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EDITORIAL OPEN ACCESS

Genetic risk for Alzheimer disease affects
the brain throughout the lifespan
David E.J. Linden, MD, PhD

Neurol Genet 2020;6:e516. doi:10.1212/NXG.0000000000000516
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Dr. Linden
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Neuronal cell death and loss of synapses are hallmarks of the pathology of Alzheimer disease
(AD). The incidence of AD increases with age, and both regional and global brain atrophies
have been identified as pathological correlates. Thus, AD can, in many respects, be regarded as a
paradigmatic neurodegenerative disorder. However, disrupted function of the presenilin genes,
the most common cause of early-onset familial AD (FAD), can also affect brain development,
including early processes of neuronal migration and morphogenesis.1

Evidence for reduced brain volume has been observed in middle-aged patients with FAD2 and
even in infants carrying the apolipoprotein E (APOE) e4 allele,3 the main common variant
associated with late-onset AD (LOAD). Earlier neuropathologic work had identified neurofi-
brillary changes characteristic of AD in young adults, leading to the speculation that the brain
changes associated with AD may precede the clinical syndrome by up to 50 years.4 Converging
evidence thus suggests that AD develops through a protracted process of neuropathologic
changes that warrants a lifespan perspective.

The identification of additional common risk factors for LOAD and the development of
polygenic risk scores summarizing their cumulative effects has further boosted research into
the biological mechanisms of AD genetic risk. In this issue of Neurology® Genetics, Walhovd
et al.5 investigated the association between AD polygenic risk (including but not confined to
the APOE e4 variant) and hippocampal volume in 1,181 cognitively healthy people (some of
whom contributed multiple scans over a time period of several years) with a wide age range
(4–95 years). They confirmed the reduction in hippocampal volume found earlier in a
sample of young adults6 and, importantly, demonstrated that it was fairly consistent across
age groups. The absence of strong interaction effects with age would suggest that AD
polygenic risk mainly leads to an earlier onset of brain ageing (and loss of cognitive reserve)
rather than an accelerated ageing process, although more longitudinal data would be needed
to confirm this interpretation. What is also interesting about these findings is that, as the
authors rightly point out, they are at odds with an antagonistic pleiotropy account of ageing,
which posits that genetic variants that are detrimental in later life have a positive effect on
fitness earlier in life to remain in the gene pool of a species. At least regarding the brain
phenotype of hippocampal volume, there was no evidence of a beneficial effect of AD-related
genes earlier in life.

What, then, are the clinical implications of the identification of brain correlates of genetic AD
risk across the lifespan? One of the key approaches in the development and evaluation of new
treatments is based on the early identification of prospective patients before the onset of
clinically manifest symptoms. The biomarkers developed so far have limited clinical utility for
AD prediction7 and thus new multimodal approaches, incorporating both genetic risk scores
and parameters of neural structure and function, should be welcome. The lifespan focus of the
study by Walhovd et al. is particularly useful in this respect. Modifiable risk factors for AD
build up over years,8 and recent epidemiologic studies have highlighted the importance of
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dementia prevention in early life, for example, through the
enhancement of cognitive reserve.7 Although we are still far
away from any use of hippocampal volume as a clinical proxy
for cognitive reserve, the study by Walhovd et al. makes a
compelling case for further longitudinal research into links
between AD risk and brain structure.

Study funding
No targeted funding reported.

Disclosure
No relevant disclosures. Go to Neurology.org/NG for full
disclosures.
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Abstract
Objective
To describe a phenotype caused by ATP1A3 mutations, which manifests as dystonia, dys-
morphism of the face, encephalopathy with developmental delay, brain MRI abnormalities
always including cerebellar hypoplasia, no hemiplegia (Ø) (D-DEMØ), and neonatal onset.

Methods
Review and analysis of clinical and genetic data.

Results
Patients shared the above traits and had whole-exome sequencing that showed de novo
variants of the ATP1A3 gene, predicted to be disease causing and occurring in regions of the
protein critical for pump function. Patient 1 (c.1079C>G, p.Thr360Arg), an 8-year-old girl,
presented on day 1 of life with episodic dystonia, complex partial seizures, and facial dys-
morphism. MRI of the brain revealed cerebellar hypoplasia. Patient 2 (c.420G>T,
p.Gln140His), an 18-year-old man, presented on day 1 of life with hypotonia, tremor, and
facial dysmorphism. He later developed dystonia. MRI of the brain revealed cerebellar
hypoplasia and, later, further cerebellar volume loss (atrophy). Patient 3 (c.974G>A,Gly325Asp),
a 13-year-old girl, presented on day 1 of life with tremor, episodic dystonia, and facial dys-
morphism. MRI of the brain showed severe cerebellar hypoplasia. Patient 4 (c.971A>G,
p.Glu324Gly), a 14-year-old boy, presented on day 1 of life with tremor, hypotonia, dystonia,
nystagmus, facial dysmorphism, and later seizures. MRI of the brain revealed moderate cerebellar
hypoplasia.

Conclusions
D-DEMØ represents an ATP1A3-related phenotype, the observation of which should trigger
investigation for ATP1A3 mutations. Our findings, and the presence of multiple distinct
ATP1A3-related phenotypes, support the possibility that there are differences in the underlying
mechanisms.

*These authors contributed equally to the manuscript.
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The α3 subunit of the transmembrane Na+/K+ ATPase is the
main contributor in rapid restoration of neuronal membrane
potential after rapid depolarization. A reduction in the ac-
tivity of this subunit leads to different neurologic diseases.1

The classical spectrum of disorders related to ATP1A3
mutations includes rapid-onset dystonia parkinsonism
(RDP), alternating hemiplegia of childhood (AHC), cere-
bellar ataxia, areflexia, pes cavus, optic atrophy, and senso-
rineural hearing loss (CAPOS) syndrome, and multiple
other phenotypes.1,2 Here, we report 4 cases of ATP1A3
mutations with a unique clinical phenotype consisting of the
combination of 6 distinct features. These include dystonia,
dysmorphism of the face, encephalopathy with developmental
delay, brain MRI abnormalities always including cerebellar hy-
poplasia, no hemiplegia (Ø), and neonatal onset of symptoms.

Methods
To probe the potential effects of the variants, we performed
structure and structure/function analyses using the PyMOL
(pymol.org/2/) and Protein Data Bank databases (rcsb.org/).

Standard protocol approvals, registrations,
and patient consent
Patients’ guardians provided written consent, and their pro-
spectively collected data from our center and retrospectively
available data from previous centers were entered into our
institutional review board–approved database.

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

Results
Case series
Patient 1 is an 8-year-old girl born to healthy parents with no
family history of neurologic disorders (table 1). On day 1 of life,
limb and whole-body dystonia started and occurred multiple
times per day, 2–3 days a week. Each episode lasted 5–10
minutes. Episodes were often triggered by overstimulation and
were aborted by sleep (videos 1 and 2). Additional features that
started on day 1 of life and continued throughout infancy and
childhood include oculomotor abnormalities (nystagmus and
eye deviation) that have occurred daily, episodes of autonomic
dysfunction (flushing, sweating, and tachycardia) that have oc-
curred 2–3 times per week, and complex partial seizures that
have lasted a fewminutes each and have occurred up to 10 times
a day. Dysmorphic features included a high forehead with
bitemporal narrowing, broad nasal bridge, narrow palpebral

fissures, bulbous nasal tip, anteriorly facing nostrils, thickened
alae nasi, long philtrum, micrognathia, thin upper lip, prom-
inent lower lip, and incompletely formed antitragus and lower
part of the antihelix in the ear pinnae (figure 1).3,4 Scoliosis was
noted at 1 year of age. Brain MRI at 2 years of age revealed
global cerebral hypoplasia, prominent parietal lobe hypoplasia,
mild cerebellar hypoplasia, and pontine hypoplasia (figure 2A).
She has had no episodes of hemiplegia, although she has
quadriplegic episodes, occurring at most once a year, lasting for
a few minutes, and generally only triggered by painful stimuli.
She has continued to have daily complex partial and tonic
seizures refractory to medications. Developmentally, she is
nonverbal, nonambulatory, and hyperreflexic with clonus.
Whole-exome sequencing revealed an ATP1A3 de novo
missense heterozygous variant, c.1079C>G (p.Thr360Arg),
predicted to be disease causing and involving the cytoplas-
mic domain, an area responsible for adenosine triphosphate
(ATP) binding and subsequent phosphorylation-mediated
mechanisms. Threonine is a polar, noncharged, and hy-
droxylic amino acid, whereas arginine is a positively charged
and basic amino acid. The amino acid substitution is a
nonconservative change in a well-conserved residue within
the ATP binding site. In silico analysis predicts this variant
likely affects the secondary structure of its respective protein,
and thus, it is likely to be pathogenic. Mutations in the close
residues, 358 and 363, have been reported to cause early in-
fantile epileptic encephalopathy.5

Patient 2 is an 18-year-old man born to healthy parents with
no family history of neurologic disorders. On day 1 of life,
hypotonia and tremor were noted. Intermittent episodes of
flushing of extremities with, on examination, tactile coldness
and 1 complex partial seizure were noted at 2 months of age.
Alternating esotropia was noted at 5 months of age. Dys-
morphic features included long palpebral fissures and mildly
thick eyebrows. Brain MRI at 1 year of age revealed mild
cerebellar hypoplasia. Developmentally, the patient was slow
in gaining milestones. Ambulation started at 23 months of
age with a wide-based gait. He had hyperreflexia with clonus.
Fine motor movements have always been slow, and speech
has always been dysarthric. Progressive ataxia was noted
beginning at 6 years of age. Cognitively, he made some
progress during childhood but never progressed beyond the
first-grade level of function. Repeat brain MRI at 8 years of
age noted further cerebellar volume loss, indicating pro-
gressive cerebellar atrophy (figure 2B). Episodes of cervical
dystonia, lasting minutes to several hours, began in adoles-
cence and were often triggered by excitement or nervous-
ness. The patient also manifested mild kyphoscoliosis, which
was noted at 16 years of age. He has no history of hemiplegic

Glossary
AHC = alternating hemiplegia of childhood; ATP = adenosine triphosphate; CAPOS = cerebellar ataxia, areflexia, pes cavus,
optic atrophy, and sensorineural hearing loss; RDP = rapid-onset dystonia parkinsonism.
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or quadriplegic episodes. Whole-exome sequencing revealed an
ATP1A3 de novo heterozygous missense variant, c.420G>T
(p.Gln140His), predicted to be disease causing and involving
the M2 transmembrane domain. Glutamine is a polar molecule
with a high tendency for hydrogen bonding, whereas histidine is
a bulkier, positively charged amino acid that forms less hydrogen
bonds with surrounding elements. The amino acid substitution
is a nonconservative change in a well-conserved residue within
the M2 domain. In silico analysis predicts this variant likely
affects the secondary structure of its respective protein, and thus,
it is likely to be pathogenic. A differentmutation at the same site,
Gln140Leu, has been reported to cause AHC.5

Patient 3 is a 13-year-old girl born to healthy parents with
no family history of neurologic disorders. On day 1 of life, a
continuous tremor was noted as well as dystonic episodes
that involved tensing of the feet and curling of the toes. The
dystonic episodes would last several minutes. Dysmorphic
features included broad nasal bridge and tip, hypoplastic alae
nasi, slightly largemouth, and a thin upper lip. Developmentally,

ambulation and speech occurred at 15 months of age. She ac-
quired and subsequently lost the ability to write her name.
Diagnostic evaluation included a brain MRI at 9 years of age
revealing diffuse cerebellar hypoplasia. Repeat brain MRI at 13
years of age showed stable cerebellar hypoplasia and a small
pontine volume that was not captured by previous brain MRI
(figure 2C). She exhibits lower extremity spasticity, hyper-
reflexia, clonus, and a wide-based gait with ataxia. She has no
history of hemiplegia, abnormal eye movements, autonomic
dysfunction, or seizures. Whole-exome sequencing revealed an
ATP1A3 de novo heterozygous variant, c.974G>A (Gly325Asp),
predicted to be disease causing and involving the M4 trans-
membrane domain. Glycine is a small nonpolar amino acid,
whereas aspartate is a large polar amino acid with a negative
charge. The amino acid substitution is a nonconservative change
in a well-conserved residue within the M4 domain. In silico
analysis predicts this variant likely affects the secondary structure
of its respective protein, and thus, it is likely to be pathogenic.
This variant has been reported in the ClinVar database to cause
the CAPOS phenotype.6

Table 1 Clinical features of D-DEMØ

Case 1 Case 2 Case 3 Case 4

Features common to all 4 cases

Symptom onset: day 1 of lifea + + + +

Dystonia + + + +

Dysmorphism of the face + + + +

Encephalopathy (global delay) + + + +

Brain MRI abnormalities + + + +

Cerebellar hypoplasia + + + +

Other MRI abnormalitiesb + + + +

Ø hemiplegia (no hemiplegia) + + + +

ATP1A3 gene mutationc + + + +

c.1079C>G (p.Thr360Arg) c.420G>T (p.Gln140His) c.974G>A (p.Gly325Asp) c.971A>G (p.Glu324Gly)

Features present in some cases

Oculomotor abnormalities + + − +

Triggers + + − +

Seizures + + − +

Episodes of quadriplegia + − + −

Kyphoscoliosis/scoliosis + + − −

Autonomic dysfunction + + − −

Abbreviations: AHC = alternating hemiplegia of childhood; ATP = adenosine triphosphate; CAPOS = cerebellar ataxia, areflexia, pes cavus, optic atrophy, and
sensorineural hearing loss.
a Symptoms on day 1 of life included dystonia (cases 1, 3, and 4), tremor (cases 2, 3, and 4), hypotonia (cases 2 and 4), seizures (case 1), and nystagmus (case 4).
b Other brain MRI abnormalities included cerebral hypoplasia (cases 1, 2, and 4), cerebellar atrophy (case 2), and pontine hypoplasia (cases 1 and 3).
c In case 1, the mutation was in the ATP binding domain in between 2 previously reported mutations in positions 358 and 363. In case 2, the mutation was in
theM2domain close to theNa/K ion binding sites. Anothermutation in the same site was previously reported to cause AHC. In case 3, themutation was in the
M4 domain, and the samemutation was previously reported to cause CAPOS syndrome. In case 4, themutation also occurred in theM4 domain, and another
mutation in the same site was previously reported to cause AHC (please see text for details).
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Patient 4 is a 14-year-old boy born to healthy parents with no
family history of neurologic disorders. The mother’s pregnancy
was uncomplicated, other than increased amniotic fluid that was
noted toward the end of the pregnancy. On day 1 of life, epi-
sodes of bilateral lower extremity dystonia and hypotonia were
noted, in addition to bilateral tremor and atypical nystagmus.
Complex partial seizures started on day 2 of life and consisted of
circumoral cyanosis accompanied by unilateral arm stiffness and
lip smacking. Seizure frequency increased at around 6–7 years of
age, occurring up to twice a day and lasting for several minutes
each. He has had several episodes of status epilepticus. Seizures
decreased after starting clobazam to biweekly with a duration of
less than 1 minute each. He has had no episodes of hemiplegia.
Brain MRI at 7 years of age displayed moderate hypoplasia of
the cerebellum. The cerebral hemispheres also had mildly
prominent perivascular spaces but no focal parenchymal signal
abnormality. Dysmorphic features include a high forehead with
bitemporal narrowing, broad nasal bridge, slightly narrow pal-
pebral fissure, bulbous nose with anteriorly facing nostrils and
thickened alae nasi, thin upper lip, prominent lower lip, and

poorly folded pinnae. Developmentally, he remains unable
to sit independently, hyperreflexic with clonus, uses a
wheelchair, and never developed speech. Whole-exome se-
quencing revealed an ATP1A3 de novo heterozygous mu-
tation, c.971A>G (p.Glu324Gly), predicted to be disease
causing and involving the M4 transmembrane domain.
Glutamate is a negatively charged amino acid with high ten-
dency for interactions, whereas glycine is nonpolar, smaller
amino acid and contains no side chains, thus carries no steric
hindrance. The amino acid substitution is a nonconservative
change in a well-conserved residue within the M4 domain. In
silico analysis predicts this variant likely affects the secondary

Figure 1 Pictures of patients 1 and 4

(A and B) Facial features of patient 1 demonstrating a high forehead with
bitemporal narrowing, broad nasal bridge, narrow palpebral fissures, bul-
bous nasal tip, anteriorly facing nostrils, thickened alae nasi, long philtrum,
micrognathia, thin upper lip, prominent lower lip, and incompletely formed
antitragus and lower part of the antihelix in the ear pinnae. (C and D) Facial
features of patient 4 demonstrating a high forehead with bitemporal nar-
rowing, broad nasal bridge, slightly narrow palpebral fissure, bulbous nasal
tip with anteriorly facing nostrils and thickened alae nasi, thin upper lip,
prominent lower lip, and poorly folded ear pinnae.

Figure 2 Brain MRIs of patients 1–3

(A) Brain MRI of patient 1, taken at 8 years of age, showing mild cerebellar
hypoplasia and pontine hypoplasia. (B) Brain MRI of patient 2, taken at 8
years of age, showing moderate to severe cerebellar atrophy. (C) Brain MRI
of patient 3, taken at 13 years of age, showing severe cerebellar hypoplasia
with a smaller-than-expected pons.
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structure of its respective protein, and thus, it is likely to be
pathogenic. A different mutation at the same site, Glu324Gln,
has been reported to cause AHC.5

Structure/function relationship analysis of D-
DEMØ mutations
Table 2 shows results for the following parameters: allele
frequency in gnomAD, binary predictions from various pro-
grams, Combined Annotation-Dependent Depletion scores,
and the interpretation of the American College of Medical
Genetics and Genomics criteria with the categories we used to
make the call. The Na+/K+-ATPases are responsible for
maintaining sodium and potassium gradients across the cell
membrane. The Na+/K+-ATPases are composed of α, β, and
FXYD subunits. The α-subunit is encoded by ATP1A for
which there are 4 isoforms, ATP1A1–4. The primary se-
quences of the α-isoforms are highly conserved, especially
between isoforms 1–3. ATP1A3 is primarily expressed in the
brain, whereas the other isoforms are more widely expressed
across various cells (including muscle, brain, and sperm cells).

ATP1A can be divided into a membrane domain composed of
10 transmembrane helices, M1–M10, and 3 cytoplasmic do-
mains, N, P, and A domains.5,7 The N domain is the kinase
responsible for ATP binding, the P domain contains the con-
served aspartate residue that gets phosphorylated during the
catalytic cycle, and the A domain is responsible for phosphatase
activity.5,7 In the reaction cycle, 3 intracellular Na+ ions are
exchanged with 2 extracellular K+ ions. During the reaction
cycle, a conserved aspartate in the P domain, Asp366, is
phosphorylated when the α-subunit binds 3 Na+ ions, which is
later dephosphorylated with the binding of 2 K+ ions. Thus, the
P-cytoplasmic domain is central to the activity of the pump.

The 4 mutations identified in this study in ATP1A3 are in
residues that are conserved between the 4 isoforms of ATP1A
and also with other species, including porcine and shark
ATP1A. Three of the mutant residues are within 2 trans-
membrane helices, M2 (p.Gln140His) and M4 (p.Glu324Gly
and p.Gly325Asp). The fourthmutation, p.Thr360Arg, is in the
cytoplasmic domain that proceeds off of the transmembrane
domain M4 (figure 3). These mutations all lie in regions where
other disease mutations have been identified with a plethora of
disease mutations identified in M4 including a different disease
allele in Glu324, while the same Gly325 allele has been
reported to cause CAPOS syndrome.5–7 Disease mutations
have also been identified in M2, and an alternate disease allele
has been identified in residue Gln140. Two other disease
mutations have been identified around the Thr360 site of our
first patient—those in Gly358 and Ile363.

Glu324 is involved in binding Na+/K+ ion along with a number
of residues in transmembrane helices, M5, M6, and M8. As
such, it is no surprise that p.Glu324His is causative for the
disease. Likewise, p.Gly325Asp places a second negative charge
near the Na+/K+ binding site, and it is adjacent to M6. Al-
though it is difficult to predict the rotamer form of Asp325, the

extra charge is expected to disrupt the Na+/K+ binding site by
either directly interacting with the Na+/K+ or altering the
conformation of the Na+/K+ binding site.

Thr360 is in the P domain at the interface of the trans-
membrane domain and just 13 Å from a Na+/K+ binding site
in the P domain and about 14 Å from Asp366, which is
phosphorylated during the reaction cycle. The Na+/K+

binding site at this location has been shown to be involved in
the activation of dephosphorylation of Asp366 during the
reaction cycle, but the bound ions are not transported.8

Thr360 is at the end of the helix, which abuts M5 in which the
largest number of disease alleles has been identified.5,7 Thus, it
is likely that substitution of the large side chain of Arg for that
of Thr elicits structural changes of the Na+/K+ binding sites.

Gln140 is positioned in the transmembrane helix, M2, which
abuts M4 and M3, and is close to the cytoplasmic side of the
pump. The Na+/K+ binding site in the P domain is about 13 Å
from Gln140. Thus, p.Gln140His can affect both the ion
binding sites within the membrane domain and that in the
cytoplasmic domain.

Discussion
The cases we describe, summarized in table 1, do not fit the
AHC nor the RDP diagnostic criteria but do have some shared
features with each syndrome.2 Features shared with AHC in-
clude early onset of symptoms (4/4 patients), presence of
dystonia that is triggered by hyperexcitation and/or physiologic
or psychological stressors (4/4 patients), global developmental
delay (4/4 patients), seizures (3/4 patients), episodes of
quadriplegia (2/4 patients), and symptoms of autonomic dys-
function (2/4 patients).2,9 However, none of these cases have
the cardinal feature of AHC, which is episodes of alternating
hemiplegia. Furthermore, all 4 patients have cerebellar hypo-
plasia, which is found in only theminority of patients with AHC.
When comparing our patients with RDP, dystonia is a common
feature (table e-1, links.lww.com/NXG/A307). Hyperreflexia,
not a feature of AHC, is also shared with RDP. However, RDP
symptoms do not occur in the neonatal period or in childhood,
whereas in D-DEMØ, symptoms start at birth.10 These patients
have facial dysmorphism and early severe developmental delay
not present in RDP.10 Our patients are different from all the
other atypical cases in the literature that we could find pre-
viously reported due to ATP1A3 mutations. As seen in table 3,
all the atypical cases reported previously lacked 3–5 of the 6
cardinal D-DEMØ manifestations.11–15

Mutations of ATP1A3 cause reduction in enzyme activity and in
sodium-potassium transfer across the neuronal membranes.16–18

They also lead to increased excitability in the brain and abnormal
cerebellar Purkinje cell and deep nuclei neuronal firing.19–21

Most ATP1A3 mutations causing AHC affect an amino acid
located within a transmembrane domain, changing the config-
uration of the protein, and therefore affecting several factors such
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Table 2 Variant classification and analyses

Case 1 Case 2 Case 3 Case 4

Variant NM_152296.4:c.1079C>G (p.Thr360Arg) NM_152296.4:c.420G>T (p.Gln140His) NM_152296.4:c.974G>A (p.Gly325Asp) NM_152296.4:c.971A>G (p.Glu324Gly)

Genomic coordinates (hg19) chr19:g.42486173G>C chr19:g.42490319C>A chr19:g.42489089C>T chr19:g.42489092T>C

Coordinates 19-42486173-G-C 19-42490319-C-A 19-42489089-C-T 19-42489092-T-C

gnomAD v2.1.1 minor allele frequency 0 0 0 0

FATHMM-MKL Damaging Damaging Damaging Damaging

FATHMM Tolerated Damaging Damaging Damaging

LRT Deleterious Deleterious Deleterious Deleterious

MutationAssessor High High High High

MutationTaster Disease causing Disease causing Disease causing Disease causing

PolyPhen2-HDIV Probably damaging Probably damaging Probably damaging Probably damaging

PROVEAN Damaging Damaging Damaging Damaging

SIFT Damaging Damaging Damaging Damaging

CADD (Phred) 25.3 23.1 26.1 26.3

ACMG classification Likely pathogenic (PS2, PM2, and PP3) Likely pathogenic (PS2, PM2, and PP3) Pathogenic (PS2, PM1, PM2, PP3, and PP5) Pathogenic (PS2, PM1, PM2, PP3, and PP5)

Abbreviations: ACMG = American College of Medical Genetics and Genomics; CADD = Combined Annotation-Dependent Depletion; FATHMM = Functional Analysis through Hidden Markov Models; gnomAD = Genome
Aggregation Database; HDIV = HumanDiv Model IV; LRT = Logistic Regression Test; MKL= Multiple Kearnel Library; PolyPhen2 = Polymorphism Phenotyping v2; PROVEAN = Protein Variation Effect Analyzer; SIFT = Sorting
Intolerant from Tolerant.
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as binding toNa+ and K+, or transport of these ions in and out of
the cell.5,16,22 In RDP, which has a phenotype milder than AHC,
mutations are more evenly distributed across the ATPA13
protein.16 In 3/4 of our patients, the mutations occurred in a
transmembrane domain (M2 in case 2 andM4 in cases 3 and 4).
In only 1 of the 4 patients, case 1, the mutation occurred in the
intracellular domain just outside the transmembrane domains. It
should be noted that the transmembrane domains contain only
about 19% of the total number of amino acids in ATP1A3
(194/1,013).5,23 This is consistent with previous observa-
tions that mutations in the transmembrane domain are more
likely to cause more severe phenotypes.16

Sites of sodium and potassium binding are predominantly
clustered around transmembrane helices M4–M6 of the al-
pha subunit. The first sodium ion is localized to M4–M6, the

second localized to M4 and M6, and the third localized to M5,
M6, andM8. For potassium, the first ion is localized toM5 and
M6, whereas the second is localized to M4–M6 segments.
Analysis of the potential relationship of the positions of these
variants, and their effect on the polarity and other character-
istics of the amino acid residues, support pathogenicity as
discussed in the Structure/function relationship analysis of
D-DEMØ mutations section above.

The resulting clinical features in all 4 cases probably reflect a
shared pathophysiologic phenomenon at the level of the
Na+/K+-ATPase pump. This pump plays an essential role in
maintaining the excitatory-inhibitory balance in various brain
regions, which potentially could account for dystonia and sei-
zures manifested in our patients.18–21,24 ATP1A3 is highly ex-
pressed in cerebellar Purkinje cells.25 This could explain the

Figure 3 Model showing the location of the disease mutations in ATP1A

(A) The crystal structure of the Na+/K+-ATPase is shownwith subunits α (green), β (blue), and FXYD (purple). (B) This is an expanded image from “A” that shows
the positions of themutated residues. K+ is colored as a dark purple sphere, whereas the atoms of the diseased residues are spheres colored as orange, red,
and blue for carbon, oxygen, and nitrogen, respectively. The atoms for Asp366, the key residue that is phosphorylated during pump function, are colored as
red, light red, and blue, for carbon, oxygen, and nitrogen, respectively. The crystal structure is determined from porcine, PDB, and 4RES (rcsb.org/structure/
4RES). (C) Similar to “B,” except that it shows the crystal structure of the Na+/K+-ATPase with Na+ ions (dark purple spheres) bound, determined from porcine,
PDB, and 3WGU (rcsb.org/structure/3wgu). The primary sequence of ATP1A from the porcine protein in this structure is identical to that of ATP1A3 from the
human protein. This figure was made using PyMOL.32 Note, only the Na+/K+ ions bound to the transmembrane helices are transported during the pumping.
The Na+/K+ cations in close proximity to Thr360 play a structural role and are not pumped across the cell membrane. Their primary role is to facilitate the
phosphorylation process. PDB = Protein Data Bank.

Table 3 D-DEMØ vs spectrum of atypical cases

D-DEMØ
Atypical
case 19

Atypical
case 29

Atypical
case 310

Atypical
case 410

Atypical
case 510

Atypical
case 612

Atypical
case 713

Atypical
case 813

Symptom onset:
day 1 of life

+ − − + + − − − −

Dystonia + + + − + + + + +

Dysmorphism of
the face

+ − − − − − − + −

Encephaloathy
(global delay)

+ + + + + + + + +

Cerebellar
hypoplasia

+ − − + − − − − −

Absence of
hemiplegia

+ − − − − − − − +
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cerebellar hypoplasia observed in our patients. Although we
recognize that the MRI calls of “cerebellar hypoplasia” and
“pontine hypoplasia” are nonquantitative, the images pro-
vided in figure 2 support these findings. ATP1A3 is expressed
in utero in the human brain in multiple areas.26 This could
potentially explain the neonatal onset in all 4 patients and
the brain malformation in the first patient. ATP1A3 is also
highly expressed in brainstem nuclei.25 Given that congenital
cranial nerve pathology has been shown to result in facial
dysmorphism,27 and that ATP1A3 is also expressed in utero,26

this could potentially be the underlying mechanism behind the
facial dysmorphic features observed in our patients. Also, given
the increasing availability of the gene panel and whole-exome
sequencing testing coupled with increasing awareness of phe-
notypes caused by ATP1A3 mutations, it is evident that the
spectrum of manifestations secondary to these mutations will
continue to grow.2 D-DEMØ appears to be not only a different
but also a more severe phenotype than AHC, RDP, and
CAPOS.10,22,28–30 The different manifestations between these
syndromes suggest that their underlying mechanisms may
differ, thus supporting the investigation of their underlying
pathophysiologies.

We must consider the possibility of digenic or higher-order
polygenic/oligogenic etiologies. The unique features present in
our patients may not necessarily only be due to the mutation
itself but may be related to the interaction between genetic
background and the ATP1A3 mutations. This may explain
why some ATP1A3 mutations can cause different phenotypes
in different individuals such as AHC and RDP,1 or AHC and
D-DEMØ. It is known that there are many loci capable of
modifying the Na+/K+-ATPase–related manifestations,31 and
future investigations may provide additional insights for the
basis of multiple distinct syndromes and symptoms associated
with ATP1A3-related disease.

The persistent unique features coupled with the absence of
hemiplegia indicate the existence of a stand-alone phenotype
in our patients. Observation of this phenotype, with its neo-
natal onset and above distinct findings without hemiplegia,
should trigger investigation for ATP1A3 mutations.
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Abstract
Objective
We examine the hypothesized overlap of genetic architecture for Alzheimer disease (AD),
schizophrenia (SZ), and Parkinson disease (PD) through the use of polygenic risk scores
(PRSs) with the occurrence of hallucinations in PD.

Methods
We used 2 population-based studies (ParkWest, Norway, and Parkinson’s Environment and
Gene, USA) providing us with 399 patients with PDwith European ancestry and a PD diagnosis
after age 55 years to assess the associations between 4 PRSs and hallucinations after 5 years of
mean disease duration. Based on the existing genome-wide association study of other large
consortia, 4 PRSs were created: one each using AD, SZ, and PD cohorts and another PRS for
height, which served as a negative control.

Results
A higher prevalence of hallucinations was observed with each SD increase of the AD-PRS (odds
ratio [OR]: 1.37, 95% confidence interval [CI]: 1.03–1.83). This effect was mainly driven by
APOE (OR: 1.92, 95% CI: 1.14–3.22). In addition, a suggestive decrease and increase, re-
spectively, in hallucination prevalence were observed with the SZ-PRS and the PD-PRS (OR:
0.77, 95% CI: 0.59–1.01; and OR: 1.29, 95% CI: 0.95–1.76, respectively). No association was
observed with the height PRS.

Conclusions
These results suggest that mechanisms for hallucinations in PD may in part be driven by the
same genetic architecture that leads to cognitive decline in AD, especially by APOE.

From the Department of Epidemiology (C.D.J.K., K.C.P., A.D.F., B.R.R.), UCLA Fielding School of Public Health, Los Angeles, CA, USA; Department of Human Genetics (C.D.J.K., J.S.S.),
David Geffen School of Medicine, Los Angeles, CA; Department of Neurology (A.M.K., J.M.B., B.R.R.), David Geffen School of Medicine, Los Angeles, CA; Parkinson’s Disease Research
(A.M.K.), Education, and Clinical Center, Greater Los Angeles Veterans Affairs Medical Center, Los Angeles, CA; Brain Research Institute (J.M.B.), University of California, Los Angeles, CA;
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Parkinson disease (PD) is the second most common neuro-
degenerative disease worldwide after Alzheimer disease (AD).
Associated with a decreased health-related quality of life and
increased mortality, hallucinations are an important non-
motor symptom among patients with PD.1,2

Prolonged disease duration is a major risk factor for halluci-
nations, and one hypothesis is that neurodegenerative
changes are responsible for the onset of hallucinations. A well-
known disease with hallucinations is schizophrenia (SZ), al-
though hallucinations in SZ differ in characteristics from those
in PD. Furthermore, hallucinations often co-occur with cog-
nitive decline, and the genetic underpinnings of the patho-
mechanisms related to AD or SZ may be relevant.3,4

Studies aimed to identify genetic risk factors for hallucinations
reported conflicting results, as discussed in various review
articles.5–7 However, these studies tested candidate genes, and
no study has taken a comprehensive look at the genetic ar-
chitecture of SZ, AD, or PD using polygenic risk scores
(PRSs) and their association with hallucinations among pa-
tients with PD.

Here, we used existing genome-wide association study
(GWAS) results from large consortia for AD, SZ, or PD to
first create PRS. Then, we examined the hypothesized overlap
between genetic burdens for AD, SZ, and PD susceptibility
and hallucinations among patients with PD using 2 longitu-
dinal studies of PD progression.

Methods
This study combines 2 separate population-based patient
cohorts: The Parkinson’s Environment and Gene (PEG)
study and the Norwegian ParkWest (PW) study.

The PEG study began as a population-based case-control
study among residents of the Central Valley of California,
United States. The specifics of this study have been described
previously.8 In this article, we used information from the
cohort of patients with PD that was followed between 2001
and 2019. These patients with PD were clinically classified by
movement disorder neurologists as probable idiopathic PD
according to published criteria.9 See extensive information
regarding the patient recruitment in appendix e-1, links.lww.
com/NXG/A297. In total, for the PEG study, we followed
434 patients with PD who provided information about the
presence or absence of hallucinations.

The PW study is a longitudinal, population-based cohort of
patients with PD and noncases in South and West Norway.10

All patients with incident PD diagnosed between November
2004 and August 2006 were approached for this study. Pa-
tients with PD are currently under continued follow-up, and
only those with a confirmed diagnosis of PD at their latest or
final clinical visit were eligible for this study. Here, we in-
cluded data from 191 patients at baseline and 159 patients
seen at a 5-year follow-up visit.

The presence of hallucinations was assessed using the
Movement Disorder Society–Unified Parkinson Disease
Rating Scale (MDS-UPDRS) in PEG, whereas PW used the
UPDRS.11,12 The presence of hallucinations was considered
positive when a patient or caregiver indicated the presence of
illusions, hallucinations, and/or psychosis over the past week.
To achieve consistency between studies in terms of disease
duration for the assessment of hallucination, we used in-
formation provided at the first follow-up visit by PEG patients
(on average 5.7 years after diagnosis) and from the 5-year
disease duration mark for PW patients.

Genetic data
Blood samples from both studies were genotyped using a
genome-wide single nucleotide polymorphism (SNP) array.
The PEG study used the Global Screening Array (GSA;
Illumina, Inc) chip and the PW study the Illumina Infinium
OmniExpress. For pre- and post-imputation quality control,
see appendix e-1, links.lww.com/NXG/A297. Phasing was
performed using ShapeIT v2.r790,13 and the reference panel
was HRC.r1.2016.14 We imputed SNPs using the Michigan
Imputation Server, which uses Minimac3 for imputation.15

We restricted to 5,400,408 SNPs that were available in both
data sets. All quality control was performed using Plink 1.9.16

For family members with estimated kinship of 12% or more
(reflecting second-degree relatives or more closely related)
based on estimated IBD,16 one individual was randomly se-
lected to remain in the study. Fractional ancestry among all
individuals was estimated using hidden Markov modeling and
clustering (Structure 2.3.4).17 We restricted the analysis to
individuals classified as the European super-population, and in
the analysis, we adjusted using the fractional ancestry.

After quality control, 524 patients with PD, followed longi-
tudinally, had provided both genotyping and hallucination
information (390 in PEG and 133 in PW); of these, 447 were
of European descent. We then excluded 48 patients with PD

Glossary
AD = Alzheimer disease; aOR = adjusted odds ratio; CI = confidence interval;GWAS = genome-wide association study;MDS-
UPDRS = Movement Disorder Society–Unified Parkinson Disease Rating Scale; MMSE = Mini-Mental State Examination;
PD = Parkinson disease; PEG = Parkinson’s Environment and Gene; PK = ParkWest; PRS = polygenic risk score; SZ =
schizophrenia.
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who were diagnosed at or before age 55 years to exclude
potential hereditary, nonidiopathic PD leaving 399 patients
with PD.

Standard protocol approvals, registrations,
and patient consents
All study protocols regarding human subjects have been ap-
proved by their local institutional review board, and written
consent was given by all participants.

Creation of PRSs
Four weighted sum PRSs were created using PRSice 2.1.818

based on 4 distinct sets of the GWAS, i.e., using SNPs and
effect sizes found with the GWAS of AD, SZ, PD, and for
height as a negative control. Each PRS is described in detail in
appendix e-1, links.lww.com/NXG/A297. We clumped the
data to take linkage disequilibrium into account, based on an
R-squared threshold of 0.5, without a p value threshold. The
final PRS included variants that had a p value less than of 5 ×
10−8 in the previously performed GWAS. The allelic weights
were based on the effect estimates from previous large-scale
GWAS data,19–27 and for AD a large meta-analysis that spe-
cifically estimated the effect size for the APOE allele.28 The
final score for each individual in the PD progression sample
was the sum of the number of risk alleles for that individual
weighted by each β-coefficient (log of the odds ratio). Each set
of PRS values was then standardized using z-transformations.
For specific details of each PRS, please see the additional
information in appendix e-1, links.lww.com/NXG/A297.

Analysis
We performed logistic regression analysis using each PRS as a
covariate and the presence of hallucinations among patients
with PD during follow-up as the outcome. All analyses addi-
tionally included sex, fractional ancestry, age at diagnosis,
disease duration at the time of assessment for hallucinations,
and study as potential confounders through the use of a
propensity score. We restricted the analysis to those individ-
uals diagnosed after age 55 years. All analyses were performed
using SAS 9.4 (SAS Institute, Cary NC).

Sensitivity analysis
As sensitivity analyses, we also performed logistic regression
analyses with the total population, and a subpopulation di-
agnosed at or after age 60 years. In addition, we performed
logistic regression analysis adjusting for various confounders
and/or risk factors for hallucinations to further explore the
influence of potential confounding.

For the PRS, we used a genome-wide p value threshold of 5 ×
10−8. However, the p values in the GWA studies depend on the
sample size, the effect size of the allele, and the type of outcome
(continuous vs dichotomous). As this differed between the 4
GWASs, it is difficult to compare the PRSs with each other.
Therefore, as part of our sensitivity analyses, we created 4 PRSs
with the top 75 SNPs. Furthermore, we created PRSs with
different p value thresholds (1 × 10−8, 1 × 10−7, 1 × 10−6, 1 ×
10−5, and 1 × 10−4).

Moreover, we removed patients who reported illusions (or
slight to mild hallucinations among PW patients as this
study did not differentiate between illusions and halluci-
nations) to examine findings among those with formed
hallucinations only. In addition, we performed an ordinal
logistic regression to evaluate associations with severity
of hallucinations symptoms. Finally, to determine whether
these PRSs were associated with PD susceptibility as
well as hallucinations, we performed logistic regression
analysis to assess the association between the PRS with PD
status among PEG patients and controls (restricted to
European ancestry only and those diagnosed at or after age
56 years).

Data availability
Access to deidentified data related to this study will be made
available on agreement and material transfer agreements.
Requests can be made to B.R. for clinical data of PEG, to C.L.
and B.R. for genetic data of PEG, and to J. M-G. for clinical
and genetic data of the PW study.

Results
There were 281 patients with PD of European descent in PEG
and 118 in the PW study, totaling 399 patients with PD of
European ancestry. After on average 5.5 years of disease du-
ration, hallucinations were prevalent in 53 patients (13%)
during the past week at the time of their follow-up visit (table
1). Among those with hallucinations, 38 patients (72%)
reported illusions or hallucinations with insight, whereas 15
patients (28%) had severe hallucinations with loss of insight,
psychosis, or delusions.

The results of the PRS associations with hallucinations are
provided in table 2. An increase in 1 SD in the AD-PRS was
associated with a 37% increase in the odds of hallucinations
(95% confidence interval [CI]: 1.03–1.83, table 2). The
APOE-PRS of hallucinations based on APOE status alone
(summing the risks for e4 or e2 alleles) showed strong effect
estimates, i.e., we estimated a 92% increase in odds of hallu-
cinations for an increase in 1 point of theAPOE-PRS (which is
equivalent to 1APOE-e4 allele, 95%CI: 1.14–3.22). However,
the AD-PRS on exclusion of the APOE signal also showed an
association with hallucinations (adjusted odds ratio [aOR]:
1.34, 95% CI: 1.00–1.79).

The SZ-PRSwas associated with a 23% decrease in odds (95%
CI: 0.59–1.01), and every SD increase in the PD-PRS was
associated with a 29% increase in the odds for the presence of
hallucinations, but the 95% CI is wide (95% CI: 0.95–1.76).
The height PRS was not associated with hallucinations in any
of our analyses.

There was no collinearity between the 4 PRSs. When we
combined all 3 PRSs (AD, SZ, and PD-PRS) in the same
model, the effect estimates and CIs were very similar (table 2).
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Table 1 Characteristics of patients with PD of European ancestry, diagnosed after age 55 years, stratified by study

Study

TotalPEG PW

No. %/SD No. %/SD No. %/SD

No. of patients with PD 281 118 399

At baseline

Age at diagnosis 69.0 7.2 68.7 7.1 69.0 7.2

Male sex 165 58.7 73 61.9 238 59.7

Smoking status

Never smoker 159 56.6 60 50.9 219 54.9

Former smoker 120 42.7 46 39.0 166 41.6

Current smoker 2 0.7 12 10.2 14 3.5

Years of schooling 15.1 3.7 11.3 3.2 13.9 4.0

Disease characteristics at baseline

UPDRS motor score 19.2 9.9 21.5 9.3 19.9 9.8

Motor phenotype

PIGD 155 55.2 47 39.8 202 50.6

TD 80 28.5 57 48.3 137 34.3

Intermittent/combination 46 16.4 14 11.9 60 15.0

Hoehn and Yahr ≥3 32 11.6 8 6.8 40 10.1

Total levodopa dosage in mg 372 303 NA 372 303

MMSE 28.3 1.9 27.8 2.3 28.2 2.0

RBD 47 18.0 13 11.0 60 15.8

At first follow-up (PEG study) or 5-year follow-up (PW study)

Hallucinationsa 38 13.5 15 12.7 53 13.3

Hallucinationsa—severity

None 243 86.5 103 87.3 346 86.7

Slight—illusions without loss of insight 19 6.8 0 0.0 19 4.8

Mild—formed hallucinations without loss insight 14 5.0 0 0.0 14 3.5

Mild or slightb 0 0.0 5 4.2 5 1.3

Moderate—formed hallucinations with loss insight 5 1.8 9 7.6 14 3.5

Severe—delusions or paranoia 0 0.0 1 0.9 1 0.3

Disease duration 5.7 2.4 5.0 0.1 5.5 2.0

Hoehn and Yahr ≥3 72 26.8 31 26.3 103 26.6

Total levodopa dosage in mg 624 540 568 326 607 486

UPDRS motor score 24.0 12.0 27.1 13.2 24.9 12.4

MMSE score 27.9 2.5 26.2 4.4 27.4 3.2

Depressiona 112 39.9 44 37.3 156 39.1

Cognitive impairmenta 148 52.7 54 45.8 202 50.6

Anxietya 95 33.8 NA 95 33.8

Apathya 92 32.7 75 63.6 167 41.9

Abbreviations: MDS-UPDRS = Movement Disorder Society–Unified Parkinson Disease Rating Scale; MMSE = Mini-Mental State Examination; NA = not
available; PD= Parkinson disease; PEG =Parkinson’s Environment andGene; PIGD=postural instability and gait disturbance; PW=ParkWest; RBD=REMsleep
behavior disorder; TD = tremor dominant.
a These characteristics were evaluated with the (MDS)-UPDRS questionnaire. The UPDRS score was recoded to the MDS-UPDRS score, when possible.12

Patients with PD who recorded slight to moderate symptoms of each neuropsychiatric characteristic are combined in this table.
b In contrast to the MDS-UPDRS, the UPDRS questionnaire did not differentiate between illusion and hallucinations without a loss of insight.
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However, the 95% CIs for the SZ- and PD-PRS (but not the
AD-PRS) included the null.

Results sensitivity analyses
Using different subpopulation samples, the results remained
similar (table 3). The estimated effect sizes for the AD-PRS,
SZ-PRS, and APOE-PRS appeared slightly weaker in the total
sample and stronger in the subsample diagnosed at or after
age 60 years. The effect estimates for the PD-PRS and hal-
lucinations were slightly stronger in the total population.

Adjusting for cognitive status, measured with theMini-Mental
State Examination (MMSE) and assessed at the time col-
lecting hallucination information, strengthened the effect es-
timate for the AD-PRS and the PD-PRS with hallucinations
(AD-PRS: aOR 1.50, 95% CI: 1.10–2.05; PD-PRS: aOR 1.42,
95% CI: 1.01–2.00). Restricting to a population without
cognitive decline (MMSE score ≥25) limits the sample size to
only 37 patients with PD with hallucinations, but the effect
estimates were similar to those after adjustment for MMSE
(AD-PRS: aOR 1.45, 95% CI: 1.03–2.05; PD-PRS: aOR 1.56,
95% CI: 1.04–2.33). Adjusting for other risk factors did not
change the effect estimates, although adjusting for UPDRS
motor score widened the CI slightly (see table e-1, links.lww.
com/NXG/A293). In addition, when adjusting for additional
variables, especially rapid eye movement sleep behavior dis-
order and the neuropsychiatric characteristics, such as cog-
nitive decline, depression, apathy, or anxiety scores (see table
e-1), the associations between the PD-PRS and hallucinations
remained similar, but the CIs narrowed.

As another sensitivity test, we also created multiple PRSs with
various p value thresholds (table 4). Point estimates and SDs
varied only slightly for the AD-PRS, PD-PRS, SZ-PRS, and
height PRS, respectively, suggesting that a relatively small
number of SNPs selected according to genome-wide statisti-
cally significant p value thresholds suffices. Specifically, adding
SNPs by increasing the p value threshold appears to add
precision for some (e.g., AD-PRS), but not all, PRSs. In ad-
dition, when we created PRSs with the top 75 SNPs from
GWAS data, the AD-, SZ-, and PD-PRS effect estimates
remained essentially the same—albeit CIs widened—and the
height PRS remained unassociated with hallucinations
(table 4).

After removing patients with PD who reported illusions, only
29 patients with PD reported formed hallucinations. Although
this decreased statistical power, the effect estimates and CIs
remained very similar (see table e-2, links.lww.com/NXG/
A294). The effect estimates also remained very similar when
modeling the severity of hallucinations with the PRS in an
ordinal logistic regression analysis (see table e-3, links.lww.
com/NXG/A295).

Finally, we also assessed the association between each PRS
and a PD diagnosis in the PEG study, using 1,000 individuals
(484 patients with PD and 516 controls) with a diagnosis (or
interview age for controls) at or after age 56 years. The only
PRS we found to be associated with an increased risk for a PD
diagnosis was—as expected—the PD-PRS (see table e-4,
links.lww.com/NXG/A296).

Table 2 Logistic regression for the association between schizophrenia–PRS, Alzheimer disease–PRS, PD-PRS, and the
height PRS and hallucinations among 399 patients with Parkinson disease from the 2 cohorts combined
(Parkinson’s Environment and Gene and ParkWest)

No. of SNPs aOR 95% CI

Each PRS separately

Alzheimer disease 92 1.37 1.03 1.83

APOE 2 1.92 1.14 3.22

Schizophrenia 328 0.77 0.59 1.01

Parkinson disease 181 1.29 0.95 1.76

Height 12,688 1.00 0.74 1.35

Joint analysis of the 3 PRSs

Alzheimer disease 92 1.39 1.04 1.86

Schizophrenia 328 0.79 0.60 1.05

Parkinson disease 181 1.29 0.94 1.78

Abbreviations: aOR = adjusted odds ratio; CI = confidence interval; PRS = polygenic risk score.
Fifty-three patients reported hallucinations (13.3%).
PRSs were created using a p value threshold of 5 × 10−8.
The APOE-PRS is based on rs429358 and rs7412, where each apoe4 allele increases risk (β: 1.327), whereas each apoe2 allele decreases risk (β: −0.598)
compared with apoe3.
The logistic regression analyseswere adjusted for sex, fractional ethnicity, age at diagnosis, disease duration, and study through the use of a propensity score.
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Discussion
We studied whether genetic risk architecture of AD, SZ, and
PD is associated with hallucinations in patients with PD. We
identified an increase of hallucinations within the first 6 years
after a PD diagnosis that is associated with higher AD-PRS.

