifest HD group at baseline. After the GPPM was trained,
individual-level time-shifts in the test data were then esti-
mated as the time at which the difference between the average
fixed-effect trajectory and the individual regional volume
measurements was minimized. As such, GPPM could be used
in clinical practice to stage individuals using postprocessed
sMRI data from a single observation. This staging could then
be used to inform prognosis, based on their position along the
regional brain volume trajectories.

Data Availability
Anonymized data and documentation from this study can be
made available to qualified investigators on reasonable re-
quest. Such arrangements are subject to standard data sharing
agreements.

Results
Figure 1 shows regional brain volume trajectories in 10 key
anatomic regions inferred by GPPM in the TRACK-HD co-
hort. Uncertainty in the fitted models is obtained from 200
samples from the posterior. We assessed the quality of our
trained model using 10-fold cross-validation, which returned a
residual ratio σCV=σfull = 0:94, where σCV is the mean cross-
validated residual, and σfullis the residual when fitting to the
full data set, indicating high consistency of model hyper-
parameters. All regions show a monotonic change in volume
over a period of;11 years (difference between the maximum
and minimum individual-level times). Trajectories generally
follow an approximately sigmoidal form, except the lateral
ventricles that are initially flat before increasing rapidly ;2
years before onset. We quantitatively assess the degree of
nonlinearity for each trajectory by separately fitting a linear
model to the transformed data and calculating the difference
between this model and the GPPM trajectory (Table 2). We
find that the pallidum has the highest degree of nonlinearity,

followed by the lateral ventricles and sensory motor, with the
frontal region demonstrating the most linear change.

GPPM can also be used to estimate the most likely or-
dering of brain volume changes, by ordering volumes
according to the time at which each trajectory reaches its
maximum gradient (i.e., its change point). Figure 2A shows
boxplots of the maximum change time for 10 regional
volumes, inferred by drawing 1,000 samples from the
posterior for each region, and Figure 2B shows the average
magnitude of change for each region from the same set of
samples.

To qualitatively investigate the relationship between re-
gional volume changes and CAG repeat count, we trained
GPPM on subsamples of individuals grouped by CAG repeat
count in TRACK-HD. Figure 3 shows selected examples in
the pallidum, which generally shows faster and more severe
changes with increasing CAG repeat count, and the lateral
ventricles, which does not exhibit any qualitative de-
pendency. For the full set of regions, see eFigure 1 (links.
lww.com/NXG/A472).

To qualitatively evaluate the GPPM’s within- and out-of-
sample predictive utility, Figure 4A and B show the predicted
disease time probability density distributions for gene-positive
participants in the TRACK-HD and PREDICT-HD cohorts.
Individuals were first assigned the most likely time averaged
over all trajectories given their regional volume measure-
ments, and the time distribution probability density was then
calculated across the PreHD and HD groups using a non-
parametric density function (kernel density estimate). For the
TRACK-HD cohort, GPPM successfully clusters the PreHD
and HD subgroups, placing the PreHD group midway along
the trajectory and the manifest HD group at the end; in the
PREDICT-HD cohort, GPPM times the PreHD group on
average earlier than the TRACK-HD equivalent (TRACK-
HD PreHD mean time = −2.5 years; PREDICT-HD PreHD
mean time = −4 years).

Table 1 Demographic Characteristics for the TRACK-HD and PREDICT-HD Cohorts

Demographic characteristic HC (TRACK-HD) PreHD (TRACK-HD) HD (TRACK-HD) HC (PREDICT-HD) PreHD (PREDICT-HD)

N 100 104 80 36 128

Sex (F:M) 58:42 55:49 43:37 25:11 82:46

Age (mean ± SD) 46.3 ± 10.4 41.2 ± 8.8 48.5 ± 9.3 45.1 ± 10.9 41.5 ± 10.9

CAG (mean ± SD) — 43 ± 2.3 43.8 ± 3 — 42.5 ± 2.7

TMS (mean ± SD) 1.58 ± 1.76 2.57 ± 1.65 23.2 ± 10.9 3.54 ± 4 5.26 ± 4.67

SDMT (mean ± SD) 53.11 ± 9.3 51.2 ± 10.6 35 ± 10.4 52.6 ± 9.5 51.3 ± 9.9

SWRT (mean ± SD) 106.9 ± 16.4 99.4 ± 16.5 77.2 ± 20.7 102.1 ± 13.4 100.7 ± 16.1

Abbreviations: CAG = cytosine-adenine-guanine; PreHD = premanifest HD; SDMT = Symbol Digit Modalities Test; SWRT = Stroop Word Reading Test; TMS =
Total Motor Score.
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To quantitatively evaluate the GPPM’s out-of-sample pre-
dictive utility with respect to the state of the art in prediction
of onset, we compared GPPM with a benchmark

nonparametric SM based on age and CAG repeat count.29

Figure 5 shows boxplots of the difference (residual) between
the predicted and actual time to onset for each model. Here,