The AD-PRS included a strong APOE status component.
APOE regulates amyloid-beta aggregation and clearance in the
brain, as well as brain lipid transport, glucose metabolism,
neuronal signaling, neuroinflammation, and mitochondrial
function.29 An association between APOE and cognitive de-
cline among patients with PD has been established pre-
viously.30 Previous studies of genetic risk factors related to
cognitive decline, such as APOE, and hallucinations among
patients with PD have not been consistent.5–7 In our study,
the AD-PRS without APOE still shows an association with
hallucinations, suggesting that other AD-related genetic risk
variants also play a role in the occurrence of hallucinations.
Finally, when adjusting for cognitive decline, the association
between the AD-PRS and hallucinations remained and be-
came stronger, suggesting that the AD-PRS plays an in-
dependent role in the development of hallucinations.

The SZ-PRS showed a suggestive decrease in prevalence of
hallucinations. Possible explanations for this finding include,
first, that this is a chance finding; second, that we efficiently
selected out of our study all SZ-related patients with parkin-
sonism; and third, that an underlying genetically determined
SZ pathobiology leads to these opposing results. In support of
this third hypothesis, SZ and PD both involve dopaminergic
dysfunction. In SZ, one of the main hypotheses for the oc-
currence of hallucinations is an increased dopaminergic ac-
tivity in the mesolimbic system. Conversely, in patients with
PD, there is a depletion of striatal dopamine due to a loss of
dopaminergic neurons in the substantia nigra. PD treatment
aims at replacing dopaminergic activity at synapses. As

neurodegeneration progresses, dopaminergic dysfunction
may create imbalances in the circuitry that may lead to hal-
lucinations, similar to the increased dopaminergic tone in the
mesolimbic pathway that leads to hallucinations in SZ.31 We
did not see any association between the SZ-PRS and a PD
diagnosis. Together, our data suggest that the biology related
to the SZ-PRS is not related to vulnerability of dopaminergic
neurons in the SN; however, the effect of dopaminergic
treatment in the mesolimbic pathway among patients with PD
with an increased genetic risk for SZ may differ from those
without a genetic risk for SZ.

Although not formally statistically significant in the primary
analysis, when analyzing the association adjusting for rapid
eye movement sleep behavior disorder, or neuropsychiatric
characteristics (such as depression or anxiety), there appears
to be an increased prevalence of hallucinations with increasing
PD-PRS. Overall, this initial finding suggests that genetic risk
factors for PD and the neurodegenerative processes un-
derlying PD might also increase the risk for developing hal-
lucinations among patients with PD.

When studying hallucinations among patients with PD, it is
important to take PD disease duration into account because
longer duration is known to be associated with an increase in
hallucinations. Therefore, we decided to analyze the preva-
lence of hallucinations within on average about 5 years of
disease duration, when the prevalence both in the PEG and
PW study was 13%. Mortality and loss-to-follow-up in lon-
gitudinal PD studies have been shown to increase sub-
stantially after 5 years, further justifying this cutoff to
minimize survival bias.

It is difficult to assess the prevalence and onset of hallucina-
tions in PD accurately, and we had to rely on the UPDRS or
MDS-UPDRS. More extensive instruments for measuring

Table 3 Logistic regression for the association between schizophrenia–PRS, Alzheimer disease–PRS, PD-PRS, and the
height PRS and hallucinations among the total population (including those diagnosed at or before age 55 years)
and the subpopulation that was diagnosed at or after age 60 years

No of SNPs

Total population (N = 448) 60+ years (N = 354)

aOR 95% CI aOR 95% CI

Alzheimer disease 92 1.23 0.93 1.61 1.47 1.09 1.99

APOE 2 1.62 0.98 2.67 2.08 1.20 3.61

Schizophrenia 328 0.79 0.61 1.02 0.74 0.55 0.99

Parkinson disease 181 1.33 0.99 1.78 1.33 0.96 1.86

Height 12,688 1.07 0.80 1.42 0.97 0.70 1.33

Abbreviations: aOR = adjusted odds ratio; CI = confidence interval; PD = Parkinson disease; PRS = polygenic risk score.
The total population consists of 448 patients with PD, with 58 patients reporting hallucinations (13.0%). The subpopulation diagnosed at or after age 60 years
consists of 354 patients; 47 patients report hallucinations (13.2%). The PRSs were created using a p value threshold of 5 × 10−8.
The APOE-PRS is based on rs429358 and rs7412, where each apoe4 allele increases risk (β: 1.327), whereas each apoe2 allele decreases risk (β: −0.598)
compared with apoe3.
The logistic regression analyseswere adjusted for sex, fractional ethnicity, age at diagnosis, disease duration, and study through the use of a propensity score.
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hallucinations have been developed,32 but were unavailable to
us at the time we collected our data. Thus, the number of
patients with hallucinations in our studies may have been
underestimated. Also, patients might have developed hallu-
cinations after the end of our follow-up, and some patients
may have been reluctant to acknowledge the presence of
hallucinations. Because there is no indication that the genetic
score would influence this mismeasurement of the outcome
differentially, outcome misclassification is probably non-
differential, and we would expect our estimates to be biased
toward the null.

Using existing GWAS data for the creation of a PRS has
several benefits. One benefit is the large size of these
studies allowing for estimates to be precise and ensuring
that the measurement errors for the weights in the PRS are
minimized. Another benefit is that there is no need for
validation of the PRS in a separate, independent data set,
as the scores are created based on independent pop-
ulations. Previous studies have provided validation for
both the AD-PRS and SZ-PRS, whereas we validated the
association between PD-PRS and PD diagnosis in our
study.33–36

Table 4 Logistic regression for the association between the 4 PRS sets and hallucinations, using various p value
thresholds and using 75 SNPs for the PRS sets among the patients with Parkinson disease from the Parkinson’s
Environment and Gene study and ParkWest study that were diagnosed after age 55 years (N = 399)

p Value threshold No of SNPs aOR 95% CI

Different p value thresholds

Alzheimer disease 1 × 10−8 81 1.36 1.02 1.82

1 × 10−7 99 1.36 1.02 1.81

1 × 10−6 128 1.40 1.05 1.87

1 × 10−5 218 1.45 1.09 1.94

1 × 10−4 444 1.36 1.01 1.82

Schizophrenia 1 × 10−8 243 0.78 0.59 1.02

1 × 10−7 374 0.78 0.59 1.03

1 × 10−6 632 0.80 0.61 1.06

1 × 10−5 1,169 0.82 0.62 1.09

1 × 10−4 2,519 0.84 0.63 1.12

Parkinson disease 1 × 10−8 152 1.29 0.94 1.76

1 × 10−7 195 1.28 0.94 1.74

1 × 10−6 253 1.25 0.92 1.70

1 × 10−5 323 1.25 0.92 1.70

1 × 10−4 408 1.22 0.90 1.65

Height 1 × 10−8 11,282 1.01 0.75 1.36

1 × 10−7 13,417 1.01 0.75 1.37

1 × 10−6 16,351 1.04 0.77 1.40

1 × 10−5 20,478 1.06 0.78 1.43

1 × 10−4 27,284 1.06 0.78 1.44

Using the top 75 SNPs from each GWAS

Alzheimer disease 75 1.36 1.02 1.82

Schizophrenia 75 0.81 0.61 1.06

Parkinson disease 75 1.18 0.87 1.61

Height 75 0.90 0.66 1.21

Abbreviations: aOR = adjusted odds ratio; CI = confidence interval; GWAS = genome-wide association study; PRS = polygenic risk score.
The logistic regression analyseswere adjusted for sex, fractional ethnicity, age at diagnosis, disease duration, and study through the use of a propensity score.
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In genetic studies, genetic ancestry (population stratifica-
tion) is a potentially large and commonly observed con-
founder. We restricted to individuals genetically identified as
from European descent, and additionally adjusted for frac-
tional ancestry, limiting any potential confounding in our
findings. The SZ-PRS was generated in a mixed population,
whereas the AD-PRS and PD-PRS were created with indi-
viduals from European ancestry only. Although the SZ-PRS
was based on a mixed population, it consisted mainly of
European ancestry individuals. Unfortunately, until large
GWASs in diverse ethnic populations become available, it
is impossible to develop ethnicity-stratified PRS, and it re-
mains open whether the associations we report are gener-
alizable to other ethnicities.

Hallucinations in PD appear to be associated with the
genetic architecture of AD, especially as represented by
APOE. There is some indication for potential associations
between hallucinations and the genetic architecture of SZ and
also with genetic susceptibility for PD in late-onset patients.
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Abstract
Objective
To determine the genetic cause of axonal Charcot-Marie-Tooth disease in a small family with 2
affected siblings, one of whom had cerebellar features on examination.

Methods
Whole-exome sequencing of genomic DNA and analysis for recessively inherited mutations;
PCR-based messenger RNA/complementary DNA analysis of transcripts to characterize the
effects of variants identified by exome sequencing.

Results
We identified compound heterozygous mutations in dystonin (DST), which is alternatively
spliced to create many plakin family linker proteins (named the bullous pemphigoid antigen 1
[BPAG1] proteins) that function to bridge cytoskeletal filament networks. One mutation
(c.250C>T) is predicted to cause a nonsense mutation (p.R84X) that only affects isoform 2
variants, which have an N-terminal transmembrane domain; the other (c.8283+1G>A)mutates
a consensus splice donor site and results in a 22 amino acid in-frame deletion in the spectrin
repeat domain of all BPAG1a and BPAG1b isoforms.

Conclusions
These findings introduce a novel human phenotype, axonal Charcot-Marie-Tooth, of recessive
DST mutations, and provide further evidence that BPAG1 plays an essential role in axonal
health.
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Charcot-Marie-Tooth (CMT) disease, also called hereditary
motor and sensory neuropathy, is among the most common
neurogenetic diseases and is characterized by progressive
length-dependent weakness and sensory loss. CMT is di-
vided into demyelinating (type 1) and axonal (type 2) forms
of the disease based on clinical, electrophysiologic, histo-
logic, and genetic features.1 Recessively inherited de-
myelinating neuropathies are called CMT4, whereas
recessively inherited axonal neuropathies are called autoso-
mal recessive (AR)-CMT (ncbi.nlm.nih.gov/omim/). Over
80 genes have been linked to CMT and related disorders; 13
of which have been associated with AR-CMT2.

Next-generation DNA sequencing has facilitated the iden-
tification of disease-causing mutations in small families with
CMT.2 To determine the cause of AR-CMT in a small
family with 2 affected individuals, we performed whole-
exome sequencing (WES) and identified 2 rare compound
heterozygous variants in the dystonin gene (DST; MIM:
113810). The protein product of the DST gene is an al-
ternatively spliced cytoskeletal linker protein named the
bullous pemphigoid antigen 1 (BPAG1), so named because
one of its isoforms (BPAG1-e) is the autoimmune target in
the blistering skin disease.3 Two human genetic diseases
have been linked to mutations in DST: recessively inherited

mutations in DST that only affect the BPAG1-e isoforms
cause epidermolysis bullosa simplex (EBSB2),4,5 and re-
cessively inherited mutations cause hereditary sensory and
autonomic neuropathy (all referred to as HSAN-VI), the
severity of which depends on the isoforms that are
affected.6–10 Here, we characterize the mutations identified
in 2 patients with an axonal neuropathy caused by mutations
in DST and show that together they selectively affect
BPAG1-a2 and BPAG1-b2 isoforms. This work identifies a
novel cause of AR-CMT, introduces a novel phenotype for
DST-linked axonopathies, and supports an essential role of
BPAG1 in axonal health.

Methods
Protocol approvals and patient consents
Institutional Review Board approval was obtained from the
University of Pennsylvania for these studies. Written in-
formed consent was obtained from each patient who
participated.

Clinical data and sample collection
Each living family member was seen by S.S.S. in an outpatient
clinic, where an examination using the Medical Research

Glossary
cDNA = complementary DNA; CMT = Charcot-Marie-Tooth; MRC = Medical Research Council; SR = spectrin repeat;
WES = whole-exome sequencing.
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Council (MRC) scale for strength was used, and clinical
neurophysiology was also performed with standard methods.

WES and analysis
Genomic DNA was isolated from peripheral blood from all
participants. Exome DNA was captured using the SureSelect,
Human All Exon5 50 Mb kit (Agilent, Santa Clara, CA) and
sequenced on a HiSeq 2000 (Illumina, San Diego, CA).
Paired-end reads of 100 bp length were generated, and
alignment and variant calls were made using BWA11 and ge-
nome analysis toolkit software packages.12 Using Genesis,13

variants were filtered for missense, nonsense, frameshift, stop
gained or lost, splice site variants, deletions, and insertions
that met the following criteria: high evolutionary conservation
scores (if a missense mutation: PhastCons > 0.5, phyloP >
1.5), low allele frequencies in large data sets (<0.01 in ExAC
and gnomAD, <0.002 in Genesis), and good sequence quality
(read depth > 12, genome quality filter GQ > 75, and quality
filter QUAL > 50), which segregated with disease in a re-
cessive inheritance pattern. Two missense changes
(p.Pro2950Ser and p.Ile559Val) in the REV3L gene, which
encodes a DNA polymerase zeta subunit protein, cose-
gregated but were present in gnomAD in 3 and 125 individ-
uals, respectively. The DST variants were confirmed by
bidirectional Sanger sequencing.

Transcript analysis
RNA was isolated from skin using the ZR-Duet DNA/RNA
MiniPrep Plus kit (Zymo, Irvine, CA). Complementary DNA
(cDNA) was reverse transcribed using SuperScript III First-
Strand Synthesis System (Invitrogen, Waltham, MA). cDNA
wasPCRamplified usingPlatinumTaq (Invitrogen) using forward
(59-GTTCCAGACTGTAGAGGCCCAATTG-39) and reverse
(59-GCTGAAATTGATGAGAGCTTGCACA-39) primers. The
BPAG1-e isoform was amplified using forward (59-TGCAG-
CAAGGGCAGCACATGGAAGCA-39) and reverse (59-
GCCTGGCAGTCACAGTGTGCCTAAGCC-39) primers.
β-tubulin (TUBB) was amplified using forward (59-
CTGTTCGCTCAGGTCCTTTTGG-39) and reverse (59-
GGTGTGGTCAGCTTCAGAGTGC-39) primers. Mutant
transcript sequence was isolated after PCR products were
cloned using TOPO TA Cloning Kit for Sequencing and
Sanger sequenced using traditional methods.

Mutation mapping
Our description of the 2 mutations observed in our patients
follows Human Genome Variation Society nomenclature
guidelines (hgvs.org/mutnomen) and is based on sequence
from the following transcripts: our mutations are annotated
based on BPAG1-a2, RefSeq transcript NM_001144769; the
HSAN-VI mutations are also annotated based on BPAG1-a2,
RefSeq transcript NM_001144769; and the EBSB2mutations
are annotated based on BPAG1-e, RefSeq transcript NM_
001723. The location and number of predicted spectrin-
repeat (SR) domains were determined based on previous
publications14,15 and personal communications with the au-
thors. The SR domain structure from the plakin domain was

downloaded from the Protein Data Bank (accession number
2IAK16) and viewed and annotated using PyMol software
(pymol.org).

Results
Clinical data
Our proband (II.3) first noted difficulty walking at age 13
years, difficulty with balance at age 15 years, and required foot
orthotics at age 20 years. She was first seen in our clinic at age
29 years, when she was diagnosed with axonal CMT. At that
time, she was unable to plantar flex, dorsiflex, or evert the foot
at the ankles (MRC, 0/5), and the posterior and anterior
compartment muscles of the calves had marked atrophy.
Proximal leg muscles were strong. In the upper extremities,
there was moderate weakness (4/5) and mild atrophy of the
interosseous and thenar muscles and slight weakness of finger
extension. There was decreased appreciation to pin prick and
light touch until above the ankles and a mild proprioceptive
deficit. Deep tendon reflexes were absent at the ankles, 1+ at
the knees, and 2+ at the triceps and biceps. Plantar responses
were muted. She had a positive Romberg sign and had sig-
nificant difficulty with tandem walking and had been wearing
leg braces for several years—without these braces, she walked
with a steppage gait. Weakness of intrinsic hand muscles had
progressed to 4−/5 by 1999, and mild weakness of the
quadriceps and hamstrings was noted. Falling became an issue
at age 51 years; at age 53 years, she started using a cane and
progressed to using a walker by age 55 years. From 2010 to
2019, her CMT neuropathy score increased from 23 to 29.17

EMGs were performed at age 29, 35, 45, and 64 years (table
1), showing progressively smaller amplitudes of the sensory
and motor compound action potentials. Thus, she has a
length-dependent, sensory and motor axonal neuropathy that
worsened over time.

She also developed some additional findings. She had an ab-
normal electronystagmogram at age 30 years, with saccadic
pursuit movements, but these were not evident on clinical
examination at that time, and brainstem auditory evoked
potentials were normal. At age 49 years, she had scanning
speech, eye movements with broken smooth pursuits, and
abnormal finger-to-nose and rapid alternating movements in
the hands, all indicative of a cerebellar disorder. Nystagmus in
primary gaze and scanning speech were noted at age 56 years.
Brain MRI at age 60 years was normal; it did not show cer-
ebellar atrophy (not shown).

Her younger brother (II.4) has been followed in our clinic
since 2003, when he was aged 46 years. He had been di-
agnosed with CMT around age 18 years with a similar clinical
course. At age 47 years, he was noted to have difficulty exe-
cuting rapid alternating movements with his hands and
trouble performing heel-to-shin movements. He has not de-
veloped abnormal eye movements or scanning speech. From
2010 to 2019, his CMT neuropathy score increased from 21
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Table 1 Nerve conduction studies of affected patients

Sensory

II.3 (1984) (age 29 y) II.3 (2001) (age 45 y) II.3 (2010) (age 55 y) II.3 (2019) (age 64 y) II.4 (2003) (age 46 y) II.4 (2010) (age 53 y) II.4 (2019) (age 62 y) Normal values

μV m/second μV m/second μV m/second μV m/second μV m/second μV m/second μV m/second μV m/second

Radial 11 51.3 2.2 53 NR NR — — NR NR NR NR — — ≥15 ≥50

R mediana 2.0 52.3 1.9 40 — — — — NR NR NR NR — — ≥10 ≥50

Ulnara — — NR NR — — — — NR NR NR NR — — ≥7 ≥50

Sural NR NR NR NR NR NR — — — — NR NR — — ≥6 ≥40

Motorb

II.3 (1984) (age 29 y) II.3 (2001) (age 45 y) II.3 (2010) (age 55 y) II.3 (2019) (age 64 y) II.4 (2003) (age 46 y) II.4 (2010) (age 53 y) II.4 (2019) (age 62 y) Normal values

mV m/second mV m/second mV m/second mV m/second mV m/second mV m/second mV m/second mV m/second

Peronealc NR NR NR NR — — — — — — NR NR — — ≥2.0 ≥41

Median 6.0 47.0 1.9 42 0.1 36 — — NR NR NR NR — — ≥4.0 ≥49

Ulnar 7.0 48.2 3.9 47 2.1 44 1.4 57 5.3 44 4.7 43 2.0 47 ≥6.0 ≥49

Abbreviations: — = not done; NR = no response.
a Orthodromic.
b The amplitudes of the distal motor responses are shown.
c Response to EDB.
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to 26. EMGs were performed at age 46, 53, and 59 years (table
1) and show a severe, progressive, sensory, and motor axonal
neuropathy. Their eldest sibling (II.1) and their father (I.1)
were examined at separate times and did not have neuropathy.

DST mutations
We performed WES on all 3 living siblings. After sorting for
variants based on stringency criteria, DST was the only gene
with variants not present in gnomAD that cosegregated in a
recessive inheritance pattern. One mutation (c.250C>T;
GRCh38 Chr6:56,900,588G>A) is a nonsense mutation that is
predicted to cause a premature termination of the protein
(p.R84X); the other mutation (c.8283+1G>A; GRCh38:
56,557,318C>T) alters a consensus splice donor site. Both
mutations are present in the 2 affected individuals (II.3 and
II.4), whereas only 1 (c.250C>T) is present in the unaffected
sibling (II.1), showing that the mutations are in trans (figure 1,
A and B). Neither variant is present in gnomAD, in the NHLBI
exome variant server, or in the ;13,000 exomes in Genesis.

DST has a large (107 exons), highly complex gene structure
that is similar in humans and mice. Four transcription initia-
tion sites and alternative splicing produce 8 isoforms of
BPAG1 (figures 1C and 2A). The most 59 transcription ini-
tiation sites encode the N-terminus of isoform variants
BPAG1-a2 and BPAG1-b2, the only isoforms with a trans-
membrane domain. Because the p.R84X mutation is in 1 of
the 4 exons that are related only to the BPAG1-a2 and
BPAG1-b2 isoforms (figure 1C), it is predicted to cause the
loss of the BPAG1-a2 and BPAG1-b2 isoforms and to not
affect the other 6 isoforms (BPAG1-e, BPAG1-n, BPAG1-a1,
BPAG1-a3, BPAG1-b1, and BPAG1-b3). The c.8283+1G>A
variant lies in the GT dinucleotide splice donor site, 1 base
pair downstream of exon 63 (numbered based on the entire
genomic locus; this corresponds to exon 53 in the a2 isoform),
which encodes part of the SR domains that are present in all
BPAG1-a and BPAG1-b transcripts (figure 2A).

To characterize further the c.8283+1G>A variant, we took ad-
vantage of the fact that some BPAG1 isoforms containing the
affected SR domain are also expressed in skin. PCR amplification
of cDNA from punch biopsies from patient skin and a control
using primers flanking the splice site in the SR domain revealed a
shorter transcript in both patients (figure 1D). Sequencing clones
of this shorter transcript revealed a 66 bp deletion (c.8218_
8283del, annotated based on transcript a2), showing that a cryptic
dinucleotide splice site within the coding exon is used instead of
the mutant splice site (figure 1E); this is predicted to cause an in-
frame deletion of 22 amino acids (p.2740_2761del; figure 2A).
Alignment of the SRdomain affected by the deletion shows that it
is highly conserved (figure 2B). SR domains are triple helical
protein structures, often organized in tandem repeats to form
long elongated cytoskeletal proteins; helix C from the previous
SR is often contiguous with helix A. The region that is deleted in
our patients contains the last 4 residues in helix A, the linker
between helices A and B, and the first 10 residues of helix B.
Although the SR domainmutated in our patients (SR12 based on

sequences from an annotation with a total of 32 SR domains16)
has not been crystalized, the SR domains in the plakin domain of
mouse BPAG1 have been crystalized16 (residues 580–802, an-
notated based on protein NP_604443.2). Figure 2C shows an
alignment of human SR12 and the human SR1 and SR2
(orthologous to the SR domains from mouse protein that have
been crystalized), and figure 2D shows the position of the
p.2740_2761del on this crystal structure.

Discussion
DST encodes BPAG1, which has multiple isoforms (even
more than are shown in figure 2A) that are expressed in a cell
type–specific manner.18 BPAG1-a, -b, -e, and -n were the first
to be described; when 3 more N-terminal variants were dis-
covered (the result of alternative promoters), the terms 1, 2,
and 3 were introduced for BPAG1-a and BPAG1-b isoforms
(BPAG1-a1, -a2, and -a3; BPAG1-b1, -b2, and -b3; figure 2A).
BPAG1 isoforms have varied functions, including cytoskeletal
linker proteins with key functional domains connecting actin
filaments, intermediate filaments, and microtubules,18 so that
the loss of BPAG1 is thought to disrupt axonal transport
through direct interactions with dynactin p150Glued,19 retro-
linkin,20 and microtubule-associated protein 1B.21

The p.R84Xmutation is predicted to abolish the expression of
BPAG1-a2 and BPAG1-b2, but not the other BPAG1 iso-
forms, which are initiated by downstream alternative pro-
moters (figures 1 and 2). The messenger RNA containing this
mutation would be predicted to be degraded by nonsense
mediated decay.22 The c.8283+1G>A variant changes a con-
sensus residue in a splice donor site, resulting in a 66 base
pair/22 amino acid deletion in the SR domain that is pre-
dicted to affect all BPAG1-a and -b isoforms (-a1, -a2, -a3, -b1,
-b2, and -b3), but not BPAG1-e and -n (figure 2A). If this
mutation produces an in-frame mutation, it may lead to
hypofunction of BPAG1-a and BPAG1-b isoforms that play
an essential role in primary sensory and motor neurons. With
this in mind, it is particularly interesting that the mutation is
adjacent to a putative ezrin-radixin-moesin domain18,19 that
has been implicated as essential for axonal transport.19,20 In-
frame deletion in SR domains can result in partial loss-of-
function phenotypes: short deletions in the SR domain of
dystrophin cause Becker muscular dystrophy, where trun-
cating mutations cause the more severe Duchenne muscular
dystrophy.23

We described 2 siblings with a progressive, sensory and motor
axonal neuropathy over 4 decades. Cerebellar clinical findings
emerged later, and autonomic symptoms/signs were not ap-
parent even after age 60 years. In keeping with the absence of
blistering skin, seen in patients with recessive mutations in the
coiled-coil domain of BPAG1-e and BPAG1-n isoforms, the
mutations in our patients did not affect these isoforms (figure
2A). Conversely, patients with EBSB2 do not have
neuropathy.4,5,24
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Our siblings also differ from the 4 reports of HSAN-IV
caused by DST mutations (table 2). A homozygous frame-
shift mutation near the end of an SR domain (p.E4995fsX28
when annotated in isoform a1 or p.E5133fsX28 annotated in
isoform a2) likely affects all BPAG1a and BPAG1b isoforms
(figure 2A) in a single, consanguineous family. Affected

infants have a severe and lethal phenotype—dysautonomia,
feeding difficulties, respiratory insufficiency, distal contrac-
tures, hypotonia, absent deep tendon reflexes, and severe
psychomotor retardation and facial paralysis. Subsequently,
compound heterozygous DST mutations with milder, more
discrete phenotypes have been reported in 3 families6,7,10; all

Figure 1 Compound heterozygous DST variants segregate with neuropathy, and mapping the mutations in the DST gene
structure predicts isoform-specific loss of function

(A) The pedigree of the family. The proband (arrow) and her affected brother (II.3 and II.4, respectively) aswell as their 2 unaffected older siblings (II.1 and II.2) and
unaffected parents (I.1, I.2) are shown, along with the genotypes of all living members (II.1, II.3, and II.4). One mutation (c.250C>T) is present in all 3 siblings; the
second mutation (c.8283+1G>A) is only present in the 2 affected individuals (II.3 and II.4). The segregation of these DST variants is consistent with recessive
inheritance from their unaffectedparents. (B) Sanger sequencingwas used to confirm the genotypes gatheredbywhole-exome sequencing. The chromatograph
traces of the 2 variants are shown for all 3 members of the family. (C) The exon structure of DST. Exons are numbered for the entire gene, not for specific
transcripts; the width of the exons is proportional to their length. There are 107 exons and 4 transcription initiation sites, each of which gives rise to the named
transcripts—1: a2, b2; 2: a1, b1, n; 3: a3, b3; 4: e. The 4 alternative promoters and the 3 alternative splicing events (dotted lines) produce the 8 isoforms of BPAG1
shown in figure 2. The protein domains encoded by the exons are indicatedwith brackets below the exons (abbreviations are explained in figure 2). The genomic
locations of the mutations identified in our patients are shown in red, the homozygous and compound heterozygous mutations associated with HSAN-VI are
shown inmagenta and green, respectively, and themutationsassociatedwith EBSB2 are shown inpurple. (D) PCRamplificationof skin complementaryDNA from
a control and the 2 affected patients shows that the c.8283+1G>A mutation (part of the dinucleotide-gt-splice donor site at the 39 end of exon 63) results in
incorrect splicing and deletion in the transcript. BPAG1-e andβ-tubulin expression is similar between the control and patient samples. (E) Cloning and sequencing
of that aberrant transcript reveals an in-frame 66 bp deletion, which results from the use of a cryptic GT splice donor site within exon 63.
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had normal growth without cognitive deficits or de-
velopmental delay, as well as a severe sensory neuropathy
affecting small and large fibers and complicated by painful

ulcerations and amputations of the distal extremities. They
also have had prominent autonomic symptoms, including
hyperhidrosis, hypohidrosis, heat intolerance, chronic

Figure 2 Protein isoforms of BPAG1 and disease-associated mutations

(A) The 8 isoforms of BPAG1 and their functional domains are illustrated—transmembrane domain (TM); actin binding domain (ABD), composed of 2 calponin
homology domains (CH1 and CH2); plakin domain (including 8 spectrin repeats [SRs] and an SH3 domain), coiled-coil domain (CC), plakin repeat domains 1
and 2 (PRD1 and PRD2), spectrin repeat domain, EF-hand calcium-binding domain (EF), and amicrotubule-binding domain (MTBD). Two recessively inherited
nonsense mutations that cause EBSB2 result in truncation (p.Q1124X and p.R1249X; purple dotted line) affect BPAG1-e and BPAG1-n isoforms. The
recessively inheritedmutation associatedwith congenital-onset HSAN-VI results in truncation (p.E5133fsX28;magenta dotted line) of all BPAG1-a and BPAG1-
b isoforms. The compound heterozygous mutations associated with HSAN-VI (p.A203E, p.R206W, p.H269R, p.R1296X, and p.K4330X; green) are in multiple
parts of the protein and have different impacts on BPAG1-a and BPAG1-b subisoforms. The p.R84Xmutation that we report here (red dotted line) is predicted
to result in premature truncation of only the BPAG1-a2 and BPAG1-b2 isoforms. The p.2740_2761del that we report here (red dotted line) falls in one of the
SRs, within the range of a putative ezrin-radixin-moesin domain that is thought to associate with p150Glued.19 (B) Clustal Omega alignment of the SR12 (based
on numbering from Jefferson et al.16), which is affected by the p.2740_2761del deletion, shows a high level of conservation across species. The amino acid
sequences of the 3 helices that make up this trihelical SR domain are illustrated. The red dashed lines show the deleted amino acids. Highlighted in magenta
are fully conserved amino acids; highlighted in blue are positions with conservation between amino acid groups with similar properties, and highlighted in
green are positions with conservation between amino acid groups of weakly similar properties. (C) The Clustal Omega alignment of SR12 is compared with 2
SR domains in the plakin domain of human BPAG1 equivalent to the mouse SR domains that have been crystalized. The regions of the triple helical domains
that are homologous to SR12 deletion are also boxed in a red dashed line. (D) The crystal structure of 1 SR domain from the plakin domain, embeddedwithin a
drawing of 4 surrounding triple helical structures, shows how the SRs fit together to create an elongated structural protein. Helix C is often contiguous with
helix A from the subsequent SR domain. The regions of helices A and B that are deleted in our patients are shown in red in the crystal structure.
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diarrhea, sexual dysfunction, and absent pupillary light re-
flexes. In 1 of these 3 families, 1 mutation (p.H269R) affects
a1, b1, a2, b2, and n isoforms, whereas the second mutation
(p.R1269X) affects the plakin domain, which is present in all
isoforms; this patient had complex phenotype with blistering
skin and some unique phenotypic features—including con-
genital cataracts, syringomyelia, and reduced growth hor-
mone secretion. In the other 2 HSAN-IV families, one of the
mutations (p.A203E and p.R206W) is predicted to

selectively affect the a2 and b2 isoform, and the other mu-
tation is predicted to have additional effects: the p.K4330X
mutation (paired with the p.A203E mutation) should affect
all BPAG1a and BPAG1b isoforms, and the c.687+1G>A
mutation (paired with the p.R206W mutation) has an un-
known effect (figure e-1, links.lww.com/NXG/A304, but
should be restricted to the a1, a2, b1, b2, and n isoforms).
Like these 2 HSAN-IV families, our family has 1 mutation
(p.R84X) that selectively affects the a2 and b2 isoforms; the

Table 2 Genetic comparison of patients with DST-related neurologic disorders

Phenotype Phenotypic features
cDNA
variants

Predicted
protein
mutations

BPAG1-
a1/b1

BPAG1-
a2/b2

BPAG1-
a3/b3

BPAG1-
e

BPAG1-
n References

HSAN-VI +
additional
features

Congenital onset, absent
tearing, blotching, feeding
difficulties, distal
contractures, facial paralysis,
psychomotor retardation,
absent reflexes, and early
death, no electrophysiology

c.15399delA
c.15399delA

p.E5133fsX28
p.E5133fsX28

−
−

−
−

−
−

+
+

+
+ Edvardson

et al.8

HSAN-VI Onset first decade, absent
pupillary light reflexes,
severe pain insensitivity,
distal ulcerations,
amputations, joint
deformities, reduced pain,
touch, vibration, deep tendon
reflexes, severe sensory >
motor axonal neuropathy by
electrophysiology, reduced
CMAP amplitudes in feet,
hypohidrosis, chronic
diarrhea, and sexual
dysfunction

c.616C>T
c.687+1G>A

p.R206W
Undetermineda

+
−

−
−

+
+

+
+

+
− Manganelli

et al.7

HSAN-VI Onset 3–4 decades, absent
pupillary light reflexes,
sensorineural hearing loss,
xerophthalmia, xerostomia,
severe pain insensitivity, poor
healing of distal ulcerations in
the feet, disarticulations and
amputations, hypohidrosis
and heat intolerance, sexual
dysfunction and
incontinence, severe sensory
> motor axonal neuropathy
by electrophysiology

c.608C>A
c.12988A>T

p.A203E
p.K4330X

+
−

−
−

+
−

+
+

+
+

Fortugno
et al.6

HSAN-VI +
additional
features

Onset first decade,
congenital cataracts,
syringomyelia, short stature,
delayed bone age, reduced
growth hormone secretion,
bilateral sensorineural
hearing loss,
electrodiagnostic evidence of
sensory axonal neuropathy,
normal deep tendon reflexes,
chronic diarrhea, blistering
skin, and ulcers

c.806A>G
c.3886C>T

p.H269R
p.R1296X

−
−

−
−

+
−

+
−

−
− Cappuccio

et al.9,10

AR-CMT2 Onset second decade of
motor and sensory
neuropathy, cerebellar
findings appearedmuch later

c.250C>T
c.8283+1G>A

p.R84X
p.2740-2761del

+
−

−
−

+
−

+
+

+
+ This work

Abbreviations: cDNA = complementary DNA; CMAP = compound muscle action potential; CMT = Charcot-Marie-Tooth.
The phenotypes, mutations, and predicted effects on the various BPAG1 isoforms (+ = predicted to be unaffected; − = predicted to be affected) are shown.
a See figure e-1 (links.lww.com/NXG/A304).
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second mutation (p.2740-2761del) in our family should af-
fect all BPAG1a and BPAG1b isoforms.

Thus, the loss of a2 and b2 isoforms is correlated with axonal
neuropathy (table 2; see also reference 25), and we infer that
the additional phenotypes seen in the 2 families with addi-
tional features beyond HSAN1-IV likely owe to the additional
loss of a1/b1, a3/b3, and/or n isoforms. This conclusion is in
line with studies of recessive Dst mutations that produce the
dystonia musculorum (dt/dt) phenotype in mice—an early-
onset, progressive sensory neuropathy and ataxia notable for
bizarre movements and abnormal postures. Pathologic anal-
ysis reveals that sensory neurons and their axons are the most
affected,26 but spinocerebellar degeneration27 andmotor axon
involvement have been noted.28 Several Dst alleles have been
identified, and the ones have been characterized share func-
tional deletion of all a1 and b1 isoforms,18 including dttg4/tg4,
which eliminates the expression of a1, a2, b1, and b2 (but not
a3 and b3).29,30 Furthermore, expressing the a2 isoform as a
transgene in neurons reduced the severity of dttg4/tg4 pheno-
type.31 Thus, the loss of BPAG1-a2 specifically could be the
cause of the neuropathy seen in dt/dt mice and our patients;
whether the loss of b2 contributes to the phenotype remains
to be determined. Haploinsufficiency in several Dst alleles in
mice has not been shown to cause any overt behavioral
phenotypes, but dttg4/+ mice do have subtle ultrastructural
defects in myelination of ventral roots and reduced axon
caliber.32

Why somatic (motor and sensory) axons are more affected
(and cerebellar axons are affected in one of our patients),
whereas autonomic axons are not affected in our siblings,
however, remains unexplained. The similarity between the
mutations in the BPAG1-a2 and -b2 specific exons allows us to
favor a hypothesis that the SR domain deletion (p.2740_
2761del) confers this difference. The in-frame deletion in the
SR domain produced by this mutation may result in a partial
and selective loss of function, but how this mutation spares
autonomic axons remains to be determined.
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collaboration using the GENESIS (GEM.app) platform. Hum Mutat 2015;36:
950–956.

14. Sonnenberg A, Liem RKH. Plakins in development and disease. Exp Cell Res 2007;
313:2189–2203.

15. Jefferson JJ, Leung CL, Liem RKH. Dissecting the sequence specific functions of
alternative N-terminal isoforms of mouse bullous pemphigoid antigen 1. Exp Cell Res
2006;312:2712–2725.

16. Jefferson JJ, Ciatto C, Shapiro L, Liem RKH. Structural analysis of the plakin domain
of bullous pemphigoid antigen1 (BPAG1) suggests that plakins are members of the
spectrin superfamily. J Mol Biol 2007;366:244–257.

Appendix Authors

Name Location Contribution

William W.
Motley, MD,
DPhil

Third Rock
Ventures, Boston,
MA

Study concept and design,
acquisition and analysis of data,
and drafting the manuscript and
figures

Stephan
Züchner, MD,
PhD

University of
Miami, FL

Study concept and design,
acquisition and analysis of data,
and review of the manuscript and
figures

Steven S.
Scherer, MD,
PhD

University of
Pennsylvania,
Philadelphia

Study concept and design,
acquisition and analysis of data,
and drafting the manuscript and
figures

Neurology.org/NG Neurology: Genetics | Volume 6, Number 5 | October 2020 9

https://ng.neurology.org/content/6/5/e496/tab-article-info
http://neurology.org/ng


17. Murphy SM, Herrmann DN, McDermott MP, et al. Reliability of the CMT neu-
ropathy score (second version) in Charcot-Marie-Tooth disease. J Peripher Nerv Syst
2011;16:191–198.

18. Young KG, Kothary R. Dystonin/Bpag1—a link to what? Cell Motil Cytoskel 2007;
64:897–905.

19. Liu J-J, Ding J, Kowal AS, et al. BPAG1n4 is essential for retrograde axonal transport in
sensory neurons. J Cell Biol 2003;163:223–229.

20. Liu J-J, Ding J, Wu C, et al. Retrolinkin, a membrane protein, plays an important role
in retrograde axonal transport. Proc Nat Acad Sci USA 2007;104:2223–2228.

21. Ryan SD, Ferrier A, Sato T, et al. Neuronal dystonin isoform 2 is a mediator of
endoplasmic reticulum structure and function. Mol Biol Cell 2012;23:553–566.

22. Baker KE, Parker R. Nonsense-mediated mRNA decay: terminating erroneous gene
expression. Curr Opin Cell Biol 2004;3:293–299.

23. Nicolas A, Raguénès-Nicol C, Yaou RB, et al. Becker muscular dystrophy severity is
linked to the structure of dystrophin. Hum Mol Genet 2014;24:1267–1279.

24. Takeichi T, Nanda A, Liu L, et al. Founder mutation in dystonin-e underlying autosomal
recessive epidermolysis bullosa simplex in Kuwait. Br J Dermatol 2014;172:527–531.

25. Lynch-Godrei A, Kothary R. HSAN-VI: a spectrum disorder based on dystonin isoform
expression. Neurol Genet 2020;6:e389. doi: 10.1212/NXG.0000000000000389.

26. Duchen L, Strich SJ, Falconer DS. Clinical and pathological studies of an hereditary
neuropathy in mice (dystonia musculorum). Brain 1964;87:367–378.

27. Sotelo C, Guenet JL. Pathologic changes in the CNS of dystonia musculorum mutant
mouse: an animal model for human spinocerebellar ataxia. Neuroscience 1988;27:
403–424.

28. Repentigny YD, Ferrier A, Ryan SD, Sato T, Kothary R. Motor unit abnormalities in
Dystonia musculorum mice. PLoS One 2011;6:e21093.

29. Kothary R, Clapoff S, Brown A, Campbell R, Peterson A, Rossant J. A transgene
containing lacZ inserted into the dystonia locus is expressed in neural tube. Nature
1988;335:435–437.

30. Brown A, Bernier G, Mathieu M, Rossant J, Kothary R. The mouse dystonia muscu-
lorum gene is a neural isoform of bullous pemphigoid antigen 1. Nat Genet 1995;10:
301–306.

31. Ferrier A, Sato T, Repentigny YD, et al. Transgenic expression of neuronal dystonin
isoform 2 partially rescues the disease phenotype of the dystonia musculorum mouse
model of hereditary sensory autonomic neuropathy VI. Hum Mol Genet 2014;23:
2694–2710.

32. Bernier G, Kothary R. Prenatal onset of axonopathy inDystonia musculorummice. Dev
Genet 1998;22:160–168.

10 Neurology: Genetics | Volume 6, Number 5 | October 2020 Neurology.org/NG

https://ng.neurology.org/content/6/1/e389/tab-article-info
http://neurology.org/ng


ARTICLE OPEN ACCESS

Integrated sequencing and array comparative
genomic hybridization in familial Parkinson
disease
Laurie A. Robak, MD, PhD,* Renqian Du, PhD, DDS,* Bo Yuan, PhD, Shen Gu, PhD,

Isabel Alfradique-Dunham, MD, Vismaya Kondapalli, BS, Evelyn Hinojosa, BS, Amanda Stillwell, BS,

Emily Young, BA, Chaofan Zhang, BS, Xiaofei Song, PhD, Haowei Du, MS, Tomasz Gambin, PhD,

Shalini N. Jhangiani, PhD, Zeynep Coban Akdemir, PhD, Donna M. Muzny, MS, Anusha Tejomurtula, MS,

Owen A. Ross, PhD, Chad Shaw, PhD, Joseph Jankovic, MD, Weimin Bi, PhD, Jennifer E. Posey, MD, PhD,

James R. Lupski, MD, PhD,† and Joshua M. Shulman, MD, PhD†

Neurol Genet 2020;6:e498. doi:10.1212/NXG.0000000000000498

Correspondence

Dr. Shulman

Joshua.Shulman@bcm.edu

or Dr. Lupski

jlupski@bcm.edu

Abstract
Objective
To determine how single nucleotide variants (SNVs) and copy number variants (CNVs)
contribute to molecular diagnosis in familial Parkinson disease (PD), we integrated exome
sequencing (ES) and genome-wide array-based comparative genomic hybridization (aCGH)
and further probed CNV structure to reveal mutational mechanisms.

Methods
We performed ES on 110 subjects with PD and a positive family history; 99 subjects were also
evaluated using genome-wide aCGH.We interrogated ES and aCGH data for pathogenic SNVs
and CNVs at Mendelian PD gene loci. We confirmed SNVs via Sanger sequencing and further
characterized CNVs with custom-designed high-density aCGH, droplet digital PCR, and
breakpoint sequencing.

Results
Using ES, we discovered individuals with known pathogenic SNVs in GBA (p.Glu365Lys,
p.Thr408Met, p.Asn409Ser, and p.Leu483Pro) and LRRK2 (p.Arg1441Gly and
p.Gly2019Ser). Two subjects were each double heterozygotes for variants in GBA and LRRK2.
Based on aCGH, we additionally discovered cases with an SNCA duplication and heterozygous
intragenic GBA deletion. Five additional subjects harbored both SNVs (p.Asn52Metfs*29,
p.Thr240Met, p.Pro437Leu, and p.Trp453*) and likely disrupting CNVs at the PRKN locus,
consistent with compound heterozygosity. In nearly all cases, breakpoint sequencing revealed
microhomology, a mutational signature consistent with CNV formation due to DNA repli-
cation errors.

Conclusions
Integrated ES and aCGH yielded a genetic diagnosis in 19.3% of our familial PD cohort. Our
analyses highlight potential mechanisms for SNCA and PRKN CNV formation, uncover
multilocus pathogenic variation, and identify novel SNVs and CNVs for further investigation as
potential PD risk alleles.
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Up to 20% of patients with Parkinson disease (PD) report a
positive family history,1 and genetic risk factors are more com-
mon in these families.2 Identification of specific genetic risk fac-
tors can reveal prognostic information, such as risk of cognitive
impairment and/or rate of progression, and may soon highlight
eligibility for personalized therapies.3 In addition, discovery of risk
variants may inform genetic counseling of unaffected family
members. Indeed, surveys of patients with PD and caregivers
reveal a high level of interest in genetic testing for PD.4

More than 40 different loci that increase PD susceptibility
have been identified in familial and sporadic PD.5,6 Exome
sequencing (ES) is ideally suited to identify single nucleotide
variants (SNVs) in genetically heterogeneous diseases. In a
study of adult patients referred for diverse clinical indications,
ES had a diagnostic yield of 10% in individuals older than 30
years.7 In a recent study of 80 early-onset sporadic PD cases,
ES yielded an overall diagnostic rate of 11%, with GBA alleles
accounting for 5%.8 Nevertheless, clinical genetic testing is
not routinely performed for PD, and ES remains poorly
studied as a potential genetic diagnostic tool.

Although most identified PD risk alleles are SNVs, chromo-
somal structural rearrangements, or copy number variants
(CNVs), also play an important role.9 Despite notable recent
advances,10 ES remains insensitive for detection of small CNVs
(<50 kb).11 Several complementary approaches, including
multiplex ligation-dependent probe amplification, bacterial ar-
tificial chromosome arrays, and single nucleotide poly-
morphism arrays,12,13 have shown mixed success for
identification of CNVs in PD cohorts. In contrast, genome-
wide array-based comparative genomic hybridization (aCGH)
is a highly-validated, sensitive clinical screening tool for CNV
detection, offering exon-by-exon coverage for a multitude of
disease-associated genes.14,15 Although not yet adopted inmost
diagnostic laboratories, droplet digital PCR (ddPCR) is also
emerging as a rapid and cost-efficient, targeted approach for the
assessment of small CNVs at specific loci. Compared with
standard quantitative PCR, digital PCR offers enhanced copy
number and gene dosage sensitivity, precision, and reliability
due to sample partitioning.16 In addition, mechanisms of CNV
formation in PD remain understudied.

To our knowledge, integrated ES and aCGH for analysis of
SNVs and CNVs, respectively, have not previously been
systematically used in PD. We hypothesized that ES and
aCGH in combination will yield an increased genetic mo-
lecular diagnostic rate. We also evaluated ddPCR as a novel

strategy for confirmation of pathogenic CNVs in PD, and
using breakpoint sequencing, we investigated potential
mechanisms for CNV formation.

Methods
See supplementary information (links.lww.com/NXG/A305)
for complete methods, including further details and
references.

Subjects
We studied 110 PD cases evaluated in the Baylor College of
Medicine (BCM) PDCenter andMovement Disorders Clinic
in Houston, TX, with a family history of PD. As a positive
control for aCGH, we included a sample from a known sub-
ject with an SNCA triplication.17–19 We also interrogated a
Baylor Genetics diagnostic laboratory sample including
12,922 clinical referral samples for aCGH from peripheral
blood using either v9 or v10 Baylor arrays. Subject numbers
throughout the text are consistent with clinical and de-
mographic details provided in table e-1 (links.lww.com/
NXG/A306).

Standard protocol approvals, registrations,
and subject consents
All subjects provided informed consent. The BCM In-
stitutional Review Board approved this study along with the
analysis of aggregate clinical genomic data.

Gene set definition and variant criteria
We focused our analyses on genes and variants established to
cause familial PD, including the autosomal dominant loci,
SNCA (PARK1, MIM#168601), GBA (MIM#168600),
LRRK2 (MIM#607060), GCH1 (MIM#600225), DNAJC13
(MIM#616361), and VPS35 (MIM#614203), as well as the
autosomal recessive loci, PRKN (PARK2, MIM#600116),
PINK1 (MIM#605909) and PARK7 (DJ1, MIM#606324),
based on the available literature in April 2015 when this study
was initiated.5,6 In our CNV analyses, we also considered
deletions at 22q11.2. Gene names in this study conform to
current guidelines from the HUGO Gene Nomenclature
Committee (genenames.org). All pathogenic alleles included
in this study are well-established, nonsynonymous coding
variants with moderate to high penetrance (odds ratio [OR]
>2) meeting stringent evidence for replication across studies
or within the same study. We considered all other variants
discovered in these genes but not previously reported in PD
to be variants of unknown significance (VUSs).

Glossary
aCGH = array-based comparative genomic hybridization; BCM = Baylor College of Medicine; CNV = copy number variant;
ddPCR = droplet digital PCR; DUP-TRP/INV-DUP = duplication-inverted triplication-duplication; ES = exome sequencing;
FoSTeS = fork stalling and template switching; MMBIR = microhomology-mediated break-induced replication; OR = odds
ratio; PD = Parkinson disease; SNV = single nucleotide variant; VUS = variant of unknown significance.
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Detection and confirmation of SNVs and CNVs
We extracted genomic DNA from peripheral blood samples
obtained from each participant and performed ES using the Illu-
mina HiSeq 2000 at the BCM Human Genome Sequencing
Center. Samples achieved an average of 95% of targeted exome
bases covered to a depth of 20X or greater. All pathogenic SNVs
detected were confirmed via Sanger sequencing. Genome-wide
array CGH was performed on 99 of 110 subjects for which suf-
ficient DNA remained using Baylor Genetics v10 2x400K clinical-
grade oligonucleotide microarrays. We defined potential CNVs as
those regions with 3 or more consecutive probes with consistent
direction of effect. For confirmation, we used a custom 8x60K
high-density array through Agilent (Santa Clara, CA). To confirm
CNVs atPRKN andGBA, we additionally performed ddPCR (see
e-Methods for detailed protocol, links.lww.com/NXG/A305).

Data availability
For all subjects in the BCM cohort who consented to allow for
public data sharing, ES and aCGH are in process for release in
relevant genomic databases. The complete ES and aCGH data
sets are also available on request by contacting the corre-
sponding author, Dr. Shulman (joshua.shulman@bcm.edu).

Results
We pursued genetic diagnostic evaluation of 110 total subjects
(including 109 unrelated probands) with familial PD. The
mean age at onset was 50 years (SD = 15); 51% were male.
The ethnic composition of the cohort was 72% Caucasian,
17% Hispanic, 6% East Asian, South Asian or Middle Eastern,
and 6% undefined (not reported).

Single nucleotide variants
We first examined subject ES data for pathogenic SNVs
in established PD genes (see Methods). Among the domi-
nant PD loci, 15 individuals had variants in LRRK2
(c.6055G>A:p.Gly2019Ser and c.4321C>G:p.Arg1441-
Gly) and GBA (c.1093G>A:p.Glu365Lys, c.1223C>T:
p.Thr408Met, c.1448T>C:p.Leu483Pro, and c.1226A>G:
p.Asn409Ser) (table 1 and table e-1, links.lww.com/
NXG/A306). Two subjects each harbored heterozygous SNVs
in both GBA and LRRK2, i.e., were double heterozygotes. One
such subject had a combination ofLRRK2p.Gly2019Ser andGBA
p.Glu365Lys (subject 2), whereas the other had LRRK2
p.Gly2019Ser and GBA p.Leu483Pro (subject 13). Both subjects
had onset of PD symptoms in their 40s. On initial examination,
subject 2 had tremor at rest, rigidity, bradykinesia, and dystonic
posturing in both hands. She reported a history of PD in her father
and paternal grandfather (figure e-1A, links.lww.com/NXG/
A305, and table e-1, links.lww.com/NXG/A306). There was no
history of cognitive impairment or dementia. Subject 13 presented
with resting tremor, rigidity, and bradykinesia. She reported a
family history of PD in her paternal uncle (figure e-1B, links.lww.
com/NXG/A305, and table e-1, links.lww.com/NXG/A306).
Ten years after PD diagnosis, she developed visual hallucinations
and delusions. The subjects were of European and Hispanic an-
cestry, respectively; neither reported Ashkenazi Jewish heritage.

ES also revealed 7 individuals with pathogenic variants in loci
usually associated with autosomal recessive PD, including PRKN
(6 individuals) and PARK7 (1 individual). However, all subjects
were heterozygous SNV carriers, and therefore, isolated ES was
nondiagnostic (table 1). Therefore, based on ES alone, we
identified a pathogenic variant accounting for PD in 13.8% (n =
15 of 109 probands) of our familial PD cohort. We confirmed all
implicated variants via Sanger sequencing. Besides the pathogenic
variants noted above, ES also identified heterozygous VUSs in
many PD risk genes (table e-2, links.lww.com/NXG/A306).

Copy number variants
We next interrogated aCGH data for pathogenic CNVs
among PD genes. Our analyses included 99 of 110 total
subjects evaluated by ES. We did not detect any CNVs in
VPS35, LRRK2,DNAJC13,GCH1, PARK7, or PINK1, nor did
we identify any candidate deletions at the 22q11.2 locus.
However, we discovered CNVs in SNCA (n = 1), GBA (n =
1), and PRKN (n = 5). We confirmed all reported CNVs
through custom high-density arrays and breakpoint se-
quencing. CNVs in SNCA andGBA affect dominant PD genes
and were therefore diagnostic based on aCGH alone. We
consider all heterozygous CNVs in the recessive PD gene,
PRKN, in combination with ES results (see next section).
Overall, isolated aCGH identified a diagnostic genetic risk
factor for PD in 2.0% of our cohort (n = 2 of 99 probands).
Based on aCGH, we also detected numerous large CNVs (>1
Mb) within our cohort that affect other genomic loci; these
variants remain of uncertain clinical significance (table e-3,
links.lww.com/NXG/A306).

In subject 3, we detected a 248-kb duplication encompassing
SNCA, as well as the adjacent gene,MMRN1. We confirmed
this CNV by high-density aCGH and breakpoint analysis
(figure 1A). On initial examination, this subject exhibited
rigidity, tremor, and gait impairment, along with hyper-
reflexia and clonus. The subject was of Hispanic and Native
American ancestry; the subject’s father had PD with de-
mentia. Besides providing independent confirmation,
breakpoint sequencing can provide clues to mechanisms of
CNV formation. In the case of subject 3, we identified a 1-bp
microhomology domain, which is a short sequence that is
identical to another region in the genome reduced from 2
copies to 1 during the template switch accompanying rep-
licative repair.20 Microhomology is characteristic of certain
DNA replication errors that can generate CNVs (see
Discussion).21,22 As a positive control for our aCGH anal-
ysis, we also included a known SNCA triplication sample
from the index family in which SNCA locus multiplication
was first discovered as a cause for PD.17–19 Breakpoint se-
quencing revealed that this copy number alteration is a 1.7-
Mb complex genomic rearrangement (figure 1B), consisting
of a duplication-inverted triplication-duplication (DUP-
TRP/INV-DUP). This finding confirms and extends prior
investigation of this particular structural variant23 and is also
consistent with a likely replication-based mechanism for
CNV formation.24
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We also discovered a heterozygous intragenic deletion inGBA
in 1 subject (figure 2), who presented at age 28 years with
tremor, bradykinesia, and rigidity. She had an excellent re-
sponse to levodopa in her early 30s and subsequently de-
veloped dyskinesia. The subject was of European descent, and
both of her maternal grandparents were also diagnosed with
PD (figure e-1C, links.lww.com/NXG/A305). Because vari-
ant confirmation at the GBA locus can be complicated by an
adjacent pseudogene with significant homology, we con-
firmed the 4.7-kb deletion of exons 2–8 using long-range
PCR. Using breakpoint sequencing, we also confirmed het-
erozygosity and further revealed a 5-bp microhomology do-
main consistent with CNV formation due to nonhomologous
recombination or replication errors (figure 2B).

Integrated analysis of SNVs and CNVs
As highlighted above, isolated ES and aCGH each identified a
number of subjects with heterozygous SNVs or CNVs af-
fecting recessive genes. To determine whether these changes
might be diagnostic, we next examined the results together for
potential biallelic variation due to both an SNV allele and a
CNV allele. Indeed, 3 subjects in our cohort were newly
identified as potential compound heterozygous carriers of
both a pathogenic CNV and SNV in PRKN (figure 3). Subject
6 had a 364-kb duplication of exons 4–6 and a frameshift
deletion c.155delA:p.Asn52Metfs*29. Subject 20 had a

222-kb deletion of exons 8 and 9 and a stopgain c.1358G>A:
p.Trp453*. Subject 11 harbored a pathogenic PRKN SNV
(c.1310C>T:p.Pro437Leu) and a complex locus rearrange-
ment, including a copy number neutral region flanked by
404 kb and 199 kb duplications affecting exons 2 and 3 and
exons 5 and 6, respectively (figure 3B). Our cohort also in-
cluded 2 brothers with known PRKN-PD25; however, neither
ES nor aCGH was previously performed on these subjects.
Our analysis confirmed compound heterozygosity for the
known pathogenic SNV in exon 6 (c.719C>T:p.Thr240Met,
apparently homozygous on ES) and a CNV (178-kb deletion
of exons 5 and 6) (figure 3C). Of interest, ES also discovered
an additional VUS (c.2T>C:p.Met1Thr). Based on available
clinical information (table e-1, links.lww.com/NXG/A306),
all subjects with PRKN variants had young-onset PD (age
range 15–36 years).

We again confirmed all CNVs using custom, high-density
arrays as well as breakpoint sequencing. In the case of subject
6, we were unable to successfully amplify breakpoint junctions
despite multiple attempts, suggesting a more complex geno-
mic rearrangement or raising the possibility that this dupli-
cation is located elsewhere in the genome. For all other PRKN
CNVs, figure 3 shows the junction structures, highlighting
likely mechanisms of CNV formation. Overall, integrated ES
and CNV identified a genetic cause for PD in 4 additional

Table 1 SNVs associated with increased PD risk detected via exome sequencing

Gene Variant Diagnostic Subjects (n)

Dominant

LRRK2 c.6055G>A:p.Gly2019Ser Y 3a,b

LRRK2 c.4321C>G:p.Arg1441Gly Y 1

GBA c.1093G>A:p.Glu365Lys Y 5a

GBA c.1223C>T:p.Thr408Met Y 5

GBA c.1448T>C:p.Leu483Pro Y 1b

GBA c.1226A>G:p.Asn409Ser Y 2

Recessive

PRKN c.155delA:p.Asn52Metfs*29 Y* 1

PRKN c.1310C>T:p.Pro437Leuc Y* 1

PRKN c.1358G>A:p.Trp453* Y* 1

PRKN c.719C>T:p.Thr240Met Y* 2

PRKN c.823C>T:p.Arg275Trp N 1

PARK7 c.310G>A:p.Ala104Thr N 1

Abbreviations: CNV = copy number variant; PD = Parkinson disease; SNV = single nucleotide variant.
All indicated SNVs were heterozygous, except PRKN c.719C>T:p.Thr240Met, which was hemizygous, as the variant is in trans to a deletion allele. Pathogenic
variants were considered diagnostic (Y) if discovered in an autosomal dominant gene, or in the case of autosomal recessive genes, if in combination with a
CNV (asterisk, see also figure 3). Nondiagnostic (N), heterozygous SNVs were also discovered in PRKN (p.Arg275Trp) and PARK7 (p.Ala104Thr). In 2 subjects,
SNVs in both LRRK2 and GBA were identified (double heterozygotes).
a LRRK2 p.Gly2019Ser and GBA p.Glu365Lys.
b LRRK2 p.Gly2019Ser and GBA p.Leu483Pro.
c Interpretations of c.1310C>T:p.Pro437Leu are conflicting (see e-References, links.lww.com/NXG/A306).
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probands, increasing the overall genetic diagnostic yield to
19.3% (n = 21).

Digital droplet PCR
Given the observed high frequency of PRKN CNVs in this
familial PD cohort (;5%), and the high cost of clinical-grade
aCGH, we examined the feasibility of an exon-by-exon ddPCR
assay to detect PRKN CNVs as a proof of principle. ddPCR is
an emerging cost-effective method for sensitive and reliable
assessment of specific CNVs. Indeed, ddPCR revealed all
PRKNCNVs detected using aCGH (subjects 6, 11, 20, 21, and
22) (figure 4A). We also interrogated an additional 92 cases
from our cohort with available DNA for intragenic PRKN
CNVs using ddPCR, without discovery of additional CNVs
(figure 4A and figure e-2, links.lww.com/NXG/A305).We also
applied ddPCR to screen for potential CNVs at theGBA locus.
The 12-exon GBA shares high homology with the nearby 13-
exon pseudogene, GBAP1 (figure 4B). As shown in figure 4C,
using ddPCR, we successfully amplified all 12 exons ofGBA. Six
exons (1, 2, 4, 7, 9, and 10) identified unique amplicons with a

positive droplet ratio of 1, whereas the other 6 exons (3, 5, 6, 8,
11, and 12) demonstrated shared amplicons with the pseudo-
gene, resulting in a droplet ratio of 2. Importantly, ddPCR also
confirmed the deletion of GBA exons 2–8 in subject 1 (figure
4C) and did not reveal evidence for additional CNVs in 85
other samples tested (figure 4C and figure e-3, links.lww.com/
NXG/A305). Of note, ddPCR initially suggested a single exon
deletion (exon 6) in subject 48; however, further investigation
using Sanger sequencing revealed an intronic SNV likely
degrading ddPCR amplification (figure e-4, links.lww.com/
NXG/A305). We redesigned the affected primer and demon-
strated full amplification of exon 6 (e-Methods and figure e-4,
links.lww.com/NXG/A305). Overall, our results suggest that
ddPCRmay be a sensitive and specific diagnostic tool for CNV
detection in PD, including at loci such as GBA complicated by
genomic regions with high sequence homology.

CNV burden in clinical cohorts
Compared with SNVs, limited reference data are available
on the population frequency of CNVs, especially in

Figure 1 aCGH plots and breakpoint junction sequences of 2 CNVs involving SNCA

(A) In subject 3, a 248-kb duplicationwas identified. In this case, thewhole SNCA genewas duplicated. The junction sequence (bottom) is alignedwith upstream
and downstream reference sequences, with the blue and pink colors indicating their different origins and the red indicating inserted nucleotides and
microhomology. (B) A 1.7-MbDUP-TRP/INV-DUP rearrangementwas identified in the index subject with a known SNCAmultiplication.17–19 The x-axis indicates
the chromosomal regions surrounding SNCA. The y-axis indicates the subject vs control log2 ratio of the aCGH results, with duplications at 0.58, triplications at
1, and heterozygous deletions at −1 based on theoretical calculations. Red dots in the graph represent probes with log2 ratio >0.25, black dots with log2 ratio
from 0.25 to −0.25, and green dots with log2 ratio <−0.25. The normal-duplication-triplication transition regions are magnified in boxes above the plot. The
entire SNCA gene is triplicated. In addition, an SNP (rs12651181, underlined) was detected close to JCT2. aCGH = array-based comparative genomic hy-
bridization; CNV = copy number variant; DUP-TRP/INV-DUP; duplication-triplication inverted-duplication; SNP = single nucleotide polymorphism.
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neurologically healthy adult samples, hampering the in-
terpretation of CNV frequencies detected in our cohort. We
therefore leveraged data from the Baylor Genetics diagnostic
laboratory, including 12,922 aCGH clinical referral samples.
This large cohort is skewed for pediatric cases (mean age = 7.4
years, SD = 9.7 years, range 0–79 years), reflecting the more
common use of aCGH in this population. Although the co-
hort includes a substantial proportion of individuals with
developmental delay, autism, and dysmorphic features, there
were no recorded submissions for PD. Based on stringent
criteria (see e-Methods, links.lww.com/NXG/A305), at most
PD loci, CNVs were either absent (DNAJC13, LRRK2,
PINK1, and SNCA) or very rare at VPS35 (n = 2),GCH1 (n =
1), and PARK7 (n = 6, all subjects had 1p36 deletion syn-
drome). By contrast, CNVs were more common at 22q11.2
(n = 90, all losses affecting the critical region) and PRKN (n =
95). Notably, the frequency of PRKNCNVs in our PD cohort
(5.1%) represents a significant increase when compared with
that of the Baylor Genetics clinical reference sample (fre-
quency = 0.74%, OR = 7.2, 95% confidence interval 2.9–18.1,
p = 2.8 × 10−5). Because of the pseudogene, GBAP1, and
suboptimal probe coverage, the array does not reliably capture
GBA CNVs.

Discussion
Establishing a specific genetic diagnosis can provide in-
formation about PD risk and progression relevant to patients
and their families and may soon influence treatment deci-
sions.26 In our familial PD sample, ES and aCGH in-
dependently identified a genetic cause for PD in 13.8% and
2.0%, respectively. The diagnostic yield for ES was slightly
higher than that recently reported for an early-onset PD co-
hort (11.25%)8 and was also greater than the 10.7% diagnostic
rate in an unselected adult series referred for clinical

diagnostic ES.7 Given incipient treatment trials for GBA-PD
and the potential importance of identifying eligible subjects in
the future,26 our analyses considered lower-risk pathogenic
alleles (OR ;2.4),27 p.Glu365Lys and p.Thr408Met, along
with higher-penetrance variants (e.g., p.Leu483Pro, OR
>5).28 Importantly, integrated ES and aCGH identified 5
additional subjects (4 unrelated probands)—including a
subject with a GBA deletion—yielding an overall combined
diagnostic rate of 19.3%. We also uncovered numerous VUS,
including SNVs within Mendelian PD genes (table e-2, links.
lww.com/NXG/A306) as well as large CNVs affecting other
loci (table e-4, links.lww.com/NXG/A306). Although addi-
tional evidence will be required to confirm or refute patho-
genicity, our genetic diagnostic rate would nearly double if
these VUS in PD genes are bona fide risk factors. Overall, our
findings suggest that integrated ES and aCGH analysis is es-
sential for routine, high-confidence genetic diagnosis in fa-
milial PD.

Most genetic diagnostic studies in PD cohorts to date have
ignored the potential contribution of CNVs. Similarly, except
in several notable targeted CNV studies,12,29 research-based
PD gene discovery has almost exclusively focused on SNVs,
using ES or genotyping arrays. Importantly, we would have
missed multiple pathogenic CNV alleles at both autosomal
dominant (SNCA and GBA) and recessive (PRKN) loci
without performing aCGH. In 5 subjects, pathogenic alleles
discovered at PRKNwould have been nondiagnostic based on
isolated ES, leading to misclassification as heterozygous car-
riers, whereas integrated SNV-CNV analyses successfully
established the molecular diagnosis of PRKN-PD. Our find-
ings suggest caution for interpretation of studies attributing
PD risk to either PRKN CNV or SNV heterozygous carrier
states in isolation, consistent with prior studies.30 Although
we did not detect any CNVs at PINK1 or PARK7 in our
cohort, the importance of integrated SNV-CNV analysis may

Figure 2 aCGH plot and breakpoint junction sequence of GBA deletion

(A) aCGH plot and (B) junction sequence of a 4.7-kb deletion identified involvingGBA in subject 1. The deletion (shadowed) encompasses 7 exons of GBA (from
exon 2 to exon 8). (C) By agarose gel electrophoresis, the amplification of the deleted region (Del) in subject 1 showed a;5 kb discrepancy compared with a
control (Ctl), consistent with aCGH findings. PCR showed preferential amplification of the shorter fragment in the Del lane. aCGH = array-based comparative
genomic hybridization.
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extend to other autosomal recessive PD loci besides PRKN.
Because our CNV and SNV data are unphased, and parental
genotypes are not available, we cannot definitively exclude the
possibility that certain CNVs and SNVs at PRKN were in cis-
rather than trans-configuration. Nevertheless, our data sug-
gest that structural variants may co-occur with SNVs more
commonly than previously recognized, making consideration
of both allele types important for comprehensive genetic di-
agnosis in PD.

ES has significantly accelerated the scope of gene discovery in
PD and other neurologic disorders, but remains insensitive to
allele classes such as trinucleotide repeat expansions and

CNVs. Although bioinformatic tools may help identify CNVs
from ES data, available algorithms have high false-positive
rates when compared with aCGH,31 and this method may
miss up to 30% of clinically relevant CNVs.11 To our
knowledge, genome-wide aCGH with exon-by-exon coverage
has not been previously applied in PD. Limitations of aCGH
include significant cost and the possibility of missing small
deletions/duplications. Alternative methods, such as ddPCR,
may offer a cost-effective alternative for screening specific
genes,32 including for small CNVs. In our study, ddPCR
showed high sensitivity and specificity for detection of CNVs
at both PRKN and GBA. Moreover, ddPCR successfully dif-
ferentiated copy number changes affecting exons unique to

Figure 3 aCGH plots and breakpoint junction sequences of PRKN CNVs

aCGH plots (left panel) and breakpoint junction sequences (right panel) of CNVs identified involving the PRKN gene in the cohort. At the top, a schematic gene
structure demonstrates the 12 exons of PRKN. (A) In subject 20, a 222-kb deletion covering exons 8 and 9 was accompanied by a known pathogenic nonsense
mutation c.1358G>A:p.Trp453* (gnomAD frequency = 0) in exon 12. (B) In subject 11, in addition to a missense variant c.1310C>T:p.Pro437Leu (exon 12), a
duplication-normal-duplication (DUP-NML-DUP) was identified. (C) Siblings 21 and 22 share a pathogenic missense variant c.719C>T:p.Thr240Met (in exon 6)
and a 178-kb deletion (disrupting exons 5 and 6). (D) In subject 6, a 364-kb duplication encompassed exons 4 to 6. A known pathogenic frameshift variant
c.155delA:p.Asn52Metfs*29was identified in exon 2 (gnomAD frequency = 2.5 × 10−4). Breakpoint sequencingwasnot successful in this sample. aCGH=array-
based comparative genomic hybridization; CNV = copy number variant; gnomAD = Genome Aggregation Database.
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GBA avoiding potential confounding by the adjacent pseu-
dogene, GBAP1.

Despite evidence of an important role in disease risk, the
mechanism(s) for generating CNVs relevant to PD remain
largely unknown. Broadly, CNVs may form through mecha-
nisms associated with DNA recombination, DNA replication,
and/or DNA repair.20 Nonallelic homologous recombination
can result in recurrent rearrangements. In contrast, non-
homologous end joining,20 fork stalling and template
switching (FoSTeS) and microhomology-mediated break-
induced replication (MMBIR),21 lead to nonrecurrent CNVs.

In our study, all junction breakpoint sequencing results were
consistent with the FoSTeS/MMBIR mechanism, including
for CNV alleles discovered at SNCA, PRKN, and GBA. These
results are consistent with a recent analysis of SNCA dupli-
cations from 6 independent cases.33 These findings have
important implications for screening assays because the de-
tection of nonrecurrent CNVs requires methods sensitive for
heterogeneous, exon-by-exon changes. The FoSTeS/MMBIR
mechanism can also trigger multiple iterative template
switches in a single event, leading to the generation of more
complex genomic rearrangements. Breakpoint sequencing of
an SNCA CNV first observed in the Spellman-Muenter/Iowa

Figure 4 PRKN and GBA ddPCR results of representative subjects

(A) Positive droplet concentrations in 8 subjects. Primer pairs for the 12 exons of PRKN and 2 control genes, RPPH1 and TERT, were used to obtain positive
droplet concentrations from PCR in each individual (e-Methods and figure e-4A, links.lww.com/NXG/A305). The y-axis shows exon-by-exon results in 13
columnswith different colors, showing comparable results to the average value of RPPH1 and TERT. A y-axis value of 0.5 indicates a deletion, 1 copy neutral (no
deletion, no duplication), and 1.5 a duplication. In subject 6, a duplication involving exons 4 to 6 was identified as shown by aCGH; in subject 11, exons 2, 4, 5,
and 6 demonstrated copy number gains; in subject 20, there is a copy number loss involving exons 8 and 9; similarly, in subjects 21 and 22 a copy number loss
of exons 5 and 6 is detected. In subjects 1, 23, and HapMap NA10851, no amplicons showed altered copy number. See also figure e-2 (links.lww.com/NXG/
A305). Copy number variants are denoted with asterisks (*). (B) GBA and its nearby pseudogene, GBAP1, share a high degree of sequence homology, with
ddPCR primer pairs for 6 of the 12 exons of GBA producing amplicons concurrently from GBA and GBAP1. GBA exons 3, 5, 6, 8, 11, and 12 are color coded to
demonstrate their homologous regions withinGBAP1, which result in a doubling of the apparent copy number identified by ddPCR: 4 instead of 2 copies (ratio
= 2), indicate copy number neutrality for these exons. GBA exon 5 is homologous with an intragenic region between exons 4 and 5 of GBAP1. (C) ddPCR
detected potential exonic CNVs in GBA. Here, we demonstrate a deletion identified in subject 1, compared with HapMap subject NA10581 and other 2
subjects, ratios of exons 2 to 8were each reduced by 0.5-fold, consistent with a deletion involving these exons. Deleted exons are denotedwith an asterisk (*);
deleted exons with a droplet ratio of 1.5 due to GBAP1 amplification are denoted with an arrowhead. See also figure e-3 (links.lww.com/NXG/A305). aCGH =
array-based comparative genomic hybridization; CNV = copy number variant; ddPCR = droplet digital PCR.
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kindred18,19 confirmed the DUP-TRP-DUP structure23 and
further revealed an internal inversion (DUP-TRP/INV-
DUP) and microhomology. This rearrangement must have
arisen during mitosis via FoSTeS/MMBIR20 and therefore
likely represents a de novo triplication, in contrast to the
meiotic PMP22 triplications observed in Charcot-Marie-
Tooth (MIM#118220), which derives from a duplication in
the previous generation.34 Our results therefore demonstrate
the essential role of breakpoint junction sequencing in de-
finitively resolving CNV structure and responsible
mechanisms.

Deletions in GBA rarely contribute to autosomal recessive
Gaucher disease (MIM#230800).35 Our discovery of a GBA
deletion allele in a subject with PD, expected to cause glu-
cocerobrosidase haploinsufficiency, adds to other emerging
evidence supporting a loss-of-function mechanism in GBA-
PD.36 It will be informative to screen for additional GBA
CNVs in additional case/control cohorts—perhaps using
ddPCR—to determine how commonly these alleles are as-
sociated with PD risk and estimate their effect size and pen-
etrance. We also identified 2 subjects doubly heterozygous for
SNVs in both GBA and LRRK2, consistent with prior re-
ports.37 We expect that additional PD cases compatible with
oligogenic inheritance models will emerge following wide-
spread adoption of comprehensive, genome-wide diagnostic
approaches, including ES and aCGH. Future studies must
address how such alleles may interact to modify PD risk and/
or clinical manifestations. Finally, although our study focused
on pathogenic alleles in established Mendelian loci, future
assessment of a more complete spectrum of genetic variation
through integrated SNV-CNV analysis is also likely to en-
hance power for novel PD gene discovery.
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16. Härmälä SK, Butcher R, Roberts CH. Copy number variation analysis by droplet
digital PCR. Methods Mol Biol 2017;1654:135–149.

17. Singleton AB, Farrer M, Johnson J, et al. alpha-Synuclein locus triplication causes
Parkinson’s disease. Science 2003;302:841.

18. Spellman GG. Report of familial cases of parkinsonism. Evidence of a dominant trait
in a patient’s family. JAMA 1962;179:372–374.

19. Muenter MD, Forno LS, Hornykiewicz O, et al. Hereditary form of parkinsonism:
dementia. Ann Neurol 1998;43:768–781.

20. Carvalho CMB, Lupski JR. Mechanisms underlying structural variant formation in
genomic disorders. Nat Rev Genet 2016;17:224–238.

21. Zhang F, Khajavi M, Connolly AM, Towne CF, Batish SD, Lupski JR. The DNA
replication FoSTeS/MMBIR mechanism can generate genomic, genic and exonic
complex rearrangements in humans. Nat Genet 2009;41:849–853.

22. Beck CR, Carvalho CMB, Akdemir ZC, et al. Megabase length hypermutation ac-
companies human structural variation at 17p11.2. Cell 2019;176:1310–1324.e10.

23. Zafar F, Valappil RA, Kim S, et al. Genetic fine-mapping of the Iowan SNCA gene
triplication in a patient with Parkinson’s disease. NPJ Parkinsons Dis 2018;4:18.

24. Carvalho CMB, Ramocki MB, Pehlivan D, et al. Inverted genomic segments and
complex triplication rearrangements are mediated by inverted repeats in the human
genome. Nat Genet 2011;43:1074–1081.

25. Deng H, Le W-D, Hunter CB, et al. Heterogeneous phenotype in a family with
compound heterozygous parkin gene mutations. Arch Neurol 2006;63:273–277.

26. Espay AJ, Brundin P, Lang AE. Precision medicine for disease modification in Par-
kinson disease. Nat Rev Neurol 2017;13:119–126.

27. Benitez BA, Davis AA, Jin SC, et al. Resequencing analysis of fiveMendelian genes and
the top genes from genome-wide association studies in Parkinson’s disease. Mol
Neurodegener 2016;11:29.

28. Sidransky E, Nalls MA, Aasly JO, et al. Multicenter analysis of glucocerebrosidase
mutations in Parkinson’s disease. N Engl J Med 2009;361:1651–1661.

29. Kim JS, Yoo JY, Lee KS, et al. Comparative genome hybridization array analysis for
sporadic Parkinson’s disease. Int J Neurosci 2008;118:1331–1345.

30. Kay DM, Stevens CF, Hamza TH, et al. A comprehensive analysis of deletions, multi-
plications, and copy number variations in PARK2. Neurology 2010;75:1189–1194.

31. de Ligt J, Boone PM, Pfundt R, et al. Detection of clinically relevant copy number
variants with whole-exome sequencing. Hum Mutat 2013;34:1439–1448.

32. Gu S, Posey JE, Yuan B, et al. Mechanisms for the generation of two quadruplications
associated with split-hand malformation. Hum Mutat 2016;37:160–164.

33. Seo SH, Bacolla A, Yoo D, et al. Replication-based rearrangements are a common
mechanism for SNCA duplication in Parkinson’s disease.MovDisord 2020;35:868–876.

34. Liu P, Gelowani V, Zhang F, et al. Mechanism, prevalence, and more severe neu-
ropathy phenotype of the Charcot-Marie-Tooth type 1A triplication. Am J Hum
Genet 2014;94:462–469.

35. Beutler E, Gelbart T, West C. Identification of six new Gaucher disease mutations.
Genomics 1993;15:203–205.

36. Ysselstein D, Shulman JM, Krainc D. Emerging links between pediatric lysosomal
storage diseases and adult parkinsonism. Mov Disord 2019;34:614–624.

37. Yahalom G, Greenbaum L, Israeli-Korn S, et al. Carriers of both GBA and LRRK2
mutations, compared to carriers of either, in Parkinson’s disease: risk estimates and
genotype-phenotype correlations. Parkinsonism Relat Disord 2019;62:179–184.

Appendix (continued)

Name Location Contribution

Chaofan
Zhang, BS

Baylor College of
Medicine,
Houston, TX

Data generation and
writing—review and editing

Xiaofei Song,
PhD

Baylor College of
Medicine,
Houston, TX

Data generation and
writing—review and editing

Haowei Du,
MS

Baylor College of
Medicine,
Houston, TX

Data generation and
writing—review and editing

Tomasz
Gambin, PhD

Baylor College of
Medicine,
Houston, TX

Data analysis and
writing—review and editing

Shalini N.
Jhangiani,
PhD

Baylor Genetics,
Houston, TX

Data generation and
writing—review and editing

Zeynep Coban
Akdemir, PhD

Baylor College of
Medicine,
Houston, TX

Data analysis, methodology, and
writing—review and editing

Donna M.
Muzny, MS

Baylor Genetics,
Houston, TX

Data generation and
writing—review and editing

Anusha
Tejomurtula,
MS

Baylor College of
Medicine,
Houston, TX

Data generation and
writing—review and editing

Owen A. Ross,
PhD

Mayo Clinic,
Jacksonville, FL

Writing—review and editing and
resources

Chad Shaw,
PhD

Baylor College of
Medicine,
Houston, TX

Data curation and
writing—review and editing

Joseph
Jankovic, MD

Baylor College of
Medicine,
Houston, TX

Data curation, writing—review
and editing, resources, and
supervision

Weimin Bi,
PhD

Baylor College of
Medicine,
Houston, TX

Data curation writing—review
and editing, and supervision

Jennifer E.
Posey, MD,
PhD

Baylor College of
Medicine,
Houston, TX

Data analysis, data curation,
writing—original draft,
writing—review and editing, and
supervision

James R.
Lupski, MD,
PhD

Baylor College of
Medicine,
Houston, TX

Conceptualization,
writing—review and editing,
resources, and supervision

Joshua M.
Shulman, MD,
PhD

Baylor College of
Medicine,
Houston, TX

Conceptualization,
writing—original draft,
writing—review and editing,
resources, and supervision

10 Neurology: Genetics | Volume 6, Number 5 | October 2020 Neurology.org/NG

http://neurology.org/ng


ARTICLE OPEN ACCESS

LINS1-associated neurodevelopmental disorder
Family with novel mutation expands the phenotypic spectrum

Christiane M. Neuhofer, MD,* Claudia B. Catarino, MD, PhD,* Heinrich Schmidt, MD, Klaus Seelos, MD,

Bader Alhaddad, MD, Tobias B. Haack, MD, and Thomas Klopstock, MD

Neurol Genet 2020;6:e500. doi:10.1212/NXG.0000000000000500

Correspondence

Dr. Klopstock

thomas.klopstock@

med.uni-muenchen.de

Abstract
Objective
Clinical, neuroimaging, and genetic characterization of 3 patients with LINS1-associated de-
velopmental regression, intellectual disability, dysmorphism, and further neurologic deficits.

Methods
Three affected brothers from a consanguineous family from Afghanistan, their 2 healthy sib-
lings, and both parents were all assessed in the clinic. General and neurologic examination,
expert dysmorphology examination, and 3T brain MRI were performed. Whole-exome se-
quencing was performed for the 3 affected brothers, followed by Sanger sequencing in all
available family members.

Results
The index patient and his 2 affected brothers presented a complex neurologic syndrome with
similar features but marked intrafamilial phenotypical variability, including varying degrees of
cognitive impairment, speech impairment, dystonia, abnormal eye movements, and dysmor-
phic features. All 3 affected brothers are homozygous for a novel, pathogenic frameshift mu-
tation in LINS1, c.1672_1679del, and p.Gly558Profs*22, whereas both parents and healthy
siblings are heterozygous for the mutation. No major brain malformations were evident in 3T
brain MRI of the affected brothers.

Conclusion
This consanguineous family with a novel mutation expands the spectrum of LINS1-associated
disorder to include developmental regression, oculomotor signs, and dystonia, previously not
described in the published 9 cases of this rare disorder. The 3T-MRI data from our 3 patients
and review of the neuroimaging data in the literature showed unspecific brain MRI changes.
LINS1 protein is a knownmodulating factor of theWnt signaling pathway, with important roles
in organogenesis including of the cerebral cortex. More research is warranted to disentangle the
underlying pathophysiologic mechanisms, leading to cognitive impairment and the complex
phenotype of LINS1-associated disorder.
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Pathogenic mutations in LINS1 (Online Mendelian In-
heritance in Man [OMIM] *610350) have first been described
in 2011 in 4 siblings with intellectual disability of one con-
sanguineous family.1 Two affected children of another con-
sanguineous family with LINS1 mutations showed in addition
stereotypies and facial dysmorphism.2 In total, only 9 patients
from 4 families have been reported in the literature1–4 (table 1).

The gene product, LINS1, is a modulating factor of the Wnt
signaling pathway,5 which plays a role in development and
growth, especially during embryogenesis.6,7 In a recent
genome-wide association meta-analysis of brain MRI data,
genetic variants influencing the structure of the human ce-
rebral cortex were found to cluster near genes involved in
the Wnt signaling pathway.8 Wnt proteins are known to
regulate neural progenitor fate decisions.9 Of interest, mu-
tations in Cip1-interacting zinc finger protein 1 have been
shown to lead to primary cervical dystonia by influencing
the Wnt signaling pathway.10

Methods
Patient consent
Genetic studies were performed in a diagnostic context after
written informed consent or assent from legal guardians.

Patients and study design
The 19-year-old index patient from a consanguineous
family from Afghanistan (figure) was referred to the clinic
with dystonia. We also assessed his 4 siblings, 2 of whom
also presented with severe neurologic signs, and both
parents, including neurologic and general physical exami-
nation (table 2). Formal cognitive testing was not possible
because of the language barrier and the lack of co-
operation. A dysmorphology expert assessed all 3 affected
siblings.

Next-generation sequencing workflow and
sequencing analyses
Whole-exome sequencing (WES) was performed for the 3
patients. Sanger sequencing was performed to confirm the
LINS1mutation in the affected siblings and to test the carrier
status in the parents and healthy siblings. After enrichment of
exonic DNA fragments with a SureSelect Human All Exon Kit
(Agilent, 50 Mb V5), sequencing was performed on a
HiSeq2500 system (Illumina). Assuming an autosomal re-
cessive mode of inheritance, the exome data were searched for
homozygous or compound heterozygous variants with an
allele frequency of less than 1%. The prioritized mutations
were evaluated for known associations with inherited disease
in the literature and OMIM database.

Neuroimaging studies
A 3TMRI of the brain was performed for the 3 affected siblings
and evaluated by an experienced neuroradiologist. MRI was
acquired on a General Electric Signa HDxt 3T scanner. Ac-
quisition parameters are described in detail in Supplemental
Data (e-Methods, links.lww.com/NXG/A310).

Data availability
Any data from this work not published within this article will
be shared on reasonable request from any qualified in-
vestigator. Individual participant data will only be shared in a
deidentified form. The data are not publicly available because
of the information that could compromise the privacy of the
participants.

Results
Clinical reports

Index patient 1 (III-2)
This 19-year-old male patient, second of 5 siblings of a consan-
guineous family from Afghanistan, was referred to our clinic for
episodes of hand “cramps” (figure, A, E, I). After normal preg-
nancy, normal delivery at term and normal development during
the first 3 years of life, regression of psychomotor development
became apparent at age 3 years, followed by learning disability.
From age 8 years on, stereotypical movement of the hands was
noted. Episodes of cramps of the hands were reported, triggered
by stress or repetitive hand movements, compatible with dysto-
nia. General examination showed facial dysmorphism. Neuro-
logic examination revealed stuttering, hypometric vertical
saccades, transiently restricted abduction and impaired conjuga-
tion of the eyes, dysdiadochokinesis, impaired fine motor skills,
and mild postural tremor of the hands. He works in a sheltered
workshop and has learned some German. Formal cognitive
testing was not possible because of language difficulties and short
attention span.

Patient 2 (III-3)
This 18-year-old male sibling was born at term after unremark-
able pregnancy and birth (figure, B, F, J). He had normal be-
havior, speech, and psychomotor development until the age of 4
years. Behavioral changes started at 4 years of age, with chal-
lenging behavior, increasingly restless, and defiant. He also de-
veloped urinary incontinence and stuttering. From age 14 years,
slowly progressive cognitive impairment was noted, as were ep-
isodes of challenging behavior, some of which required inpatient
psychiatric assessment and antipsychotic therapy. General ex-
amination was remarkable for obesity and facial dysmorphism.
Neurologic examination showed divergent strabismus, un-
conjugated eye movements, and mild dystonic gait in a friendly

Glossary
OMIM = Online Mendelian Inheritance in Man; WES = whole-exome sequencing.
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Table 1 Clinical and genetic features of LINS1-associated neurodevelopmental disorder in the literature and in this family

Najmabadi et al.1 Akawi et al.2 Sheth et al.3 McMillan et al.4 This work

No. of affected
siblings (gender)

4 siblings (NA) 2 siblings (1M, 1F) 2 siblings (2M) 1 (1M) 3 siblings (3M)

No. of families
(origin)

1, consang. (Iran) 1, consang. (Yemen) 1, consang.
(Gujarati
Brahmin)

1, NA (NA, Canada) 1, consang.
(Afghanistan)

LINS1 mutation Hom.
Frameshift c.985_
988delCATG,
p.His329X
Exon 5

Hom.
Frameshift c.1219_
1222+1delAAAGG
Exon 5

Hom.
Missense
c.937G>A,
p.Glu313Lys
Exon 5

Compound het.
Nonsense c.1096G>T,
p.Glu366X; c.1178T>G,
p.Leu393X
Exon 5

Hom.
Frameshift c.1672_
1679del,
p.Gly558Profs*22
Exon 7

Intellectual
disability

4/4 2/2 2/2 1/1 3/3

Autistic features NA NA 1/2 NA 1/3

Hyperactive
behavior

NA 1/2 NA 0/1 3/3

Stereotypical
movements

NA 2/2 NA 0/1 1/3

Speech
impairment

NA 2/2 1/2 1/1 3/3

Mutism NA 1/2 1/2 1/1 1/3

Muscle
hypotonia

NA 1/2 NA 0/1 1/3

Worster-
Drought
syndrome

NA 0/2 0/2 1/1 0/3

Abnormal
extraocular
movements

NA 0/2 NA 0/1 3/3

Height <3rd
percentile

NA 2/2 0/2 NA 0/3

Brain MRI NA Vascular malformation of the
right frontal lobe, but no cortical
abn.

No significant
abn.

Nonspecific periventricular
WM changes

2/3: Nonspecific
changes (figure, A–F)

Long face NA NA + NA +

Microcephaly + 1/2 0/2 NA 1/3

Flat midface NA 2/2 NA NA +

Depressed nasal
bridge

NA 1/2 NA NA −

Deep-seated
eyes

NA NA + NA −

Large ears NA NA + NA −

Big earlobes NA NA + NA −

Large forehead NA NA + NA +

Long and thin
fingers

NA NA + NA 3/3

Hypoplastic
mandible

NA NA + NA 1/3

Broad nose NA NA + NA 1/3

Abbreviations: − = absent; + = present; abn. = abnormalities; het. = heterozygous; hom. = homozygous; NA = information not available; WM = white matter.
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and cooperative but restless and inattentive patient, who obeyed
simple commands and tried to communicate but only in Farsi.

Patient 3 (III-4)
This 17-year-old brother was the most severely affected
(figure G, H, K). After unremarkable pregnancy and delivery

at term, early motor development was normal. He first
crawled at 6 months but started walking only at 2 years. He
never learned to talk but for a short period could vocalize the
syllables “nam” and “mam”. At age 2 years, he started having
recurrent episodes of vomiting. He started swallowing objects
(pica eating disorder) and putting objects in his ears,

Figure Neuroradiologic findings, dysmorphic features, and pedigree

(A) 3T brainMRI scans of patient 1 showed normal cortex and gray-white differentiation in 3D T1w images and no signs ofmicrobleeds or hemorrhage in T2*.
There was a slight bilateral widening of the postcentral and intraparietal sulci. FLAIR images showedmultiple small, unspecific whitematter lesions in the left
parietal and bilateral frontal white matter. There was a minimal asymmetry with wider temporal horn of the left lateral ventricle. (B and C) Because of
movement artifacts, the only scans of diagnostic quality from patients 2 and 3 were fast T2w Propeller acquisitions, repeated several times in multiple
orientations. They showed no obvious brainmalformations and no signs of leukoencephalopathy. Slice orientation is asymmetric because of themovement
of patient 3 (C). The 3 affected brothers (patient 1: A, E, and I; patient 2: B, F, and J; patient 3: C, G, H, and K) presented with varying degrees of several
dysmorphic features, including dysmorphism of the face (E–G), fingers (I–K), and feet (H). All had clinodactyly of digit V, and patient 3 showed long and thin
fingers, with digit II longer than digit IV (K). Pedigree of this consanguineous family (D) showing the 3 affected siblings (III-2: patient 1, index; III-3: patient 2; and
III-4: patient 3). The 2 healthy siblings and both parents were also genetically tested and were found to be heterozygous for the novel LINS1 mutation.
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necessitating constant supervision, resulting in several gastroin-
testinal operations (due to gastric hemorrhages and intestine
perforations) and ENT procedures for tympanic reconstruction
and chronic otitis. He has bladder and bowel incontinence. Short
stature (151 cm), cachectic appearance (27 kg), microcephaly,
and dysmorphism were evident on general examination. Neu-
rologic examination was remarkable for mutism, although the
patient was partly cooperative and could interact nonverbally
and follow very simple commands in Farsi. He smiled and
reacted to eye contact and direct physical contact. He was rest-
less, exhibiting frequent stereotypic movements or behaviors, for
example, rumination, fumbling, or swaying movements of the
upper body. He had unconjugated eye movements and a dys-
tonic gait but could walk alone for a short distance.

Genetic studies
Through WES, we identified rare variants in 61 genes associated
with an autosomal recessivemode of inheritance, 8 of which were
listed in OMIM: CYP2C19, LINS1, IFT140, ABCA4, TSPEAR,
ALMS1, C1GALT1C1, and G6PD. Of those, only LINS1 had
been previously associated with phenotypic features found in our
patients (table 1). Regions of homozygosity found for the three
patients are listed in Supplemental Data table e1 (links.lww.com/
NXG/A311).

All affected brothers carried the novel homozygous frameshift
mutation in LINS1, c.1672_1679del/p.Gly558Profs*22
(NM_001040616.2), which was later confirmed by Sanger
sequencing. Both healthy parents and healthy siblings are
heterozygous carriers of the LINS1 mutation, as shown by
Sanger sequencing. The genetic variant was not found in
exomes from about 8,000 individuals from an in-house
database and about 120,000 alleles from the Exome
Aggregation Consortium. This frameshift mutation pre-
dicts a premature stop of the translation of the LINS1
protein.

Neuroimaging findings
The 3T brainMRI of the index patient showedmultiple small,
unspecific white matter lesions in the left parietal and bilateral
frontal white matter, and a slight bilateral widening of the
postcentral and intraparietal sulci (figure, A). Also, for pa-
tients 2 and 3, no obvious brain malformation was detected
and no signs of leukoencephalopathy (figure, B, C), but image
quality was limited by movement artifacts.

Table 2 Detailed description of the dysmorphic traits
found in the 3 affected members of this family

Patient 1
(III-2)

Patient 2
(III-3)

Patient 3
(III-4)

General

Small stature − + +

Microcephaly − − +

Low neck hairline + − +

Low forehead
hairline

− − +

Thorax

Scoliosis − − +

Thoracolumbar
kyphosis

− − +

Funnel breast − − +

Mammillary
hypoplasia

− − +

Eyes

Synophrys + + +

Bushy eyebrows + + +

Long eyelashes + + +

Nose

Hypoplastic nostrils + + +

Prominent nasal
bridge

+ + +

Broad tip + − −

Jaw

Prominent upper jaw − − +

Overbite − − +

Hypoplastic lower
jaw

− − +

Oligodontia + − −

Hands

Pachydermia + + −

Excessive soft tissue + + −

Joint
hyperextensibility

+ + −

Long fingers − − +

Length DII > DIV − − +

Mild clinodactyly + + +

Feet

Sickle feet + + +

Splayed feet + + +

Table 2 Detailed description of the dysmorphic traits
found in the 3 affected members of this family
(continued)

Patient 1
(III-2)

Patient 2
(III-3)

Patient 3
(III-4)

Fallen arches + + +

Abbreviations: − = absent; + = present.
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Dysmorphology assessment
All 3 affected brothers had dysmorphism, but, interestingly, their
physical appearance was very diverse (table 2). Common features
included prominent nasal bridge with hypoplastic nostrils, bushy
eyebrows with synophrys and long eyelashes (figure, E–G), and
mild bilateral radial clinodactyly of the 5th digit (figure, I–K).
Dysmorphism was most pronounced in patient 3, who had mi-
crocephaly with low forehead and neck hairline, prominent upper
and hypoplastic lower jaw with pronounced overbite (figure, G),
thoracic dysplasia with funnel thorax, mammillary hypoplasia,
scoliosis, and sickle feet (figure, H).

Discussion
Through WES in a consanguineous family with 3 affected
siblings, we identified the novel 8-bp deletion c.1672_1679del
(p.Gly558Profs*22) in LINS1 causing a complex neurologic
syndrome and dysmorphism, with a remarkable broad intra-
familial severity spectrum.

In the literature so far, only 9 patients from 4 families had been
described with LINS1-associated syndromes. After initially
normal development, our patients showed developmental
regression (from 3 years, 4 years and 6 months of life, re-
spectively), leading to intellectual disability in varying degrees,
with delayed or even absent speech development. We found
stereotypic movements, and dysmorphism, as already de-
scribed in the literature. Here, we also describe novel phe-
notypical features, including behavioral abnormalities, pica
eating disorder, oculomotor disorder, and dystonia. Impor-
tantly, we provide a thorough description of the dysmorphic
features of the head, face, and extremities, expanding the
spectrum of LINS1-associated disease and highlighting its
complex phenotype.