Figure 1 Regional Brain Volume Trajectories in the TRACK-HD Cohort

Regional brain volume trajectories in the TRACK-HD cohort. (A-J) Individual regional volume trajectories, with PreHD individuals in solid orange lines, HD
individuals in dashed red lines, GPPM average fit as a solid black line, and GPPM uncertainty as shaded red lines. (K) All regional volume trajectories overlaid.
Standardized volumes (y-axis) are shown, and the time-scale (x-axis) is centered such that t = 0when the fitted trajectory (black line) is equal to themean value
of the HD group. Uncertainty in the fit is shown as light shading about the mean and was estimated using 200 samples from the posterior. GPPM = Gaussian
Process Progression Model; HD = manifest Huntington disease; PreHD = pre-manifest Huntington disease.
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27 participants with PreHD at baseline from the PREDICT-
HD cohort who converted to HD at any follow-up (not just
within the 2 follow-ups used previously) are used to provide
out-of-sample data. For the SM, hyperparameters obtained by
the authors of reference 29 were used to parametrize the
probability of time to onset given age and CAG repeat length,
and 104 samples were drawn from this distribution to obtain a
mean predicted time to onset for each individual. For the

GPPM, we defined the onset for each regional volume at t = 0,
which corresponds to the mean volume for the manifest HD
group.

TheGPPM improves over the SM in terms of the absolute error,
with the GPPM returning an absolute median residual of 2.9
years (±0.9, 5) and the SM 3.2 years (±1.2, 5.2) (see Figure 5A).
However, the GPPM overestimated the time to onset (positive
difference), whereas the SM underestimated (negative differ-
ence); overestimation is likely due to event censoring in the data
(e.g., if individuals convert in-between visits), whereas un-
derestimation is likely because of systematic model bias. Fur-
thermore, theGPPMprovides a smaller spread than SM;GPPM
has root mean square error = 4.5 years and a maximum error of
7.9 years, whereas the SMhas root mean square error = 6.6 years
and a maximum error of 18.2 years. We further investigated the
relationship between actual and predicted time to onset using
linear regression; Figure 5B shows linear model fits for each
model, with 95% confidence intervals. Although neither model
shows significant coefficients, the GPPM does show a positive
gradient between predicted and actual time to onset (beta = 0.3,
p = 0.25), whereas the SM shows zero gradient (beta = −0.03,
p = 0.93).

Finally, we note that we found no significant relationships
under a fixed-effect linear regression of either actual or pre-
dicted time to onset and CAG repeat count, age, and their
interaction in participants with PreHD from either cohort at
baseline. A negative correlation between time to onset and
CAG repeat count would be expected (see e.g., reference 31),
but here significance in both the actual and predicted cases is

Table 2 Degree of Fitted Trajectory Nonlinearity by
Regional Volume, Estimated by Taking the
Residual Between the GPPM Trajectory and a
Linear Model

Regional volume Degree of nonlinearity

Pallidum 1.23

Lateral ventricles 1.08

Sensory motor 1.00

Parietal 0.99

Caudate 0.97

Putamen 0.94

Temporal 0.77

Thalamus proper 0.75

Occipital 0.63

Frontal 0.35

A value of 0 would indicate a perfectly linear fit.

Figure 2 Time and Magnitude of Regional Brain Volume Trajectories in the TRACK-HD Cohort

Time and magnitude of regional brain volume trajectories in the TRACK-HD cohort. (A) Predicted maximum change times for ten regional volumes from
genotype-positive trajectories in TRACK-HD. Box-plots represent themean, upper and lower bounds from 1,000 samples from the posterior. Extreme values
are represented as black circles, while the green bars indicate the medians. (B) Average magnitude of change of each volume.
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precluded by the small sample size. We also investigated the
relationship between predicted time to onset and 3 clinical
variables16: Total Motor Score (TMS), Symbol Digit Mo-
dalities Test (SDMT), and Stroop Word Reading Test
(SWRT). We found no significant associations between the
model predictions and TMS (beta = −0.16, p = 0.16), SDMT
(beta = 0.01, p = 0.8) or SWRT (beta = 0.05, p = 0.35), though
all associations were in the expected directions (eFigure 2,
links.lww.com/NXG/A472).