We found no other genetic variants, which may contribute to
the phenotype of the 3 patients, but cannot exclude entirely
the possibility of other genetic variants contributing to the
phenotype.

The mechanisms linking LINS1 to cognition remain mostly
unclear. The gene product, LINS1, is a regulating factor of the
Wnt signaling pathway,5 which plays a role in embryogenesis,
development, and growth, and has links to neurodegenerative
disease.6,7 Further studies are warranted to better understand
the pathophysiologic mechanisms underlying the complex
clinical presentation caused by LINS1 genetic variation.
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Abstract
Objective
We tested the hypothesis that variant repeat interruptions (RIs) within the DMPK CTG repeat
tract lead to milder symptoms compared with pure repeats (PRs) in myotonic dystrophy type 1
(DM1).

Methods
We evaluated motor, neurocognitive, and behavioral outcomes in a group of 6 participants with
DM1with RI compared with a case-matched sample of 12 participants with DM1with PR and a
case-matched sample of 12 unaffected healthy comparison participants (UA).

Results
In every measure, the RI participants were intermediate between UA and PR participants. For
muscle strength, the RI group was significantly less impaired than the PR group. For measures of
Full Scale IQ, depression, and sleepiness, all 3 groups were significantly different from each other
with UA > RI > PR in order of impairment. The RI group was different from unaffected, but not
significantly different from PR (UA > RI = PR) in apathy and working memory. Finally, in finger
tapping and processing speed, RI did not differ from UA comparisons, but PR had significantly
lower scores than the UA comparisons (UA = RI > PR).

Conclusions
Our results support the notion that patients affected by DM1 with RI demonstrate a milder
phenotype with the same pattern of deficits as those with PR indicating a similar disease process.
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Myotonic dystrophy type 1 (DM1; OMIM 160900) is an
autosomal dominant, progressive, multisystem disorder
caused by expansion of a CTG repeat in the 39-untranslated
region of DMPK.1–4 DM1 affects many organ systems, in-
cluding skeletal muscle, heart, gastrointestinal, integumentary,
endocrine, and CNS.3,5,6 Although the primary symptoms of
DM1 are myotonia and muscle weakness, some of the most
disabling symptoms of the disease are those arising from CNS
involvement.7,8 These include progressive cognitive and be-
havioral changes, as well as fatigue and excessive daytime
sleepiness, which greatly affect overall quality of life.9–11

In 3%–5% of patients with DM1, the CTG repeat tract is
interrupted by naturally occurring variant sequences, such as
CCG, CTC, or GGC motifs.12,13 Variant repeats most com-
monly occur at the 39-end of the DMPK CTG repeat tract.14,15

These are referred to as variant repeat interruptions (RIs). In-
creasing evidence from case reports suggests that patients
with DM1 who carry RI alleles exhibit a later age at symptom
onset, milder muscle symptoms, and atypical patterns of
symptoms (smaller proportion of cataracts, cardiac problems,
and muscle weakness) compared with those with pure repeats
(PRs).12–14,16,17 These effects have now been confirmed in 2
large independent DM1 cohorts.18,19 The attenuation of
symptoms is hypothesized to result, at least in part, from a
stabilizing effect of RI that reduces expansion-biased instability in
somatic cells.13,20,21 In this context, we set out to comparemotor,
neurocognitive, and behavioral outcome measures of partici-
pants with adult-onset DM1 with RIs matched to participants
with DM1 with PRs, as well as comparison of both groups to
participants unaffected by DM1.

Methods
Recruitment of participants
Participants with adult-onset DM1 were recruited to the
University of Iowa “DM1Brain Study” from across the United
States by advertisements through the Myotonic Dystrophy
Foundation or word of mouth, as described previously.22

Recruitment was targeted to adult-onset DM1 only, with
symptom onset at age 18 years or older. Unaffected partici-
pants were primarily recruited from the local community
through advertisements. Recruitment for baseline assess-
ments took place between September 2014 and July 2017.
Inclusion criteria were as follows: (1) between ages 21 and 65
years; (2) clinical diagnosis of DM1 after age 21 years; (3)
committed to completing annual evaluations for 2 years fol-
lowing intake; and (4) commitment of an informant to

accompany the participant to study visits. Exclusion criteria
included (1) unstable psychiatric illness (including current
substance abuse) and (2) history of major head trauma with
loss of consciousness for longer than a few minutes and in-
cluding clinically significant sequelae.

Standard protocol approvals, registrations,
and patient consents
All participants gave written informed consent before en-
rolling in the protocol in accordance with the Declaration of
Helsinki. The study was approved by the University of Iowa’s
Institutional Review Board.

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

Measurement of CTG repeat length and variant
repeat identification
For genotyping of CTG repeats in participants with DM1, we
used the same methodology as the one used in previous
studies.22,23 For variant repeat identification, small-pool PCR
products underwent AciI enzyme digestion (New England
Biolabs UK Ltd.; restriction site 59CCGC-39) and Southern
blotting to indicate the presence of CCG interruptions within
the CTG repeat array in the expanded allele as previously
described.13

Motor testing
Motor, neurocognitive, and behavioral outcome measures of
interest were selected a priori to reduce the number of com-
parisons. Severity of muscle weakness was measured using the
Muscle Impairment Rating Scale (MIRS) during examination
by a neuromuscular specialist experienced in DM1, blinded to
the participants’ genetic status.24 This scale evaluates muscular
impairment severity according to an ordinal 5-point scale as
follows: (1) no muscular impairment, (2) minimal signs, (3)
distal weakness, (4) mild to moderate proximal weakness, and
(5) severe proximal weakness.

Grip strength was measured using a Lafayette Instruments
dynamometer. The stirrup of the dynamometer was adjusted
to comfortably fit the participant’s hand size, after which they
were instructed to squeeze as hard as they possibly could.
Strong motivational encouragement was provided by the ex-
aminer during each of the 6 trials (3 for the dominant hand
and 3 for the nondominant hand) to elicit the participant’s
maximal effort. Ultimate scores were the means of 3 trials for
each hand.

Glossary
AES = Apathy Evaluation Scale; BDI-II = Beck Depression Inventory-II;CI = confidence interval;DM1 = myotonic dystrophy
type 1; EDS = excessive daytime sleepiness; MIRS = Muscle Impairment Rating Scale; PR = pure repeat; PSI = Processing
Speed Index; RI = repeat interruption; SCOPA = Scales for Outcomes in Parkinson’s Disease; SDB = sleep-disordered
breathing; WAIS-IV = Wechsler Adult Intelligence Scale–Fourth Edition; WMI = Working Memory Index.
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Neurocognitive and behavioral testing
Neurocognitive and behavioral assessments included the
Wechsler Adult Intelligence Scale–Fourth Edition (WAIS-
IV), Beck Depression Inventory-II (BDI-II), Apathy Evalua-
tion Scale (AES) self-assessment, and Scales for Outcomes in
Parkinson’s Disease (SCOPA). These measures were ad-
ministered by a trained examiner experienced in DM1 who
was blinded to the patient’s clinical condition (CTG expan-
sion length and muscular impairment).

Statistical analysis
All statistical analyses were performed using R (version 3.6.2).
Each participant who was determined to have variant repeats
was matched by age, sex, and CTG repeat length to 2 partici-
pants with pure CTG repeats and 2 unaffected participants.
Mixed-effects multivariable linear regression models were used
to examine the impact of group, age, sex, and a subject-
matching variable on the dependent variables (motor, neuro-
cognitive, and behavioral outcome measures). The coefficient
of determination (R2) for the model, semi-partial R2 for each
fixed effect (group, age, and sex), and 95% confidence intervals
(CIs) were calculated using the Nakagawa & Schielzeth ap-
proach.25 Effect sizes were considered very weak (R2 < 0.1),
weak (0.1 < R2 < 0.3), moderate (0.3 < R2 < 0.5), and strong
(0.5 < R2). Post hoc least-squares means tests were used for
pairwise comparisons between UA, RI, and PR groups. All
outcome measures of interest were selected a priori to mini-
mize multiple testing considerations.

Results
Sample
From a cohort of 57 adults affected by DM1, 6 participants
(11%)were identified as positive for variant RIs by AciI enzyme
digest. Each RI participant was equivalently matched to 2 PR
participants and 2 unaffected healthy comparison participants
(UA) by age, sex, and CTG repeat length for a total sample of
30 participants (6 RI, 12 PR, and 12 UA) (table 1). There was
an equal proportion of men (66%) and women (33%) within
each group (χ2 = 0.0, df = 2, p = 1.0). Mean age at evaluation
was 42.27 years (SD = 11.89) for the UA group, 42.25 years
(SD = 12.52) for the RI group, and 40.42 years (SD = 11.03)
for the PR group, with no significant group effect (χ2 = 4.32, df
= 2, p = 0.115). There were no significant differences in age
between the UA and RI groups (t(22) = 0.017, 95% CI [−2.44,
2.48]), the UA and PR groups (t(22) = 1.90, 95% CI [−0.16,
3.85]), and the RI and PR groups (t(22) = 1.53, 95% CI [−0.63,
4.28]) (table 1).Mean age at disease onset was 31.75 years (SD
= 5.76) for the RI group and 24.14 years (SD= 9.48) for the PR
group, with no significant difference between groups (t(13) =
1.93, 95% CI [−0.86, 15.89]) (table 1). The length of the
estimated progenitor CTG allele (ePAL)26 ranged from 12 to
22 in the UA group (mean = 14.43, SD = 3.41), from 157 to
625 in the RI group (mean = 386.17, SD = 149.66), and from
125 to 750 in the PR group (mean = 327.92, SD = 190.13),
with a significant group effect in themodel (χ2 = 32.91, df = 2, p

< 0.001). As expected for CTG length, there were significant
differences between the UA group and the RI (t(17.9) = −5.10,
95% CI [−545.39, −227.07]) and PR (t(18.3) = −5.01, 95% CI
[−468.87, −192.23]) groups and no significant difference be-
tween the RI and PR groups (t(17.5) = 0.82, 95% CI [−86.25,
197.62]) (table 1).

Motor performance
Detailed statistics for each outcome measure from the mixed-
effects multivariable linear regression model with post hoc
least-squares means tests are shown in table 2 and table 3. The
figure summarizes group differences for all outcome mea-
sures, which show that the RI group is always intermediate
between the UA and PR groups.

As shown in figure, A, there was a significant difference between
the RI and PR groups in MIRS scores (t(11) = −2.2, 95% CI
[−1.95, −0.003]) with an overall moderate effect size of the
model (R2 = 0.308, 95% CI [0.090, 0.668]) and a significant
group effect (χ2 = 4.87, df = 1, p = 0.027) with a higher
proportion of PR participants scoring 3 and 4 (mild to mod-
erate proximal weakness) (mean = 2.92; SD= 1.08) than the RI
group (mean 2.00; SD = 0.63). The PR group had 5 partici-
pants with a score of 4 (moderate proximal weakness) and no
participants with a score of 5 (severe proximal weakness),
whereas the RI group had no participants with a score of 4 or 5.

Finger tapping test results for the dominant hand are shown in
figure, B. The mean scores were 43.98 (SD = 8.98) for the UA
group; 36.83 (SD = 5.54) for the RI group; and 29.16 (SD =
11.78) for the PR group. There was an overall moderate effect
size (R2 = 0.459, 95% CI [0.264, 0.694]) and significant group
effect in the model (χ2 = 16.84, df = 2, p < 0.001), with no
significant difference between the UA and RI groups (t(25) =
1.61, 95% CI [−1.96, 16.25]), a significant difference between
the UA and PR groups (t(25) = 4.10, 95%CI [7.41, 22.34]), and

Table 1 Demographics of the study sample

Control (UA) Variant (RI) Pure (PR)

Sample, n 12 6 12

Sex, n

Males 8 4 8

Females 4 2 4

Age at evaluation,
mean (SD)

42.27 (11.89) 42.25 (12.52) 40.42 (11.03)

Age at disease
onset, mean (SD)

n/a 31.75 (5.76) 24.14 (9.48)

CTG

Range 12–22 157–625 125–750

Median 13 375 285

Abbreviations: PR = pure repeat; RI = repeat interruption.
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no significant difference between the RI and PR groups (t(25) =
1.74, 95% CI [−1.40, 16.86]).

As shown in figure, C, for grip strength (dominant hand), the
mean was 41.08 (SD = 11.12) for the UA group, 29.19 (SD =
15.7) for the RI group, and 19.25 (SD= 14.42) for the PR group.
The group effect was significant in the model (χ2 = 22.01, df = 2,
p < 0.001) with a strong overall effect size (R2 = 0.505, 95% CI
[0.312, 0.722]), no significant difference between the UA and RI
groups (t(22) = 2.03, 95% CI [−0.25, 24.02]), a significant dif-
ference between the UA and PR groups (t(22) = 4.69, 95% CI
[12.56, 32.45]), and no significant difference between the RI and
PR groups (t(22) = 1.81, 95% CI [−1.54, 22.79]).

Neurocognitive functioning
Figure, D through F shows group differences on the WAIS-IV
Full Scale IQ, Working Memory Index (WMI), and Processing
Speed Index (PSI), respectively. The mean Full Scale IQ was
120.08 (SD = 13.52) for the UA group; 107.17 (SD = 8.77) for
the RI group; and 94.67 (SD = 7.67) for the PR group. There
was a significant group effect in themodel for Full Scale IQ (χ2 =
33.39, df = 2, p < 0.001), with a strong overall effect size (R2 =
0.537, 95% CI [0.346, 0.741]), a significant difference between
the UA and RI groups (t(25) = 2.37, 95% CI [1.72, 24.11]), a
significant difference between the UA and PR groups (t(25) =
5.78, 95% CI [16.55, 34.90]), and a significant difference be-
tween the RI and PR groups (t(25) = 2.35, 95%CI [1.59, 24.02]).

Table 2 Outcome comparisons between groupsa

Variable Group 1 Group 2 Estimate Estimate 95% CI [LL, UL]

MIRS Variant Pure −0.97 [−1.95, −0.003]

Tapping Controls Variant 7.15 [−1.96, 16.25]

Controls Pure 14.88 [7.41, 22.34]

Variant Pure 7.73 [−1.40, 16.86]

Grip strength Controls Variant 11.89 [−0.25, 24.03]

Controls Pure 22.51 [12.57, 32.46]

Variant Pure 10.62 [−1.54, 22.79]

WAIS Full Scale IQ Controls Variant 12.92 [1.73, 24.11]

Controls Pure 25.73 [16.56, 34.90]

Variant Pure 12.81 [1.59, 24.03]

WAIS working memory Controls Variant 18.34 [4.84, 31.84]

Controls Pure 25.88 [14.82, 36.95]

Variant Pure 7.54 [−5.99, 21.08]

WAIS processing speed Controls Variant 8.51 [−5.19, 22.20]

Controls Pure 26.84 [15.62, 38.06]

Variant Pure 18.33 [4.61, 32.06]

Beck Depression Inventory Controls Variant −5.25 [−10.33, −0.18]

Controls Pure −10.50 [−14.66, −6.34]

Variant Pure −5.25 [−10.34, −0.16]

Apathy Evaluation Scale Controls Variant −8.51 [−16.30, −0.71]

Controls Pure −11.65 [−18.04, −5.26]

Variant Pure −3.14 [−10.96, 4.68]

SCOPA daytime Controls Variant −2.75 [−4.93, −0.57]

Controls Pure −5.56 [−7.35, −3.77]

Variant Pure −2.81 [−4.99, −0.62]

Abbreviations: CI = confidence interval; MIRS =Muscle Impairment Rating Scale; SCOPA = Scales for Outcomes in Parkinson’s Disease; WAIS =Wechsler Adult
Intelligence Scale.
a All regression coefficients (estimate) and 95% CIs were calculated in the linear mixed-effects regression model with least-squares means post hoc tests,
using group, age, sex, and a matching variable as predictors. LL and UL represent the lower limit and upper limit of the regression coefficient, respectively.
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For WMI, the mean score was 120.17 (SD = 11.57) for the
control group, 101.83 (SD = 11.55) for the RI group, and
94.75 (SD = 14.59) for the PR group, with a significant group
effect in the model (χ2 = 24.06, df = 2, p < 0.001) and
moderate overall effect size (R2 = 0.458, 95% CI [0.262,
0.694]). There was a significant difference between the UA
and RI groups (t(25) = 2.79, 95% CI [4.84, 31.84]), a signif-
icant difference between the UA and PR groups (t(25) = 4.82,

95% CI [14.82, 36.95]), and no significant difference between
the RI and PR groups (t(25) = 1.14, 95% CI [−5.99, 21.08]).

PSI exhibited a similar pattern as WMI, with the UA group
having a mean score of 114.5 (SD = 16.71), the RI group having
amean score of 106.00 (SD = 12.88), and the PR group having a
mean score of 88.08 (SD = 8.15). There was a significant group
effect in the model (χ2 = 24.90, df = 2, p < 0.001) and moderate

Table 3 Mixed-effects multivariate model resultsa

Variable Predictor χ2 df p Value Model R2 95% CI [LL, UL] Semi-partial R2 Semi-partial R2 95% CI [LL, UL]

MIRS Group 4.87 1 0.027 0.308 [0.090, 0.668] 0.206b [0.004, 0.559]b

Age 1.75 1 0.185 0.108 [0.000, 0.460]

Sex 0.14 1 0.703 0.010 [0.000, 0.293]

Tapping Group 16.84 2 0.000 0.459 [0.264, 0.694] 0.367/0.083c [0.131, 0.611]/[0.000, 0.336]c

Age 0.02 1 0.863 0.001 [0.000, 0.166]

Sex 5.44 1 0.019 0.158 [0.006, 0.428]

Grip strength Group 22.01 2 0.000 0.505 [0.312, 0.722] 0.422/0.085c [0.184, 0.651]/[0.002, 0.385]c

Age 2.34 1 0.126 0.085 [0.001, 0.340]

Sex 1.85 1 0.173 0.069 [0.000, 0.316]

WAIS Full Scale IQ Group 33.39 2 0.000 0.537 [0.346, 0.741] 0.535/0.163c [0.313, 0.727]/[0.007, 0.433]c

Age 0.67 1 0.411 0.023 [0.000, 0.231]

Sex 0.02 1 0.881 0.001 [0.000, 0.165]

WAIS working memory Group 24.06 2 0.000 0.458 [0.262, 0.694] 0.667/0.482c [0.208, 0.667]/[0.024, 0.482]c

Age 1.02 1 0.310 0.034 [0.000, 0.256]

Sex 0.09 1 0.753 0.003 [0.000, 0.174]

WAIS processing speed Group 24.90 2 0.000 0.468 [0.272, 0.700] 0.456/0.053c [0.220, 0.674]/[0.000, 0.292]c

Age 0.819 1 0.365 0.033 [0.000, 0.254]

Sex 0.994 1 0.319 0.027 [0.000, 0.242]

Beck Depression Inventory Group 27.04 2 0.000 0.523 [0.331, 0.733] 0.483/0.135c [0.250, 0.693]/[0.003, 0.403]c

Age 5.93 1 0.014 0.170 [0.009, 0.440]

Sex 3.83 1 0.051 0.117 [0.002, 0.381]

Apathy Evaluation Scale Group 14.71 2 0.000 0.400 [0.208, 0.658] 0.327/0.148c [0.096, 0.580]/[0.004, 0.417]c

Age 5.93 1 0.014 0.170 [0.009, 0.440]

Sex 1.28 1 0.257 0.042 [0.000, 0.272]

SCOPA daytime Group 41.13 2 0.000 0.598 [0.419, 0.777] 0.587/0.189c [0.379, 0.760]/[0.014, 0.460]c

Age 3.76 1 0.052 0.115 [0.001, 0.379]

Sex 0.92 1 0.336 0.031 [0.000, 0.249]

Abbreviations: CI = confidence interval; DM1 = myotonic dystrophy type 1; MIRS = Muscle Impairment Rating Scale; SCOPA = Scales for Outcomes in
Parkinson’s Disease; WAIS = Wechsler Adult Intelligence Scale.
a Chi-square, degrees of freedom (df), and p valueswere calculated in themixed-effectsmultivariate regressionmodel with type III (Wald) χ2 tests, using group,
age, sex, and amatching variable as predictors. Coefficient of determination (R2) for the model, semi-partial coefficient of determination (semi-partial R2) for
fixed effects (group, age, and sex), and 95% CIs were calculated using the Nakagawa & Schielzeth approach on the linear mixed-effects model. LL and UL
represent the lower limit and upper limit, respectively.
b Variant vs DM1 only.
c Control vs variant/control vs DM1.

Neurology.org/NG Neurology: Genetics | Volume 6, Number 5 | October 2020 5

http://neurology.org/ng


overall effect size (R2 = 0.468, 95% CI [0.272, 0.700]), with no
significant difference between the UA and RI groups (t(25) =
1.27, 95% CI [−5.19, 22.20]), a significant difference between
the UA and PR groups (t(25) = 4.93, 95%CI [15.62, 38.06]), and
a significant difference between the RI and PR groups (t(25) =
2.75, 95% CI [4.61, 32.06]).

Behavioral outcomes
Figure, G shows scores for the BDI across groups. The mean
score was 1.92 (SD = 1.83) for the UA group, 7.17 (SD = 7.05)
for the RI group, and 12.00 (SD= 6.63) for the PR group, with a
significant group effect (χ2 = 27.04, df = 2, p < 0.001) and strong
overall effect size (R2 = 0.523, 95% CI [0.331, 0.733]). Age had
a significant effect on the model (χ2 = 5.93, df = 1, p = 0.014)
with weak effect size (R2 = 0.170, 95% CI [0.009, 0.440]), and

sex had a significant effect on the model (χ2 = 3.83, df = 1, p =
0.051) with weak effect size (R2 = 0.117, 95% CI [0.002,
0.381]). There were significant differences between the UA and
RI groups (t(25) = −2.13, 95% CI [−10.33, −0.18]), the UA and
PR groups (t(25) = −5.20, 95% CI [−14.66, −6.34]), and the RI
and PR groups (t(25) = −2.12, 95% CI [−10.34, −0.16]).

Results for the AES are shown in figure, H. The mean score for
the UA group was 22.33 (SD = 3.73), 31.83 (SD = 6.31) for the
RI group, and 34.33 (SD = 11.37) for the PR group, with a
significant group effect (χ2 = 14.71, df = 2, p < 0.001) and
moderate overall effect size (R2 = 0.400, 95%CI [0.208, 0.658]).
Age also had a significant effect (χ2 = 5.93, df = 1, p = 0.014)
with weak effect size (R2 = 0.170, 95%CI [0.009, 0.440]). There
was a significant difference between the UA and RI groups (t(25)

Figure Patients with DM1 with variant repeats have milder symptoms in motor, neurocognitive, and behavioral domains

Motor (A–C), cognitive (D–F), and behavioral (G–I) scores (y-axes) are shown across groups (x-axes), including controls, patients with DM1 with variant
repeats, and patients with DM1 with pure repeats. There were significant differences in MIRS, FSIQ, processing speed, Beck Depression Inventory, and
SCOPA-Sleep between the variant and pure repeat groups. Circles represent the mean value of each group (red = control group, green = variant repeat
group, and blue = pure repeat group). The vertical, solid lines represent 95% confidence interval. The horizontal bars with asterisks (*) represent
significant differences between groups. DM1 =myotonic dystrophy type 1; FSIQ = Full Scale IQ;MIRS =Muscle Impairment Rating Scale; SCOPA = Scales for
Outcomes in Parkinson’s Disease.
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= −2.24, 95% CI [−16.30, −0.71]), a significant difference be-
tween the UA and PR groups (t(25) = −3.75, 95% CI [−18.04,
−5.26]), and no significant difference between the RI and PR
groups (t(25) = −0.83, 95% CI [−10.96, 4.68]).

The group scores for the SCOPA-Sleep scale for daytime
sleepiness are shown in figure, I. The mean score was 1.08 (SD
= 1.38) for the UA group, 3.83 (SD = 2.48) for the RI group,
and 6.00 (SD = 2.7) for the PR group, with a significant group
effect (χ2 = 41.13, df = 2, p < 0.001) and strong overall effect
size (R2 = 0.598, 95% CI [0.419, 0.777]). There were signifi-
cant differences between the UA and RI groups (t(25) = −2.60,
95%CI [−4.93, −0.57]), UA and PR groups (t(25) = −6.41, 95%
CI [−7.35, −3.77]), and RI and PR groups (t(25) = −2.64, 95%
CI [−4.99, −0.62]).

Discussion
We investigated the differences in motor, neurocognitive, and
behavioral outcomes of patients with PRDM1 compared with
patients with DM1 with variant RIs in theDMPKCTG repeat
tract. We demonstrated that there are significant differences in
all domains for patients with RI, as shown by significantly
better scores on the MIRS, Full Scale IQ, processing speed,
BDI-II, and SCOPA-Sleep. This is the largest cross-sectional,
case-matched control study to examine patients with RIs
in DM1.

It should be noted that although the RI group performed
significantly better than the PR group on multiple different
outcome measures, they still had deficits compared with the
unaffected comparison group, consistent with the typical
pattern of DM1 pathology.

The putative cellular process by which CTG expansion leads to
DM1 pathology is incompletely understood. Furthermore, the
truemechanism yielding amilder phenotype in patients with RI
is not yet known. It has been hypothesized that the presence of
variant repeats within the CTG repeat tract may disrupt the
secondary structures formed by mutant DMPK alleles, thus
decreasing their affinity for splicing regulators and interfering
with the proposed pathologic mechanism. In addition, ex-
panded PRs are characterized by high levels of somatic and
germline instability, mediated by a cell division–independent,
DNA mismatch repair protein-dependent process.27–29 It has
been previously observed in other trinucleotide repeat disor-
ders that the presence of variant repeats results in relative sta-
bilization of simple repeats in both germline and somatic
cells.30–33 Variant repeat–mediated suppression of somatic in-
stability inDM1 has also been observed and strongly associated
with milder symptoms and later age at onset.13,18–21,34

Patients with DM1 experience a slow progression of muscle
weakness and atrophy, initially involving the distal muscles of the
extremities and later affecting the proximal musculature. Patients
can develop dysphagia and respiratory muscle weakness, with an

increased risk for weight loss and aspiration. Consistent with
recent findings from the OPTIMISTIC and Saguenay co-
horts,18,19 our data confirm a significant difference in muscle
power between PR and RI participants, detectable clinically by
MIRS assessment,24 under study conditions in which the eval-
uating clinician is blinded to the participants’ genetic status.

Deficits in cognitive functioning are a well-recognized and
defined feature of DM1 that contribute significantly to de-
creased quality of life.9 The mechanisms underlying CNS pa-
thology in DM1 are poorly understood, although evidence
favors a significant role of dysregulation of alternative splicing
involving key CNS genes including Tau.35 Furthermore, so-
matic instability is seen to be particularly marked in the cerebral
cortex.36 Our findings of a significantly reduced impairment of
Full Scale IQ and processing speed in RI vs PR participants is
therefore consistent with a protective effect of RI by limiting
somatic instability and so the abundance of expanded CUGn in
the brain. This observation highlights somatic instability as a
potential therapeutic target for CNS involvement in DM1 as
well as for peripheral muscle symptoms. Furthermore, with the
advent of large clinical trials in DM1,37 this finding also further
emphasizes the need to screen and control for the presence of
RI in DM1 clinical study cohorts.

Excessive daytime sleepiness (EDS) is common in DM1 and
significantly affects quality of life. The etiology of EDS in DM1
is complex. Evidence broadly favors a central cause of som-
nolence symptoms, although poor sleep hygiene and medica-
tion side effects may also be relevant.3 Sleep-disordered
breathing (SDB) is a frequent finding in DM1,38 contributing
to sleep fragmentation and hence somnolence symptoms, al-
though symptomatic response to nocturnal ventilation is fre-
quently disappointing.39 Evaluation of EDS may be further
complicated by impaired symptom awareness, as part of the
CNS phenotype.40We found that participants with RI reported
less EDS than those with PR. Although this could represent
further evidence of a protective effect in the CNS, further ex-
ploration of this observation would benefit from poly-
somnography, to rule out an effect of SDB associated with
peripheral muscle weakness, and objective measures of som-
nolence such as the multiple sleep latency test.

A limitation of this present study is small sample size, with
only 6 participants with variant repeats, 12 participants with
PRs, and 12 unaffected participants. This decreased the sta-
tistical power with which we could possibly detect significant
differences in additional motor, neurocognitive, and behav-
ioral domains. Another limitation is the overall mild nature of
symptoms of the study cohort. A lower age at disease onset
could have possibly revealed more evident changes between
groups. In addition, although themean age at disease onset for
the variant repeat group was greater than 7 years than the PR
group (31.75 years vs 24.1 years), it was not statistically sig-
nificant. However, in larger cohorts, AciI sites are statistically
significantly associated with later onset.18,19 A follow-up
neuroimaging study in a larger sample could possibly help
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elucidate the specific brain changes behind this pattern of
deficits. Nonetheless, motor, cognitive, and behavioral mea-
sures were significantly better in the presence of variant re-
peats. Our group has demonstrated that cognitive deficits in
DM1 are associated with altered brain structure.41 We would
expect that the RI group will exhibit a milder neuroanatomic
phenotype than their PR counterparts.

Our study supports the hypothesis that variant RIs within the
CTG repeat tract of the DMPK gene have a protective effect
in multiple systems in DM1, including the CNS. Further ex-
ploration of the mechanisms underlying this effect is required
to improve prognostic information available to affected pa-
tients and may reveal potential targets for novel therapy.
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specific muscular impairment rating scale in myotonic dystrophy. Neurology 2001;56:
336–340.

25. Nakagawa S, Schielzeth H. A general and simple method for obtaining R2 from
generalized linear mixed-effects models. Methods Ecol Evol 2013;4:133–142.

26. Morales F, Couto JM, Higham CF, et al. Somatic instability of the expanded CTG
triplet repeat in myotonic dystrophy type 1 is a heritable quantitative trait and
modifier of disease severity [online]. Hum Mol Genet 2012;21:3558–3567. doi:10.
1093/hmg/dds185.

27. Gomes-Pereira M, Monckton DG. Chemical modifiers of unstable expanded simple
sequence repeats: what goes up, could come down. Mutat Res 2006;598:15–34.

28. Gomes-Pereira M, Hilley JD, Morales F, Adam B, James HE, Monckton DG. Disease-
associated CAG·CTG triplet repeats expand rapidly in non-dividing mouse cells, but
cell cycle arrest is insufficient to drive expansion. Nucleic Acids Res 2014;42:
7047–7056.

29. Schmidt MHM, Pearson CE. Disease-associated repeat instability and mismatch re-
pair. DNA Repair 2016;38:117–126.

30. Eichler EE, Holden JJ, Popovich BW, et al. Length of uninterrupted CGG repeats
determines instability in the FMR1 gene. Nat Genet 1994;8:88–94.

31. Chong SS, McCall AE, Cota J, et al. Gametic and somatic tissue–specific heteroge-
neity of the expanded SCA1 CAG repeat in spinocerebellar ataxia type 1. Nat Genet
1995;10:344–350.

32. Choudhry S, Mukerji M, Srivastava AK, Jain S, Brahmachari SK. CAG repeat in-
stability at SCA2 locus: anchoring CAA interruptions and linked single nucleotide
polymorphisms. Hum Mol Genet 2001;10:2437–2446.

33. Gao R, Matsuura T, Coolbaugh M, et al. Instability of expanded CAG/CAA repeats in
spinocerebellar ataxia type 17. Eur J Hum Genet 2008;16:215–222.
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Abstract
Objective
The aim of the study was to report the proportion of homozygous and compound heterozygous variants
in the survival motor neuron 1 (SMN1) gene in a large population of patients with spinal muscular
atrophy (SMA) and to correlate the severity of the disease with the presence of specific intragenic variants
in SMN1 and with the SMN2 copy number.

Methods
Four hundred fifty Brazilian patients with SMA were included in a retrospective study, and clinical data
were analyzed compared with genetic data; the SMN2 copy number was obtained by multiplex ligation-
dependent probe amplification and pathogenic variants in SMN1 by next-generation sequencing.

Results
Four hundred two patients (89.3%) presented homozygous exon 7-SMN1 deletion, and 48 (10.7%) were
compound heterozygous for the common deletion in one allele and a point mutation in the other allele.
Recurrent variants in exons 3 and 6 (c.460C>T, c.770_780dup and c.734_735insC) accounted for almost
80% of compound heterozygous patients. Another recurrent pathogenic variant was c.5C>G at exon 1.
Patients with c.770_780dup and c.734_735insC had a clinical phenotype correlated with SMN2 copy
number, whereas the variants c.460C>T and c.5C>G determined a milder phenotype independently of
the SMN2 copies.

Conclusions
Patients with specific pathogenic variants (c.460C>T and c.5C>G) presented a milder phenotype, and
the SMN2 copy number did not correlate with disease severity in this group.
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Spinal muscular atrophy (SMA) is a neurodegenerative disease
of lower motor neurons, leading to progressive weakness as-
sociated with ventilatory insufficiency. The most common
form of SMA is caused by mutations in the survival motor
neuron 1 (SMN1) gene located at 5q13.1 Exon 7 of SMN1 is
not detectable in approximately 96% of patients with SMA, and
approximately 4% of patients have a combination of the de-
letion and an intragenic mutation in the second allele.1,2 The
centromeric homologous SMN2 gene cannot compensate for
the SMN1 defect because a single nucleotide polymorphism
located in exon 7 causes exon skipping in about 90% of SMN2
transcripts leading to a nonfunctional SMN protein.3

The SMN2 copy number varies, and several studies have
demonstrated a strong correlation between the number of
SMN2 copies and SMA severity.4–6 However, other genetic
and environmental factors also influence the clinical severity
of the disease. One example is the variant c.859G>C in exon 7
of SMN2, which acts as a positive modifier that results in an
approximate 20% increase in full-length SMN RNA.7,8 In
addition, intragenic mutations in SMN1may contribute more
significantly to clinical severity than SMN2 copy numbers in
some patients with SMA.9

The aim of this study was to determine the proportion of ho-
mozygous and compound heterozygous deletions in the SMN1
gene in a Brazilian population of patients with SMA and to
correlate the severity of the disease with the presence of specific
intragenic variants in SMN1 and with the SMN2 copy number.

Methods
A national collaborative historical cohort study was conducted
to describe the clinical and molecular features of consecutive
patients with SMA referred to 12 neuromuscular centers in
Brazil, from January 2016 to July 2019. The eligibility criterion
was the presence of SMN1 mutations in patients with the
SMA phenotype. General and clinical data of the patients
were obtained through the records including age at birth, age
at onset, SMA subtype, ventilatory status, use of gastrostomy,
and sitting, standing, and walking capacity.

All patients fulfilled the diagnostic criteria of proximal SMA
defined by the International SMA Consortium and were
classified into the 5 main clinical phenotypes of SMA, from
0 to 4.10,11 All patients had a genetic confirmation of SMN1
gene mutation in both alleles. DNA used in the analysis was
extracted from leukocytes from peripheral blood or from oral
swab. Copy number variation in the SMN1 and SMN2 genes
was detected by the multiplex ligation-dependent probe

amplification (SALSA MLPA kit P060-SMA, MRC Holland)
method for both SMN1 and SMN2. Patients who failed to
show homozygous absence of SMN1 exon 7 by MLPA were
submitted to sequencing of SMN1/SMN2 genes by next-
generation sequencing (NGS). The methodology used was
exon capture with Agilent Mendelics Custom Panel V3 fol-
lowed by sequencing with Illumina HiSeq.

Sequence variations were compared with data available in
the Human Gene Mutation Database and ClinVar with
reference to the GRCh37 version of the human genome.
Variants were classified according to the 2015 American
College of Medical Genetics and Genomics criteria.
PolyPhen-2, Sorting Intolerant From Tolerant, Combined
Annotation Dependent Depletion, Mendelian Clinically
Applicable Pathogenicity score, MutationTaster, Human
Splicing Finder v3.0, and ESEfinder v.3.0 were used for in
silico analysis. Phylogenetic conservation was estimated with
Genomic Evolutionary Rate Profiling, and allele frequencies
were searched on the Genome Aggregation Database and
the 1000 genomes browser.

Standard protocol approvals, registrations,
and patient consents
The study was approved by the institutional ethics commit-
tees of the local centers. Informed consent was obtained for
genetic studies from the patients or their legal representatives.

Data availability
Data corresponding to the total number of patients, distri-
bution in SMA types, distribution of the variants in SMN1,
and SMN2 copy number are available in figures 1–4. In-
dividual details of heterozygous patients are fully shown in
table 1. Any data not published within the article are available
in a public repository. Methods and the statistical plan are also
fully reported in the Methods section. Details regarding the
statistical analysis by logistic regression are shown in table 2.

Statistical analysis
For descriptive purposes, categorical variables were expressed
as absolute and relative frequencies and then compared with
Pearson χ2 in a univariate analysis. Continuous variables were
expressed as the mean and SD and then compared with the
Student t test. Themild phenotype was defined as SMA type 3
or 4. To identify factors associated with SMA phenotypes
(sex, SMN2 copy number, and specific intragenic variants),
Firth logistic regression analysis was performed for the het-
erozygous patients. The significant variables at the 0.10 level
in the univariate analysis were included on the multivariate
model. The results were expressed as odds ratios, coefficients,
and 95% confidence intervals.

Glossary
MLPA = multiplex ligation-dependent probe amplification; NGS = next-generation sequencing; SMA = spinal muscular
atrophy; SMN1 = survival motor neuron 1.
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All tests were 2 tailed, and final p values less than 0.05 were
considered to be statistically significant. All analyses were
performed with Statistical Package for Social Sciences soft-
ware, version 20 (SPSS, IBM Statistics, Chicago, IL).

Results
A total of 450 patients with SMA with genetic confirmation
were identified. Among them, 105 (23.3%) were classified as
type 1 (3 of them were SMA type 0/1a), 153 (34%) as type 2,
183 (40.7%) as type 3, and 9 (2%) as type 4 (figure 1). Of the
patients, homozygous deletion of SMN1 exon 7 was detected
in 402 (89.3%), and 48 patients (10.7%) had 1 nondeleted
allele of SMN1 exon 7 with an intragenic variant (figure 2). No
patient was homozygous for intragenic variants. The quanti-
fication of the SMN2 copy number was possible in all 450
patients tested by MLPA.

Within the group of 48 compound heterozygous patients, 10
(20.8%) were type 1, 11 (22.9%) type 2, 22 (45.8%) type 3,
and 5 (10.5%) type 4 (figure 1).

As expected, the SMN2 copy number presented an inverse
correlation with the severity of phenotype in the homozygous
group. A greater proportion of patients with SMA type 1
carried 2 copies of SMN2 (72.5%), most patients with SMA
type 2 had 3 copies (65%), and patients with type 3 presented
3 or 4 copies of SMN2 (69.6% and 30.5%, respectively)
(figure 3).

A total of 7 different pathogenic variants were identified in
SMN1/SMN2 (figure 2 and table 1), 4 of which were recurrent
variants. The most frequent variant was the c.460C>T
(p.Gln154*). This variant was identified in 16 patients and has
not been previously reported in the literature; its allelic fre-
quency in large databases (Genome Aggregation Database and
Exome Aggregation Consortium) is zero, indicating that it is a

pathogenic variant. The variant c.770_780dup (p.Gly261-
Leufs*) was identified in 13 patients, the variant c.5C>G
(p.Ala2Gly) in 9 patients and the variant c.734_735insC
(p.Pro246Thrfs*) in 7 patients. General clinical data of the
compound heterozygous patients are presented in table 1.

In the group of compound heterozygous patients, we did not
find the variants c.859G>C and A-44G that are considered
positive modifiers.7,8,12 In these patients, it was possible to
state that the variant c.859G>C was not detected because in
our database, there are controls with this variant identified
using the same NGS methodology. Because of methodolog-
ical limitation, intragenic variants A-549G and C-1897T were
not analyzed. All variables that were classically associated with
disease severity (sex and SMN2 copy number), along with
pathogenic variants that showed statistical significance (p <
0.05) in correlation with the phenotype in the univariate
analysis, were included in the multivariate logistic regression
analysis model (table 2). Although all patients carrying the
variant c.5C>G presented as SMA type 2 or 3, we did not find
a statistical significance association with the mild phenotype
in the univariate analysis (p = 0.71), so these patients were not
included in the multivariate analysis. In heterozygous patients,
no clear correlation existed between the clinical phenotype
and the SMN2 copy number (p = 0.498). However, as occurs
in homozygous patients, the male sex showed an association
with a more severe phenotype (p = 0.041). Several hetero-
zygous patients with type 2 or 3 SMA carried only 1 SMN2
copy, and most patients with types 3 and 4 SMA carried 2
copies (figure 4). In these patients, we could demonstrate by
logistic regression that the most important factor in de-
termining the phenotype was the pathogenic variant that the
patients presented, with variant c. 460C>T related to the mild
phenotype (p = 0.014), whereas variants c.770_780dup and
c.734_735insC were related to more severe phenotypes
depending on SMN2 copy number (tables 1 and 2). Although
the variant c.5C>G was not entered in the multivariate

Figure 1 Prevalence of types of SMA

Prevalence of types of SMA in the studied population (left
chart) compared with the prevalence of SMA types in
heterozygous patients (right chart). Note the significant
increase in the proportion of patients with mild pheno-
types (types 3 and 4) in the heterozygote group. SMA =
spinal muscular atrophy.
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Table 1 Genetic and clinical data of patients with SMA with compound heterozygous variants in SMN1

Pt
c.DNA variant/effect on
protein/localization

SMA
type

SMN2 copy
number

Sex/agea

(y)
Age at disease
onset

Use of IV or N
BIPAP

Functional statusa/age at
loss of walking

1 c.460C>T/p.Gln154*/exon 3 3 1 M/39 2 y No Wheelchair/36 y

2 3 4 M/38 6 y No Walking

3 3 3 M/32 13 y No Wheelchair/21 y

4 3 1 M/30 2 y No Wheelchair/11 y

5 3 2 F/29 6 y No Wheelchair/12 y

6 3 2 M/26 5 y No Wheelchair/18 y

7 3 3 M/26 8 y N BIPAP Wheelchair/17 y

8 3 2 M/19 6 y No Walking with assistance

9 3 2 M/18 13 y No Walking

10 3 2 M/16 4 y No Walking with assistance

11 3 2 F/14 2 y No Walking with assistance

12 3 3 F/14 4 y No Walking with assistance

13 4 2 M/40 18 y No Wheelchair/32 y

14 4 2 F/39 18 y No Walking

15 4 2 F/30 25 y No Walking

16 4 2 M/19 16 y No Walking

17 c.770_780dup/p.Gly261Leufs*8/
exon 6

1 2 F/11 1 mo IV Nonsitter

18 1 2 F/died 1 y 5
mo

1 mo IV Nonsitter

19 1 2 M/died 1 y
6 mo

5 mo IV Nonsitter

20 1 2 F/1 y 6 mo 3 mo IV Nonsitter

21 1 2 F/died 9
mo

3 mo IV Nonsitter

22 2 2 F/34 1 y No Wheelchair

23 2 2 F/19 8 mo N BIPAP Wheelchair

24 2 3 M/12 11 mo No Wheelchair

25 2 3 M/8 1 y 5 mo No Wheelchair

26 2 3 F/4 7 mo No Wheelchair

27 3 3 F/18 1 y 6 mo No Wheelchair/7 y

28 3 3 F/13 2 y No Wheelchair/11 y

29 4 4 F/39 26 y No Walking

30 c.5C>G/p.Ala2Gly/exon 1 2 1 M/12 7 mo N BIPAP Nonsitter

31 2 1 M/died 9 y 1 y 2 mo IV Nonsitter

32 2 1 M/9 9 mo IV Nonsitter

33 3 1 F/23 11 y No Wheelchair/21 y

34 3 1 M/20 5 y No Walking with assistance

35 3 1 F/19 3 y N BIPAP Wheelchair/11 y

36 3 1 F/12 1 y 5 mo IV Wheelchair/4 y

Continued
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analysis, based on the model criteria, all patients with this
variant had 1 SMN2 copy, but none of them had type 1 SMA,
which one may expect.

Discussion
We report on the largest cohort of patients with SMA in Latin
America and bring new insights regarding the molecular di-
agnosis in SMA. The presence of compound heterozygous
mutations occurred in approximately 10.7% of the patients
with SMA, a frequency higher than that reported in the lit-
erature. This fact draws attention to our population, especially
with the future advent of neonatal screening for the diagnosis
and treatment of presymptomatic patients. Patients with
milder phenotypes tend to have a compound heterozygous

genotype more often than patients with type 1 SMA, and in
our study, the frequency of type 1 SMA was lower than
commonly reported in the literature10, most probably related
to the higher mortality in this group of patients. More in-
teresting is the finding that most of the patients with SMA
type 4 (55.5%) were compound heterozygous, most of them
carrying the same variant (p.Gln154*). These data reinforce
the idea that diagnosis in SMA type 4 is more difficult even
from the molecular point of view, and the average time from
symptom onset to diagnosis in this group was 10 years,
ranging from 2 to 18 years (data not shown in table).

Knowledge of the molecular portrait of the population is
important to understand the clinical profile and natural his-
tory of patients and to assist in the therapeutic planning,

Table 2 Multivariate analysis identifying factors associated with mild phenotype (SMA types 3 and 4) in heterozygous
patients (n = 48)

Variables Coefficient SE Chi square Odds ratio 95% CI p Value

Sex (male) −1.960 1.091 4.174 0.14 −4.55 to −0.07 0.041

SMN2 copy number 0.466 0.689 0.460 1.59 −0.84 to 1.98 0.498

c.460C>T 3.288 1.682 6.022 26.78 0.58 to 8.33 0.014

c.770_780dup −2.731 1.456 4.642 0.06 −6.10 to −0.22 0.031

c.734_735insC −3.010 1.586 4.895 0.04 −6.61 to −0.31 0.027

Abbreviations: CI = confidence interval; SE = standard error; SMA = spinal muscular atrophy.

Table 1 Genetic and clinical data of patients with SMA with compound heterozygous variants in SMN1 (continued)

Pt
c.DNA variant/effect on
protein/localization

SMA
type

SMN2 copy
number

Sex/agea

(y)
Age at disease
onset

Use of IV or N
BIPAP

Functional statusa/age at
loss of walking

37 3 1 F/7 1 y 6 mo No Walking

38 3 1 F/6 3 y No Wheelchair/6 y

39 c.734_735insC/
p.Pro246Thrfs*10/exon 6

1 2 F/13 4 mo IV Nonsitter

40 1 2 F/8 4 mo IV Nonsitter

41 1 2 F/1 4 mo N BIPAP Nonsitter

42 1 2 M/1 2 mo N BIPAP Nonsitter

43 2 3 M/17 7 mo N BIPAP Wheelchair

44 2 3 F/4 6 mo No Wheelchair

45 3 3 F/27 2 y No Wheelchair/21 y

46 c.469C>T/p.Gln157*/exon 3 2 3 F/25 1 y 6 mo No Wheelchair

47 c.806T>C/p.Met269Thr/exon 6 3 1 M/14 5 y No Wheelchair/13 y

48 c.346A>T/P.Ile116Phe/exon 3 1 2 M/died 11
mo

3 mo IV Nonsitter

Abbreviations: IV = invasive ventilation and tracheostomized; N BIPAP = night BIPAP use; Pt = patient; SMA = spinal muscular atrophy.
a At last evaluation.
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considering that part of the currently available specific ther-
apies modulate the SMN2 gene expression.13 The correlation
between the copy number of the SMN2 gene and the phe-
notype followed a similar pattern to that reported in the
literature,4–6 as patients with SMA type 1 usually carried 2
copies, whereas type 2 patients usually carried 3 copies and
types 3 and 4 presented with 3 or 4 copies. As reported in the
literature, such a correlation is not strict because to a lesser
extent, patients with SMA type 1 had 3 copies and type 3 and
4 phenotypes had 2 copies.4,5 The lack of exact correlation
must be related to other phenotypic modifiers, such as the
presence of the variants c.859G>C in exon 7 and A-44G,
A-549G, and C-1897T in intron 6 of SMN2 that act as positive

modifier.7,8,12 Analysis of these variants in the SMN2 gene was
not performed in our homozygous patients, and in the group
of compound heterozygous patients, we did not find the
variants c.859G>C and A-44G.

We identified 4 recurrent variants in our population: 3 non-
sense and 1 missense variants. The most common variant
identified was c.460C>T, located at exon 3, that creates a
premature stop codon at residue 154 (p.Gln154*). Exon 3 is
responsible for encoding the tudor domain of protein, which
interacts with a complex of Sm proteins, kaolin, fibrillarin, and
ribonucleoproteins.14 This information confirms that exon 3
is a hot spot for small mutations; in addition, it supports the

Figure 3 Correlation between clinical phenotype of homozygous SMA patients X SMN2 copy number

Correlation between clinical phenotype of SMAX SMN2 copy
number in patients (%) with homozygous deletion of SMN1
detected by MLPA (n = 402). Data from SMA type 0 are not
shown, as all 3 patients carried only 1 SMN2 copy. SMA =
spinal muscular atrophy.

Figure 2 Characterization of SMN1 mutations in the Brazilian population

Among 450 patients with SMA, 402 (89.3%) had a homozygous deletion in exon 7, whereas 48 (10.7%) retained 1 copy of the SMN1 gene with point mutations,
most of them localized at exons 1, 3, and 6. SMA = spinal muscular atrophy; SMN1 = survival motor neuron 1; YG = YG domain.
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importance of the tudor domain for SMN functioning.15,16

This variant was the most common variant in our population,
suggesting a founder effect by a common ancestor. More
detailed ancestral haplotype studies would be needed to
confirm this hypothesis.

Among the 16 patients with this variant, 9 were still walking
(table 1), and of those patients who lost the ability to walk, the
mean age of gait loss was 19 years (11–36 years), compatible
with an SMA type 3b phenotype.11 Of interest, all patients
presented a milder phenotype (SMA types 3 and 4) even in
the presence of 1 or 2 copies of SMN2. There is no clear
explanation for the milder phenotype in this situation. Sossi
et al.17 reported patients with mutations in exon 3 of SMN1
leading to premature termination codons and skipping of the
entire exon generating in-frame transcripts and a better phe-
notype. However, many studies have shown severe missense
mutations occurring in exon 3 that cause severe phenotypes
and thus confirming that amino acids and the tudor domain
located at exon 3 are essential to SMN function.15,16,18–20 A
possibility to explain the milder phenotype associated with the
c.460C>T is the presence of positive modifier variants in
SMN2. The presence of the variants c.859G> C and A-44G
was negative in these cases; however, we cannot exclude the
possibility that other untested modifier variants are involved
in the modulation of the clinical phenotype.

The second most common variant was c.770_780dup
(p.Gly261Leufs*), located at exon 6, and has been previously
reported to be associated with SMA.19,21,22 Parsons et al.21

showed through real-time PCR that the 11-bp duplication in
exon 6 was associated with the SMN1 locus and not SMN2
and was sufficient to produce a severe type 1 SMA phenotype.
In a Portuguese SMA population, this variant was the most

frequent intragenic mutation in a total of 14 heterozygous
unrelated patients, which leads to the hypothesis that this
mutation migrated from the Portuguese population to Bra-
zil22. In our study, as in an SMA Portuguese population study,
all patients carrying this variant exhibited a strict correlation
between the phenotype and the SMN2 copy number, with
patients with 2 SMN2 copies presenting as SMA type 1, pa-
tients with 3 copies presenting as SMA type 2 or 3, and a
patient with a very mild phenotype (SMA type 4) with the
presence of 4 SMN2 copies (table 1).

The third most common variant was the missense c.5C>G
(p.Ala2Gly), located at exon 1. This variant was first reported in
3 patients with SMA, all of whomhad only 1 SMN2 copy, and 2
of whomhad amild phenotype (type 3 SMA).18More recently,
3 additional patients with this variant, a mild phenotype and
only 1 SMN2 copy were also reported.23 Another mutation in
the same location, the p.Ala2Val variant, has already been de-
scribed, and all patients had only 1 SMN2 copy with a mild
phenotype (type 3 SMA).9 Thus, in the presence of this variant,
the SMN2 copy number did not correlate with the phenotype.
The mutation effect of p.Ala2Val, as well as p.Ala2Gly, appears
to be much less deleterious.

A deleterious effect of the c.5C>G variant has been demon-
strated in an SMA mouse model, although the mutation did
not produce a total loss of protein function.24 The authors
reported that in the absence of the SMN2 gene, the transgenic
SMN c.5C>G mutant is unable to rescue the embryonic le-
thality, but in its presence, the c.5C>G transgene delays the
onset of motor neuron loss, resulting in mice with mild SMA.
They concluded that only in the presence of low levels of full-
length SMN is the c.5C>G transgene able to form partially
functional higher-order SMN complexes essential for its

Figure 4 Correlation between clinical phenotype of compound heterozygous SMA patients X SMN2 copy number

Correlation between clinical phenotype X SMN2 copy number
in patients with specific intragenic variants (n = 48). *All pa-
tients with SMA type 1 presented with variants c. 770_780dup
or c.734_745insC and carried 2 copies of SMN2. **Most pa-
tients with SMA types 2 and 3 carrying only 1 SMN2 copy
presented the c.5>G variant. ***The variant c.460C>T was
present inmost patients with SMA types 3 or 4 carrying only 2
copies of SMN2. SMA = spinal muscular atrophy.
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functions, demonstrating the importance of SMN levels in
SMA, even if the protein is expressed from a mutant allele.24

Similarly, in Brazilian patients carrying this variant, none pre-
sented a severe phenotype of the disease, such as type 0 or 1,
even in the presence of only 1 SMN2 copy. Patients presented
with type 2 or 3 SMA with a typical age at disease onset (table
1). Of interest, 3 patients with this variant were in need of
continuous invasive ventilation before age 10 years, which
would not be expected due to the disease duration presented by
patients. This may represent a phenotypically characteristic
effect of the c.5C>G variant on this population, although de-
ficient respiratory care in our population cannot be ruled out.

The last recurrent variant identified in our population was
c.734_735insC (p.Pro246Thrfs*). This variant was not pre-
viously reported in the literature as a recurrent variant in pa-
tients with SMA. As occurs with the c.770_780dup variant, this
mutation is located at exon 6, and all patients carrying this
variant also exhibited a strict correlation between the pheno-
type and the SMN2 copy number. These data lead us to sup-
pose that this mutation severely compromises protein function
at the YG domain of interaction with protein Gemin3.25 Ac-
cordingly, the clinical phenotype of those patients appears to be
dependent exclusively on the SMN2 copy number.

Our study has some limitations as it was a retrospective study,
and there was a bias of survival because the most severe cases
(SMA type 1) had a low prevalence in our cohort. Another
limitation is that NGS cannot distinguish whether pathogenic
variants are located in SMN1 or SMN2, although it is a reliable
test that can be used in real life. The large number of patients
with intragenic small variants identified in our population
could be explained by the current access to the large-scale
sequencing of SMN genes, especially for patients with clinical
features of SMA but negative in the MLPA assays.

We report a large cohort with important findings, such as a
higher frequency of compound heterozygous patients with
SMA in the Brazilian population than reported in the litera-
ture. Most of these patients have a milder phenotype, and the
SMN2 copy number did not correlate well with the severity of
disease, as observed in patients with homozygous deletion in
SMN1 exon 7. The result of our study indicates a specific
point mutation spectrum in the Brazilian population and may
help in the search for an early diagnosis in the era of therapies,
especially in newborn screening. Variants in exons 3 and 6
(c.460C>T, c.770_780dup, c.734_735insC, c806T>C, and
c.346A>T) accounted for almost 80% of our patients. In pa-
tients with exon 7 deletion in 1 SMN1 allele, analysis of exons
3 and 6 should be prompt, as it seems to be a specific hot spot
for small mutations and should be sequenced first. If the
patient presents with mild phenotype and only 1 copy of
SMN2, a search for the c.5C>G variant at exon 1 should be
performed.
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Abstract
Objective
To test the hypothesis that genetic risk for Alzheimer disease (AD) may represent a stable
influence on the brain from early in life, rather than being primarily age dependent, we
investigated in a lifespan sample of 1,181 persons with a total of 2,690 brain scans, whether
higher polygenic risk score (PGS) for AD and presence of APOE e4 was associated with lower
hippocampal volumes to begin with, as an offset effect, or possibly faster decline in older age.

Methods
Using general additive mixed models, we assessed the relations of PGS for AD, including
variants in APOE with hippocampal volume and its change in a cognitively healthy longitudinal
lifespan sample (age range: 4–95 years, mean visit age 39.7 years, SD 26.9 years), followed for
up to 11 years.

Results
AD-PGS andAPOE e4 in isolation showed a significant negative effect on hippocampal volume.
The effect of a 1 sample SD increase in AD-PGS on hippocampal volume was estimated to
–36.4 mm3 (confidence interval [CI]: –71.8, –1.04) and the effect of carrying e4 allele(s)
–107.0 mm3 (CI: –182.0, –31.5). Offset effects of AD-PGS and APOE e4 were present in
hippocampal development, and interactions between age and genetic risk on volume change
were not consistently observed.

Conclusions
Endophenotypic manifestation of polygenic risk for AD may be seen across the lifespan in
cognitively healthy persons, not being confined to clinical populations or older age. This
emphasizes that a broader population and age range may be relevant targets for attempts to
prevent AD.
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Among the earliest signs of Alzheimer disease (AD) are def-
icits in memory and orientation, tied to hippocampal dys-
function.1 Although variants at multiple genetic loci identified
in case-control studies are associated with AD risk,2 little is
known about how these affect individuals devoid of AD di-
agnosis at an endophenotypic level. Although the major AD
genetic risk factor, the APOE e4 allele,3,4 has been associated
with smaller hippocampi at various ages also in healthy
persons,5,6 longitudinal data are scarce and restricted to older
adults.7,8 It is unknown whether polygenic risk scores (PGSs)
calculated from established AD risk variants translate to dif-
ferences in neural characteristics at different life stages in
healthy persons. Of interest, higher AD-PGS was recently
found related to lower left hippocampal volumes in young
adults, also when variants in APOE were excluded.6 The
negative effect of common genetic polymorphisms on late-life
disease, including AD, has often been interpreted in terms of
age-specific mechanisms.9,10 However, there is growing evi-
dence for continuous influence of early life factors on later-life
cognitive function and neural foundations.11–14 Do AD ge-
netic risk factors exert their effects only at later life stages
resulting in brain atrophy and clinical symptoms or affect
neural structures throughout the lifespan in the population at
large? We hypothesized a relation throughout the lifespan,
with higher AD-PGS, including the presence of APOE e4,
showing association with lower hippocampal volumes early in
life, as an offset effect. We tested whether AD genetic risk
factors derived from genome-wide association studies2 had an
effect on hippocampal volume and volumetric changes in
cognitively healthy individuals through the lifespan and
whether genetic risk interacted with age.

Methods
Sample
A total of 2,690 valid scans from 1,181 cognitively healthy
participants, aged 4.1–95.7 years (mean visit age 39.7 years,
SD 26.9 years), were drawn from 5 Norwegian studies. The
studies included 4 substudies coordinated by the Center for
Lifespan Changes in Brain and Cognition (LCBC); The
Norwegian Mother and Child Cohort Neurocognitive
Study,15 Neurocognitive Development,16 Cognition and
Plasticity Through the Lifespan,17 Neurocognitive Plastic-
ity,18 and a study run collaboratively by LCBC and Oslo
University Hospital, Novel Biomarkers19 (see e-Methods for
details, links.lww.com/NXG/A316). The majority of partici-
pants were followed longitudinally, scan intervals ranging
0.2–11.0 years (mean = 2.9 years, SD = 2.6 years). The sample
is partly overlapping with a lifespan sample used in previous

reports.12,14 All were screened, and dementia, previous stroke
with sequela, Parkinson disease, and other neurodegenerative
diseases likely to affect cognition were the exclusion criteria,
with additional inclusion and exclusion criteria being applied
per study (see e-Methods). Sample descriptions for the total
sample binned by time points are given in table 1. Additional
descriptions including distribution of substudy samples per
time point are given in table e-1.

To check for possible recruitment bias/age selectivity, the
correlations of age and AD-PGS and APOE e4 allelic variation
(coded as both 0, 1, or 2 copies of the e4 allele and the absence
or presence of the e4 allele, 0 or 1) were calculated. For AD-
PGS and age, there was a modest correlation, r = −0.04
(confidence interval [CI]: −0.08, −0.00), suggesting some age
selectivity. No correlations reaching statistical significance or
trends toward such were observed for APOE e4 allelic varia-
tion, correlations with age being r = −0.01 (CI: −0.05, 0.02)
for APOE e4 coded as no (0)/yes (1) and r = 0.00 (CI: −0.04,
0.04) for APOE coded as no e4 allele (0)/1 e4 allele (1)/2 e4
alleles (2). This suggests that there was no substantial sample
selection age bias with regard to genetic risk for AD. The
proportion of APOE e4 carriers in the present study appears
largely in line with that which would be expected for the
population in a Scandinavian country.20

Standard protocol approvals, registrations,
and patient consents
The studies were approved by the Regional Ethical Com-
mittee of South East Norway. Written informed consent was
obtained from participants aged 16 years and older and from
parents of participants younger than 16 years, and oral
consent was obtained from participants aged 12 years and
older.

Genotyping
Buccal swab and saliva samples were collected for DNA ex-
traction, followed by genome-wide genotyping using the
Global Screening Array (Illumina, Inc., San Diego, CA). For a
full description of genotyping and postgenotyping methods,
including quality control and imputation of untyped markers,
please see e-Methods (links.lww.com/NXG/A316). AD-PGS
of our sample was calculated using the allelic effect sizes from
Lambert et al.2 Shared single nucleotide polymorphisms
(SNPs) between our data and Lambert et al.2 were pruned to
be nearly independent using the program PLINK21 with the
following parameters –clump-p1 1.0 –clump-p2 1.0 –clump-
kb 500 –clump-r2 0.1. The linkage disequilibrium structure
was based on the European subpopulation from the 1000
Genomes Project Phase 3.22 Because of the complexity of the

Glossary
AD = Alzheimer disease; CI = confidence interval; DBP = diastolic blood pressure; GAF = genetic ancestry factor; LCBC =
Center for Lifespan Changes in Brain and Cognition; PGS = polygenic risk score; SBP = systolic blood pressure; SNP = single
nucleotide polymorphism.
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major histocompatibility complex region (build hg19; chr6:
25652429-33,368,333), we removed SNPs in this region ex-
cept the most significant one before pruning. Previous
studies23–25 have shown that PGSs constructed using SNPswith
association p value <0.5 from Lambert et al.2 have the largest
effect on the risk of AD. Hence, we used the same threshold in
the pruned set for computing the AD-PGS. To investigate the
consistency of results across different p value thresholds, SNPs
with p < 5e-08 in the pruned set were additionally used for
constructing a PGS for our samples. Analyses were recomputed
limiting markers to those showing genome-wide significant as-
sociation (i.e., p < 5e-08) with AD risk in Lambert et al.2 Be-
cause of its known large effect, we computed AD-PGS with and
without markers in the APOE region (build hg19; chr19:
44,909,011-45,912,650). To test the effect of APOE itself, we
modeled the counts of APOE e4 alleles directly by counting the
number of alternative alleles at rs429358,26,27 as 0, 1, or 2. To
control the possible effect of vascular factors on the relation
between AD-PGS and hippocampus volume, we included PGSs
for systolic and diastolic blood pressure (SBP-PGS and DBP-
PGS) as additional covariates in ourmodels. Both SBP-PGS and
DBP-PGS were computed using the same protocol as that used
for AD-PGS, but based on the public data from Liu et al.28 We
computed the genetic ancestry factors (GAFs) using principal
component methods.29 For the present analysis, only partici-
pants of European ancestry were included, excluding 89 persons
for whom we had genotype data.

MRI data acquisition
Participants were scanned at a total of 4 Siemens scanners at 2
sites. The pulse sequences used for morphometric analyses
were 1 to 2 3D sagittal T1-weightedMPRAGE sequences. For
details on the scanners and pulse sequences used, see
e-Methods (links.lww.com/NXG/A316). Other MRI vol-
umes were recorded, including sequences intended for and
examined by a radiologist, to rule out and medically follow up
incidental neuroradiologic findings. Distribution of scans
from the different scanners per time point is given in table e-1.
See e-Methods for further details.

Image analysis
All scans were reviewed for quality and automatically cor-
rected for spatial distortion.30 Images were processed with the
FreeSurfer software package (version 6.0), including auto-
matic hippocampal volumetric segmentation.31 To allow as-
sessment of differences between scanners, 24 participants
were scanned on all 3 scanners from Oslo University Hospital
on the same day. Linear regression analyses were run testing
the concordance between hippocampal volumes between
scanners, yielding excellent agreement. Thus, including
scanner as a covariate in the analyses would account for offset
differences between scanners. See e-Methods for further de-
tails (links.lww.com/NXG/A316).

Statistical analyses
Analyses were run in R version 3.6.0. General additive mixed
models using the package mgcv version 1.8-28 were used toTa
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derive age functions with a random intercept term per par-
ticipant. Hippocampal volumes were predicted from (1) a
smooth function of age and a linear function of AD-PGS, (2)
a smooth function of age and linear functions of AD-PGS
and presence/absence of 1 or 2 APOE e4 alleles, (3) smooth
functions of age and AD-PGS and a tensor interaction term
of age and AD-PGS, and (4) a linear function of the
presence/absence of 1 or 2 APOE e4 alleles and a smooth
interaction between age and presence/absence of 1 or 2
APOE e4 alleles. In all models, scanner, intracranial volume,
sex, and the first 5 GAFs, in addition to genotyping batch (1;
n = 1,014, 2; n = 166), were entered as covariates. DBP-PGS
and SBP-PGS were added as additional covariates (re-
peating steps 2 and 4), to further investigate whether any
effect was unique to AD-PGS and APOE. We did not have
any hypothesis regarding differential hemispheric effects,
and bilateral hippocampal volumes were entered in analyses.
However, we additionally ran analyses for the left and right
hippocampi separately (repeating steps 2 and 4), and to
allow for comparison with others,6 results presented as
e-Methods (links.lww.com/NXG/A316). We computed
95% CIs for the effect of PGS and APOE allelic variation.
The reported effect sizes are mm3 difference in hippocampal
volume per SD of PGS and when carrying 1 or more e4
alleles vs not carrying any.

Data availability
There are data access restrictions in accordance with ethical
guidelines and national data protection legislation. The data
will be made available pending reasonable request, appropri-
ate institutional data protection security measures, and ethical
approval.

Results
In the lifespan sample, hippocampal volumes increased in
early development and declined in older age, as shown in
figure 1A. We found a significant negative effect of AD-PGS
on hippocampal volume, as shown in figure 1B. The estimated
effect of AD-PGS on hippocampal volume was −36.4 mm3

(CI: −71.8, −1.0) associated with 1 sample SD higher AD-
PGS. The interaction term between age and AD-PGS did not
reach statistical significance. The interaction term between
age and AD-PGS represents how the effect of AD-PGS varies
with age and is nonlinear in both variables. The point estimate
of the interaction was less than 10% of the main effect of AD-
PGS for AD-PGS within 2 SDs of the sample mean over the
full age range considered. At age 20 years, this interaction
term estimated an additional offset effect −0.27 mm3 (CI:
−2.87, 2.33) at AD-PGS 1 SD below the mean and 0.23 mm3

(CI: −2.39, 2.85) at 1 SD above the mean, and at age 80 years,
the corresponding estimates were 0.96 mm3 (CI: −3.12, 5.04)
and −0.86 mm3 (CI: −4.96, 3.24). Of note, this implies that
the absolute volume difference between those with lower and
higher AD-PGS appears to be about the same in young adults
(;20s) as in the oldest adults (;80s), and even the extreme
ends of the CIs represent quite moderate differences.

Although the analysis was based on the continuous AD-PGS
score, inspection of the age trajectories for values of AD-PGS
at 1 SD below and above mean (figure 1C) did not give any
consistent indication of greater effects of higher PGS for AD
with age. Rather, although there was time after age 60 years
when the hippocampal curves merge for the different sub-
groups, they were otherwise mostly ordered throughout life
so that those with PGS for AD 1 SD below mean had the
highest volume, whereas those with the PGS for AD 1 SD
below mean have the lowest volume. Adding PGSs for blood
pressure (DBP and SBP) as additional covariates, the effect of
AD-PGS on hippocampal volume was still significant, see
e-Methods for further details (links.lww.com/NXG/A316).

Analysis with APOE status as the predictor of hippocampal
volume likewise showed a significant negative effect of the
presence of the e4 allele. The estimated effect of carrying 1 or
more e4 alleles on hippocampal volume was −107.0 mm3 (CI:
−182.0, −31.5). The interaction term between age and APOE
allelic variance did not reach statistical significance. e4 allele
carriers had smaller hippocampal volumes in young age, as an
offset effect. There was not indication of faster atrophy in
older age, as carriers in young adulthood (;20s) appeared to
display lower hippocampal volumes, a difference that seemed
somewhat lower in middle age, but more pronounced again in
older adulthood (;80s; figure 1D). At age 20 years, the dif-
ference in hippocampal volume between carriers and noncar-
riers was −101 mm3 (CI: −224, 23); at age 50 years, this
difference was −22.6 mm3 (CI: −186, 141); and at age 80 years,
it was −278 mm3 (CI: −478, −77.7). Adding PGSs for blood
pressure (DBP and SBP) as additional covariates did not
weaken the effect of APOE status on hippocampal volume, see
e-Methods for further details (links.lww.com/NXG/A316).

AD-PGS excluding the APOE region did not show a significant
effect on hippocampal volume, although a trend in the same
direction as the full model was observed (estimate −31.8 mm3,
CI: −67.4, 3.92). There was no evidence for an age interaction
on using the AD-PGS excluding markers in the APOE region.
The estimated interactions corresponding to values of AD-PGS
excluding the APOE region at 1 SD below the sample mean
varied from −0.1 mm3 (CI: −1.1, 2.2) at age 20 years to
0.2 mm3 (CI: −2.2, 2.6) at age 80 years, and the corresponding
values at other ages were very similar. For values of AD-PGS
excluding theAPOE region at 1 SD above the sample mean, the
interaction varied from 0.1 mm3 (CI: −1.4, 1.6) at age 20 years
to −0.1 mm3 (CI: −2.6, 2.3) at age 80 years, and also here the
corresponding values at other ages were very similar.

Recomputing the analyses with an AD-PGS limited to SNPs
only showing genome-wide significant association (i.e., p <
5e-08) with AD risk in Lambert et al.2 confirmed a significant
negative effect of AD-PGS on hippocampal volume
(−44.8 mm3/AD-PGS SD, CI: −80.7, −8.9). This result was
reduced to a trend when excluding markers in the APOE
region (−35.6 mm3/PGS SD, CI: −76.7, 5.5). However, sig-
nificant age interactions appeared in the PGS analyses limited
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to genome-wide significant markers, both with and without
markers in the APOE region (figure 2). Especially when ex-
cluding the APOE region, there seemed to be a somewhat
more negative effect of higher AD-PGS on hippocampal
volume in older age (above 80 years). For a more detailed
description of these interaction effects, see e-Methods (links.
lww.com/NXG/A316).

Discussion
This study shows that genetic risk for AD is associated with
effects on hippocampal volume throughout life, having neu-
rodevelopmental offset effects observable from childhood in
cognitively healthy well-functioning participants. Higher AD-
PGS and carrying the APOE e4 allele specifically were associ-
ated with lower developmental hippocampal volume offsets,

and persons with higher genetic risk for AD remained having
lower hippocampal volumes with age. Notably, this main effect
was consistently observed for PGSs constructed using SNPs
with 2 different association p values.2 The association of hip-
pocampal volume and AD-PGS through the lifespan found
here can contribute to build knowledge on the lifespan tra-
jectories of polygenic AD risk at an endophenotypic level.
However, and as expected, the effect was not large, and when
using the AD-PGSs computed without the APOE region as
predictor, the effect was reduced to a trend.

A negative cross-sectional association between hippocampal
volumes and polygenic risk for AD—also excluding the APOE
region—has been previously reported in a smaller sample of
young adults,6 suggesting that the relationship between hip-
pocampal volume and AD risk results from multiple genetic
factors and not exclusively variability in the APOE region. We

Figure 1 Hippocampal volume in relation to age and genetic risk

Hippocampal volume (across hemispheres,
shown in mm3 on the y-axis) and change in re-
lation to (A) age (in years, x-axis) plotted with in-
dividual trajectories overlaid, (B) polygenic risk
score (PGS) for Alzheimer disease (AD) (x-axis,
continuous scale 0–1), (C) age (in years, x-axis)
with PGS for AD set to the first (red line) and
fourth quartiles (blue line) of the sample, and (D)
trajectories for carriers (blue line) and noncar-
riers (red line) of the APOE e4 allele. PGSs for AD
shown here were constructed using single nu-
cleotide polymorphisms with association p value
<0.5 from Lambert et al.2
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do not consider those findings in conflict with the present,
where a trend toward the same was observed. However, as can
be seen from the associations reported, the effect of APOE on
hippocampal volumes in cognitively healthy persons of varying
ages appears stronger than that of other genetic variants.

Having low vs high genetic risk for AD was associated with
roughly equivalent difference in hippocampal volume at age
25 and 80 years. In the current study, the effect of the PGS
constructed using SNPs with association p value <0.5 from
Lambert et al.,2 shown to have the largest effect on the risk of
AD,23–25 did not significantly interact with age. However, the
PGS effect was not equally apparent at all ages among older
adults, and notably, age interactions were observed for the
same PGS constructed using SNPs with the lowest association
p value, also when excluding variants in the APOE region.
Possibly, different extent of effects at different ages may illu-
minate why one small recent study found associations of an
AD genetic risk score and hippocampal atrophy over a 2-year
interval in healthy older adults (n = 45), although no asso-
ciation with individual variation in volume was seen at base-
line (n = 66).8 AD-PGS did correlate modestly with age in our
sample, and there may be some sample selection bias in
healthy older age samples, so it would be interesting to see

whether age interactions could be consistently observed if
persons were followed for even longer and at higher ages. It
should be noted that a limitation of the current study is that
sample density was lower in the middle of the lifespan than in
young and older age groups. We cannot, based on the current
sample, exclude a mixture of neurodevelopmental offset and
aging effects, although the neurodevelopmental offset effects
were the most consistently supported by the present results.

There was only a trend for effects of APOE allelic variants to
interact with age, and this trend was not clearly indicative of
faster atrophy for APOE e4 carriers in older age. Cross-
sectional studies have shown that APOE e43,4 carriers tend to
have lower hippocampal/medial temporal lobe volumes at
various ages also in healthy persons,5 and notably, this has
been identified even in neonates.32 However, it has been
difficult to interpret whether these developmental structural
brain differences actually do represent long-term risk factors,
as longitudinal imaging data have been lacking. The only such
study we know of was restricted to older adults aged 55–75
years,7 showing greater hippocampal atrophy in e4 carriers
across a 5-year interval. The present study hence partly con-
firms, yet nuances and extends previous reports, in showing a
main effect through the lifespan, i.e., also an offset effect.

Figure 2 Hippocampal volume and PGS for AD limited to SNPs showing genome-wide significant association

Upper panel: including APOE. Hippocampal volume (across hemispheres, shown inmm3on the y-axis) and change in relation to (A) AD-PGS including the APOE
region as calculated based on effect sizes from Lambert et al.2 at p < 5e-08 (x-axis, continuous scale 0–1). (B) Age (in years, x-axis) with AD-PGS at p < 5e-08
including the APOE region set to the first (red line) and fourth (blue line) quartiles of the sample. Lower panel: excluding APOE. Hippocampal volume (across
hemispheres, shown inmm3 on the y-axis) and change in relation to (C) AD-PGS excluding the APOE region as calculated based on effect sizes fromLambert
et al.2 at p < 5e-08 (x-axis, continuous scale 0–1). (D) Age (in years, x-axis) with AD-PGS at p < 5e-08 excluding the APOE region set to the first (red line) and fourth
(blue line) quartiles of the sample. AD = Alzheimer disease; PGS = polygenic risk score; SNP = single nucleotide polymorphism.
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The present study adds to the evidence for early life factors
exerting a continuous influence on later-life function,11 show-
ing that genetic factors established to influence late-life neural
and cognitive disease work in part in a temporally stable and
dimensional manner. That is, genetic risk factors for AD seem
not to only manifest at late life in hippocampal atrophy and
clinical symptoms but appear to start influencing the neural
structures on which cognition rely early on, through the entire
lifespan and in the population at large. In this regard, currently
observed effects of the APOE e4 allele cannot well be inter-
preted onlywithin the framework of antagonistic pleiotropy,9,10

as this allelic variant appears to have in part similar effects on
neural structures of memory function at different ages. As for
AD-PGS, currently observed effects are of similar magnitude in
young adulthood as in much of older adulthood, meaning that
explanations evoking different effects on the hippocampus at
different ages may be incomplete.

This does not necessarily imply that effects on behavior may be
readily observed through the lifespan. A number of studies have
indeed not observed effects of APOE status on standard neu-
ropsychological memory tests.33,34 However, as recently
reported, this does not mean that effects of genetic risk for AD
do not manifest early, in more fine-grained behaviors de-
pendent on hippocampal circuitry, such as spatial navigation.34

A related yet different account is the magnification or resource
modulation hypothesis,35–37 stating that genetic effects are
magnified in persons with constrained neural resources, such as
older—and putatively also developing—individuals. Here, it is
assumed that the function relating brain resources to cognition
is nonlinear so that genetic differences exert increasingly larger
effects on performance with lesser neural substrates. Smaller
hippocampi can be seen as a risk factor. The idea that persons
starting with larger brain structures may preserve mental status
despite developing AD plaques, and may be said to have a
greater reserve, is supported by older postmortem and clinical
data.38Within a brain reserve account, such differences in brain
structure may relate to differences in tolerance to pathology
before one falls under a functional threshold.39 Hence, these
differences may become readily functionally apparent only in
older age, but they likely are there to begin with and throughout
life in a stable manner. This supports a lifespan model of
dementing disorder,40 where effects of common genetic vari-
ants in part work in a stable manner to be one of several factors
affecting risk for cognitive decline and neurodegenerative
disease.

In conclusion, endophenotypic expression of genetic risk for
ADmay be seen in a dimensional and lifespan perspective, not
being confined to clinical populations or older age. This
emphasizes that a broader population and age range may be
relevant targets for attempts to prevent AD. To help define
targets for prevention, future studies of the genetic factors
established to influence AD are needed. These should in-
vestigate which of these factors have an age-independent in-
fluence, across manifestations of health and disease, and
which may have more pronounced effects in aging.
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Abstract
Objective
To use survival modeling to estimate disease duration in autosomal dominant familial Alzheimer
disease (ADAD) and ascertain whether factors influencing age at onset also affect survival.

Methods
Symptomatic mutation carriers (201 presenilin 1 [PSEN1] and 55 amyloid precursor protein
[APP]) from ADAD families referred to the Dementia Research Centre, between 1987 and 2019,
were included. Survival was assessed with respect to age at onset, year of birth, APOE e4 status,
cognitive presentation, and sex using multilevel mixed-effects Weibull survival models. The
contribution of mutation and family to variance in age at onset and duration was also assessed.

Results
Estimated mean survival was 11.6 (10.4–12.9) years and was similar for APP and PSEN1 mu-
tations. Sixty-seven percent of the variance in age at onset was explained by mutation and 72% by
mutation and family together. In contrast, only 6% of the variance in disease duration was
explained by mutation specificity and 18% by family membership. Irrespective of gene, survival
appeared longer for successive generations and in individuals with atypical presentations. Older
age at onset was associated with longer duration within PSEN1 and shorter duration within APP
mutation carriers. No differences in survival timewere found between sexes or betweenmutations
located before or beyond codon 200 within PSEN1.

Conclusions
Survival is influenced by mutation to a much lesser extent than age at onset. Survival time has
increased over time and is longer in atypical presentations. These insights may inform the
interpretation of disease-modifying therapy trials in ADAD.
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There are currently no disease-modifying treatments for
Alzheimer disease (AD). Although the search for such
treatments continues, it is relevant to investigate variability
in disease duration and to study factors influencing survival
time.1 Autosomal dominant familial Alzheimer disease
(ADAD) accounts for less than 1% of all AD cases.2

Pathogenic mutations in presenilin 1 (PSEN1),3 presenilin
2,4 or amyloid precursor protein (APP)5 are nearly 100%
penetrant, and age at onset is correlated among family
members.6 This offers a unique opportunity to study sur-
vival after symptom onset relatively precisely. Mean age at
onset tends to be significantly later for APP than PSEN1
mutations,6 and a previous study of our PSEN1 cohort
found that 72% of the variance in age at onset was
explained by the specific mutation and 82% by mutation
and family membership together.7 As in sporadic AD
(particularly in young-onset AD),8 some patients present
atypically with initial symptoms involving cognitive do-
mains other than memory (e.g., language or behavior7,9),
which tend to be more common in PSEN1 compared withh
APP, and particularly in PSEN1 mutations beyond codon
200.7 Given that a considerable amount of the variability in
age at onset can be explained by genetic factors,6 we un-
dertook the current study to investigate the hypothesis
that genetic differences also affect disease duration in
ADAD.

Previous studies have often estimated disease length, in-
cluding only patients who have died, by subtracting an in-
dividual’s age at onset from their age at death. This leads to
an intrinsic bias against longer disease durations as individ-
uals who are affected, but have not yet died, cannot be in-
cluded.10 There have only been a few comprehensive studies
of age at onset and disease course in ADAD, including a
meta-analysis,6,11,12 but none of these used survival models
to account for censoring in date of death in those who did
not die during the follow-up period. Investigations into
generational effects on survival time in ADAD are also
lacking, and survival modeling may offer a useful approach to
evaluate these issues.

The current study addresses differences in survival time
between APP and PSEN1 mutations, APOE e4 carriers and
e4 noncarriers, sexes, cognitive presentations, and PSEN1
mutation position in relation to codon 200. We also evaluate
the extent to which disease duration varies by mutation and
family within each gene and the influence of age at onset and
year of birth on disease duration. We report these differences
in detail while accounting for censoring.

Methods
Study design and participants
We conducted a retrospective cohort study of families with
histories suggestive of ADAD, which were referred to the
Dementia Research Centre at University College London’s
Institute of Neurology (London, United Kingdom) from
clinical and research centers across the United Kingdom and
Ireland between July 1, 1987, and September 2, 2019. We
used clinical and genetic data from these families (table 1).
Inclusion criteria for the study were a family history suggestive
of ADAD and known age at symptom onset. Exclusion criteria
were a neurodegenerative condition other than ADAD, un-
known age at symptom onset, unknown year of birth, and no
information on last year of contact with the center.

Procedures
Contemporaneous records were evaluated to determine age at
onset, defined as the age at which progressive symptoms of
cognitive, behavioral, or motor changes were first noticed by
someone who knew the patient well, and the nature of the
initial symptoms. The cognitive presentation was classified as
either amnestic, for those with initial memory symptoms, or
atypical, for those with nonamnestic initial symptoms such as
behavioral change or symptoms of language or executive dys-
function or dyscalculia. One individual was excluded from the
cognitive presentation analysis as they had a motor pre-
sentation that preceded cognitive symptoms. Age at death was
ascertained from examination of medical records, postmortem
reports, and interviews with living relatives and was collected
up to September 2019. Disease duration was calculated by
subtracting the age at death from the age at onset where this
was available (N = 197), and where this was not available, the
disease duration at censoring was calculated from the age of the
individual at their last assessment (N = 71). One participant
with 2 PSEN1 substitutions (p.Thr291Ala and p.Ala343Thr)
was excluded from the exon analysis because it was unclear
whether pathogenicity was due to one or both of these amino
acid substitutions.7 Twelve additional individuals were ex-
cluded from all analysis: 5 due to uncertainty in year of last
contact (information necessary for censoring) and 7 due to
unknown year of birth (variable considered as a covariate in all
models) (figure e-1, supplementary materials, links.lww.com/
NXG/A312). The intron 4 mutation was classified as involving
exon 4 because it is located just outside this exon.

Mutation analysis was performed as described previously7,13

using Sanger sequencing.APOE e4 status was determined by the
Medical Research Council (MRC) Prion Unit (London, United

Glossary
AD = Alzheimer disease; ADAD = autosomal dominant familial Alzheimer disease; APP = amyloid precursor protein; CI =
confidence interval; ICC = intraclass correlation coefficient; MRC = Medical Research Council; PSEN1 = presenilin 1; TR =
time ratio.
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Kingdom) using minor groove binding probe genotyping assays
(TaqMan, Applied Biosystems). As described in our previous
work, individuals with novel variants in PSEN1 or APP were
assessed for the presence of additional mutations in other
dementia-related genes using the MRC Dementia Gene
Panel.7,14 All novel sequence variants were absent from the
Genome Aggregation Database (gnomad.broadinstitute.org/).

In total, 256 individuals were included in the analyses (201 with
PSEN1 and 55 with APP mutations) (table-e1, supplementary
materials for specific mutations, links.lww.com/NXG/A312).

Statistical analysis
We investigated differences in disease duration between APP
and PSEN1 genes, APOE e4 carriers and e4 noncarriers
within each genetic group, cognitive presentation, sex, exon
number, and position in relation to codon 200 (PSEN1 only)
using the Kaplan-Meier survival estimate for descriptive
statistics and Weibull multilevel parametric survival analysis
(using an accelerated failure time model) to compare the

survival function of different groups of patients and test the
specific hypothesis. Following the second-order relationship
between disease duration and age at onset in Ryman et al.6

meta-analysis, we predefined that we would investigate a
quadratic term for age at onset. We tested the interaction
with gene. Sex, year of birth (range: 1879–1983), and gene
were included as fixed effects and family (as a proxy to
mutation) as random effects in all survival models. The
intraclass correlation coefficient (ICC) was used to quantify
the proportion of variance in disease duration explained by
mutation and family (supplementary materials, links.lww.
com/NXG/A312).

Linear mixed-effects models with random effects for muta-
tion and family and fixed effects for sex, year of birth,
and gene were used to compare differences in age at onset
between genes and cognitive presentations within PSEN1
mutations.

We used p < 0.05 as our measure of statistical significance and
Stata v14 (StataCorp 2015) or later for all analyses. Bonferroni
correction for multiple comparisons was applied for compari-
son of disease duration between exons.

Standard protocol approvals, registrations,
and patient consents
The study was approved by The National Hospital for
Neurology and Neurosurgery and Institute of Neurology
Joint Research Ethics Committee (subsequently, National
Research Ethics Service Committee, London Queen Square,
Research Ethics Committee ref 11/LO/0753). Written in-
formed consent was obtained from all participants or from
their consultee if cognitive impairment prohibited written
informed consent.

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

Results
Age at symptom onset was available for all 256 individuals
included (201 with PSEN1 and 55 withAPPmutations). Age at
death was available for 190 of those individuals (77.0% of the
data set: 147 PSEN1 and 43 APP mutations) (table 1).

Disease duration and age at onset: APP
vs PSEN1
Considering only individuals with known age at death
(which does not take into account censoring) (N = 190), the
mean disease duration was 10.4 years (SD 5.3), range: 2–32
years. Survival analysis (N = 256) revealed a 75% probability
of surviving at least 7 years, 50% of surviving at least 10 years,
25% of surviving at least 14 years, and an estimated mean
duration of 11.6 (10.4–12.9) years. Estimated survival time
was similar between APP and PSEN1 mutation carriers
(table 2, figure 1).

Table 1 PSEN1 and APP: characteristics of our cohort
(N = 256)

APP PSEN1 APP + PSEN1

No. families 12 64 76

No. mutations 7 45 52

Total no. symptomatic
individuals

55 201 256

Sex (males %) 32 (58.2%) 94 (46.7%) 126 (49.2%)

No. known deaths 43 (78.2%) 147 (73.1%) 190 (74.2%)

Clinical presentation

No. with available
data

37 101 138

Amnestic 36 (97.3%) 83 (82.2%) 119 (86.2%)

Atypical 1 (2.7%) 18a (17.8%) 19 (13.8%)

APOE genotype

No. with available
data

31 96 127

APOE «4 carrier 7 (22.6%) 36 (37.5%) 43 (33.9%)

APOE 44 1 3 4

APOE 34 6 31 37

APOE 24 0 1 1

APOE «4 noncarrier 24 (77.4%) 60 (62.5%) 84 (66.1%)

APOE 23 3 5 8

APOE 33 21 54 75

APOE 22 0 1 1

Abbreviations: APP = amyloid precursor protein; PSEN1 = presenilin 1.
a One additional individual was subsequently excluded as the motor pre-
sentation preceded cognitive symptoms.
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Considering the cohort as a whole, family membership
explained 18% (ICC 0.18; p < 0.001) of the variability in
disease duration, and mutation specificity explained 6% (ICC
0.06; p = 0.188). In patients with a PSEN1 mutation, 25% of
the variance in disease duration was explained by family
membership (ICC 0.25, p < 0.001) and 10% by a specific
mutation (ICC 0.10, p = 0.129). Data were not analyzed
separately for APP mutations due to small numbers.

In accordance with our previous work,7 age at onset was on
average 7.1 years later for individuals with APP mutations

(mean age 50.6 years [SD 5.6], range 38–63 years) than
those with PSEN1mutations (43.5 years [7.2], range: 30–62
years; p < 0.001) (figure 1) (figure e-2, links.lww.com/
NXG/A312, for age at onset distribution of sample). In
patients with PSEN1mutations, 72% of the variance in age at
onset was explained by mutation (ICC 0.72, p < 0.001).
Mutation and family membership together explained 80% of
the variance in age at symptom onset (ICC 0.80, p < 0.001).
Considering both genes together, 67% of the variance was
explained by mutation and 72% by mutation and family
together.

Table 2 Disease duration in our cohort, estimated mean survival time, and effects from survival model comparison

Disease durationa:
mean (SD) (y)

Disease duration:
range (y)a

Estimated survivalb

(95% CI) (y)b TR TR: 95% CI p Value

Genes N = 190 N = 256

APP 11.2 (4.9) 4–23 12.5 (9.7–15.3) Reference

PSEN1 9.7 (5.3) 2–32 11.4 (10.1–12.7) 0.91 0.72–1.17 0.474

Sex N = 190 N = 256

Females 10.0 (5.4) 2–32 11.7 (10.3–13.1) Reference

Males 10.1 (5.2) 2–29 11.6 (10.1–13.1) 0.99 0.86–1.13 0.895

Clinical presentation

PSEN1 and APP N = 87 N = 139

Amnestic 10.9 (5.5) 2–27 11.9 (10.6–13.1) Reference

Atypical 15.5 (7.1) 9–32 17.1 (12.4–21.9) 1.44 1.08–1.93 0.013c

PSEN1 N = 60 N = 102

Amnestic 10.2 (5.4) 2–27 11.2 (9.8–12.6) Reference

Atypical 15.9 (7.4) 9–32 16.7 (12.0–21.5) 1.49 1.11–2.01 0.009c

APOE status

PSEN1 and APP N = 92 N = 127

«4 noncarriers 10.4 (5.2) 2–27 11.3 (9.9–12.7) Reference

«4 carriers 12.8 (6.4) 5–32 13.2 (11.1–15.3) 1.16 0.97–1.39 0.100

PSEN1 N = 69 N = 96

«4 noncarriers 9.4 (4.7) 2–27 10.6 (9.0–12.1) Reference

«4 carriers 12.9 (6.7) 5–32 13.2 (10.8–15.5) 1.24 1.00–1.54 0.046c

APP N = 23 N = 31

«4 noncarriers 12.7 (5.8) 4–23 13.4 (10.3–16.6) Reference

«4 carriers 12.7 (5.6) 6–23 12.6 (8.4–16.9) 0.94 0.65–1.35 0.738

PSEN1: codon 200 N = 147 N = 201

Post 9.9 (5.9) 2–32 11.9 (9.9–14.0) Reference

Pre 9.3 (4.7) 3–27 11.5 (9.3–13.7) 0.96 0.76–1.22 0.746

Abbreviations: APP = amyloid precursor protein; CI = confidence interval; PSEN1 = presenilin 1; TR = time ratio.
TR, 95% CI, and p value encompass the effects of the survival model.
a Disease duration was calculated from individuals with known ages at death only.
b Estimated mean survival included any additional censored data.
c Bold: significant at p < 0.05.
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Although no linear relationship between an individual’s age at
onset and the estimated length of disease course was observed
{time ratio [TR] = 1.00 (95% confidence interval [CI]
0.99–1.01), p = 0.286}, there was an interaction between age at
onset and gene in relation to estimated survival (TR = 1.05
[1.02–1.08], p = 0.001). In PSEN1 mutations, later ages at
onset were associated with longer disease durations (disease
duration increased by 1.8% for every 1-year increase in age at
onset [95% CI 0.3–3.4]). Whereas in APP, later ages at onset
were associated with shorter disease durations (disease dura-
tion decreased by 3.0% for every 1-year increase in age at onset
[95% CI 0.9–4.7]) (figure 1). Like Ryman and colleagues,6 we
detected an “inverted-U” shape relationship between age at
onset and age at death such that patients with early (younger

than 40 years) or late (older than 50 years) onset each had
shorter disease duration than patients with onset in midlife
(40–50 years) irrespective of the gene (χ2 = 6.12, p = 0.047;
considering age at onset as a quadratic term). However, in-
cluding the gene interaction abolished this quadratic associa-
tion (χ2 = 1.33, p = 0.515), indicating that gene membership
may have driven the “inverted-U” shape effect.

Sex and year of birth
Sex did not appear to affect disease duration, either for the cohort
as a whole (table 2) or for genes separately (data not shown).

Irrespective of the gene, an individuals’ year of birth appeared
to influence survival and age at onset, with age at onset being

Figure 1 Symptom onset, age at death, disease duration, and survival probability by gene

(A) Unadjusted Kaplan-Meier survival plots show the estimated survival probability by disease duration for PSEN1 vs APP. The blue line references APP and the red
line PSEN1. Ninety-five percent CIs and number of individuals still alive per disease duration length, by 10 years, by 20 years, and by 30 years, are also shown. (B)
Violin plots show thedistributionof age at symptomonset, at death, anddisease duration for PSEN1vs APP. Dataaremedian (line)withmedian interquartile range
(upper and lower dotted lines). Age at onset: 42 (38–48) years vs 50 (48–55) years; age at death: 52 (46–58) years vs 61 (58–66) years; and disease duration: 8 (6–12)
years vs 10 (8–13) years. “*” indicates significant difference between groups. (C) Scatter plot shows the association between age at symptom onset and age at
death in PSEN1 vs APP. The solid line represents the line of best fit from the survivalmodel, adjusted for sex, year of birth, and clustered by familymembership for
each gene. The shaded area represents 95% CIs. Markers show the unadjusted raw data: hollow blue triangles represent individuals with APP mutations and
hollow red circle markers individuals with PSEN1 mutations. APP = amyloid precursor protein; CI = confidence interval; PSEN1 = presenilin 1.
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earlier and duration longer in more recent times. Disease du-
ration increased by 0.6 (95%CI 0.2–1.0)% for every increase in
1 year of birth (p = 0.003). This was also the case when con-
sidering genes separately. Further analysis revealed that the
greatest difference in survival time was between individuals
born before and after 1931: estimated survival: 9.1 (7.7–10.4)
years vs 12.2 (10.8–13.5) years (figure 2). Age at onset de-
creased by 0.04 (0.01–0.07) years for every increase in 1 year of
birth (p = 0.004). Comparing individuals born before or after
the 1930s, we found that the average age at onset was 45.5
(43.3–47.7) years vs 44.6 (42.7–46.5) years, respectively (es-
timated difference = 0.9 [−2.1 to 0.4] years, p = 0.181). The
significantly longer survival time for later generations remained
after adjusting for age at onset (0.6 [0.2–1.0] % increase in
survival for every increase in 1 year of birth; survival estimates
pre vs post births in the 1930s: 8.9 [7.6–10.3] years vs 12.2
[10.9–13.5] years).

Clinical presentation
The PSEN1 subgroup with atypical cognitive presentations
had, on average, a somewhat older age at onset than those with
PSEN1 carriers with amnestic presentations (amnestic: 42.4
years [SD 7.3)] range: 30–62 years vs atypical: 45.4 years [5.7],
range: 38–58 years), but there was little evidence to support
this difference, p = 0.592) (figure e-3, supplementary materials,
links.lww.com/NXG/A312). Within the PSEN1 group, indi-
viduals with atypical presentations had a 49.2% longer survival
time compared with those with amnestic presentations (table 2
and figure 3). Only 8% of the variance in survival time between
individuals with the same cognitive presentations in PSEN1
mutations was explained by family membership (ICC 0.08, p =
0.157). The difference in estimated survival time between
cognitive presentations was replicated combining APP and
PSEN1 groups together (table 2). We did not find any inter-
actions between the cognitive presentation and codon 200
position, APOE e4 status, or age at onset (data not shown).
Similar results emerged when we included age at onset as a
covariate in the model.