Discussion
We have used GPPM to gain new data-driven insights into the
spatiotemporal patterns of regional brain volume changes
underlying HD progression. Our observations point to an
informative method for selecting brain imaging markers for
tracking disease progression; for example, we propose that the
striatum (pallidum, caudate, and putamen) is most suitable
for tracking acceleration earlier in HD progression, whereas

Figure 4 Group-Level Staging Density in the TRACK-HD and PREDICT-HD Cohorts

(A) TRACK-HD and (B) PREDICT-HD. Distributions were fit using a nonparametric density function (KDE: kernel density estimate). HD = manifest Huntington
disease; PreHD = pre-manifest Huntington disease.

Figure 3 Selected Regional Brain Volume Trajectories by CAG Repeat Count in the TRACK-HD Cohort

Selected regional brain volume trajectories inferred by GPPM from gene-positive (PreHD and HD) individuals from the TRACK-HD cohort, grouped by
CAG repeat count. Standardized volumes (y-axis) are shown, and the time-scale (x-axis) is centered such that t = 0 when the fitted trajectory is equal to
the mean value of the HD group. Uncertainty in the fit is shown as light shading about the mean and was estimated using 200 samples from the
posterior. CAG = cytosine-adenine-guanine; GPPM = Gaussian Process Progression Model; HD = manifest Huntington disease; PreHD = pre-manifest
Huntington disease.
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the sensory motor and lateral ventricles can track acceleration
at later times. As such, our approach has potential application
in clinical trial design, where it could be used to identify the
most suitable marker at the most suitable time to observe the
effect of a given intervention. Moreover, we demonstrate that
GPPM can be used to predict clinical onset of HD more
accurately than the current state of the art. This supports the
use of sMRI, when combined with GPPM, for potentially
informing prognosis in clinical practice and stratification in
the clinical trial design.

GPPM allows us to obtain data-driven trajectories of sMRI
changes across the brain during the premanifest to manifest
period in HD (Figure 1). We observe nonuniform atrophy
across the brain (Figure 2B), with the largest changes
(;18%–22%) occurring in the striatum (caudate, pallidum,
and putamen), and gradual change (;7%–16%) across the 4
main regions of the brain (parietal, temporal, frontal, and
occipital), over a period of ;11 years. Our timescale agrees
with previously reported observations of the timescale of
sMRI changes in HD,32 where the authors reported that the
rate of putamen and caudate atrophy becomes significant
approximately 9 years and 11 years from estimated onset,
respectively. However, the authors in reference 32 used direct
regression methods applied to a small sample (N = 19) of
hand-picked individuals who were observed over the whole
period from premanifest to manifest HD. The GPPM side-
steps the need for tracking individuals across the premanifest
to manifest period, which is costly (both in terms of financial
and human resources) and potentially biased toward indi-
viduals who are willing and physically capable of being ob-
served over many years.

Similarly, although the DCM used by the authors in reference
15 does not directly infer a timeline, the cohort they use spans
10 years from premanifest to manifest HD, over which they

report ;20% change in subcortical volumes (putamen and
caudate), which agrees with our observations. However, we
observe much larger changes in cortical regions; for example, in
our analysis, the occipital region changes by 16% ± 3%, whereas
the occipital regions reported by the authors in reference 15
change much less (occipital gyrus: 7% ± 1%, occipital pole: 5%
± 1%). This is most likely because our model includes sub-
stantially more manifest HD individuals; the authors in refer-
ence 15 include only PreHD at baseline, although all
individuals underwent conversion to manifest HD over the
period of observation. This highlights another advance of our
analysis over previous analyses, as we can use GPPM to stitch
together short-term longitudinal data from individuals with
PreHD and manifest HD, allowing us to capture a broader
picture of dynamic changes.