APOE «4 status
APOE e4 status did not have an effect on age at onset in our
cohort (mean [95%CI]: e4 carriers = 44.0 [41.8–46.1] years vs
e4 noncarriers = 44.5 [42.5–46.5], p = 0.495). Considering
PSEN1 and APP mutation carriers together, survival analysis
(N = 127) revealed similar estimates between e4 carriers and
e4 noncarriers (table 2).

There was no interaction between APOE e4 status and gene
(TR = 1.35 [0.87–2.08], p = 0.180). Nonetheless, further
analysis revealed an effect seemingly restricted to PSEN1 mu-
tations (N = 96): there was some evidence that e4 carriers had
longer survival time compared with e4 noncarriers (table 2).
APOE e4 status did not have an effect on disease duration in the
small group of individuals with APPmutations (N = 31) (table
2) (figure e-5, supplementary materials, links.lww.com/NXG/
A312). We then examined APOE e4 heterozygous and ho-
mozygous groups separately. Because of statistical power

limitations for homozygous carriers (N = 4), we report het-
erozygous e4 carrier results only (N = 38). In the whole cohort,
there was a trend toward carriers of 1 e4 allele having a 20%
longer survival time compared with e4 noncarriers (13.7
[11.3–16.0] years vs 11.4 [10.0–12.9] years, p = 0.056). Within
the PSEN1 cohort, the possession of 1 e4 allele was associated
with a 30% longer survival time (13.7 [11.1–16.3] years vs 10.6
[9.0–12.1] years, p = 0.023). Comparing carriers of 1 e4 allele
with noncarriers in the APP cohort did not reveal any differ-
ences (12.3 [7.4–17.3] years vs 13.5 [10.1–17.0] years, p =
0.677) (figure e-6 and table e-2, supplementary materials, links.
lww.com/NXG/A312). Considering age at onset in these
models did not change results (data not shown).

Figure 2 Survival probability pre- and post-births in the
1930s

Unadjusted Kaplan-Meier survival plot showing survival by disease duration
for individuals born before and after the 1930s. Green references individuals
born by 1930 and orange after 1930. Ninety-five percent CIs and number of
individuals still alive per disease duration length, by 10 years, by 20 years,
and by 30 years, are also shown. CI = confidence interval; DOB = date of birth.

Figure 3 PSEN1: survival probability by clinical presentation

Unadjusted Kaplan-Meier survival plot shows the estimated survival prob-
ability by disease duration for clinical presentations. Ninety-fivepercent CIs
and number of individuals still alive per disease duration length, by 10 years,
by 20 years, and by 30 years, are also shown. Green references individuals
with amnestic presentations and orange individuals with atypical presenta-
tions. CI = confidence interval; PSEN1 = presenilin 1.
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PSEN1 mutation location
Survival time did not differ between individuals with PSEN1
mutations located pre- or post-codon 200 (table 2). Con-
sidering age at onset in these models did not change results
(data not shown). Some individuals with PSEN1mutations in
exon 8 (N = 40) appeared to reach particularly long disease
durations (mean exon 8 duration—in those with known age
at death: 11.3 years [SD 5.9], range: 5–32 years; figure e-4,
supplementary materials, links.lww.com/NXG/A312). After
adjusting for multiple comparisons (28 comparisons: Bon-
ferroni correction), mutations located in exon 8 (N = 58) had
longer survival estimates than in those in exon 11 (N = 6)
(14.0 [10.8–17.2] years vs 6.2 [3.4–9.0] years, p = 0.034).
Fifteen percent of the variability in survival time among those
with a mutation on the same exon was explained by family
membership (ICC 0.15, p = 0.004).

Discussion
In this study, individuals with APPmutations had, on average,
similar estimated survival time to individuals with PSEN1
mutations—despite theAPP group having an age at onset that
was, on average, 7 years later than the average age at onset in
the PSEN1 group. Estimated mean survival for our cohort was
just over a decade. There was, however, great variability in
disease duration for both the PSEN1 (2–32 years) and APP
(4–23 years) groups and unlike age at onset, mutation type,
and family membership explained relatively little of this var-
iance. In this respect, it may be relevant that we found family
membership to account for a slightly larger proportion of
variance in disease duration than mutation type, although
shared environmental factors could also contribute to this
finding. Although longer survival for females compared with
males has been reported in sporadic AD,15 our results do not
provide evidence for sex differences in survival in ADAD,
which affects individuals at a much younger age.

In accordance with Ryman et al.6 meta-analysis, there was a
trend for longer disease duration in individuals with an age at
onset of 40–50 years (compared with <40 years or >50 years).
Looking at PSEN1 and APP mutation carriers separately
suggested that while in PSEN1 mutations, later ages at onset
were associated with longer disease durations, in APP later
ages at onset were associated with shorter disease durations.
Although it is unclear why these differences between APP and
PSEN1 exist, different paths of disease course between genes
may underly this “inverted-U” shape relationship observed
also in other studies.6

Our results indicate that individuals born after 1930 had
longer survival time compared with those born in previous
generations and that age at onset was earlier with more recent
years of birth. These suggest that gradually (with no step
change), onset or recognition of onset has come earlier. This
may likely be due to greater awareness within families, with
onset coming about 2 years earlier over the course of 2

generations (;50 years). Nonetheless, survival has increased
over and above this. As the difference in age at onset between
births before and after 1931 was smaller than the difference in
survival time (0.9 years vs 3.1 years), this increase in survival
time could not solely be explained by earlier awareness of
symptoms. The increase in survival observed over the study
period accords with the fact that care, as well as life expec-
tancy, has improved. Notably, antibiotics would have become
widely available by the time individuals born after the 1930s
were clinically affected.16

Despite phenotypic and pathologic differences reported be-
tween PSEN1 mutations located before and beyond codon
2007,17,18 we,19 like others,17 found that disease duration did
not significantly differ between these mutation groups. Atypical
presentations have been reported to be more common with
PSEN1 mutations beyond codon 200 in our cohort, and the
prevalence of atypical symptoms also differs markedly between
exons, with nonamnestic cognitive presentations and pyramidal
signs particularly common with mutations located in exon 8.7

Findings from the current study suggest that individuals with
exon 8 mutations may also have particularly long disease du-
rations. An intronic polymorphism in PSEN1 between exon 8
and exon 9 has been reported to show a significant association
with late-onset disease.20,21 There may be differences in the
disease process induced by variants located in this region of
PSEN1, which drive later ages at symptom onset, longer disease
durations, and atypical presentations.

Our findings suggest that carrying APOE e4may be associated
with increased survival time in individuals with PSEN1 mu-
tations, but not inAPPmutation carriers. However, this would
need confirmation as we were not able to demonstrate a
significant difference between the 2 genetic groups in the
effect of APOE e4. Of interest, the rare APOE e3 Christchurch
p. Arg136Ser mutation has recently been reported to delay
onset of cognitive symptoms by 3 decades in a carrier of the
Colombian PSEN1 p.Glu280Ala mutation.22,23 These find-
ings could have implications for the role of APOE in the
pathogenesis, treatment, and prevention of AD and highlight
how much remains unknown about the complexities of in-
teractions between different genetic risk factors and their in-
fluence on disease onset and survival. Larger ADAD studies
that consider the full range of APOE genotypes and follow
individuals over time are needed to untangle the multifaceted
effects of the APOE genotype.

Our study has a number of limitations. First, we included
individuals born over a range of 100 years. Although this
brought the strength of allowing us to study generational
effects, it may somewhat limit how much our findings on
average disease durations may be generalized to newly di-
agnosed patients. Although our analysis was adjusted for year
of birth, replication in larger cohorts of more recently di-
agnosed individuals is needed. Second, we were not able to
consider the effects of lifestyle (e.g., exercise) or life course
(e.g., socioeconomic position) factors on survival. Future
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investigations should study the potential influence of lifestyle
elements on survival rates, particularly in light of our finding
that genetic factors contribute relatively little to the variance
in disease duration we observed in our cohort. This is espe-
cially important to better understand the generalizability of
our findings to individuals in other ADAD and sporadic AD
cohorts. Third, cognitive presentations were classified as
atypical on the basis that the initial symptoms did not involve
memory but instead comprised behavioral change, language
impairment, dyscalculia, or executive impairment. Atypical
symptoms are often more difficult to recognize as signs of AD,
leading to a possible underrepresentation of this group.
Nonetheless, it is perhaps noteworthy that the atypical group
had a longer disease duration, despite the possibility that
symptoms may be noticed later, supporting the notion that
there may be biological differences in those with atypical
presentations, which underpin both the atypical presentation
and the longer disease durations. Last, although we have in-
cluded a relatively large number of cases, considering the
rarity of ADAD, the sample size could be considered a limi-
tation and further investigation of survival in larger ADAD
cohorts will be an important direction for future research.

Multiple factors may contribute to phenotypic variability in
ADAD. Characterizing and investigating variability in disease
duration is the first step toward allowing patients and their
families to plan for the future. A deeper understanding of
variability in disease duration and the factors that may influence
survival may also inform the interpretation of disease-
modifying trials and potentially even highlight new avenues
for targeting the disease.
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Abstract
Objective
Dysregulation of type I collagen metabolism has a great impact on human health. We have
previously seen that matrix metalloproteinase–degraded type I collagen (C1M) is associated
with early death and age-related pathologies. To dissect the biological impact of type I collagen
dysregulation, we have performed a genome-wide screening of the genetic factors related to
type I collagen turnover.

Methods
Patient registry data and genotypes have been collected for a total of 4,981 Danish post-
menopausal women. Genome-wide association with serum levels of C1M was assessed and
phenotype-genotype association analysis performed.

Results
Twenty-two genome-wide significant variants associated with C1M were identified in the
APOE-C1/TOMM40 gene cluster. The APOE-C1/TOMM40 gene cluster is associated with
hyperlipidemia and cognitive disorders, and we further found that C1M levels correlated with
tau degradation markers and were decreased in women with preclinical cognitive impairment.

Conclusions
Our study provides elements for better understanding the role of the collagen metabolism in
the onset of cognitive impairment.
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Many pathologies emerge after menopause, affecting the quality
and duration of women’s lives. Metabolic and endocrine changes
occurring during the menopause transition have been linked
with an increased incidence of chronic inflammatory and auto-
immune disorders, in particular increased neuroinflammation.1,2

A dysregulated extracellular matrix (ECM) metabolism is a
common denominator in several age-related fibroproliferative
pathologies and attributes to almost 45% of all deaths in the
developed world.3 Thus, improved preventive and predictive
strategies for chronic fibroproliferative diseases could improve
both quality of life and enhance longevity.

Type I collagens are among the most abundant extracellular
matrix proteins in the body and are expressed in most con-
nective tissues. During homeostasis, type I collagen is main-
tained in a delicate equilibrium between protein formation
and degradation. Remodeling and repair of tissues is therefore
essential for sustaining a healthy tissue or organ.4 During the
development of inflammatory diseases, the equilibrium be-
tween type I collagen formation and degradation is shifted,
leading to an altered tissue remodeling and repair that in turn
drives the disease.5

Blood-based biomarkers of collagen metabolism have been
used as an alternative to classic tissue biopsy for prevention,
diagnosis, and monitoring of patients. Accurate assessment of
disease activity could allow measurable gain in the treatment
time course.6 We have developed a biomarker measuring se-
rum levels of matrix metalloproteinase (MMP)-degraded type
I collagen (C1M).7 C1M is destroyed by cathepsin K,
therefore making this a marker specific to soft tissue type I
collagen. As MMPs are often are expressed by inflammatory
cells, C1M reflects the remodeling potential of the body and
cell inflammation. We have previously seen that C1M is as-
sociated with early death in postmenopausal women and with
age-related pathologies such as fibrosis, cancer, and rheuma-
toid arthritis.8–11

Despite the enormous impact dysregulation of type I collagen
metabolism has on human health, little is known about the
genetic architecture of collagen metabolism. Greater insight
into this topic could therefore help with the understanding of
age-related pathologies.

In this study, we performed a genome-wide screen for asso-
ciation C1M in a population of 4,981 postmenopausal women
from the Prospective Epidemiologic Risk Factor (PERF)

study12 using ca. 7.6 million genetic markers. Our objectives
were to comprehensively identify genetic variants influencing
the serum levels of C1M and test the relationship between
identified genetic variants and common age-related patholo-
gies and finally to investigate the role of collagen metabolism
in these.

Methods
Study design
The PERF study was a follow-up study of Danish post-
menopausal women aiming at identifying risk factors associated
with age-related diseases.12 A total of 5,855 women were en-
rolled at baseline (PERF I) between 1999 and 2001. Subjects in
PERF have previously participated in clinical randomized
placebo-controlled studies or were screened without being
randomized for previous studies at the Center for Clinical and
Basic Research. We performed a study inclusion process in 3
steps (figure e-1, links.lww.com/NXG/A317): we first col-
lected subjects with demographic, serum, and blood biomarker
measurements available with a missingness cutoff of less than
5%. Subjects without genotypes were excluded, and a study
population level filter was applied on genotypes to remove
cryptic relatedness.

Standard protocol approvals, registrations,
and patient consents
The study was conducted in accordance with the In-
ternational Conference on Harmonization–Guideline for
Good Clinical Practice, and the study protocol was approved
by the local ethics committees. All participants signed an in-
formed consent, allowing future analysis to be performed.

Baseline measurements and data collection
At baseline, the subjects completed an interview with a doctor
or a nurse covering questions related to physical health, de-
mographics, lifestyle, and medical history. Fasting serum and
DNA samples were collected from subjects who gave written
consent for this specific analysis (n = 5,668 and n = 5,553,
respectively).

C1M, caspase-degraded TAU (TAU-C) and ADAM10-
degraded TAU (TAU-A) were measured blinded in serum
by ELISA in a CAP-certified laboratory as previously
described.7,13,14 Lymphocyte and neutrophil counts were
determined using an automated blood cell analyzer (Sysmex,
Kobe, Japan). Serum cholesterol and triglycerides were

Glossary
BMI = body mass index; C1M = MMP-degraded type I collagen; CI = confidence interval; CRP = C-reactive protein; ECM =
extracellular matrix; GWAS = genome-wide association study; ICD-10 = International Classification of Diseases, Tenth Revision;
MAF = minor allele frequency; MMP = matrix metalloproteinase; PERF = Prospective Epidemiologic Risk Factor; PCA =
principal component analysis; PheWAS = phenotype-genotype association analysis; SNP = single nucleotide polymorphism;
TAU-A = ADAM10-degraded TAU; TAU-C = caspase-degraded TAU.
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measured using the Advia 1800 analyzer (Siemens Healthcare
Diagnostics, Munich, Germany).

Complete hospital disease history of the subjects was
obtained for the period 1974–2014 by linking each individ-
ual’s unique personal identification number (CPR number)
with the Danish patient registries on December 31, 2014,
corresponding to end of study. Subjects of the study were
anonymized, and Central Personregister (CPR) numbers
were not made available at any point of the study. Patient
registry information was available for 5,602 subjects.

Disease phenotype definition
Fourteen disease phenotypes have been defined as all-time
incidence of an event based on data available from multiple
sources: biochemical marker levels, physiologic measure-
ments, all-time incidence hospital records, death registry,
questionnaire data from baseline consultation, on previous
medical history at PERF I and PERF II enrollment times, and
cognitive tests. The detailed list of included phenotypes and
their inclusion criteria is provided in table e-2 (links.lww.com/
NXG/A317). In this study, dementia was defined as (1) In-
ternational Classification of Diseases, Tenth Revision (ICD-10)
codes F01-F03G31-G32, (2) The Short Blessed Test ≥10 and
the Category Fluency Test ≤14, or (3) dementia noted in
questionnaires. Alzheimer disease was defined as (1) ICD-10
codes F00+G30 or (2) Alzheimer disease noted in
questionnaires.

Genotyping and imputation
Of 5,553 DNA samples collected, 5,516 have been genotyped
successfully. Genotyping was performed using a custom-made
Illumina Global Screening Array (693,143 probes) in collab-
oration with deCODE Genetics, Iceland. Single nucleotide
polymorphism (SNP) imputation was performed using the
Michigan Imputation Server.15 The reference panel used for
this step is the HRC r1.1.2016, EUR population. Phasing was
performed with ShapeIt2 and the imputation with Minimac3.
Using a curated set of 563,532 probes, we imputed 39131581
positions. Positions are reported as in the GRCh37 reference.

Probe-level filtering
Standard probe-level filtering has been performed using a
minimum probe call rate of 97%, a minor allele frequency
(MAF) greater than or equal to 1%, and a Hardy-Weinberg
equilibrium p value cutoff greater than or equal to 1e-6. No
filtering on multiallelic SNPs has been performed. In total,
534,710 probes and 7,672,338 imputed positions were tested
in the association screening, respectively.

Individual-level filtering
To address possible cryptic relatedness between subjects, we
calculated an identity-by-descent coefficient using Plink16

–genome function. Inbreeding coefficient was calculated us-
ing the plink –ibc function. We removed patients, on a 1 side
of a pair basis, using a minimum PI_HAT cutoff value of
0.1875, and a cutoff of less than −0.1 or greater than 0.1 was

Table 1 Baseline characteristics of the PERF study

Variable N PERF study group

Baseline age, y, mean (SD) 4,891 70.1 (6.5)

Education, n 4,887

Primary school 3,497

High school 1,044

University 346

Height, cm, mean (SD) 4,891 161.0 (5.9)

Weight, kg, mean (SD) 4,891 67.7 (11.6)

BMI, kg/m2, mean (SD) 4,891 26.1 (4.2)

Systolic, mm Hg, mean (SD) 4,889 150.1 (24.3)

Diastolic, mm Hg, mean (SD) 4,891 81.8 (11.4)

Biochemistry, mean (SD)

Total cholesterol: serum, mL 4,891 6.3 (1.1)

Triglycerides: serum, mL 4,891 1.4 (0.6)

LDL cholesterol: serum, ng/mL 1,002 3.5 (1.0)

HDL cholesterol: serum, ng/mL 2,896 1.7 (0.4)

Neutrophils count, 10e9/L 4,632 58.5 (8.9)

Lymphocyte count, 10e9/L 4,632 32.9 (8.1)

Biomarkers, mean (SD)

C1M: serum, ng/mL 4,891 51.2 (47.9)

TAU-C: serum, ng/mL 4,885 22.0 (12.0)

TAU-A: serum, ng/mL 4,883 28.2 (16.1)

Cognitive tests

SBT score, n 4,855

0–9 4,684

10 or more 171

CFT score, n 4,851

Over 14 4,333

14 or less 518

Lifestyle

Smoking, n 4,891

Never 2,306

Past 1,496

Current 1,089

Alcohol, n 4,871

<7 alcohol units per week 3,271

>7 alcohol units per week 1,600

Abbreviations: BMI = body mass index; CFT = Category Fluency Test with
animal naming; C1M = MMP-degraded type I collagen; MMP = matrix met-
alloproteinase; PERF = Prospective Epidemiologic Risk Factor; SBT = Short
Blessed Test; TAU-A = ADAM10-degraded TAU; TAU-C = caspase-degraded
TAU.
Characteristics of the subjects included in the study are shown (n = 4,981).
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applied to the Fhat2 coefficient. In total, 136 of 5,516 indi-
viduals have been removed in this step.

Principal component analysis
Population-based genetic variation in the data set was cap-
tured using EIGENSTRAT Smartpca 7.2.017,18 to perform an
iterative principal component analysis (PCA) of the study
population with available genotypes (n = 5,106) on the
nonimputed filtered variants using the default parameters.
The scree plot of the first 10 components and the PCA plot of
the 2 leading components are shown in figures e-6 and e-7
(links.lww.com/NXG/A317). The first 3 components cap-
ture the largest share of explained variance (0.3%).

Linear regression
Linear additive regression was performed on the genome-
wide association study (GWAS) population (n = 4,981) to
identify genetic associations with log2-transformed serum
C1M levels using plink v1.90p adjusted for baseline age, body
mass index (BMI), and the 3 leading principal components,
and prebaseline occurrence of cancer, inflammatory arthrop-
athies, and spondylopathies, defined as events up to 1 year
after baseline to address potential influence on C1M levels.
The plink switches –allow-no-sex and –keep-allele-order were
also used. Subjects with missing biomarker levels were not
included in the analysis. Conservative significance thresholds
based on the number of screened variants were defined as

equal to 6.5e-9, i.e., 0.05/N, and 1.3e-7, i.e., 1/N, N =
7672,338, for the genome-wide and suggestive values, re-
spectively. The Manhattan plot visualization has been made
using the R package qqman19 and color palette from ggsci.

Phenotype-genotype association analysis
Phenotype-genotype association analysis (PheWAS) was
performed using a logistic regression model, corrected
for baseline age, BMI, and the 3 leading principal compo-
nents. The Z-statistic of the regression was reported and vi-
sualized with a heatmap, generated by the R package
ComplexHeatmap.20

Biomarker boxplot visualization
Serum and blood biomarker level distributions across time to
occurrence of Alzheimer disease relative to baseline were
shown using R ggplot2 functions. Tests of biomarker distri-
butions between time intervals were performed using an
analysis of variance on log-transformed values with post hoc
comparisons with the Holm-Sidak multiple comparisons test.

Data availability
The original data of the PERF study and the linkage data from
various health registries are currently stored at Nordic Bio-
science. Access to this database will be granted, on condition
that researchers have appropriate ethical permission and sign
the appropriate Material Transfer Agreement form.

Figure 1 Single nucleotide polymorphisms associated with log2 levels of type I collagen metabolite in serum

Genome-wide and suggestive significance thresholds have been revised according to the number of tests (6.5e-9 and 1.3e-7, respectively) and are indicated
by the red and blue lines. CRP = C-reactive protein.
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Results
Study design
A total of 5,855 subjects have been included in the PERF
study at baseline. For a majority of these, genotyping (n =
5,516) has been performed, and serum and blood biomarkers
(n = 5,668) were measured. More details are available in the
Material and Methods section and in the cohort profile pre-
sentation paper.12 A GWAS was performed on the maximum
population with both genotypes, demographic and biomarker
measurements, and data availability from the Danish patient
registries (n = 4,891). Table 1 summarizes the baseline
characteristics of the study group.

Genetic associations with C1M levels
We identified 22 genome-wide significant SNPs associated
with C1M, located primarily in the chr19q13.32 APOE-C1/
TOMM40 gene locus (figure 1 and table e-1, links.lww.com/
NXG/A317). Within this cluster, the most significant asso-
ciation with APOE variants was rs429358—located in exon 4,
and which combination with rs7412 is commonly known as
APOE e4 (p = 1.38e-17, effect size: −0.162; 95% confidence
interval [CI] −0.199 to −0.1248 log2 ng/mL per additional

minor allele) and rs769449 (p = 7.15e-16, effect size: −0.166;
95% CI −0.209 to −0.129 log2 ng/mL). Nine genetic variants
near the APOC1 gene were significantly associated with C1M
including rs4420638 (p = 8.44e-14) and 4 associations with
PVRL2 variants including rs6857 (p = 2.07e-13). SNPs in this
locus are relatively common (MAF from 0.13 to 0.25) and in
moderate linkage disequilibrium, see figures e-2 and e-4 for the
LD structure and the locus plot of the region. An additional 6
suggestive associations were found in this locus, centered
around TOMM40. All genome-wide significant associations in
chr19 had a negative effect size (β-coefficients ranging −0.108
to −0.169 log2 ng/mL). We identified 10 suggestive associa-
tions near the gene C-reactive protein (CRP), mostly located
downstream (locus plot shown in figure e-3). The nearest as-
sociated variant was rs3093068 (p = 1.09e-7) with a positive
effect (β = 0.172; 95% CI 0.108–0.235 log2 ng/mL).

Phenotype-genotype association analysis
A PheWAS was performed on the 38 SNPs screened by the
GWAS (figure 2 and table e-5, links.lww.com/NXG/A317).
The variants identified in APOE-C1/TOMM40 cluster were
positively associated with the incidence of dementia and
Alzheimer disease (Z-statistic range 4.89–9.47) as well as

Figure 2 Phenotype-genotype association analysis of the 38 genetic variants identified by the GWAS

The effect sizes of the genetic association with type I collagen degradation marker (C1M) are shown in orange/green. Z-statistics of the phenotype/genotype
association analysis are shown on the heatmap in red/blue. GWAS = genome-wide association study.
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hyperlipidemia (Z-statistic range 3.06–6.32). It was pre-
viously shown that rs429358 was associated with the in-
creased serum total cholesterol level and depression severity,
and the authors hypothesized APOE variants to be detri-
mental to recovery of nerve function after stroke.21 By per-
forming a GWAS, corrected for BMI, baseline age, and
population structure, we confirmed that APOE variants were
associated with total cholesterol, with top hit rs7412, p = 3.4e-
47 (figure e-5). Functional analyses (table e-6) showed an
enrichment of GO terms related to regulation of cholesterol
biosynthetic process, lipoprotein particle receptor binding,
protein-lipid complex binding, and low-density lipoprotein
particle remodeling. In addition, these variants were associ-
ated with decreased incidence of neoplasms (Z-statistic range
−3.04 to −2.12).

Variants located in the chr1 CRP gene locus had a weak asso-
ciation with cardiovascular traits (Z-statistic range 1.33–1.67)
and a negative association with dementia and Alzheimer disease.

C1M degradation in preclinical dementia/
Alzheimer disease
We have previously shown that biomarkers of ADAM10- and
caspase-degraded tau (TAU-A and TAU-C) were negatively
associated with dementia in PERF.22 In the current study, we
noted that there was a strong correlation between C1M and
tau degradation biomarker levels (r = 0.54 between TAU-C
and C1M, r = 0.58 between TAU-A and C1M, figure 3, A and
B). By grouping dementia/Alzheimer disease incidences into
2 bins: (1) dementia/Alzheimer disease at baseline (di-
agnosed less than 2 years after baseline) and (2) preclinical
dementia/Alzheimer disease (diagnosed more than 2 years
after baseline), and looking at C1M levels, we observed that
women with preclinical dementia/Alzheimer disease had
lower levels of C1M compared with women with dementia/
Alzheimer disease at baseline and women with no cognitive
impairment (never diagnosed with dementia/Alzheimer dis-
ease, figure 3C). We also found that women diagnosed with
both dementia/Alzheimer disease at baseline and preclinical

Figure 3 Association of C1Mwith tau degradation biomarkers (TAU-A and TAU-C) and preclinical dementia and Alzheimer
disease

(A) Dot plot of TAU-A and C1M in PERF. The rho value is calculated with Spearman correlation. (B) Dot plot of TAU-C and C1M in PERF. The rho value is
calculated with Spearman correlation. (C) Box plot showing C1M levels in women with no cognitive impairment (never diagnosed with dementia/Alzheimer
disease), women diagnosed with dementia/Alzheimer disease at baseline (diagnosed up to 2 years after baseline), and women with preclinical dementia/
Alzheimer disease (diagnosed with dementia or Alzheimer diseasemore than 2 years after baseline). (D and E) Neutrophils and lymphocytes levels in women
with no cognitive impairment (never diagnosed with dementia/Alzheimer disease), women diagnosed with dementia/Alzheimer disease at baseline (di-
agnosed up to 2 years after baseline), and women with preclinical dementia/Alzheimer disease (diagnosed with dementia or Alzheimer disease more than 2
years after baseline). Statistical assessment was performed using a Wilcoxon test. C1M = MMP-degraded type I collagen; MMP = matrix metalloproteinase;
PERF = Prospective Epidemiologic Risk Factor; TAU-A = ADAM10-degraded TAU; TAU-C = caspase-degraded TAU.
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dementia/Alzheimer disease had lower levels of neutrophils
and higher levels of lymphocytes compared with women with
no cognitive impairment (figure 3, D and E).

C1M degradation stratified by APOE «4
genotype in preclinical dementia/
Alzheimer disease
We looked at the C1M degradation biomarker levels in the
subpopulation of women with preclinical dementia/
Alzheimer disease (n = 370), stratified by their APOE e4
genotypes, obtained from the 2 variants rs429358 and rs7412
(figure 4). We see an allele dose effect between women with
no APOE e4 allele and women carrying 1 and 2 APOE e4
alleles (1-sided Wilcoxon test p < 0.0001). This result, in line
with the GWAS, further demonstrates the negative associa-
tion between APOE genotypes and C1M in preclinical
dementia/Alzheimer disease.

Discussion
We investigated the genetic component in the variation of
C1M in a population of postmenopausal Danish women. This
biomarker reflecting inflammation and remodeling potential of
the body has been previously described to be associated with
age-related diseases such as cancer, fibrosis, and rheumatoid
arthritis.8–11 The aim of our study was to systematically dis-
cover genetic factors of variation of C1M and link these variants

to age-related diseases. The PERF cohort offered an ideal ex-
ploratory environment combining single nucleotide variants,
demographic, and electronic hospital care history.

Genome-wide association analysis of C1M levels in our study
population identified two main genomic regions: chr19
q13.32 APOE-C1/TOMM40 cluster and chr1q23.3, which
encompasses the gene CRP. SNPs in the APOE cluster were
dominantly associated with lower C1M levels, whereas SNPs
within CRP were associated with a higher C1M level. Power
calculations performed using a type I error cutoff at 5e-8
showed that the association found in the APOE locus was
sufficiently supported (statistical power for rs429358: 0.68)
while findings within CRP would require a larger sample size.

Although our PheWAS analysis did not identify strong associa-
tions with SNPs within the CRP gene locus, except for a few
markers previously associatedwith heart disease, we found that the
variants associated with C1M in the APOE-C1/TOMM40 locus
were strongly associated with dementia and Alzheimer disease, as
for example, the well-studied variant rs429358, which is a risk
factor for neural regeneration in late-onset Alzheimer disease.23–25

The analysis of APOE e4 genotype frequencies (rs429358 and
rs7412) in our study population (tables e-3 and e-4, links.lww.
com/NXG/A317) showed that they were in agreement with
those observed in the Danish general population26 and that
APOE e4 genotypes were overrepresented in the individuals
with Alzheimer disease (χ2 test p = 3.6e-16). To further study
the link between type I collagen remodeling and in preclinical
dementia/Alzheimer disease, we showed that C1M levels
could be stratified by their APOE e4 genotypes, with signifi-
cantly lower C1M levels in APOE e4 double carriers com-
pared with subjects without e4 alleles.

When we looked further into the biomarker dynamics in subjects
with cognitive impairment, we found that C1M correlated with
tau degradation markers (TAU-A and TAU-C). We have pre-
viously seen that high levels of the tau degradation markers were
associated with a lower risk of preclinical dementia and Alzheimer
disease.22 A plausible explanation for this could be linked to
microglial activation. In early stages of dementia and Alzheimer
disease, microglial activation is believed to be neuroprotective by
enhancing phagocytosis and degradation of β-amyloid and
tau,27,28 a process that may result in less release of tau degradation
products to the periphery. In later stages, wheremicroglia become
overactivated, they lose their phagocytic abilities, resulting in un-
controlled inflammation releasing degraded tau to the periphery.29

In this study, C1M levels were also lower in subjects with
preclinical dementia/Alzheimer disease compared with sub-
jects diagnosed close to baseline and subjects with no cog-
nitive impairment. We hypothesize that APOE e4 carriers are
born with a low remodeling potential (low C1M levels),
which increases the risk of dementia/Alzheimer disease along
with other age-related diseases because of inefficient clearance
of damaged proteins and cells (figure 5B). In subjects with low

Figure 4C1Mdegradation biomarkers stratified by APOE e4
genotype in preclinical dementia/Alzheimer
disease

Log2-transformed C1M biomarker levels (ng/mL) in subjects with preclinical
dementia/Alzheimer disease defined as in table e-2 (links.lww.com/NXG/
A317) are shown according to their APOE e4 genotypes. Statistical assess-
ment of C1M levels between no APOE e4 allele carriers and APOE e4 allele
carriers was performed using a Wilcoxon test. C1M = MMP-degraded type I
collagen; MMP = matrix metalloproteinase.
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remodeling potential, the clearance of amyloid-β will be in-
efficient, leading to formation of amyloid-β oligomers and
plaques. This will in turn initiate chronic inflammatory pro-
cesses and thereby increase C1M levels in the later stages of
the disease (figure 5A).

We also found that women with either dementia/Alzheimer
disease baseline or preclinical dementia/Alzheimer disease
had increased neutrophil count and decreased lymphocyte
count compared with subjects with no cognitive impairment.
It is well known that chronic inflammation worsen during the
course of dementia and Alzheimer disease.2,30–32 Proin-
flammatory cytokines have been detected in the periphery,
indicating that a strong innate immune response is occurring
throughout disease progression and triggered by the dysre-
gulation of the Aβ peptide.33 A decreased lymphocyte count
have on the other hand been shown lead to greater accumu-
lation of amyloid Aβ plaques and microglia activation in
mice,34 indicating that the adaptive immune system is dys-
functional in subjects with Alzheimer disease.

Together, the results of this study suggest that targeting in-
flammation or the remodeling potential could be relevant
for therapeutic interventions and preventive strategies; how-
ever, the study population should be stratified according to
parameters including APOE genotype and inflammatory
phenotype.

There are a few potential limitations in our study. Type I
collagen is ubiquitous and may be affected by external
factors. We addressed this by correcting for disease con-
ditions previously associated with elevated C1M levels.
Medications could also potentially modulate type I colla-
gen remodeling. Use of medication was available as survey
information for a part of the follow-up group (n = 1,856).
Sensitivity analysis performed for frequently reported
medications, e.g., estradiol and paracetamol, showed that
the effect sizes of the reported SNPs did not deviate more
than 1.5%, and therefore, medication could be disregarded
from the GWAS model. Neuropathologic confirmation was
not available for this study. Diagnosis was based on a
combination of data from the Danish national patient
registry, questionnaires, and cognitive tests (table e-2,
links.lww.com/NXG/A317). Finally, gene expression was
not collected in the PERF study. Evaluating the impact of
genetic variants on gene expression could contribute to
better understand the impact of type I collagen remodeling
in cognitive disorders.

In conclusion, our study uncovers the link of type I col-
lagen remodeling in lipoprotein balance and onset of de-
mentia and Alzheimer disease. Our results suggest that
blood-based measurements of inflammation and tissue
remodeling could be relevant as a first-line therapeutic
intervention.

Figure 5 MMP degradation and tissue remodeling across disease progression

(A) The U-shaped curve of the relationship be-
tween tissue remodeling and repair (C1M levels)
and tissue quality and in turn the risk of de-
veloping age-related diseases. (B) Hypothesis
drawing showing the levels of MMP-driven tissue
degradation during the progression of de-
mentia/Alzheimer disease and in subjects with
no cognitive impairment. C1M = MMP-degraded
type I collagen;MMP =matrixmetalloproteinase.
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Abstract
Objective
To highlight potential epigenetic risk factors for blood pressure (BP) and ischemic stroke (IS)
in loci identified by genome-wide association studies (GWASs).

Methods
We detected DNAmethylation for BP (317,756 individuals fromUKBiobank) and IS (521,612
individuals from MEGASTROKE) in Europeans by using the summary data–based mendelian
randomization (SMR) method. We selected the most relevant gene to validate the association
in 1,207 patients with hypertensive IS and 1,269 controls from the Chinese populations.

Results
We first identified 173 CpG sites in 90 genes, 337 CpG sites in 142 genes, and 9 CpG sites in 7
genes that were significantly associated with systolic, diastolic BP, and IS, respectively. The
methylation level of cg12760995 in CASZ1 was associated with systolic (PSMR = 1.74 × 10−12),
diastolic BP (PSMR = 2.48 × 10−10), and IS (odds ratio [OR] = 0.92 [95% confidence interval
[CI]: 0.91–0.94]; PSMR = 2.28 × 10−8) in Europeans. The methylation levels of 17 sites in the
promoter of CASZ1 were measured in the Chinese individuals, and 10 of them were significantly
associated with IS. The higher methylation level of CASZ1 was associated with a lower risk of IS
(adjusted OR = 0.97 [95% CI: 0.96–0.99]). CASZ1 seemed to be hypomethylated in hyper-
tensive cases, and the level was negatively correlated with BP. Systolic and diastolic BP mediated
approximately 61.2% (p = 3.49 × 10−6) and 45.0% (p = 0.0029) of the association between
CASZ1 methylation and IS, respectively.

Conclusions
This study identified DNA methylations that were associated with BP and IS. CASZ1 was
hypomethylated in Chinese patients with hypertensive IS.
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Ischemic stroke (IS) is the second leading cause of death
worldwide.1,2 Hypertension is identified as one of the most
important causal risk factors for cardiovascular diseases.3,4

Genetic and epigenetic factors play important roles in the eti-
ology of hypertension and IS.5 Large-scale genome-wide as-
sociation studies (GWASs) have successfully identified many
loci for blood pressure (BP)6 and IS7,8 and shown that BP and
IS shared some of the loci. GWASs have suggested that many
disease-associated loci or variants were ethnic specific. How-
ever, some genetic loci were shared by Europeans and East
Asians, e.g., the CASZ1 (and others) gene variants were found
to be associated with BP in both Europeans and East Asians.9

DNA methylation occurs primarily on CpG dinucleotide to
control transcription. Studies have shown that blood DNA
methylation play important roles in BP regulation.10 It has been
known that epigenetic regulation participates in the de-
velopment of hypertension through a comprehensive mecha-
nism, which targets different levels of complexity including the
renin-angiotensin-aldosterone system, the vascular wall, and
specific cell types within the vessels.11 Some studies have been
performed to identify epigenetic risk factors for stroke.12–14

DNA methylation has also been identified as potential drug
targets in the treatment of atherosclerotic diseases, including
stroke.15–17 The DNA methylation patterns could be used as
potential biomarkers of stroke.18 Even so, the role DNA meth-
ylations play in hypertension and stroke remains poorly known.

The functional factors among theGWAS-identified loci were not
fully understood. Amajor challenge remained in the post-GWAS
era was uncovering causal factors underlying the GWAS hits.
Here, we presented a 2-step study to identified additional epi-
genetic risk factors for BP and IS. First, we applied the summary
data–based mendelian randomization (SMR)19 method to in-
tegrate data from large-scale GWASs with methylation quanti-
tative trait loci (mQTL) study to detect BP- and IS-associated
methylations in the European populations, among which the
public available GWAS summary data are very rich. Second, we
examined the associations between the identified methylations
and BP and IS among individuals from the Chinese populations.

Methods
Mendelian randomization analysis
Mendelian randomization (MR) is an instrumental variable
analysis approach that uses genetic variants as instrumental

variables (e.g., mQTLs) to test whether an exposure (e.g., DNA
methylation level) has a causal effect on an outcome (e.g., IS).
The SMR method can identify potential functionally relevant
methylations in the GWAS identified loci by integrating in-
dependent GWAS summary statistics with mQTL data.19,20 By
using public summary data from large-scale GWAS and mQTL
meta-analysis studies, the SMR method evaluated the causal
associations in very large samples so that the statistical power
was increased. In this study, we first conducted SMR analysis to
identifiedDNAmethylations that were causally associated with
BP and IS, by which we could prioritize functionally relevant
genes in the GWAS loci and find the shared genetic influences.

The BP GWAS data set comprised the summary statistics for
the association between more than 10million single nucleotide
polymorphisms (SNPs) and systolic BP (SBP) and diastolic BP
(DBP) that were evaluated in 317,756 individuals enrolled in
the UK Biobank.21 This data set can be downloaded at ldsc.
broadinstitute.org/gwashare/. The IS GWAS, which com-
prised 521,612 individuals of European ancestry, is the largest
GWAS on IS to date.7 Raw data used in the present analysis
were the downloaded summary results from this GWAS, which
included summary data of almost 8 million SNPs and indels for
IS. These data set was available at the MEGASTROKE website
(megastroke.org/). The zip file downloaded contained 10 files
for the GWAS results of any stroke, any ischemic stroke, large
artery stroke, cardioembolic stroke, and small vessel stroke
subtypes from Europeans and trans-ethnicity samples. In this
study, we restricted the analysis to the IS subtype in Europeans,
only the file “MEGASTROKE.2.AIS.EUR.out” inside the zip
file was used in the analysis.

The available summary data contained information on the rs
number, chromosome, position, effect allele, other allele,
sample size, beta, standard error, t statistic, and p value for
each SNP. Allele frequencies for the SNPs were obtained from
the 1000 Genomes Project (Europeans). The BP and IS
GWAS summary data were formatted (the plain file contains
8 columns: rs number, effect allele, other allele, frequency,
beta, standard error, p value, and sample size) for the SMR
analysis by using the R language.

Another file required for the SMR analysis was the mQTL
data file (in binary format). The mQTL summary data were
from the study conducted byMcRae et al.22 DNAmethylation
was measured on 614 individuals from the Brisbane Systems

Glossary
BMI = body mass index; BP = blood pressure; CATIS = China Antihypertensive Trial in Acute Ischemic Stroke; CI =
confidence interval; DBP = diastolic BP; FBG = fasting blood glucose; GWAS = genome-wide association study; HDL-C =
high-density lipoprotein cholesterol; HEIDI = heterogeneity in dependent instruments; IS = ischemic stroke; LD = linkage
disequilibrium; LDL-C = low-density lipoprotein cholesterol;MR =mendelian randomization;OR = odds ratio; SBP = systolic
BP; SMR = summary data-based mendelian randomization; SMSS = Suzhou Metabolic Syndrome Study; SNP = single
nucleotide polymorphism; TC = total cholesterol; TG = triglyceride; UTR = untranslated region.
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Genetics Study and 1,366 individuals from the Lothian Birth
Cohorts using Illumina HumanMethylation450 BeadChips.
The mQTL summary data in SMR binary format can be
downloaded from cnsgenomics.com/software/smr/#Data-
Resource. Only the DNA methylation probes (88,712) with
at least a cis-mQTL at p < 5.0 × 10−8 and only SNPs within 2
Mb distance from each probe were available.

SMR jointly analyzed the mQTL and BP and IS GWAS
summary statistics to test for association between methylations
and BP and IS due to the shared variant at a locus. A hetero-
geneity in dependent instruments (HEIDI) test for heteroge-
neity in the resulting association statistics was performed.
PHEIDI > 0.05means that there was no significant heterogeneity
underlying the mQTL signals (the basic assumption of MR
analysis). We ran SMR (version 0.712) with default parameters
in a command line program, which was downloaded from
cnsgenomics.com/software/smr/. Genotype data of HapMap
r23 CEUwere used as a reference panel to calculate the linkage
disequilibrium (LD) correlation for SMR analysis.

Study sample from Chinese populations
We conducted a case-control study investigating the associa-
tion between theDNAmethylations of the identified genes and
IS among Chinese individuals. The IS cases were randomly
selected from the China Antihypertensive Trial in Acute Is-
chemic Stroke (CATIS) project, a clinical trial registered at
clinicaltrials.gov (Identifier: NCT01840072). The CATIS trial
was a multicenter, single-blind, blinded end point, randomized
clinical trial conducted in 26 hospitals across China from Au-
gust 2009 toMay 2014.23 The study design has been described
in a previous study.23 In brief, 4,071 patients aged 22 years or
older who had IS confirmed by CT or MRI of the brain within
48 hours of symptom onset and who had an elevated SBP
between 140 mmHg and less than 220 mmHg were recruited.

The controls were randomly selected from the Suzhou Meta-
bolic Syndrome Study (SMSS).24 The SMSS was an observa-
tional cohort study of 18,461 individuals in 6 rural townships in
of Suzhou in China’s Jiangsu province. Participants who had no
evidence of end organ damage, including coronary heart dis-
ease, stroke, chronic renal disease, and tumors, and signed
informed consent were recruited at baseline. By considering
both sequencing cost and statistical power, about 1,200 cases
and 1,200 controls were chosen in this study.

Standard protocol approvals, registrations,
and patient consents
This study was approved by the institutional review boards or
ethical committees at Soochow University. Written consent
was obtained from all study participants.

Measurements
Three sitting consecutive BP measurements (30 seconds
between each) were taken by trained staff using a standard
mercury sphygmomanometer according to a standard pro-
tocol, after the participants had been resting for 30 minutes.

The first and fifth Korotkoff sounds were recorded as SBP and
DBP, respectively. The average of the 3 BPmeasurements was
calculated for each participant and used in the analyses. Hy-
pertension was defined as SBP ≥140 mm Hg and/or DBP
≥90 mmHg and/or use of antihypertensive medication in the
last 2 weeks. For all the participants, overnight fasting blood
samples were obtained, plasma (serum) and white blood cell
samples were isolated, and DNA was extracted. The speci-
mens were frozen at −80°C until laboratory testing. A modi-
fied hexokinase enzymatic method was applied to test fasting
blood glucose (FBG) levels. Total cholesterol (TC), high-
density lipoprotein cholesterol (HDL-C), and triglycerides
(TGs) were analyzed enzymatically using a Beckman Syn-
chron CX5 Delta Clinical System (Beckman Coulter, Inc.,
Fullerton, California) with commercial reagents. Low-density
lipoprotein cholesterol (LDL-C) levels were calculated using
the Friedewald equation for participants who had less than
400 mg/dL TG.

DNA methylation sequencing
We applied the targeted bisulfite sequencing to measure DNA
methylation levels. Briefly, CpG islands adjacent to the pro-
moter region of the gene were analyzed, and based on these
CpG islands, the targets were confirmed (figure e-1, links.lww.
com/NXG/A313). Genomic DNA passed quality control
(concentration ≥20 ng/μL, total DNA ≥ 1 μg, OD260/280 =
1.7–2.0, OD260/230 ≥ 1.8) was bisulfite converted using the
EZ DNA Methylation-Gold Kit (ZYMO, CA), and then, the
targeted DNA fragments were amplified by PCR. The am-
plified products were sequenced on an Illumina MiSeq
benchtop sequencer (Illumina, CA). The methylation level of
each CpG site was calculated as the percentage of the meth-
ylated cytosines over the total tested cytosines. The average
methylation level for a target was calculated using methylation
levels of all measured CpG sites within the target. To test the
reliability of methylation levels for each CpG site, 20 samples
were randomly selected for duplicate detection.

Statistical analysis
The differences of baseline risk factors between cases and
controls were compared, using a Student t test for continuous
variables and χ2 tests for categorical variables. The methyla-
tion levels of each CpG site in IS cases and controls were
assessed by 2-tailed unpaired Student t tests; bar plots depict
the means, and the error bars in the figures represent SDs.
Linear regression models were used to assess the associations
between methylation levels and BP. Logistic regression
models were used to calculate odds ratios (ORs) and 95%
confidence intervals (CIs) for hypertension and IS for per
1-percent increased with methylation levels. The potential
covariates such as age, sex, smoking, drinking, body mass
index (BMI) SBP, DBP, TC, and FBG were included in the
multivariate models. The analyses were performed in the
combined sample and subgroups stratified by sex. Causal
mediation analysis was performed to examine the mediation
effect of BP on the association between methylation and IS.
The mediation analysis was conducted by using the R package
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“mediation,”25 with 1,000Monte Carlo draws. Individuals with
missing data were deleted in the analysis. All analyses were
performed using the R language program (Version 3.5.0).

Data availability
Data are available to researchers on request for purposes of
reproducing the results or replicating the procedure by di-
rectly contacting the corresponding author.

Results
BP-associated CpG sites
By integrating data from large-scale BPGWASwithmQTL study
from European populations, we found 173 CpG sites in 90 genes
that were significantly associated with SBP and 337 CpG sites in
142 genes that were significantly associated with DBP (PSMR <
5.67 × 10−7, PHEIDI > 0.05). The total number of CpG sites (or
genes) was 470 (199). Among them, 40 (33)were shared by SBP
and DBP. The detailed information about these SBP- and DBP-
associated CpG sites is presented in tables e-1 and e-2 (links.lww.
com/NXG/A313), respectively. Among the identified genes,
the top 20 genes that contained themost significant methylations
associated with SBP were CNNM2, NT5C2, SLC5A11, FES,
TNRC6A, CASZ1, TNXB, FAM109A, ADAMTS8, HOXA13,
NEIL2, SLC10A4, SYNPO2L, GATA4, BRAP, SH2B3, RERE,
CEP68, MSRA, and GOSR2 (figure 1). The top 20 genes that
contained the most significant methylations associated with
DBP were FAM109A, NOV, CPEB4, ZSCAN12L1, ZNF389,
CNNM2, ZSCAN16, SH2B3, CYP21A2, FES, C6orf10, MSH5,
SDCCAG8, RERE, MSRA, HLA-DMA, ULK4, ZNF192, SRRT,
and HLA-B (figure 1).