We note that the magnitude of change we observe in the
striatum regions is larger than (approximately twice) that
reported by the TRACK-HD investigators over the same pe-
riod,2 Figure 2; compare differences between PreHD-A and
HD2 trajectories. This is to be expected, as the results from the
authors in reference 2 are for the mean of each diagnostic
group, whereas GPPM effectively sorts individuals by disease
time, therefore allowing us to measure change between early
PreHD and late HD individuals.

As shown in Figure 2A, GPPM predicts the earliest changes in
subcortical regions of the striatum (pallidum, putamen, and
caudate), followed by cortical regions (temporal, frontal, and
occipital), followed by the remaining regions (lateral ventri-
cles, sensory motor, thalamus proper, and parietal lobe).
These predictions largely agree with reported observations of
early change in the striatum in HD32-34 and in particular using
group-level analysis of voxel-based morphometry in the
TRACK-HD cohort16 (although the authors of that study
report earlier change in the occipital, which is likely because of

Figure 5 Predicted Time to Onset in the PREDICT-HD Cohort

(A) Difference (residual) between
actual and predicted time to onset
for GPPM and SM, for PreHD indi-
viduals from PREDICT-HD. Boxplots
show the median, first and third
quartiles, and outliers. (B) Predicted
and true time to onset for each
model. Fits are from fixed effect
linear models, with shaded bands
corresponding to 95% confidence
intervals. GPPM = Gaussian Process
Progression Model; SM = survival
model.
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variability in the signal from this region). Furthermore, we
have also reported predictions of early change in the striatum
using an EBM of regional brain volume changes in HD.13

Unlike our previous model, GPPM also provides the time-
scale of changes. In the TRACK-HD cohort, GPPM predicts
the maximum rate of change in the pallidum and putamen
;2 years before reaching the threshold for abnormality
(as described in the Methods section, we define this
threshold as the mean regional volume in the manifest HD
group). These changes are followed by a rapid cascade in the
remaining regions over a period of ;1 year. We note that
model inferences are limited by the training sample and that
TRACK-HD was designed to preferentially include a cohort
of PreHD individuals with a higher likelihood of converting
during the study16; as such, the GPPM time estimates are
likely shorter than would be expected from an average
PreHD individual.

GPPM also allows us to observe varying degrees of non-
linearity in both cortical and subcortical regions (Table 2).
Most subcortical regions (pallidum, caudate, putamen, and
lateral ventricles) exhibit nonlinear behavior except the thal-
amus proper, and most cortical regions (parietal, temporal,
occipital, and frontal) exhibit linear behavior except the sen-
sory motor. Combined with the timescale of changes, this
information has interesting implications for imaging marker
selection for clinical trials. For example, caudate volume
(which we previously identified as a strong candidate marker
for phase 1 and 2 trials26) exhibits accelerated volume loss;5
years before average abnormality. This acceleration would
need to be modeled when comparing treatment effects be-
tween groups, which motivates the use of nonlinear methods
such as GPPM that can capture nonlinearity, unlike standard
linear models.

A key genetic driver of HD progression is CAG repeat count,
which has a well-reported correlation with the rate of clinical
progression.31 With respect to sMRI volumetric change, the
authors in reference 15 found that the CAG repeat length is
related to the rate of cortical and striatal atrophy; this is a
strength of their modeling approach, which accommodates
individual-level covariates such as genetic burden. The asso-
ciation of brain volume loss on CAG repeat length in
TRACK-HD and TRACKOn-HD was also reported by.35

Although GPPM does not (currently) explicitly account for
individual-level covariates, we qualitatively investigated the
effect of CAG repeat count by training models on subsamples
grouped by CAG (Figure 3). In certain regions (e.g., the
pallidum) our results suggest a dependency of CAG on
the rate of volumetric change, whereas in other regions (e.g.,
the lateral ventricles), we did not observe any dependency.
However, we caveat these observations with the fact that they
are qualitative (e.g., no statistical hypothesis tests were per-
formed) and that our sample sizes are limited (for example,
the CAG = 50 group comprises N = 5 individuals; see eTa-
ble 1 [links.lww.com/NXG/A472] for the number in each
group).

After confirming model quality using cross-validation, we
used GPPM to infer individual-level disease times (Figure 4).
GPPMwas able to successfully stage the TRACK-HD PreHD
group at a later stage than the PREDICT-HD PreHD group,
which reflects our prior knowledge of differences between the
2 study cohorts; we have previously shown that the TRACK-
HDPreHD group has a higher disease burden (product of age
and CAG repeat length) than the PREDICT-HD PreHD
group.26 We also evaluated GPPMwith respect to clinical test
score data, which showed nonsignificant dependencies on
predicted time to onset, but in the expected directions.