IS-associated CpG sites
By integrating data from large-scale IS GWAS with mQTL
study from European populations, we found that more than
6,000 CpG sites were nominally associated with IS (PSMR <
0.05). Among them, p values of 28 CpG sites in 12 loci (14
genes) exceed 1 × 10−5 (figure 1) and 10 of them could be
considered significant (PSMR < 5.67 × 10−7, Bonferroni cor-
rection). Nine of these significant sites in CASZ1, SLC25A44,
FOXQ1, SH3PXD2A, ACAD10, LRCH1, and SLC44A2
passed the HEIDI test (PHEIDI > 0.05) (table 1).

The selected gene CASZ1
Among the 199 identified BP-related genes, we noticed that
CASZ1 SNPs were strongly associated with both SBP (PGWAS =
5.62 × 10−14) and DBP (PGWAS = 2.81 × 10−11) and DNA
methylation levels (PmQTL = 1.37 × 10−92), and CASZ1 meth-
ylation was significantly associated with both SBP (PSMR = 1.74 ×
10−12) and DBP (PSMR = 2.48 × 10−10) in Europeans (tables e-1
and e-2, links.lww.com/NXG/A313, figure 2). Among the 7
identified IS-related genes,CASZ1 SNPswere strongly associated
with both IS risk (PGWAS = 5.51 × 10−9) and DNA methylation
levels (PmQTL = 1.37 × 10−92), and CASZ1 methylation was
significantly associated with IS (beta = −0.08, OR = 0.92 [95%
CI: 0.91–0.94]; PSMR = 2.28 × 10−8) in Europeans (table 1,
figure 2).

CASZ1 gene SNPs have also been reported to be strongly
associated with BP, hypertension, and incident hypertension
and cardiovascular diseases in the Chinese populations.9,26

Until now, the associations between CASZ1 methylation and
BP and IS have not yet been clarified. Therefore, based on
these evidence, we conducted a case-control study to in-
vestigate the association between the DNA methylations in
this gene and IS to identify additional risk factors for IS among
Chinese individuals.

Association between CASZ1 methylation and
BP and IS in Chinese
A total of 1,207 IS cases and 1,269 controls were included for
bisulfite sequencing (table e-3, links.lww.com/NXG/A313).
The mean age and the proportion of males, smokers, and
drinkers were not different between cases and controls. Com-
pared with the controls, mean SBP, DBP, BMI, TC, LDL-C,
TG, and FBG levels were all significantly higher, whereas the
HDL-C level was lower in IS cases (p < 0.05). Among the 1,207
patients with IS, 1,005 (83.3%) were thrombotic strokes, 54
(4.5%) were embolic strokes, and 173 (14.3%) were small-
vessel lacunar strokes. Three patients were both thrombotic
and embolic, 22 were both thrombotic and lacunar. Throm-
botic strokes included both intra- and extracranial atheroscle-
rotic strokes. No cryptogenic stroke was included. Among the
1,269 controls, 381 (30.02%) were patients with hypertension
(table e-4, links.lww.com/NXG/A313).

We successfully measured the methylation levels of 17 sites
inside a CpG island in CASZ1. According to the duplicate
detection in 20 individuals, there was no significant difference
between the 2 tests for the methylation levels of each of these
17 sites (paired t test p > 0.05). The missing rate of methyl-
ation level data was 0.91% (11) for cases and 0.23% (3) for
controls. The methylation levels of 10 of these sites were
significantly associated with IS in univariate analysis (p < 3.0 ×
10−3) (figure e-2, links.lww.com/NXG/A313). The methyl-
ation levels of the associated CpG sites were highly correlated
(figure e-3, links.lww.com/NXG/A313) and seemed to be
hypomethylated in the patients with hypertensive IS (table 2).
After adjusted for covariates, the associations between
methylation levels of 8 sites and IS were nominally significant,
and the associations between methylation levels of CASZ1_
70 (adjusted OR = 0.99 [0.98–1.00]; p = 7.26 × 10−4) and
CASZ1_67 (adjusted OR = 0.98 [0.98–0.99]; p = 5.54 ×
10−5) and IS were significant. These sites were associated with
IS in male participants but not females (table 2). The mean
methylation level of this tested target was significantly lower
in the patients with hypertensive IS than the controls
(figure 3A). The higher CASZ1 gene methylation level was
significantly associated with a lower risk of IS (adjusted OR =
0.97 [95% CI: 0.96–0.99]; p = 1.59 × 10−4), and the associ-
ation was significant in males (adjusted OR = 0.96 [95% CI:
0.94–0.98]; p = 4.41 × 10−5) (table 2).

The methylation levels of 4 and 3 of the 17 sites were signifi-
cantly associated with SBP and DBP (p < 1.0 × 10−3) in
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univariate analysis (table e-5, links.lww.com/NXG/A313), re-
spectively. After adjustment for IS status and other covariates,
the associations of methylation levels of 3 sites with SBP were
nominally significant. The meanmethylation level of this target
seemed to be hypomethylated in hypertensive cases (figure 3B)

and was negatively correlated with SBP and DBP (figure 3, C
and D, respectively). The association between the mean
methylation level of this target and SBP was still nominally
significant after adjustment for IS status and other covariates
(beta = −0.3641, p = 0.0341). In the median analysis, the

Figure 1 Results for the association between DNA methylations and IS

The x-axis represents the chromosome positions. The y-axis shows the –log10 p values for the association between levels of DNA methylation sites and BP (UK
Biobank) and IS (MEGASTROKE) in European populations. Among the CpG sites analyzed for (A) SBP, (B) DBP, and (C) IS, 430, 581, and 28 passed the suggestive
significance threshold of 1.0 × 10-5 (blue line), respectively. Only the top 20 geneswere annotated for SBP andDBP. Other CpG sites associatedwith SBP andDBP
are presented in tables e-1 and e-2 (links.lww.com/NXG/A313), respectively. BP = blood pressure; DBP = diastolic BP; IS = ischemic stroke; SBP = systolic BP.
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Table 1 Methylations significantly associated IS identified by mendelian randomization analysis

Methylation ID Gene CHR
Methylation
positiona TopSNP ID TopSNP positiona EA OA EAFb

GWASc mQTL SMR

Beta p Value Beta p Value Beta PSMR PHEIDI

cg12760995 CASZ1 1 10789713 rs880315 10796866 C T 0.35 0.052 5.51E-09 −0.656 1.37E-92 −0.080 2.28E-08 1.51E-01

cg24849049 SLC25A44 1 156161651 rs2842857 156168736 C T 0.35 −0.055 1.89E-09 0.328 5.06E-23 −0.167 2.72E-07 4.29E-01

cg06970220 SLC25A44 1 156163860 rs2842857 156168736 C T 0.35 −0.055 1.89E-09 0.721 2.04E-110 −0.076 6.09E-09 4.60E-01

cg15105476 FOXQ1 6 1335849 rs17260640 1334861 C G 0.12 0.076 9.38E-08 −1.442 1.69E-266 −0.052 1.42E-07 2.75E-01

cg04688330 SH3PXD2A 10 105451802 rs2295786 105616482 T A 0.34 −0.046 2.00E-07 0.639 3.29E-86 −0.072 4.87E-07 4.81E-01

cg01727419 SH3PXD2A 10 105616523 rs10786772 105610326 A G 0.34 −0.045 3.27E-07 −1.198 1.18E-611 0.038 3.58E-07 5.95E-01

cg08577424 ACAD10 12 112123256 rs642898 112141233 G A 0.34 −0.051 3.73E-07 −0.939 3.30E-187 0.054 5.58E-07 6.05E-02

cg00476653 LRCH1 13 47169346 rs912426 47169419 C T 0.19 −0.058 1.50E-07 −0.962 1.01E-129 0.060 2.95E-07 8.19E-02

cg16900796 SLC44A2 19 10755136 rs6511707 10767790 G A 0.61 −0.047 9.72E-08 −0.896 1.41E-216 0.052 1.58E-07 6.45E-01

Abbreviations: CHR = chromosome; EA = effect allele; EAF = effect allele frequency; GWAS = genome-wide association study; HEIDI = heterogeneity in dependent instruments; ID = identity; IS = ischemic stroke; mQTL =
methylation quantitative trait locus; OA = other allele; SMR = summary data–based mendelian randomization.
a GRCh37.p13.
b Minor allele frequency in European populations.
c The results were from the MEGASTROKE GWAS.
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Figure 2 The association between CASZ1 methylation and BP and IS

The 3 panels present the associations between CASZ1methylation and SBP (A), DBP (B), and IS (C) in European populations. Each panel consists of 2 parts. The
x-axis represents the genomic position (GRCh37.p13). The lower part of each panel shows the results of mQTL. The y-axis represents –log10(P mQTL). In this
part, we can see that CASZ1 SNPs were strongly associated with DNAmethylation levels (mQTL). The upper part of each panel shows the results of GWAS and
SMR analysis. The y-axis represents –log10(P GWAS or SMR). In this part, we can see that CASZ1 SNPswere strongly associated with SBP (A), DBP (B), and IS (C).
According to themendelian randomization analysis, a DNAmethylation level of cg12760995 in the CASZ1 gene was significantly associated with SBP (A), DBP
(B), and IS (C). DBP = diastolic BP; SBP = systolic BP; GWAS = genome-wide association study; IS = ischemic stroke; SMR = summary data–based mendelian
randomization.
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Table 2 Methylation sites significantly associated with IS in CASZ1

Namea Positionb

All (1,207 patients with IS from the CATIS and 1,269 controls) Male (656 cases and 696 controls) Female (551 cases and 573 controls)

OR (95% CI) p Value OR (95% CI)c p Valuec OR (95% CI) p Value OR (95% CI)c p Valuec OR (95% CI) p Value OR (95% CI)c p Valuec

CASZ1_98 10856897 0.96 (0.94–0.97) 1.26E-07 0.99 (0.98–1.00) 6.53E-02 0.96 (0.94–0.98) 2.80E-04 0.99 (0.98–1.00) 5.23E-02 0.95 (0.93–0.98) 1.22E-04 1.00 (0.98–1.01) 6.29E-01

CASZ1_94 10856901 0.96 (0.94–0.98) 5.07E-04 0.99 (0.98–1.00) 2.70E-01 0.96 (0.93–0.99) 5.04E-03 0.99 (0.97–1.00) 7.13E-02 0.97 (0.94–1.00) 3.91E-02 1.00 (0.99–1.02) 5.95E-01

CASZ1_80 10856915 0.96 (0.94–0.97) 4.25E-09 0.99 (0.98–1.00) 1.18E-02 0.95 (0.94–0.97) 1.76E-06 0.99 (0.98–1.00) 1.55E-02 0.96 (0.94–0.98) 6.14E-04 0.99 (0.98–1.01) 2.88E-01

CASZ1_74 10856921 0.97 (0.95–0.98) 4.18E-05 0.99 (0.98–1.00) 2.27E-02 0.98 (0.96–1.00) 5.23E-02 0.99 (0.97–1.00) 1.11E-02 0.95 (0.93–0.98) 6.34E-05 1.00 (0.99–1.01) 6.10E-01

CASZ1_72 10856923 0.96 (0.94–0.98) 1.72E-04 0.99 (0.98–1.00) 3.50E-02 0.96 (0.94–0.99) 6.38E-03 0.99 (0.97–1.00) 8.72E-02 0.96 (0.93–0.99) 9.79E-03 0.99 (0.97–1.01) 2.31E-01

CASZ1_70 10856925 0.97 (0.96–0.98) 6.70E-08 0.99 (0.98–1.00) 7.26E-04 0.97 (0.95–0.98) 7.31E-05 0.98 (0.97–0.99) 5.56E-05 0.97 (0.95–0.98) 2.42E-04 1.00 (0.99–1.01) 7.77E-01

CASZ1_67 10856928 0.97 (0.95–0.98) 4.60E-05 0.98 (0.98–0.99) 5.54E-05 0.96 (0.94–0.98) 2.32E-04 0.98 (0.97–0.99) 1.74E-05 0.98 (0.95–1.00) 5.17E-02 0.99 (0.98–1.01) 3.64E-01

CASZ1_62 10856933 0.97 (0.96–0.98) 8.61E-08 0.99 (0.98–1.00) 5.24E-03 0.97 (0.95–0.98) 5.88E-05 0.99 (0.98–1.00) 1.23E-02 0.97 (0.95–0.99) 4.29E-04 0.99 (0.99–1.00) 2.19E-01

CASZ1_58 10856937 0.96 (0.95–0.98) 1.41E-07 0.99 (0.98–1.00) 3.40E-02 0.96 (0.94–0.98) 2.12E-05 0.99 (0.98–1.00) 1.65E-02 0.96 (0.94–0.99) 1.83E-03 1.00 (0.99–1.01) 6.32E-01

CASZ1_51 10856944 0.98 (0.97–0.98) 8.78E-10 0.99 (0.99–1.00) 1.03E-02 0.97 (0.96–0.98) 1.13E-06 0.99 (0.98–1.00) 1.43E-03 0.98 (0.97–0.99) 1.84E-04 1.00 (0.99–1.01) 9.44E-01

CASZ1 — 0.91 (0.89–0.94) 1.35E-11 0.97 (0.96–0.99) 1.59E-04 0.92 (0.89–0.95) 1.49E-06 0.96 (0.94–0.98) 4.41E-05 0.90 (0.87–0.94) 1.68E-06 0.99 (0.97–1.01) 4.74E-01

Abbreviations: CATIS = China Antihypertensive Trial in Acute Ischemic Stroke; CI = confidence interval; FBG = fasting blood glucose; OR = odds ratio; SBP = systolic BP; TC = total cholesterol.
a The numbers in the names represented the position of the site in the genomic fragment sequenced.
b GRCh37.p13.
c Adjusted for age, sex, smoking, drinking, BMI, SBP, TC, and FBG.
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mediation effect estimations were −0.0445 (p = 0.0021) and
−0.0315 (p = 0.0062) for SBP and DBP, respectively. SBP
and DBPmediated approximately 61.2% (p = 3.49 × 10−6) and
45.0% (p = 0.0029) of the association between CASZ1 meth-
ylation and IS, respectively (figure 4).

Discussion
The current study represented an effort to identify potential
causal epigenetic factors for BP and IS by integrating data from
large-scale GWASs initiative on DNA methylation, BP, and IS
risk. Hundreds of CpG sites in important genes (e.g., CASZ1)
were found to be causally associated with BP and IS in Europeans

by using this strategy. In addition, by applying a target sequencing
method, we found thatCASZ1methylations were associatedwith
BP and IS in the Chinese populations.

DNAmethylation plays an important role inBP regulation and IS
pathology and could be potential therapeutic targets.15–17 Pre-
vious studies have identified some DNA methylations for hy-
pertension and IS10,12–14; however, the statistical power of these
traditional case-control studies was very limited due to the small
sample size, and reverse causation always existed in observational
studies. Integration of GWAS data with data from the mQTL
study by applying the SMR approach was a possible way to
identify relevant methylations in the GWAS loci.19 This meth-
odology not only limited bias due to confounding and was not

Figure 3 The relationship of mean CASZ1 methylation levels with BP and IS among Chinese

The mean methylation levels for CASZ1 for each individual were calculated using methylation levels of all measured CpG sites within the genomic fragment
sequenced. The bar plots depict the means, and the error bars in the figures represent SDs; the differences were assessed by t tests. (A) This gene was
significantly hypomethylated in the 1,207 patients with hypertensive IS compared with the 1,269 controls. (B) This target was hypomethylated in the
hypertensive cases (1,207 IS hypertensives plus 381 non-IS hypertensives or only 381 non-IS hypertensives) compared with the 888 controls. The 2 scatter
plots present the relationship between themeanmethylation level of CASZ1 and SBP (C) and DBP (D). The blue lines represent linear regression lines, and the
gray areas represent the corresponding 95% confidence intervals. DBP = diastolic BP; IS = ischemic stroke; SBP = systolic BP.
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affected by reverse causation but also increased statistical power.
As we showed in the present study, the methylation levels of
many genes were detected to be significantly associated with BP
and IS. Genes identified in our study were located in the BP and
IS GWAS-identified loci, which have implicated the importance
of these genes in BP regulation and IS etiology. Our study
highlighted the involvement of methylation in these loci. The
mQTLs were detected in blood samples, so our study identified
blood cell DNA methylations that were associated with BP
and IS.

CASZ1 encodes a zinc finger transcription factor. CASZ1 is
required to directly regulate an EGFL7/RhoA-mediated
pathway to promote vertebrate vascular development27 and
plays a key role in cardiac homeostasis and dilated cardiomy-
opathy.28 The association betweenCASZ1methylations and IS
has not been reported. The newly identified methylations lo-
cate in the CpG Island, which overlaps the promoter in the 59
region of CASZ1 (figure e-1, links.lww.com/NXG/A313).
Moreover, this promoter is connected to several nearby en-
hancers (GeneHancer regulatory elements29) by long-range
interactions. DNA methylations in long-range interactive pro-
moters and enhancers have been shown to affect the long-range
interactions and to be associated with disease risk.30–32

Therefore, it seems that the CASZ1 promoter methylationmay
have the regulatory potentials that affect IS risk.

CASZ1 gene variants have been confirmed to be associated
with BP by many GWASs from different populations.9,26,33–35

In SMR analysis, we also detected the association between

blood cell DNAmethylation ofCASZ1 and BP. Therefore, the
CASZ1 methylation level should be associated with BP, given
the identified relationship of genetic variants and methylation
at this locus with BP or hypertension. But although we found
that CASZ1 was hypomethylated in patients with hyperten-
sive IS and detected some nominal associations, we did not
detect significant association between the CASZ1methylation
level and BP or hypertension in non-IS individuals. The non-
IS sample (only 381 non-IS hypertensive individuals) in our
study may be too small to detect the association. Therefore,
the effect of CASZ1 methylation on BP and whether BP
mediates the effect of CASZ1 methylation on IS need to be
validated in studies with larger samples.

We observed sex differences in the association between
CASZ1 methylation and IS risk in this study. Significant dif-
ferences between males and females were observed for age,
smoking, and drinking in our data. The CASZ1–BP associa-
tion has suggested to be influenced by age in a sex-specific
manner, which documented the modulation of genetic effects
on BP by sex and age.34 Besides, sex- and age-specific asso-
ciations betweenmethylation and diseases for other genes and
diseases have been reported.36,37 Blood cell DNAmethylation
can be influenced by smoking and drinking.38,39 However, in
our study, no significant association between sex and meth-
ylation was observed in patients with IS or the controls or
combined samples. Methylation levels were not associated
with age, smoking, or drinking either. No significant in-
teraction effect between methylations and age, smoking, or
drinking on IS was found. The associations between meth-
ylation levels and IS risk were not significant in subgroups
stratified by smoking or drinking. The differences of age,
smoking, and drinking between the men and the women in
this study might not account for the observation of sex dif-
ference. The sex differences in the association between
CASZ1 methylation and IS risk needed to clarify in future
studies.

In addition to CASZ1, methylations of other genes identified
in the MEGASTROKE GWAS were found to be potential
causal factors for IS in this study. The original GWAS has
linked the genetic variants of these genes to IS risk, whereas
the present study associated their methylations with IS. The
identified genes have been shown to play certain roles in the
cardiovascular system. For example, the SLC25A44 gene,
encodes solute carrier family 25 member 44 that is widely
expressed in the CNS,40 has been identified to be associated
with intracerebral hemorrhage.41 SLC44A2 (solute carrier
family 44 member 2), also named CTL2 (choline transporter-
like protein 2), codes for a human leukocyte alloantigen. It has
been shown that SLC44A2 is expressed on the endothe-
lium, where it expresses an isoform involved in choline trans-
port.42 This gene was a well-known susceptibility gene for
thrombosis.43–45 SLC44A2 may be involved in choline uptake
in mitochondria, which is the rate-limiting step in DNA
methylation.46 Methylation in this gene has been shown to be
associated with MS47 but not stroke.

Figure 4 The indirect effect of CASZ1 methylation on IS

Proportion mediated: the proportion of the association between methyla-
tion and ischemic stroke that was explained by the mediator. The analysis
was performed on the 1,207 patients with hypertensive IS from the CATIS
and 1,269 controls. ACME = average causal mediation effect; ADE = average
direct effect; DBP = diastolic blood pressure; SBP = systolic blood pressure.
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In addition, some of the identified genes have been paid less
attention to and not been discussed in the original article.
The ACAD10 gene encodes a member of the acyl-CoA
dehydrogenase family of enzymes, which participate in the
beta-oxidation of fatty acids in mitochondria. ACAD10
gene variants were also associated with platelet count and
mean platelet volume,48 coronary artery disease,49 type 2
diabetes, insulin resistance, and lipid oxidation.50 In the
MEGASTROKE GWAS, ACAD10 was significantly asso-
ciated with IS in the gene-based test, and an intronic variant
rs4766897 in ACAD10 was a shared genetic influence of
large-artery atherosclerotic stroke and small-vessel stroke.
But in this genomic region, SH2B3 and TBX3 were the
reported associated genes. In our SMR analysis, methyla-
tion of CpG site cg08577424 (chr12: 112123256) was
significantly associated with IS, without significant het-
erogeneity. This site locates in a CpG island (chr12:
112123247-112124059), which overlaps with the 59-
untranslated region of ACAD10. However, the role of
ACAD10 methylation was unknown.

This study showed the advantage of integration of mul-
tiomics data in identification of regulatory mechanisms
underlying the genetic associations. But there were also
several limitations. First, we were unable to validate the
results of the SMR analysis in an independent large sample
because of lacking in data. For the same reason, we were
unable to perform SMR analysis in populations other than
Europeans. Second, DNA methylation is known to be tis-
sue specific. We measured methylation levels in peripheral
blood cell DNA, so we could have lost signals by not
choosing distinct tissues, although peripheral blood cell is
commonly used as a surrogate tissue in studies of cardio-
vascular diseases.14,24 Third, we only tested the CASZ1
gene in our samples due to the high cost of sequencing.
Associations between methylations of other identified
genes and BP and IS risk are needed to validate in future
studies. Finally, the proportions of thrombotic, embolic,
and lacunar stroke subtypes in the CATIS participants were
77.9%, 5.0%, and 19.7%, respectively.23 Although the se-
quenced samples were randomly selected from the CATIS
participants, the distribution of subtypes of the selected sam-
ples was significantly different from that of the CATIS (χ2 =
18.428, p = 9.96 × 10−5). The proportion of thrombotic stroke
was 5.4% higher in our selected patients. Therefore, the in-
terpretation of the association should be cautious.

In summary, the present study found out DNA methylations
that were significantly associated with BP and IS risk. CASZ1
methylations were newly identified to be hypomethylated in
Chinese patients with hypertensive IS. This study identified
new risk factors, and the findings may increase our un-
derstanding on the role of DNA methylations in the patho-
genesis of IS. Although we have detected significant
associations, cell experiments and animal studies are sug-
gested to carry out to confirm the causality and elucidate the
mechanism.
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Abstract
Objective
To analyze the modulation of the phenotype in manifesting carriers of recessive X-linked
myotubular myopathy (XLMTM), searching for possible genetic modifiers.

Methods
Twelve Brazilian families with XLMTMwere molecularly and clinically evaluated. In 2 families,
4 of 6 and 2 of 5 manifesting female carriers were identified. These females were studied for X
chromosome inactivation. In addition, whole-exome sequencing was performed, looking for
possible modifier variants. We also determined the penetrance rate among carriers of the
mutations responsible for the condition.

Results
Mutations in theMTM1 gene were identified in all index patients from the 12 families, being 4
of them novel. In the heterozygotes, X chromosome inactivation was random in 3 of 4 in-
formative manifesting carriers. The disease penetrance rate was estimated to be 30%, com-
patible with incomplete penetrance. Exome comparative analyses identified variants within a
segment of 4.2 Mb on chromosome 19, containing the killer cell immunoglobulin-like receptor
cluster of genes that were present in all nonmanifesting carriers and absent in all manifesting
carriers. We hypothesized that these killer cell immunoglobulin-like receptor variants may
modulate the phenotype, acting as a protective factor in the nonmanifesting carriers.

Conclusions
Affected XLMTM female carriers have been described with a surprisingly high frequency for a
recessive X-linked disease, raising the question about the pattern of inheritance or the role of
modifier factors acting on the disease phenotype. We demonstrated the possible existence of
genetic mechanisms and variants accountable for the clinical manifestation in these women,
which can become future targets for therapies.
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Congenital myopathies (CMs) are muscle disorders present at
birth or early infancy. Among the CMs, centronuclear myop-
athies (CNMs) are characterized by the presence of centrally
located nuclei inmuscle fibers. Three inherited forms of CNMs
are recognized: autosomal dominant, autosomal recessive, and
X-linked recessive forms, caused by mutations in DNM2
(19p13.2),1 BIN1 (2q14.3),2 and MTM1(Xq2.8)3 genes, re-
spectively. X-linked myotubular myopathy is the most severe
form,3,4 with an estimated frequency of 1/50,000 living births.
The classical phenotype includes severe hypotonia, global
muscle weakness, respiratory insufficiency, difficulty to feed,
ptosis, ophthalmoplegia, inguinal hernia, and cryptorchidism in
the neonatal period.3,4

Considering that X-linked myotubular myopathy (XLMTM)
is classified as a recessive X-linked disorder, typically hetero-
zygous females are expected to be asymptomatic. However,
recent reports have identified several XLMTM heterozygous
females, with a wide spectrum of clinical phenotype.5

This high frequency of XLMTMmanifesting women is intriguing,
especially if compared with other recessive X-linked disorders.
Many attempts to explain this question have beenmade, including
the study of skewed X inactivation in XLMTM.6,7 However, un-
like in several other X-linked diseases,8 the search for modifier
variants in XLMTM has not been performed.

Here, we present 2 Brazilian families with manifesting (MC)
and nonmanifesting carriers (NMC), and the genetic factors
that may explain these phenotypic differences.

Methods
Standard protocol approvals, registrations,
and patient consents
The present study is in accordance and was approved by the
Ethic Committee of the Biosciences Institute of the Univer-
sity of São Paulo, and the DNA samples are deposited in the
biobank repository of the Human Genome and Stem Cell
Research Center of IB-USP. All patients participating in this
study signed an appropriated informed consent.

Patient selection
We evaluated 12 families at the Neuromuscular Disease Am-
bulatory of the Human Genome and Stem Cell Research
Center from the Institute of Biosciences of the University of
São Paulo. The patient selection criteria included clinical and
histopathologic features of XLMTMmyopathy. Muscle biopsy
findings, such as small fibers with central nuclei, predominance

of type I fibers, concentration of myofibrils in the periphery of
the fiber as they are absent in the central area, and accumula-
tions of mitochondria and glycogen in the central region, were
suggestive of XLMTM.

A team of neurologists and physiotherapists performed clin-
ical evaluation and estimation of muscle strength in upper and
lower members, shoulder and pelvic girdles, using the Manual
Muscle Testing (MMT) in which muscle strength is mea-
sured in accordance with the Medical Research Council
(MRC) score system.9 Ventilatory function was assessed us-
ing spirometry (forced vital capacity [FVC], in the supine and
sitting position) and cough efficacy, according to the Brazilian
Society of Pneumology and Tisiology.10

Molecular diagnosis

Next-generation sequencing panel
To perform molecular analysis, we used a custom panel of 500
genes, including MTM1 and 88 other genes associated with
neuromuscular diseases. We used the Nextera Rapid Capture
Custom Enrichment Kit (Illumina, San Diego, CA) for library
preparation and capture and the HiSeq2500 equipment (Illu-
mina, San Diego, CA) for sequencing. The raw data (fastq files)
was aligned against the GRCh37/hg19 human genome refer-
ence using BWA-MEM, with a postprocessing step using Picard
Tools 1.81 to convert sam files to bam files and to mark PCR
duplicates. We called genotypes using the Genome Analysis
Toolkit (GATK) UnifiedGenotyper, version 3.7, following the
GATK best practices. All variants were annotated using
ANNOVAR.

Whole-exome sequencing—Search for modifier genes
and variants
We performed whole-exome sequencing of 9 heterozygous
women for MTM1 mutation from 2 families, including 5
manifesting and 4 asymptomatic carriers to identify possible
variants that may modify the phenotype. For that, we used the
SureSelectQXT V6 Reagent Kit (Agilent, Santa Clara, CA)
for library preparation and capture and the HiSeq2500
equipment (Illumina) for sequencing. We applied the same
pipeline used for panels, as described above, for sequencing
reads alignment, variant calling, and annotation.

At first glance, we detected variants within the killer cell
immunoglobulin-like receptor (KIR) complex that are dif-
ferently distributed between symptomatic and asymptomatic
women. Because the KIR complex has a repetitive and poly-
morphic nature, it is expected some misalignment and gen-
otyping errors leading to false associations. To circumvent

Glossary
CMs = congenital myopathies; CNM = centronuclear myopathy; DMD = Duchenne muscular dystrophy; FVC = forced vital
capacity; KIR = killer cell immunoglobulin-like receptor; MC = manifesting carrier; MMT = manual muscle testing; NMC =
nonmanifesting carrier; XCI = X chromosome inactivation; XLMTM = X-linked myotubular myopathy.
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this issue, we further performed another call of genotypes
using a different approach. We used an adapted version of the
hla-mapper software11 with databases of known KIR se-
quences, optimizing the reads mapping in the KIR complex.
This version is focused on the KIR framework genes,
KIR2DL4, KIR3DL3, KIR3DL2, and other important recep-
tors such as LILRB1 and LILRB2, and also the HLA class I
genes. After mapping optimization, we used GATK Hap-
lotypeCaller (GVCF mode, version 4.1.1) to call genotypes,
joining samples’ GVCF files using CombinedGVCF and fi-
nally calling the variants using GenotypeGVCF. Following the
variant calling process, we performed a variant refinement and
filtration step using vcfx checkpl, vcfx checkad, and vcfx evi-
dence (castelli-lab.net/apps/vcfx), as described elsewhere.12

We annotated variants using ANNOVAR.

Sanger sequencing—Mutation validation and
segregation analysis
Weused Sanger sequencing to validate pathogenicmutations and
to evaluate all members of the families, allowing a segregation
study within the families. The mutated segments were amplified
by PCRs using Platinum Taq DNA Polymerase (Invitrogen,
Carlsbad, CA) and specific primers for each segment. Amplicons
were purified using ExoSAP-IT (Applied Biosystems, Foster City,
CA) and sequenced using the BigDye Terminator v3.1 (Applied
Biosystems) kit and a 3730DNAAnalyzer (Applied Biosystems)
sequencer. We used Chromas (Technelysium, Australia) to
evaluate chromatograms.

X chromosome inactivation analysis
We analyzed the X chromosome inactivation (XCI) pattern in
9MTM1 heterozygous women using a protocol described by
Allen et al.,13 following the principle of digestion of the
polymorphic and CAG-rich regions of the human androgen

receptor gene. We used HpaII enzyme for digestion followed
by sequencing using the 3730 DNA Analyzer (Applied Bio-
systems) sequencer. Next, we calculated the proportion of
skewed XCI using the formula proposed by Bittel et al.14

Penetrance rate estimation
To estimate the penetrance rate K of carriers of MTM1 mu-
tations, we used the genealogical data from 10 different
families with affected individuals, 2 of them studied by us and
described in the present article and 8 families from the
literature.6,15–21 The 8 families culled from the literature were
selected once clinical description was clear and concordant
with described XLMTM manifesting carriers from scientific
and medical literature (muscle weakness and body asymme-
try), plus whether pedigrees or information of kinship were
present.

Penetrance rate estimation was achieved by using standard-
ized methods, fully detailed in supplementary material 1, lww.
com/NXG/A314, to this article.

Data availability
The data sets generated during and/or analyzed during the
current study are available on request.

Results
Case report and MTM1 mutations
We identified 11 different MTM1 mutations in the index
patients from 12 families evaluated at our center (table 1).
Five variants are nonsense mutations, 1 is frameshift, 2 are
missense, and 3 are splicing modification mutations. One
mutation, c.1354+1G>C, was recurrent in 2 unrelated

Table 1 List of MTM1 mutations identified in the 12 families presenting X-linked myotubular myopathy

Family Exon Mutation Protein No. of identified carriers Report

1 3 c.109C>T p.(Arg37Ter) 6 Laporte et al.24

2 4 c.139_142delAAAG p.(Glu48LeufsTer24) 1 de Gouyon et al.23

3 9 c.706A>T p.(Lys236Ter) 0 (de novo) Hedberg et al.25

4 10 c.1010G>A p.(Trp337Ter) 0 (de novo) Novel

5 11 c.1181A>G p.(Asp394Gly) 3 Novel

6 12 c.1262G>A p.(Arg421Gln) — de Gouyon et al.23

7 13 c.1354+1G>C ? — Tanner et al.26

8 13 c.1354+1G>C ? — Tanner et al.26

9 13 c.1465_1465delC p.(Gln489ArgfsTer13) — Novel

10 13 c.1467+1G>A ? 1 Herman et al.22

11 14 c.1528A>T p.(Lys510Ter) — Novel

12 14 c.1644+1G>A ? 5 Biancalana et al.5

Reference sequence NM_00025.2.
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families. Four mutations are novel, whereas 7 were previously
described as pathogenic.5,22–26

We were able to perform mutation screening in female rela-
tives from 7 families, and we identified carriers in 5 of them.
Clinical examination was possible in 2 of these families, and
we identified 4 (of 6) (family 1) and 2 (of 5) (family 12)
female carriers presenting some level of clinical manifestation.

Heterozygous women and
symptomatic carriers
In family 1, 5 of 8 sisters are heterozygous for c.109C>T
MTM1mutation, and 4 of them manifest a phenotype (figure
1). This nonsense mutation leads to a premature stop codon
and was previously described as pathogenic.24

The c.109C>Tmutation was also screened in individuals II.1–8
and III.16, and it is present in II.3, II.8, and III.16. Patients II.5–7
and III.16 were considered clinically affected, whereas carriers
II.3 and II.8 showed no weakness or any clinical symptom.

Description of the manifesting carriers

II.5
The patient died at age 64 years. Onset of symptoms was at 49
years and was characterized by weakness in the upper and
lower limbs. In the last clinical evaluation at age 60 years, the
patient walked with the help of a walker apparatus and had no
ability to get up from the chair without support. The MMT
showed an important reduction of the muscle strength pre-
dominant in proximal muscles of upper (grade 4) and lower
(grade 3) limbs. In addition, the patient had clinical mani-
festations of ventilatory insufficiency (dyspnea and poor ef-
ficacy cough) and severe restrictive ventilatory disorder (FVC
of the 41%), with a noninvasive nightly ventilatory support.

II.6
This patient was aged 63 years. The symptoms started at 48
years and were characterized by progressive weakness in the
upper and lower limbs. At the last evaluation, she was able to

get up from chairs and climb stairs without support but pre-
sented some difficult to get up off the floor and run. Neuro-
logic examination identified a predominant weakness of
proximal muscles of the upper (MMT grade 4) and lower
(MMT grade 4−) limbs. In addition, abdominal weakness, left
biceps and triceps atrophy, slightly enlarged thighs and calves,
and thoracic kyphoscoliosis were noted.

II.7
This patient was aged 59 years. Muscle weakness in the upper
and lower limbs was first noticed at 43 years. At the last
evaluation, she could not rise from the floor without help, but
was able to walk, get up from chairs, and climb stairs. She had
previous vertebral fracture due to a fall that was treated with a
thoracic cast. Neurologic examination identified a pre-
dominant weakness of proximal muscles of the upper (MMT
grade 4) and lower (MMT grade 4−) limbs. In addition, she
had clinical ineffective cough and a severe restrictive ventila-
tory disorder (FVC of the 36%) with a nightly noninvasive
ventilatory support. Other clinical findings were calf hyper-
trophy, thigh, biceps, and brachial triceps atrophy, and
weakness of cervical, abdominal, and paravertebral muscles.
Limb muscles from the right side appeared to be more af-
fected than the left side.

III.16
This patient was aged 30 years and had a mild clinical in-
volvement. She was able to get up from the chair and the floor
with minimal difficulty and no support. Neurologic exami-
nation showed a predominant weakness of proximal muscles
of the upper (MMT grade 4+) and lower (MMT grade 4)
limbs. She underwent bariatric surgery at age 26 years and was
treated for pituitary adenoma. She mentioned the occurrence
of cramps and muscle fatigue when walking long distances.
She had calf enlargement and mild global hypotonia, with no
facial involvement.

In family 12, the c.1644+1G>A mutation at intron 14 was
previously identified in the affected male patient at another

Figure 1 Pedigree from family 1

We identified 4 affected females
(black filled circles), 2 nonmanifesting
carriers (indicated by a black dot in-
side the circle), and 1 affected female
with amild phenotype (indicated by a
gray filled circle). Deceased individ-
uals are indicated by an oblique line.
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diagnostic center. The screening for this mutation by Sanger
sequencing was performed in this study, and we identified the
mutation in the mother (III.2), sister (IV.2), aunt (III.5),
maternal grandmother (II.2), and maternal aunt (II.4) of the
proband (IV.3). Evaluation of the carriers identified affected
phenotype in the sister (IV.2) and the aunt (III.5) (figure 2).

III.5
This patient was aged 33 years and had mild clinical in-
volvement. She was able to get up from the floor and from the
chair and climb stairs without support and showed the
Trendelenburg sign on her left hip (hip abductor weakness)
during walking. Neurologic examination showed a pre-
dominant weakness of proximal muscles of the upper (MMT
grade 5−) and lower (MMT grade 4+) limbs. The patient had
no symptoms or signals of respiratory involvement, and the
FVC was normal. The patient did not complain about muscle
fatigue and falls.

IV.2
This patient was aged 9 years and had no complain about
weakness or motor function limitation. She could rise from
the floor, climb stairs, and walk without support. Neurologic
examination showed a mild muscle weakness in the proxi-
mal portions of the upper and lower limbs (MMT grade
5−). In addition, clinical examination showed a triangular
facial aspect, hypertelorism, and slight palpebral ptosis, with
no facial weakness. No osteoskeletal deformities were no-
ticed. A mild distal atrophy in the distal region of the left
thigh was observed. The patient did not complain about
pain and muscle fatigue, stumbles, and falls. The patient had
no symptoms or signals of respiratory involvement, and the
FVC was normal.

X chromosome inactivation analysis
We performed XCI analysis in 5 heterozygous women from
family 1 (II.3, II.5, II.6, II.7, and II.8) and in 4 women from
family 12 (II.2, III.2, III.5, and IV.2) (table 2). There was no
XCI deviation in 4 of the women in whom the test was in-
formative (II.3, II.6, II.7, and II.8), 2 of them (II.6 and II.7)
manifesting the phenotype. Among the 4 women studied in

family 12, in 3 (II.2, III.2, and IV.2), the test was informative,
and we observed a random inactivation pattern of the X
chromosome.

Penetrance rate (K) estimation
The estimated K value was 0.298, with an exact 95% credible
(or confidence) interval of 0.192–0.423. As already men-
tioned, details on the model and the methods we used to
obtain the above value can be found in the supplementary
material, lww.com/NXG/A314.

Searching for modifier genes
For the exome comparisons between the 4 NMCs and the 5
MCs (figures 1 and 2), we based our first survey on the geno-
types inferred by the GATKUnifiedGenotyper algorithm and a
filtering step to evaluate 2 main hypotheses: (1) the presence of
inducing variants only in the MC and (2) the presence of

Figure 2 Pedigree from family 12

We identified 1 affected young boy (black filled square) and the 5 identified carriers from this family: 2manifesting carriers (indicated by gray filled circles) and
3 nonmanifesting carriers (indicated by a black dot inside the circle). Deceased individuals are indicated by an oblique line.

Table 2 X chromosome inactivation study in the 2 MTM1
families

Phenotype X chromosome inactivation

Family 1

II.3 NMC Random

II.5 MC Noninformative

II.6 MC Random

II.7 MC Random

II.8 NMC Random

Family 12

II.2 NMC Random

III.2 NMC Random

III.5 MC Noninformative

IV.2 MC Random

Abbreviations: Phenotype:MC=manifesting carrier; NMC=Nonmanifesting
carrier.
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protective variants in theNMConly. For the first hypothesis, we
obtained 32 variants, whereas for the second one, we obtained
72 variants. Intriguingly, most of the protective variants are
located within a 4.2-Mb block on chromosome 19. This region
contains, among others, many genes that belong to the KIR
cluster. After applying the mapping optimization using hla-
mapper followed by vcfx checkpl/checkad/evidence, we con-
firmed 3 variants that passed all the filters and that are pre-
sent in heterozygosis in all nonaffected carriers and absent in
the affected ones. Two of these variants mark the presence of
the allele KIR2DL4*00501 (rs604076 and rs652671), and
the third is related to the allele KIR3DL2*007 (rs654686)
(table 3). These variants present a high linkage disequilibrium
and are related to a common European KIR haplotype, which
also includes copies of the alleles KIR3DS1*01301, KIR2-
DL5A*0010101, KIR2DS5*00201, and KIR2DS1*00201.27 We
called this haplotype as a protective haplotype, assuming that it
might be preventing the nonaffected carriers from manifesting
any symptoms.

Further exome analysis of additional 180 individuals from our
routine diagnostic service allowed us to identify a proportion
of 27% of Brazilian individuals carrying the protective variants.

We also screened other CNM-related genes such as DNM2
and BIN1 searching for variants that fitted our 2 hypotheses,
but there were no relevant variants segregating with the
phenotype in neither of these genes.

Discussion
XLMTM myopathy due to mutations in theMTM1 gene has
been classified as a recessive X-linked disease, with a very
severe phenotype involving muscle weakness, affecting mainly
boys in the neonatal period. However, affected females car-
rying mutations in this gene have been described, but with a
surprisingly higher frequency than expected for an X-linked
recessive disease.5–7,16–21,28 These new findings have risen the
question whether the inheritance pattern associated with this
gene is indeed recessive or whether modifier factors are acting
in the manifestation of the phenotype.

All the patients studied here were under investigation in our
center in the last 20 years, and most of them presented at that
time the classical clinical course of XLMTM. Among the 7
families in which the study of female relatives was possible, we
detected mutation carriers in mothers from 5 families, which
is compatible with the expected proportion of 2/3 inherited
cases of lethal mutations in the X chromosome.29

For the majority of recessive X-linked diseases, heterozygous
women do notmanifest the disease because of the normal allele
expression that is expected to be sufficient tomaintain the usual
gene function. One important example is the low frequency of
manifesting carriers in Duchenne muscular dystrophy (DMD)
and Becker muscular dystrophy. DMD has a much higherTa
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incidence than XLMTM, 1/3,000 male births. Nevertheless,
several studies have shown a frequency of 2.5%–7.8% female
carriers with some clinical manifestations.30 Conversely,
XLMTM, with a frequency of 1/50,000 living births, has shown
a much higher number of manifesting carriers worldwide,
reaching, in this study, the proportion of;50%. This highlights
the importance of better studying the factors involved in phe-
notype manifestation in this disease.

The main proposed cause to justify the phenotypic manifes-
tation in carriers of myotubular myopathy has been a skewed
inactivation of the X chromosome. This mechanism is also
considered to be responsible for the clinical picture in dys-
trophinopathies and in other X-linked diseases. However,
studies of skewed X inactivation in dystrophinopathies are
controversial, once it is defended by some authors,31 and
excluded by others.32 One of several explanations for this
disagreement is that XCI analysis performed on
blood lymphocytes does not reflect the actual state of in-
activation present in the whole organism or the pattern in
muscle cells. Besides, analysis of XCI in 1 muscle should not
be representative for all muscles because women are naturally
a mosaic for XCI. Anyhow, there are studies that show a good
concordance between the inactivation pattern between mus-
cle cells and blood lymphocytes because they have a common
embryonic origin.33,34

Of the 25 cases of XLMTMmanifesting carriers published so far
by other groups, 17 were informative for the XCI pattern. XCI
was considered random in 11 and skewed in 6 cases. In the
heterozygotes identified in this study, there was no correlation
between the inactivation pattern and the phenotypes, support-
ing that the inactivation pattern does not explain the phenotype.

The identification of heterozygous women manifesting phe-
notypes linked to the X-chromosome has raised doubts in the
literature on the classification of the inheritance pattern as
recessive or dominant. The high degree of variability in the
penetrance value of many X-linked conditions is hardly
explained under traditional classification criteria of mono-
genic diseases. Dobyns35 state that the modern rules of
X-linked inheritance classification are not able to explain the
high number of heterozygous females showing X-recessive
disorders’ phenotypes. They reviewed 32 diseases related to
the X chromosome, estimating more broadly the penetrance
rate in women, demonstrating that a range of penetrance
values can be estimated. Thus, the classification rules of in-
heritance models linked to the X chromosome should be
revisited.

Regarding myotubular myopathy, our findings are in agree-
ment with what was proposed by Dobyns and are compatible
with an incomplete penetrance pattern, supporting the high
frequency of women affected by XLMTM.

The clinical manifestations of XLMTM in heterozygous
women may be influenced by the interaction between

different secondary genes and the primary molecular defect,
modulating the phenotypic expression. This hypothesis is
plausible considering other diseases in which the same ge-
notype is associated with phenotypic variability36 or diverse
phenotypes. There are diseases in which the presence of ge-
nomic variants has the effect of altering its expression, as
already reported in DMD.8,37 The identification of these
variants may explain the clinical picture observed among the
women of both families presented here. After comparing MC
and NMC, we identified variants at the KIR cluster located at
the leukocyte receptor complex in19q13.4 chromosome. All
healthy womenwere heterozygous for at least 3 variants (table
3) from 2 KIR genes, KIR2DL4 located in the center of the
KIR cluster and KIR3DL2 (the last telomeric gene of the
cluster).

The KIR genes are ordered in a tandem fashion that spans
over 150 kb. Up to today, 15 KIR genes and 2 pseudogenes
have been identified,38 composing a family of homologous,
but highly polymorphic genes. In addition, only 3 KIR genes
are present in every individual and are considered framework
genes, KIR3DL3, KIR2DL4, and KIR3DL2, whereas other
KIR genes may be present or not depending on the individual
KIR haplotype.

The variants listed in table 3 mark the presence of 2 specific
alleles, named KIR2DL4*00501 and KIR3DL2*007, both in
high linkage disequilibrium, commonly detected among Eu-
ropeans. These KIR alleles usually mark a KIR haplotype that
also contains KIR3DS1*01301, KIR2DL5A*0010101,
KIR2DS5*00201, and KIR2DS1*00201.27 Thus, these vari-
ants are defining a specific KIR haplotype.

So far, there are no data regarding the general frequency of
KIR haplotypes in the Brazilian population. However, the
frequency of the protective KIR haplotype in our large cohort
of 180 unrelated whole exomes is compatible with a more
frequent polymorphism acting as a possible modifier, and it is
also compatible with the penetrance rate estimated for these
females.

KIR genes have important roles in the modulation of the
immune response against pathogens and autoimmune disor-
ders, such as HIV/AIDS.39 Thus, the association of KIRs and
diseases has been largely studied, and specific database has
been developed for this purpose (KIR and Disease Database).

To date, it is unknown whether there is any relation between
the KIR cluster and the modulation of neuromuscular disor-
ders. Studies have shown that KIR genes interact with CD56
(N-CAM) in NK lymphocytes.40 CD56 is also present on the
surface of myoblasts and highly expressed during muscle re-
generation after injury. CD56 may act as a modulator of the
interaction between satellite cells and myoblasts to the ex-
tracellular matrix and may participate in the secondary re-
sponse mechanisms that lead to repair and remodeling.41

Hence, an association between the KIR genes and the skeletal
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muscle might be possible through the KIR-CD56 interaction.
It will be a challenge to demonstrate how a specific haplotype
of KIR genes could modulate the myotubular myopathy
phenotype, protecting carriers of the MTM1 mutations from
presenting a phenotype, but we believe that further efforts
should be made to answer this question, primarily by in-
creasing the number of affected women and families to try to
replicate the findings. We hope that deepening this study can
eventually open a new field for therapeutic approaches.
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Mingroni
Pavanello,
MD

Human Genome and Stem
Cell Research Center,
University of São Paulo,
São Paulo, Brazil

Performed medical and/
or physical evaluation of
the patients

Juliana
Gurgel-
Giannetti,
MD, PhD

Department of Pediatrics,
Medical School of Federal
University of Minas Gerais,
Belo Horizonte, MG, Brazil

Performed medical and/
or physical evaluation of
the patients and
contributed with
manuscript revision

Appendix (continued)

Name Location Contribution

Silvia Souza
da Costa, PhD

Human Genome and Stem
Cell Research Center,
University of São Paulo,
São Paulo, Brazil

Performed the
experiments

Isabela Pessa
Anequini, Bsc

Human Genome and Stem
Cell Research Center,
University of São Paulo,
São Paulo, Brazil

Performed medical and/
or physical evaluation of
the patients

Silvana
Amanda do
Carmo, Bsc

Human Genome and Stem
Cell Research Center,
University of São Paulo,
São Paulo, Brazil

Performed medical and/
or physical evaluation of
the patients

Jaqueline Yu
Ting Wang,
MSc

Human Genome and Stem
Cell Research Center,
University of São Paulo,
São Paulo, Brazil

Contributedwith genetics
and genomics
bioinformatics analyses
and manuscript revision
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Abstract
Objective
To establish molecular diagnosis for a family with a complicated form of autosomal recessive
hereditary spastic paraplegia with intellectual disability, cognitive decline, psychosis, peripheral
neuropathy, upward gaze palsy, and thin corpus callosum (TCC).