We also demonstrated that GPPM can provide improved ac-
curacy of prediction of onset than the current benchmark on
out-of-sample data (Figure 5). Of interest, a similar trend was
reported by the authors in reference 10 in Alzheimer disease,
who found that their disease progression model overestimated
and SM underestimated time to onset, respectively, and the
disease progression model provided greater accuracy than the
SM. This may be due to the exponential form of SMs, which
allow for a longer tail of predictions further from onset (and
would explain the asymmetric distributions observed in
Figure 5A and presented by the authors of reference 10 in
Figure 6B).

There are 3 main limitations of our analysis. First, we only
analyze sMRImeasurements, as the focus was on investigating
regional brain volume changes in HD. However, GPPM can
easily accommodate any dynamic marker—such as other
imaging modalities, clinical test scores, and biofluids, as
demonstrated by the authors of reference 21. Note that our
use of an automated segmentation tool to obtain regional
volumes must be considered when interpreting the biological
relevance of our results. However, as noted by the authors of
reference 26, we limited potential biases due to automated
methods by performing rigorous manual quality control at
every step of the imaging pipeline. Second, GPPM currently
models only the individual-level time-shift, but not the
individual-level rate of change. We are therefore unable to
stratify individuals according to the rate of change in a given
marker, which is of interest for the clinical trial design, where,
for example, fast progressors might be excluded for a partic-
ular trial. However, although full Bayesian inference of the rate
and time-shift is challenging because of the interaction be-
tween the 2 variables, it would be reasonably straightforward
to add an additional variable in Equation 1 to account for
individual-level random effects such as genetic factors; this is
essentially the same approach used by the authors of reference
15. We propose possible extensions of GPPM such as this for
future work. Finally, we are limited by the data sets used to train
and test the model; the TRACK-HD cohort represents indi-
viduals who were likely to convert from PreHD to HD during
the scope of the study, and the PREDICT-HD cohort used here
entirely comprises PreHD individuals. To capture the full disease
timeline, a younger cohort—such as the HD-YAS cohort36—
would need to be included to cover the complete natural history
ofHD.We plan to combineHD-YASwith theTRACK-HDdata
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set in future work, which will allow us to uncover the natural
history of spatiotemporal sMRI changes across the preclinical
HD timeline.

Study Data and Code
Access to the TRACK-HD and PREDICT-HD data sets can be
requested via the study leaders (SJT and JSP, respectively). The
GPPM user interface is available at: gpprogressionmodel.inria.fr.
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Abstract
Background and Objectives
To date, all reports of pathogenic variants affecting the GTPase domain of theDNM1 gene have
a clinically severe neurodevelopmental phenotype, including severe delays or intractable epi-
lepsy. We describe a case with moderate developmental delays and self-resolved epilepsy.

Methods
The patient was followed by our neurology and genetics teams. After clinical examination and
EEG to characterize the patient’s presentation, we conducted etiologic workup including brain
MRI, chromosomal microarray, genetic and metabolic investigations, and nerve conduction
studies. Subsequently, we arranged an Intellectual Disability Plus Trio Panel.

Results
Our patient presented with seizures at 2 days old, requiring phenobarbital. She also had
hypotonia, mild dysmorphic features, and mild ataxia. Although initial workup returned un-
remarkable, the trio gene panel identified a de novo heterozygous pathogenic missense variant
in the DNM1 GTPase domain. Now 4 years old, she has been seizure-free for 3 years without
ongoing treatment and has nonsevere developmental delays (e.g., ambulates independently and
speaks 2-word phrases).

Discussion
Our case confirms that not all individuals with DNM1 pathogenic variants, even affecting the
GTPase domain, will present with intractable epilepsy or severe delays. Expanding the known
clinical spectrum of dynamin-related neurodevelopmental disorder is crucial for patient
prognostication and counseling.
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Up to 2% of patients with developmental epileptic enceph-
alopathies (infantile-onset refractory epilepsies with neuro-
developmental delays) have pathogenic variants in the
DNM1 gene (MIM: 616346).1 DNM1 encodes dynamin, a
brain-expressed GTPase essential for neurotransmitter vesi-
cle recycling after fusion with the presynaptic neuronal
membrane.2 DNM1 has 5 domains: a GTPase domain to fuel
vesicle scission, GTPase effector and middle domains for
oligomerization, and pleckstrin homology and proline-rich
domains for protein interactions.2 Most reported pathogenic
DNM1 variants have dominant-negative effects on the

GTPase domain,1,3 where dysfunctional vesicle recycling
results in synaptic dysfunction, leading to seizures and de-
velopmental delays.4 All reported patients with pathogenic
variants affecting the GTPase domain have severe neuro-
developmental phenotypes, with severe-to-profound in-
tellectual disability, global developmental delay (GDD), and
treatment-refractory seizures.4,5 In 2 cases with milder phe-
notypes, the variants did not involve the GTPase domain.6

We present an individual with a DNM1 pathogenic variant
affecting dynamin’s GTPase domain, with a nonsevere
phenotype.

Figure 1 EEG Findings

Awake EEG in anterior-posterior bipolar montage, showing (A) generalized seizure and (B) a 17-second seizure from the left temporal region.
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Methods
The individual was assessed by our neurology and genetics
teams over 9 visits. We conducted prolonged EEG, brain
MRI, chromosomal microarray, metabolic workup (plasma
amino acids, acylcarnitines, urine organic acids, very long
chain fatty acids, creatine kinase, urine creatine metabolites,
and urine purines/pyrimidines), testing for Angelman and
Rett syndromes, nerve conduction studies, and Intellectual
Disability Plus Trio Panel (Fulgent, Temple City, CA). Pa-
rental consent to disclose was received.

Results
Our patient is a 4-year-old girl, born at term to consanguineous,
healthy parents after an unremarkable pregnancy. At 2 days old,
she developed weekly focal motor seizures lasting 30 seconds.
By 1.5 months old, the episodes progressed to twice daily with
bilateral tonic-clonic convulsions. An initial examination
revealed hypotonia. Family history included 11 healthy siblings.

Prolonged EEG captured 2 seizures (Figure 1) and interictal
epileptiform discharges from the left temporal region. The

brain MRI was normal at 2 months old. She was started on
phenobarbital. After a 1-year seizure-free period, she was
weaned off phenobarbital, soon after which she experienced 2
further seizures; family declined restarting medication. Cur-
rently, she has been seizure-free for 3 years while off medi-
cation, so repeat EEG has not been conducted.

She sat unsupported, crawled, and walked at age 18 months,
2 years, and 3 years, respectively. She still used a palmar
grasp at age 2 years but scribbled at 4 years. She had 2 words
at age 2 years and 25 words at age 4 years, including 2-word
phrases. Developmental pediatric assessment at age 3.5
years confirmed GDD, with a 12–15-month functioning. At
age 4 years, she understands 2-step commands, makes eye
contact, reciprocates facial expressions, waves goodbye, and
plays with siblings. She uses utensils, recognizes animals,
and washes hands unassisted. She is not toilet-trained and
cannot copy shapes or dress herself. There have been no
regressions.

At age 4 years, head circumference was 50.1 cm (73rd per-
centile), height 95.8 cm (9th percentile), and weight 14.1 kg
(21st percentile). She had deep-set eyes, broad nose, tall

Figure 2 Genetic Testing Findings

Read depth encompassing the missense variant (red/green squares, chr9 g.130965888G>A) in the next-generation sequencing from the patient (top) as
compared with that from her parents (bottom two). Vertical gray lines indicate read depth. Horizontal blue and red lines indicate sequence reads aligned to
hg19 reference genome. Original image obtained from Fulgent, edited by authors.
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forehead, open mouth, borderline low-set ears, single palmar
creases, and mildly wide-based gait.

Nerve conduction studies, repeat brain MRI at age 2 years,
metabolic workup, and testing for Angelman and Rett syndromes
were unremarkable. Chromosomal microarray revealed a 226-kb
deletion on chromosome 6q12, likely benign. Multiple stretches
of homozygosity were identified, consistent with consanguinity.

Intellectual Disability Plus Trio Panel revealed a de novo het-
erozygous pathogenic missense variant in DNM1 (c.139G>A,
p.Val47Met) (Figure 2).

Discussion
Our case illustrates that DNM1 pathogenic variants do not
consistently result in intractable epilepsy or severe delays.
Similar to previous descriptions of DNM1 variants,1 our pa-
tient’s presentation included seizures, hypotonia, and ataxia.
However, unlike reported cases,3 her seizures resolved with-
out ongoing treatment, and her developmental delay is nei-
ther profound nor progressive.

Her specific variant results in a conservative amino acid
change in DNM1’s GTPase domain. This variant has been
reported in 2 other individuals, both more clinically severe.
One has ongoing seizures, moderate intellectual disability,
speech delay, macrocephaly, and hypotonia.7 The other has
epileptic encephalopathy, GDD, cerebellar ataxia, hypotonia,
and stereotypy (ClinVar). Our patient may have milder
phenotype because of various factors, including biological
(e.g., potential gene interactions resulting in differential
dynamin expression) and environmental (e.g., early inter-
ventions maximizing developmental potential) factors. De-
tailed molecular and functional analyses were not possible for
this clinical report.

In summary, we report a case of nonsevere developmental
delays and self-limited seizures associated with a pathogenic
variant affecting the GTPase domain of DNM1. This study
expands the clinical spectrum of dynamin-related neuro-
developmental disorders, suggesting that milder phenotypes
may be underreported. Understanding the variable phenotype
associated with DNM1, even within the same genotype, is in-
strumental for accurate prognostication and counseling because
not all individuals have severe delays or intractable seizures.
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The TWNK gene encodes Twinkle, the mitochondrial DNA helicase that cooperates with the
mitochondrial DNA polymerase (POLG) to maintain mitochondrial DNA integrity. Hetero-
zygous TWNK mutations cause autosomal dominant progressive external ophthalmoplegia
(PEO). Some patients with TWNK-linked PEO additionally develop late-onset neurodegen-
erative parkinsonism.1 However, little is known about the neuropathology of TWNK-linked
parkinsonism. In this study, we describe neuropathologic findings in a patient with PEO and
parkinsonism and a heterozygous TWNK mutation.

The proband, a 76-year-old Flemish woman, presented with a 1-year history of gait difficulties and
reduced facial expression. She reported no tremor, diplopia, autonomic symptoms, cognitive
complaints, hallucinations, or nightmares. She had undergone bilateral corrective upper eyelid
surgery because of ptosis at the age of 66 years and again at the age of 73 years. Clinical examination
showed limitation of eye movements in all directions, which could not be overcome by
oculocephalic maneuvers. Pupillary responses were normal. Speech was hypophonic, and there was
mild hypomimia. Finger tapping showed mild decrement on the right side. There was mild rigidity
in the right arm. She had no tremor. Gait was slowwith reduced stride length and reduced right arm
swing. Posture was stooped. Postural reflexes were normal. The Mini-Mental State Examination
(MMSE) score was 29/30. Proprioception was reduced in the distal legs. Muscle strength, tendon
reflexes, plantar reflexes, and coordination were normal. There was no muscle atrophy.

According to the patient, her mother, maternal aunt, and 2 of her 5 siblings also had bilateral
ptosis (eFigure 1A, links.lww.com/NXG/A447). An MRI examination of the brain showed mild
atrophy and white matter lesions, presumably due to small vessel disease (eFigure 1B), without
disproportionate midbrain atrophy. The 123I‐FP‐CIT SPECT revealed severely reduced puta-
minal binding bilaterally (eFigure 1C). EMG showed mild myopathic changes in proximal
muscles. TWNK sequencing showed a heterozygous c.1120C>T (p.R374W) mutation, pre-
viously reported as pathogenic.2 There were no mutations in POLG.

Levodopa had a favorable effect. Disease progression was slow. She developed freezing of gait
but no dyskinesias or dementia. TheMMSE score at the age of 82 years was still 27/30. She died
of pyelonephritis with sepsis at the age of 84 years.

Brain autopsy revealed obvious neuron loss in the substantia nigra, dentate nucleus, and
cerebellar Purkinje cell layer (Figure 1A and B, eFigure 2, links.lww.com/NXG/A447) and a
tauopathy with predominantly four-repeat tau lesions (Figure 1C–K, eFigures 2 and 3). These
lesions included threads, neuronal lesions in the form of neurofibrillary tangles (NFTs), pre-
tangles, and single ballooned neurons, and astroglial lesions with features of tufted astrocytes and
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subpial and perivascular thorn-shaped astrocytes. A few three-
repeat tau-positive threads and NFTs were also observed
(Figure 1I). The tau lesions were found in all brain regions
investigated except the occipital cortex (eTable 1) and were
positive for pS202/pT205-tau, pT231-tau, pS396/pS404-tau,
and, to a smaller extent, acetylated ac-K274-tau and tau with the
MC1 configuration previously proposed to be Alzheimer dis-
ease (AD)–specific (Figure 1D–K, eTable 2). Most severe tau
pathology was found in the substantia nigra and othermidbrain
nuclei, whereas the putamen and globus pallidus were only
mildly affected (eTable 1, eFigures 2 and 3). In the pons, tau
lesions were also positive for ubiquitin and phosphoubiquitin
(eFigure 4). TDP43 was seen in a few inclusions in subiculum/
CA1. Neuritic plaques or α-synuclein pathology were not ob-
served. Alzheimer-related pathology (Braak NFT stage II and
Thal amyloid phase 4) was prevalent. There was moderate
cerebral amyloid angiopathy of the noncapillary type, moderate
atherosclerosis of the circle of Willis, and severe small vessel
disease. The psoas muscle showed mild neurogenic changes
without obvious signs of a mitochondriopathy.

After the neuropathologic finding of a tauopathy, genetic analysis
ofMAPT, GRN, C90RF72, LRRK2, VPS35, PRKN, PINK1, and
PARK7 was performed, but no mutations were found.

The absence of Lewy pathology confirmed that the patient’s
parkinsonism did not represent coincidental idiopathic

Parkinson disease (PD) but was likely caused by the TWNK
mutation. Brain autopsy findings have previously been reported
in only 3 heterozygous TWNKmutation carriers. Two of these
3 cases did not have parkinsonism but, nevertheless, showed
loss of substantia nigra dopaminergic neurons, albeit without
Lewy or tau pathology.3 A very recent report described a
TWNKmutation carrier with PEO and parkinsonism who had
dopaminergic cell loss with Lewy pathology and no tau de-
position,1 in contrast with our case. Taken together, these cases
suggest that heterozygous TWNK mutations can cause dopa-
minergic cell death with either Lewy pathology or tau pathol-
ogy or with neither of these. Similar pathologic heterogeneity
has been observed in PD patients with LRRK2 mutations.4

The presence of mitochondrial dysfunction in this patient was
supported by detection of phosphoubiquitin, a marker of
PINK1-mediated mitophagy activation.5 Tau pathology was
previously also observed in a patient with a mutation in the
gene for the mitochondrial metalloprotease paraplegin
(SPG7).6 We cannot exclude the possibility that the unusual
pattern of tau pathology and neuron loss in our case was
unrelated to the TWNK mutation and resulted from co-
incidental parallel presence of multiple tauopathies such as
progressive supranuclear palsy (PSP), AD, and age-related tau
astrogliopathy. However, the tau pathology pattern was not
typical of PSP because of the only mild involvement of globus
pallidus and putamen7 and the multiple phenotypes of tau-

Figure 1 Neuropathologic Findings in the TWNK Mutation Carrier

(A) Reduced pigmentation of the substantia nigra
(arrows). (B) Loss of melanin-containing neurons
in the substantia nigra and detection of extra-
neuronal melanin (arrows), indicative of de-
generation of melanin-containing neurons. (C)
Schematic distribution of tau pathology in the
brain. Yellow indicates areas with mild tauopathy
manifestation, orange indicates those with mod-
erate, and red indicates those with severe tau
pathology. (D-G) Examples of different types of
tau lesions, as demonstrated with an antibody
against pSer202/pT205-tau: pretangles (arrow in
D), astrocytic tau lesions best fitting with the cri-
teria for astrocytic plaques (arrowhead in D),
tufted astrocytes (E), ballooned neurons (F), and
coiled bodies in the reticular part of the medial
longitudinal fascicle (G). (H–K) Molecular pattern
of tau pathology (see also eTable 2, links.lww.
com/NXG/A447): 4-repeat tau was observed in
the astrocytic plaque-like lesions (H), whereas 3-
repeat tau was observed only in neurofibrillary
tangles (I). Neurofibrillary tangles and threads
also exhibited theMC1-conformational epitope (J)
and acetylated acK274-tau (K).
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exhibiting astrocytes. Future work will need to elucidate the
role of mitochondrial failure in the etiology of tauopathies.
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