Methods
Physical examinations, laboratory tests, structural neuroimaging studies, and exome sequence
analysis were carried out.

Results
The 3 patients exhibited intellectual disability and progressive intellectual decline accompanied by
psychiatric symptoms. Gait difficulty with spasticity and pyramidal weakness appeared at the ages
of 20s–30s. BrainMRI revealed TCC with atrophic changes in the frontotemporal lobes, caudate
nuclei, and cerebellum. Exome sequence analysis revealed a novel homozygous c.2654C>A (p.
Ala885Asp) variant in the ATP13A2, a gene responsible for a complicated form of hereditary
spastic paraplegia (SPG78), Kufor-Rakeb syndrome, and neuronal ceroid lipofuscinosis. The
predominant clinical presentations of the patients include progressive intellectual disability and
gait difficulty with spasticity and pyramidal weakness, consistent with the diagnosis of SPG78. Of
note, prominent psychiatric symptoms and extrapyramidal signs including rigidity, dystonia, and
involuntary movements preceded the spastic paraparesis.

Conclusions
Our study further broadens the clinical spectrum associated with ATP13A2 mutations.
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Hereditary spastic paraplegias (HSPs) are neurodegenerative
disorders characterized by slowly progressing spasticity and
pyramidal weakness of the lower limbs. Clinically, HSPs are
classified into pure and complicated forms. Patients with pure
HSPs show lower limb spasticity associated with pyramidal
weakness alone, whereas patients with complicated forms
show additional neurologic signs. To date, SPG1–SPG80
have been described as the genetic loci for HSP.

Mutations in the ATP13A2 gene were originally identified in
patients with Kufor-Rakeb syndrome (KRS), a rare autosomal
recessive form of juvenile-onset atypical parkinsonism associated
with supranuclear gaze palsy, spasticity, and dementia,1 and
subsequently reported in those with early onset Parkinson
disease (PARK9),2,3 neuronal brain iron accumulation,4 and
neuronal ceroid lipofuscinosis (CLN12).5 Recently, Estrada-
Cuzcano et al.6 described cases of complicated HSP (SPG78)
with c.1550C>T (p.Thr517Ile), c.364C>T (p.Gln122*), or
c.1345C>T/c.3418C>T (p.Arg449*/p.Gln1140*) (NM
022089) in theATP13A2 gene. Functional analysis of ATP13A2
with the p.Thr517Ile missense variant confirmed the loss of
function of ATP13A2.6

We have recently experienced 3 sibling cases in one family
with a complicated form of HSP accompanied by intellectual
disability and psychiatric symptoms. Exome sequence analysis
of the proband revealed a novel homozygous mutation of
c.2654C>A (p.Ala885Asp) in the ATP13A2 gene. We herein
report the detailed clinical presentations of the 3 cases
showing considerable overlaps with those described in other
ATP13A2-related disorders.

Clinical manifestations of the 3
sibling cases
Patient 1
The pedigree chart of the family is presented in figure 1. The
parents of the 3 siblings (patients 1, 2, and 3) were first
cousins. Her father died of cerebral infarction at the age of 60
years, and her mother had dementia with anxiety along with
lumbar spondylosis around the age of 76 years. Patient 1(II-
1) did not show any abnormalities at birth. Intellectual dis-
ability was noticed in her childhood and she went to a special
support class. Her motor function, however, developed
normally. At the age of 19 years, she experienced relationship
and paranoid delusions, leading to the diagnosis of schizo-
phrenia at a local general hospital. She was prescribed several
antipsychotics. She developed a gait abnormality at the age
of 29 years, and dystonia was observed in the extremities,
especially in the upper extremities at the age of 30. There

were neither cerebellar signs nor nystagmus. She was noticed
to have rigidity in her extremities and supranuclear gaze
palsy at the age of 33. Later, she exhibited spasticity in the
lower limbs. Her intellectual impairment and gait distur-
bance gradually deteriorated, and she became bedridden
around the age of 40. Partial seizures and generalized tonic
seizures appeared around the age of 52. Later, she was di-
agnosed as having HSP at our hospital. She exhibited spas-
ticity and muscle atrophy in the lower limbs, generalized
increased tendon reflexes, extensor plantar reflexes, and in-
voluntary movement in her upper trunk. Brain MRI taken at
the age of 48 showed thin corpus callosum (TCC) and
atrophic changes in frontotemporal lobes, caudate nuclei,
cerebellum, and brainstem (figure 2A). Brain MRI did not
show iron accumulation in the putamen or caudate nucleus.
Routine blood test results were within the normal limits.
There were no lesions in the spinal X rays. There was no
hepatosplenomegaly.

Patient 2
Patient 2 was the younger sister of the patient 1. She had no
abnormalities at birth. Intellectual disability was noticed in her
childhood and she went to a special support class. Her motor
function developed normally. At the age of 31, she talked to
herself, exhibited forced laughing, and became increasingly ir-
ritable. She developed gait abnormality at the age of 32. She
showed horizontal gaze nystagmus and rigido-akinetic clinical
presentations but did not show tremor. She exhibited spasticity
and muscle atrophy in the lower limbs, increased tendon re-
flexes in her 4 extremities, and extensor plantar reflexes. Her
symptoms of intellectual impairment and gait disturbance
gradually worsened, and she became bedridden at the age of 34.
She was diagnosed as having HSP. At the age of 44, neurologic

Figure 1 Pedigree chart of the family

Squares and circles indicate men and women, respectively. A diagonal line
through a symbol indicates a deceased individual. Affected individuals are
indicated by filled symbols. II-2 had intellectual disability and gait distur-
bance at the age of 13 and died at age of 17.

Glossary
HSP = hereditary spastic paraplegia; KRS = Kufor-Rakeb syndrome;NBIA = neurodegeneration with brain iron accumulation;
NPC = Niemann-Pick disease type C; PARK9 = Parkinson disease; SPG78 = spastic paraplegia; TCC = thin corpus callosum.
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examination revealed severe intellectual disability and euphoria
and an upward gaze limitation. She could not speak because of
progressing dementia. She exhibited an involuntary movement
of extending her right elbow, and her legs were in flexed po-
sitions with contracture of knee and ankle joints. She was di-
agnosed as having a complicated form ofHSP. BrainMRI taken
at the age of 46 showed TCC and atrophic changes in fron-
totemporal lobes, caudate nuclei, cerebellum, and brainstem
(figure 2B). Brain MRI did not show iron accumulation in the
putamen or caudate nucleus. Routine blood test results were
within the normal limits. There were no lesions in the spinal X
rays. There was no hepatosplenomegaly.

She suffered from bacterial meningoencephalitis at the age of
46 but recovered by treatment with antibiotics. After this
event, partial and generalized tonic seizures appeared. Later,
she exhibited involuntary movement, shaking her head from
side to side. Her condition gradually deteriorated, and she
died of pneumonia at the age of 52.

Patient 3
Patient 3 was the youngest sister of patients 1 and 2. She had no
abnormalities at birth. Intellectual disability was noticed in her

childhood and she went to a special support class. Her motor
function developed normally. At the age of 33, she experienced
hallucinations and delusions. She presented with spastic tetra-
paresis and spastic gait at the age of 35. She became unable to
walk in a few years. Her intellectual impairment deteriorated.
At the age of 42, she had euphoria and exhibited dysarthria. She
did not have any abnormal eye movements. She presented with
spasticity and muscle atrophy in the lower limbs, generalized
increased tendon reflexes, and extensor plantar reflexes. There
was mild dysmetria in her upper limbs, and she exhibited ste-
reotypic movements in her upper limbs and face. Owing to
these movements, she frequently hit her arm against the bed
fence. She was diagnosed as having a complicated form of HSP.
Brain CT scan taken at the age of 45 showed atrophic changes
in frontotemporal lobes, caudate nuclei, cerebellum, and
brainstem (figure 2C). Routine blood test results were within
normal limits. There were no lesions in the spinal X rays. There
was no hepatosplenomegaly. Her condition gradually de-
teriorated and she died of respiratory failure at age 45.

Mutational analysis
We received approval from the National Hospital Organiza-
tion, Hokuriku National Hospital Clinical Research Ethics

Figure 2 Neuroimaging studies of the patients

(A) T1-weighted brain MRI scans of patient 1 at
the age of 48. TCC and atrophic changes in
frontotemporal lobes, caudate nuclei, cerebel-
lum, and brainstem are shown. (B) T1-weighted
brain MRI scans of patient 2 at the age of 46. TCC
and atrophic changes in frontotemporal lobes,
caudate nuclei, cerebellum, and brainstem are
shown. Brainstem atrophy was also observed.
(C) Brain CT scans of patient 3 at the age of 45.
Atrophic changes in frontotemporal lobes, cau-
date nuclei, cerebellum, and brainstem are
shown. TCC = thin corpus callosum.
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Committee, to conduct this study and obtained written in-
formed consent from the family for genetic testing and pro-
tocol. Exome sequence analysis was performed as described
previously.7

NM 022089 was used as the reference sequence for ATP13A2
in this study. The disease-causing variant was confirmed by
primer pairs (59-GCCCAGCTGTCATCATTTC and 59-
CCCACGTCATCTATTCTGGG).

Data availability
The raw data are available upon request.

Results
Identification of causative variant
We searched exome sequence data of patient 1 for rare
variants in the known causative genes for HSP (the gene list

for HSP is shown in the supplementary data, links.lww.
com/NXG/A319) and identified an apparently homozy-
gous c.2654C>A (p.Ala885Asp) variant in ATP13A2 in
patients 1 and 2 (figure 3A). Analysis of the number of reads
from individual exons excluded the possibility of large de-
letions involving exons including exon 24 in one allele
(figure 3C) confirming the homozygosity of the c.2654C>A
(p.Ala885Asp) variant.

The variant was neither registered in gnomAD (gnomad.
broadinstitute.org/) nor in the in-house database consist-
ing of 1,261 control subjects. The variant was only regis-
tered in the integrative Japanese Genome Variation
Database (ijgvd.megabank.tohoku.ac.jp/) at a very low al-
lele frequency (0.00015). The amino acid, Ala, at codon
885 is evolutionally conserved among species (figure 3B).
In silico prediction revealed a combined annotation de-
pendent depletion score of 28.1, supporting its pathoge-
nicity (cadd.gs.washington.edu/home).”

Figure 3 Mutational analysis of the family

(A) Direct nucleotide sequence analysis of the PCR products obtained from patients 1, 2, and their mother showing c.2654C>A (p.Ala885Asp). Nucleotide
sequence analysis of the reverse complementary strand is shown. (B) The c.2654C>A (p.Ala885Asp) involves alanine residue at codon 885 that is highly
conserved among species. Conserved amino acid residues are shown by black, whereas those showing a strong conservation among species are shown by
gray. Other previously reported causative variants (p.G877R and p.G892D) are shown above the amino acid sequences. (C) Comparison of RPM (reads per
millionmapped reads) in individual exons of ATP13A2 calculated using the results of exome sequence analysis. Log2 ratio of RPM at individual exons is shown
on the y-axis, whereas the physical position of ATP13A2 on human chromosome 1 (GRCh37/hg19)) is shown on the x-axis. There are no significant differences
in the RPM values of individual exons including exon 24, where the variant is located, confirming the homozygosity of the c.2654C>A (p.Ala885Asp) variant in
the patients.
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Discussion
The clinical presentations of the 3 patients are summarized in
table. Prominent psychiatric symptoms preceding gait ab-
normality commonly observed in the 3 patients in this family
was one of the characteristic clinical presentations. In partic-
ular, all the patients presented psychiatric symptoms such as
hallucination, delusion, or increased irritability over one to 10
years before the onset of gait disturbance. Although psychi-
atric symptoms have previously been frequently reported in
patients with KRS or PARK9,2,3,13,14 they usually develop
several years after the onset of gait disturbances or adminis-
tration of antiparkinsonian drugs. Among the patients with
PARK9, the one patient reported by Schneider et al.4 is an
exceptional case presenting with the psychiatric symptoms
before the onset of parkinsonism. Among the patients with
the clinical diagnosis of HSP with ATP13A2 mutation
(SPG78), only one case of Estiar et al.12 presented with
psychiatric symptoms preceding spastic paraparesis.

Psychiatric symptom is also observed in patients with neuro-
degeneration with brain iron accumulation (NBIA) presenting
with progressive dystonia/parkinsonism.15,16 Although we
did not observe iron deposition in our patients, NBIA or
NBIA-related diseases should also be included in a differential
diagnosis for patients presenting with psychiatric symptoms
accompanied by dystonia/parkinsonism. Supranuclear gaze
palsy is also a characteristic finding in ATP13A2-related dis-
eases. In addition to progressive supranuclear palsy and par-
kinsonism linked to chromosome 17 (FTDP-17), supranuclear
gaze palsy is also observed in patients with Niemann-Pick
disease type C (NPC) presenting with dystonia, cognitive de-
cline, and psychiatric symptoms,17–19 thus NPC should also be
included in a differential diagnosis.

TCC is an important finding in the differential diagnosis of
HSP and is observed in SPG1, SPG11, SPG15, SPG21,
SPG44, SPG46, SPG47, SPG49, SPG50, SPG54, SPG63,
SPG66, and SPG71.20 Becuase MRI scans revealed TCC in
patients 1 and 2 in this study and one patient with SPG78
showed TCC,6 SPG78 should also be included in the differ-
ential diagnosis of HSPs with TCC.

Patient 1 initially manifested extrapyramidal symptoms. In-
deed, she was initially tested for possible Wilson disease, but
spastic paraparesis appeared later and became predominant
over time. Patient 2 had pallidopyramidal syndrome (rigido-
akinetic plus spasticity), and patient 3 had spastic tetraparesis
with cognitive decline. In contrast to previous reports show-
ing the similar clinical presentations among the siblings with
the ATP13A2 variants,6 the 3 siblings in this family exhibited
similar but considerable variation in the complex clinical
presentations. Thus, the present 3 sibling case falls in the
continuum between the 2 extremities (HSP78 and KRS).6,21

Intrafamilial and interfamilial variations in the clinical pre-
sentations associated with ATP13A2 mutation should be
further investigated.Ta
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Abstract
Objective
Our aim was to study a Hungarian family with autosomal dominantly inherited neuro-
degeneration with brain iron accumulation (NBIA) with markedly different intrafamilial
expressivity.

Methods
Targeted sequencing and multiplex ligation-dependent probe amplification (MLPA) of known
NBIA-associated genes were performed inmany affected and unaffectedmembers of the family.
In addition, a trio whole-genome sequencing was performed to find a potential explanation of
phenotypic variability. Neuropathologic analysis was performed in a single affected family
member.

Results
The clinical phenotype was characterized by 3 different syndromes—1 with rapidly progressive
dystonia-parkinsonism with cognitive deterioration, 1 with mild parkinsonism associated with
dementia, and 1 with predominantly psychiatric symptoms along with movement disorder. A
heterozygous stop-gain variation in the C19Orf12 gene segregated with the phenotype. Tar-
geted sequencing of all known NBIA genes, and MLPA of PLA2G6 and PANK2 genes, as well
as whole-genome sequencing in a trio from the family, revealed a unique constellation of
oligogenic burden in 3 NBIA-associated genes (C19Orf12 p.Trp112Ter, CP p.Val105Phef-
sTer5, and PLA2G6 dup(ex14)). Neuropathologic analysis of a single case (39-year-old man)
showed a complex pattern of alpha-synucleinopathy and tauopathy, both involving subcortical
and cortical areas and the hippocampus.

Conclusions
Our study expands the number of cases reported with autosomal dominant mitochondrial
membrane protein-associated neurodegeneration and emphasizes the complexity of the genetic
architecture, which might contribute to intrafamilial phenotypic variability.
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Neurodegeneration with brain iron accumulation (NBIA) is a
group of rare, heterogeneous, hereditary neurodegenerative
diseases in which excess iron accumulates in the basal ganglia
and other vulnerable brain areas.1 At least 10 known genes are
clearly associated with the condition2: ATP13A2, C19Orf12,
COASY, CP, DCAF17, FA2H, FTL, PANK2, PLA2G6, and
WDR45. Clinical differentiation between different types of
NBIAs is often very difficult because of the pleiotropy of the
causative genes.

Mitochondrial membrane protein-associated neuro-
degeneration (MPAN) is a form of neurodegeneration with
brain iron accumulation (NBIA-4; MIM614298) caused by
pathogenic variants in theC19Orf12 gene. Although the study
on the first family with MPAN reports it as an autosomal
recessive condition,3 dominant inheritance of the disease was
confirmed recently.4 Independent of the inheritance pattern,
most MPAN cases are phenotypically similar at both clinical
and neuropathologic levels.4

In this article, we report a novel large family with autosomal
dominantly inherited NBIA associated with a segregating
stop-gain variant in the C19Orf12 gene. Targeted sequencing
and multiplex ligation-dependent probe amplification
(MLPA) of other NBIA genes and whole-genome sequencing
in a trio from the family revealed a unique constellation of

oligogenic burden in 3 NBIA-associated genes. Neuropatho-
logic analysis of a single case showed a complex pattern of
alpha-synucleinopathy and tauopathy.

Methods
Clinical evaluation
Six members of the family (figure 1) (originating from
Hungary) were examined by board-certified neurologists
(A.L., P.B., M.J.M., and Z.G.) in the last 10 years at 2 academic
centers (Debrecen and Budapest). For further 6 family
members, medical documents from other centers and blood
samples were available for this study. Brain MRIs, which are
shown in this study, were performed on a 3T MRI, and the
images were analyzed by a neuroradiologist (R.G.). This ar-
ticle presents a retrospective case study conducted with the
approval from the institutional ethical committee. All partic-
ipants provided informed written consent for the genetic
studies.

Genetic analysis
Genetic investigations were performed from blood iso-
lated with the Qiagen Blood Mini Kit. Sanger sequencing
was performed for C19ORF12, CP, PANK2, PLA2G6,
COASY, and BPAN genes. Whole-genome sequencing was

Figure 1 Family tree

Genetically examined patients are marked on the family tree by a plus or minus sign, whereas color codes are used for different genetic variants. The index
case is indicated with an arrow sign. Neurologic examinations performed by the authors were carried out in patients III/3, III/6, III/10, IV/7, IV/11, V/5, and V/6.

Glossary
APP = amyloid precursor protein; MLPA = multiplex ligation-dependent probe amplification; MPAN = mitochondrial
membrane protein-associated neurodegeneration; NBIA = neurodegeneration with brain iron accumulation; WGS = whole-
genome sequencing.
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performed in a trio at Novogene (en.novogene.com/),
whereas data analysis from the whole-genome sequencing
(WGS) was performed at the Institute of Genomic Med-
icine and Rare Disorders Semmelweis University (P.B.).
Alignment was performed with Burrows-Wheeler Aligner
(BWA-MEM), whereas variant calling was performed
with the GATK haplotype caller. Multiple softwares were
used for variant filtration, namely Genesis application
(genesis-app.com), TGex (tgex.genecards.org), Moon
software (diploid.com/moon) and the in-house software
Variant-Analyzer. We also performed copy number varia-
tion call from the WGS data set using the CNVkit WGS
method. MLPA was performed with the SALSA MLPA
P120 probemix kit, which covers the PANK2 and PLA2G6
genes. The detailed filtration process is available in ap-
pendix e-1 (links.lww.com/NXG/A318).

Neuropathology
Formalin-fixed, paraffin-embedded tissue blocks were eval-
uated. In addition to hematoxylin and eosin and Luxol Fast
Red staining, the following monoclonal antibodies were
used for immunohistochemistry: anti–tau AT8 (pS202/
pT205, 1:200; Pierce Biotechnology, Rockford, IL), anti–
phospho-TDP-43 (pS409/410, 1:2,000; Cosmo Bio,
Tokyo, Japan), anti–alpha-synuclein (1:2,000, clone 5G4;
Roboscreen, Leipzig, Germany), anti-Abeta (1:50, clone
6F/3D; Dako, Glostrup, Denmark), and anti–amyloid
precursor protein (APP, 1:8,000; Millipore, Burlington,
MA). The DAKO EnVision detection kit (peroxidase/DAB,
rabbit/mouse) was used for visualization of antibody.
Neuropathologic alterations in all examined anatomic re-
gions were evaluated semiquantitatively (as none, mild,
moderate, and severe).

Data availability
The data sets used and/or analyzed during the current study
are available from the corresponding author on reasonable
request.

Results
Family history and clinical phenotype
The family history showed an autosomal dominant pattern
(figure 1). We have examined 6 members of the family and
collected information and blood sample from 6 further family
members. Three different clinical syndromes were observed
(table):

First, rapidly progressive dystonia-parkinsonism with de-
mentia was present in the index case (IV/7) and in patient
IV/15. In the index case (IV/7), symptoms started around
age 30 years, and he died at age 39 years. Wilson disease was
first suspected in another center because serum cerulo-
plasmin and copper repeatedly decreased, but genetic
testing of ATP7B was negative, and MRI suggested iron
accumulation in the basal ganglia. Because of the diagnostic

uncertainty, liver biopsy was also performed earlier, which
did not identify copper accumulation. Post hoc examination
of the MRI also confirmed linear T2 hyperintensity at the
medial medullary lamina of the globus pallidus. Examina-
tion at age 39 years detected severe parkinsonism, supra-
nuclear vertical gaze palsy, generalized dystonia, severe
dysphagia, widespread pyramidal tract signs, and dementia.
At this late stage, ophthalmologic examination showed
retinal dysfunction; however, optic atrophy was not de-
scribed. Patient IV/15 presented with childhood-onset gait
impairment and mental decline with initially slow pro-
gression and secondary rapid deterioration in his last 3
years. Parkinsonism was first appreciated at age 36 years. In
the next year, rapid neurologic deterioration started, and at
age 39 years, when he died of a concomitant pneumonia,
severe dystonia-parkinsonism with dementia was present.
Pathologic examination of the liver was normal. Genetic
studies could not be performed from the available post-
mortem formalin-fixed paraffin-embedded brain samples
because of pronounced DNA degradation. Brain neuropa-
thology was partially reported earlier,5 which was expanded
in this study after the genetic diagnosis was made in other
family members.

Second, relatively mild, late-onset, slowly progressive par-
kinsonism and cognitive decline were present in the father of
the index case (III/5) and his cousin (III/10).

Third, psychiatric symptoms along with mild movement
disorder were observed in patient IV/11. She showed signs
of mild disinhibition and abnormal results in the Luria test.
Detailed neuropsychiatric examination detected mild fron-
totemporal cognitive decline. Fundus examination did not
detect optic atrophy at age 46 years. Although her daughter
(V/5) was diagnosed with schizophrenia, we do not
attribute this to MPAN because genetic and MRI studies
were negative. Reportedly, other female family members
(patients III/13, III/17, and IV/13) had also predominant
psychiatric symptoms.

Brain MRI findings
Brain MRIs (figure 2) revealed classical signs of brain iron
accumulation; however, well-identifiable differences such as
atypical iron accumulation in the caudate, together with
cortical atrophy in patient III/10 and frontal atrophy in
patient IV/1, have also been detected in different family
members.

Genetic analysis
Sanger sequencing of PANK2, PLA2G6, CP, and C19Orf12
was performed in the index case (IV.7), which identified a
heterozygous nonsense variant in the C19Orf12 gene (NM_
001031726.3:c.335G>A; p.Trp112Ter) and a heterozygous
deletion in the CP gene, causing a frameshift (c.313delG,
p.Val105Phefs*5). WGS trio sequencing identified a further,
heterozygous TPP1 stop-gain variant (NM_000391.4:
c.622C>T; p.Arg208Ter) inherited from the father, and
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Table Phenotype and genotype information of the family members

Patient
Examined
by us Main symptoms Age at onset, y MRI

C19Orf12
p.Trp112Ter

CP
p.Val105PhefsTer5

TPP1
p.Arg208Ter

PLA2G6
dup(ex14)

III/1 No No symptoms N/A Not performed Negative Negative Not tested Not tested

III/4 No No symptoms N/A Not performed Negative Positive Not tested Not tested

III/5 Yes Mild parkinsonism (MOCA = 27) Unknown (examined at
age 63 y)

Iron accumulation in the GP and SN Positive Positive Positive Negative

III/6 Yes No symptoms N/A Not performed Negative Negative Negative Negative

III/10 Yes Mild parkinsonism and cognitive decline
(MOCA = 25)

Late onset (;60 y) Iron accumulation in the GP,
putamen, caudate nucleus, and SN

Positive Negative Not tested Not tested

III/13 No,
deceased

Psychiatric symptoms Unknown Reportedly positive Positive Negative Not tested Not tested

III/17 No,
deceased

Psychiatric symptoms (depression and
suicide)

Unknown Unknown Not tested Not tested Not tested Not tested

IV/6 No No symptoms N/A Not performed Negative Positive Not tested Not tested

IV/7 Yes Severe dystonia-parkinsonism and
dementia

Early onset (;30 y) Iron accumulation in the GP and SN.
Hyperintense streak in the GP

Positive Positive Positive Positive

IV/11 Yes Mild frontal lobe symptoms
(MOCA = 28) and dysdiadochokinesis

Unknown (examined at
age 46 y)

Iron accumulation in the GP and SN
and mild frontal atrophy

Positive Not tested Not tested Not tested

IV/13 No,
deceased

Focal dystonia and psychiatric
symptoms

Unknown Reportedly positive Positive Negative Not tested Not tested

IV/15 No,
deceased

Severe dystonia-parkinsonism and
dementia

Early onset (;12 y) Reportedly positive Not tested Not tested Not tested Not tested

IV/16 No No symptoms N/A Not performed Negative Negative Not tested Not tested

V/5 Yes Psychiatric (depression and delusions;
MOCA = 28)

N/A Negative Negative Negative Not tested Not tested

V/6 Yes No symptoms N/A Negative Negative Negative Not tested Not tested

Abbreviations: GP = globus pallidus; MOCA = Montreal Cognitive Assessment; N/A = not applicable; SN = substantia nigra.
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MLPA detected a de novo PLA2G6 exon duplication. Seg-
regation analysis in 12 family members showed the MPAN
variant to be segregating with the disease (figure 1).

Neuropathology
Neuropathologic examination was performed in patient IV/
15 (figure 3). Neuronal loss and astrogliosis predominated in
the temporal cortex, striatum, globus pallidus, and substantia
nigra. Accumulation of Prussian-blue positivity was present in
the globus pallidus. APP axonal spheroids predominated in
the regions showing prominent neuronal loss, but they were
noted in cortical areas as well. TDP-43 and β-amyloid–
positive pathologic deposits were absent.

Alpha-synuclein pathology (figure 3, A–D) was characterized
by neurites and spherical neuronal cytoplasmic deposits;
however, on hematoxylin and eosin staining in the brainstem,

they were not seen as unequivocal Lewy bodies. However, in
the cortex, cortical Lewy body–like structures were identified.
In all regions, extracellular spherical bodies were also immu-
nostained by alpha-synuclein antibodies. The distribution of
alpha-synuclein pathology was also most prominent in the
basal ganglia; it was present also in the cortical areas and
hippocampus. In the brainstem, neuronal inclusions were
observed mostly in the substantia nigra. They were also ob-
served in the dorsal vagus nucleus and as an unusual feature in
the inferior olives but not in the locus coeruleus, where only
neurites and spheroids were noted. Thus, the distribution of
neuronal alpha-synuclein deposition was not exactly com-
patible with the Braak stages of Lewy pathology.6 Glial alpha-
synuclein pathology was not present.

Tau pathology (figure 3, E–H) was characterized by
neuropil threads, neurites, diffuse neuronal cytoplasmic

Figure 2 Brain MRIs of clinically and radiologically affected family members

Brain MRIs of affected family members are
depicted. Every row represents a single patient.
(A–D) Patient IV/7. (E–H) Patient III/5. (I–L) Pa-
tient III/10. (M–P) Patient IV/11. In the first 2
columns, T2-weighted images of the brain at
the level of the substantia nigra and at the level
of the basal ganglia are represented. In the
second 2 columns, iron-sensitive sequences are
represented in the same level. Because MRIs
were not performed at the same time point, C,
D, G, and H are T2*, whereas K and L are T2-FFE.
O and P are derived from susceptibility-
weighted imaging sequences. All images show
iron accumulation in the substantia nigra and
globus pallidus internus. However, in patient III/
10 (images I–L), iron accumulation is present in
the head of the caudate also, and there is a
marked global atrophy. In the index case, a
linear hyperintense streaking, indicating in-
ternal medullary lamina of the globus pallidus,
was also present (arrow in image B).
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positivity (pretangles), and less neurofibrillary tangles.
The distribution of tau pathology did not follow
the Braak and Braak stages7 and predominated the

basal ganglia, substantia nigra, frontal and temporal
cortex, and hippocampus. Glial tau pathology was not
observed.

Figure 3 Neuropathologic features of an individual from this family (case IV/15)

Anatomic mapping of alpha-synuclein–positive neurites, neuronal cytoplasmic inclusions (NCIs), and spheroids (A). NCIs and neurites in the temporal cortex
(B) and the CA2/3 subregion of the hippocampus (C) and NCIs in the inferior olives (D); the upper right inset shows an enlarged neuron. Anatomic mapping of
tau-positive neurites, pretangles, and neurofibrillary tangles (NFTs) (E). NFT and neuropil threads/neurites in the frontal cortex (F), putamen (G), and globus
pallidus (H); in the globus pallidus iron accumulation as shown in the upper right inset with Prussian-blue staining.
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Discussion
Our study serves as additional evidence for dominant in-
heritance for certain C19Orf12 variants, possibly through
dominant negative effects. The detected C19Orf12 (heterozy-
gous NM_001031726.3:c.335G>A; p.Trp112Ter) variant
causes stop-gain at the same amino acid position as reported by
Gregory et al.4 in a family with dominant inheritance. The
variant detected in our study perfectly segregates with the
phenotype in the 12 tested family members. Nonsense-
mediated decay is not predicted by the R package “masonmd”8;
thus, it is very likely that this is the most important pathogenic
driver variant in this family. Clinical evidence, which also sup-
ports the diagnosis of MPAN, includes psychiatric manifesta-
tion in certain family members and the linear streaking9 on the
MRI in the index patient. However, apparently no family
member had axonal neuropathy. Marked intrafamiliar pheno-
typic heterogeneity was detected in this family; that is, certain
family members have only mild parkinsonism, whereas others
show severe and rapidly deteriorating dystonia-parkinsonism
and dementia. Thus, in certain individuals or sporadic cases,
heterozygous C19Orf12 variants may contribute to parkin-
sonism; however, this observation needs to be proven.

Why marked differences were observed in the expressivity of the
disease still remained a question. The frameshift variant detected
in the CP gene (NM_000096.4:c.313delG; p.Val105PhefsTer5)
is missing from the population databases and can be classified as
likely pathogenic according to the American College of Medical
Genetics and Genomics guideline (evidence: PVS1, PM2).
Pathogenic variants in the CP genes associate with autosomal
recessive cerebellar ataxia and aceruloplasminemia (MIM:
604290).10 Although aceruloplasminemia is considered an au-
tosomal recessive disease, many reports describe cerebellar ataxia
in heterozygous carriers.11,12 In these patients, lower serum ce-
ruloplasmin and copper levels are present, and MRI detects
cerebellar atrophy. Although the index case had consistently low
serum ceruloplasmin (between 0.08 and 0.11 g/L) and copper
levels (between 5.8 and 9.0 μmol/L), family members with mild
symptoms and without symptoms were also carriers. Therefore,
the effect of this variant is ambiguous.

MLPA detected a de novo PLA2G6 exon 14 duplication in the
index case. PLA2G6 mutations are associated with a diverse
clinical spectrum (PLA2G6-associated neurodegeneration;
MIM: 256600; 610217; 612953). It is difficult to weight the
effect of exon 14 duplication in our patient. According to
Crompton et al.,13 deletion/duplication events may account
for up to 12.5% of PLA2G6 mutations, but whether single
heterozygous mutations may lead to any symptoms is con-
troversial. A single case report suggested that heterozygous
PLA2G6 mutation might lead to Parkinson disease 14
(PARK14).14 Of interest, Lewy body pathology is also present
in PLA2G6 associated neurodegeneration (PLAN).

The heterozygous TPP1 variant (NM_000391.4:c.622C>T;
p.Arg208Ter) gained our attention because it is a stop-gain

variation and a well-known pathogenic variant (ClinVarID:
2643) in neuronal ceroid lipofuscinosis (CLN2; MIM:
204500).15 It is a variant inherited from the father. CLN2 is an
autosomal recessive disease with severe, progressive neuro-
degeneration, most commonly starting at age 2–4 years.
Clinical symptoms include seizures, loss of speech, impaired
psychomotor function, blindness, and premature death. In
summary, it is less likely that this variant is directly connected
to the phenotype of the described family.

Although the simultaneous presence of rare heterozygous
variants on the same disease pathway raises the possibility of
oligogenic inheritance in the background of differential ex-
pressivity, it is impossible to prove this in a single family.
However, such findings are more frequently recognized with
the use of next-generation sequencing,16 so this problem
needs to be addressed in the future.

Altogether, there were only 4 autopsy reports from MPAN
cases in the literature to date.3,4,17 To summarize the
findings from these reports, widespread cortical-
subcortical alpha-synuclein–positive Lewy pathology was
present in both recessive and dominant cases with less
pronounced tau pathology, mainly in the hippocampus.
Neuropathologic examination of patient IV/15 was par-
tially compatible with these reports; however, we identified
some unusual features, most importantly, the pronounced
tau pathology was unique in this case. Tau pathology was
neuronal and was not compatible with that seen in primary
tauopathies or Alzheimer disease.18 However, it is yet
uncertain whether the widespread tau pathology is specific
to MPAN. In addition, as an unusual feature, we detected
neuronal cytoplasmic alpha-synuclein–positive inclusions
in the inferior olives.

In this study, we report one of the largest MPAN families in
the literature to date, confirming possible dominant in-
heritance of this disease. Neuropathologic study of a single
family member showed widespread tau pathology beside the
characteristic alpha-synucleinopathy. Although oligogenic
inheritance was raised as a possibility in the background of
differential expressivity, this hypothesis needs to be proven in
systematic studies.
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5. Vincze A, Kapás I, Molnar MJ, Kovács GG. Clinicopathological variability in neuro-
degeneration with brain iron accumulation. Ideggyogy Sz 2010;63:129–135.
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Mitochondrial aminoacyl-transfer RNA (tRNA) synthetases catalyze the attachment of specific
amino acids to their cognate tRNA, enabling intramitochondrial protein synthesis. Recessive
mutations in their coding nuclear genes are associated with heterogeneous clinical pre-
sentations, often displaying leukoencephalopathy.1

Biallelic mutations in EARS2, encoding the mitochondrial glutamyl-tRNA synthetase, result in an
infantile-onset neurologic disorder hallmarked by extensive symmetrical white matter abnormal-
ities sparing the periventricular zone, symmetrical signal abnormalities of the thalami and brain-
stem and thin corpus callosum (leukoencephalopathy with thalamus and brainstem involvement
and high lactate [LTBL], OMIM#614924). High blood lactate and mitochondrial dysfunction in
muscle and fibroblasts can be observed, especially in more severe cases.2

Clinical spectrum of patients with LTBL ranges from severe neonatal or early infantile disease with
delayed psychomotor development, seizures, hypotonia, and persistent lactate increase to a more
favorable form, characterized by a transient psychomotor regression in the first year of life followed
by stabilization and, in some cases, partial recovery of lost skills by age 2 years. Of interest, some
cases display an even milder phenotype characterized only by minor clinical regression and
abnormalities on brain MRI, suggesting that some mutation carriers can escape the genetic
diagnosis.2 Long-term clinical follow-up of EARS2-mutated patients has never been reported.3

Here, we describe amale patient with late-onset multisystemic neurodegenerative disorder presenting
with behavioral abnormalities, pyramidal, and extrapyramidal signs and progressive cognitive decline.
Whole-exome sequencing (WES) analysis in the proband allowed the identification of 2 novelEARS2
mutations. The Ethics Committee of the IRCCS Foundation Ca’ Granda Ospedale Maggiore Poli-
clinico (Milan, Italy) approved the study. Written informed consent was obtained from the patient.

The patient was born at term after an uneventful pregnancy. Reportedly, developmental psycho-
motor milestones were reached with some delay. He completed high school and attended military
service. He got married and had a son. He worked as an office worker until retirement. At age 63
years, he presented mood deflection for which he was examined by a psychiatrist who diagnosed an
atypical formof depression. The following year, the patient developed postural and intention tremor
of the right upper limb, which initially responded favorably to beta-blocking therapy. At age 68 years,
the tremor got significantly worse involving the left limb and presenting at rest. Neurologic
examination revealed the presence of upper limb dysmetria, plastic rigidity of the 4 limbs, and diffuse
hyperreflexia. The Mini-Mental State Examination score was 25/30. The serum lactate level was
within normal limits. Brain MRI showed extensive confluent almost symmetrical white matter
abnormalities and callosal atrophy, without thalamus and brainstem involvement (figure, A).
Head CT did not show pathologic calcifications. Brain 18F-fluorodeoxyglucose PET displayed
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symmetrical hypometabolism of the thalamus and the medial
temporal and parietal cortices (figure, B). He started levodopa
therapy with some benefit on rest tremor. Starting from age 70
years, the patient displayed a progressive cognitive deterioration

and reduced autonomy in daily activities and is now completely
dependent on others. In the late stages of the disease, he de-
veloped a peculiar movement disorder characterized by re-
petitive motor and vocal stereotypies.

FigureNeuroradiologic findings in the patient andmolecular and biochemical analyses of the identified EARS2mutations

(A) Brain MRI of the proband showing extensive supratentorial almost symmetrical white matter abnormalities and callosal atrophy, without thalamus and
brainstem involvement. (B) Brain 18F-fluorodeoxyglucose PE revealingmarked symmetrical hypometabolismof the thalamus and temporoparietal cortex. (C)
Sequence electropherograms showing the nucleotide substitutions c.1046A>G and c.1488+2T>A detected in the patient. (D) Gel electrophoresis of RT-PCR
amplicons encompassing exons 4 and 9 in EARS2 transcript (fibroblasts) showed an additional band in the patient caused by partial retention of intron 8 in
patient cDNA. cDNA allele-specific sequence electropherograms showing the intron retention effect of c.1488+2T>A mutation on the EARS2 transcripts at
exon 8–9 boundary. (E) SDS-PAGE/Western blot analysis of EARS2 (Sigma-Aldrich, SAB2100641, 1:1000) in protein lysates of fibroblasts from the patient and
healthy control. Densitometry, after normalization to ACTIN, showed a marked reduction of EARS2 signal in patient cells compared with controls. cDNA =
complementary DNA; RT = reverse transcriptase.
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WES was performed using the Nextera Exome Library protocol
(Illumina) and an Illumina NextSeq500 sequencing platform.
Variant calling and annotation were performed by GATK and
ANNOVAR (annovar.openbioinformatics.org/en/latest/) tools.
No variants in late-onset leukoencephalopathy-related genes were
found, including the CSF1R gene, which appeared a good a priori
candidate gene in this patient.4 Conversely, variant prioritization
disclosed 2 heterozygous variants in EARS2 (NM_001083614):
c.1064A>G and c.1488+2T>A, which were confirmed by Sanger
sequencing (figure, C) and resulted absent in public databases
(1000G and gnomAD). The son of the proband carried only the
c.1064A>G, indicating that the identified EARS2 mutations are
associated in trans. The c.1064A>G substitution leads to the
amino acid change p.Asn355Ser. The affected asparagine is con-
served across mammalian orthologues, and its change is predicted
deleterious by in silico tools (MutationTaster: score 0.999—
disease causing; PolyPhen-2: score 0.756—possibly damaging;
CADD-PHRED: score 22.0—highly deleterious). The
c.1488+2T>A substitution abrogates a physiologic splicing con-
sensus sequence (PhyloP score = 4.312; PhastCons score = 1),
likely activating a cryptic donor site 102 nucleotides downstream
exon 8. Transcript analysis in patient fibroblasts showed the partial
retention of intron 8 (figure, D), preserving EARS2 reading frame
and introducing 34 additional amino acids in the C-terminal an-
ticodon binding domain. EARS2 transcript levels weremaintained
(not shown), whereas residual protein levels were found reduced
in the patient compared with control cells (figure, E), suggesting
an increased degradation rate of themutated protein. The stability
and activity of respiratory chain complexes, evaluated by SDS-
PAGE (sodium dodecyl sulphate - polyacrylamide gel electro-
phoresis) and spectrophotometric analysis respectively, did not
differ between patient and control fibroblasts (not shown).

The clinical phenotype of the proband is different from that
shown by leukoencephalopathy with thalamus and brainstem
involvement and high lactate (LTBL), particularly in terms of
age at onset, clinical course, and brainMRI. The finding of novel
EARS2 variants in a patient with leukoencephalopathy but
without LTBL phenotype represents a diagnostic dilemma and
requires future confirmations. Considering the unbiased di-
agnostic approach of WES, the risk of finding functionally del-
eterious mutations that are not causative of the patient’s
phenotype is a concrete possibility; therefore, this chance cannot
be completely excluded in the case presented here. In addition, in
a recent report, McNeill et al. found 2 functionally deleterious
EARS2 variants in a patient affected by leukoencephalopathy
with calcifications and cysts, a phenotype completely explained
by the presence of biallelic SNORD118mutations, raising some
doubts on the pathogenicity of EARS2 variants in cases without
a classic LTBL phenotype.5,6 However, it should be pointed out
that the patient described there, carrying both EARS2 and
SNORD118mutations, died prematurely (age 16 years), keeping
open the possibility of the subsequent development of EARS2-
related late-onset disease, as in the case reported here.

Of interest, the clinical presentation of the proband pre-
sented here overlaps with clinical findings in patients

harboring mutations in AARS2, encoding the mitochon-
drial alanyl-transfer RNA synthetase, in which psychiatric
symptoms usually precede a rapid neurologic deterioration
with pyramidal signs and progressive cognitive decline in
adult patients in association with leukoencephalopathy.7

Overall, the findings presented here may suggest a possible
pathogenic role of the identified mutations in a late-onset
form of genetic leukoencephalopathy. We speculate that
the combination of a missense change and a splice site
mutation preserving reading frame does not severely affect
EARS2 function, permitting a later disease onset and
milder neuroradiologic phenotype. Our study prompts the
screening of this gene in other cases with late-onset leu-
koencephalopathy to confirm or reject this possible etio-
logic link.

Acknowledgment
The authors thank the patient and his family for their generous
collaboration. They thank Prof. Daniele Ghezzi (Fondazione
IRCCS Istituto Neurologico Carlo Besta, Milan, Italy) who
kindly provided EARS2 antibody.

Study funding
Cariplo Foundation (2014-1010 to D.R.) and Fresco Foun-
dation support to A.D.F.

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

Publication history
Received by Neurology: GeneticsMarch 16, 2020. Accepted in final form
June 17, 2020.

Appendix Authors

Name Location Contribution

Edoardo
Monfrini,
MD

Fondazione IRCCS Ca’
Granda Ospedale Maggiore
Policlinico, University of
Milan, Italy

Analyzed NGS data,
performed clinical
assessment, and drafted
the manuscript

Dario
Ronchi,
PhD

University of Milan, Italy Performed molecular
studies and critical revision
of the manuscript

Giulia
Franco,
MD

Fondazione IRCCS Ca’
Granda Ospedale Maggiore
Policlinico, Italy

Performed clinical
assessment

Manuela
Garbellini,
BSc

Fondazione IRCCS Ca’
Granda Ospedale Maggiore
Policlinico, Italy

Performed biochemical
studies

Letizia
Straniero,
PhD

Humanitas University,
Milan, Italy

Performed wet phase of
NGS

Elisa Scola,
MD

Fondazione IRCCS Ca’
Granda Ospedale Maggiore
Policlinico, Milan, Italy

Performed brain imaging
studies

Continued

Neurology.org/NG Neurology: Genetics | Volume 6, Number 5 | October 2020 3

http://annovar.openbioinformatics.org/en/latest/
https://ng.neurology.org/content/6/4/e488/tab-article-info
http://neurology.org/ng


References
1. Diodato D, Ghezzi D, Tiranti V. The mitochondrial aminoacyl tRNA synthetases:

genes and syndromes. Int J Cell Biol 2014;2014:787956.
2. Steenweg ME, Ghezzi D, Haack T, et al. Leukoencephalopathy with thalamus and

brainstem involvement and high lactate “LTBL” caused by EARS2 mutations. Brain
2012;135:1387–1394.

3. Fine AS, Nemeth CL, Kaufman ML, et al. Mitochondrial aminoacyl-tRNA synthetase
disorders: an emerging group of developmental disorders of myelination. J Neurodev
Disord 2019;11:29.

4. Rademakers R, Baker M, Nicholson AM, et al. Mutations in the colony stimulating
factor 1 receptor (CSF1R) gene cause hereditary diffuse leukoencephalopathy with
spheroids. Nat Genet 2012;44:200.

5. Mcneill N, Nasca A, Reyes A, et al. Functionally pathogenic EARS2 variants in vitro
may not manifest a phenotype in vivo. Neurol Genet 2017;3:e162. doi: 10.1212/
NXG.0000000000000162

6. PandolfoM.This variant alters protein function, but is it pathogenic?NeurolGenet 2017:3:e173.
7. Tang Y, Qin Q, Xing Y, et al. AARS2 leukoencephalopathy: a new variant of mito-

chondrial encephalomyopathy. Mol Genet Genomic Med 2019;7:e00582.

Appendix (continued)

Name Location Contribution

Federica
Arienti,
MD

Fondazione IRCCS Ca’
Granda Ospedale
Maggiore Policlinico,
University of Milan,
Italy

Performed clinical
assessment

Stefano
Duga, PhD

Humanitas University,
Humanitas Clinical
and Research Center
IRCCS, Milan,
Italy

Supervised the study and
critical revision of the
manuscript

Giacomo
Pietro
Comi, MD

Fondazione IRCCS Ca’
Granda Ospedale
Maggiore Policlinico,
University of Milan,
Italy

Supervised the study and
critical revision of the
manuscript

Nereo
Bresolin,
MD

Fondazione IRCCS Ca’
Granda Ospedale
Maggiore Policlinico,
University of Milan,
Italy

Supervised the study and
critical revision of the
manuscript

Appendix (continued)

Name Location Contribution

Alessio Di
Fonzo, MD,
PhD

Fondazione IRCCS Ca’
Granda Ospedale Maggiore
Policlinico, University of
Milan, Italy

Study design, supervised
the study, and critical
revision of the manuscript

4 Neurology: Genetics | Volume 6, Number 5 | October 2020 Neurology.org/NG

http://neurology.org/ng


CLINICAL/SCIENTIFIC NOTES OPEN ACCESS

Childhood-onset epileptic encephalopathy due to
FGF12 exon 1–4 tandem duplication
Sarah Verheyen, MD, Michael R. Speicher, MD, Barbara Ramler, BSc, and Barbara Plecko, MD

Neurol Genet 2020;6:e494. doi:10.1212/NXG.0000000000000494

Correspondence

Dr. Plecko

barbara.plecko@medunigraz.at

Fibroblast growth factor 12 (FGF12) spans 5 exons and encodes for a cytosolic voltage-gated
sodium channel binding protein that modulates neuronal excitability.1,2 A recurrent activating
FGF12 mutation (NM_021032, [GRCh37] 192053223C>T, p.R114H in A-isoform, p.R52H
in B-isoform) causes epileptic encephalopathy (EE) with neonatal onset and intellectual dis-
ability (ID).2–6 Recently, a tandem duplication involving exons 1–4 of the FGF12 gene was
related to a later onset EE phenotype.7 Here, we characterize a second case harboring a FGF12
exon 1–4 duplication.

A 7-year-old girl, scheduled for second opinion, had to be admitted because of a second
untriggered episode of sudden unconsciousness.

She was the product of a second uncomplicated pregnancy of healthy, unrelated Hungarian
parents. Her 17-year-old brother was healthy. There was no family history of neurologic
disorders. Parents reported normal psychomotor and speech development despite a diagnosis
of hypacusis along a neonatal screening test. Since the age of 4 years, she suffered from
generalized, tonic, and tonic-clonic seizures that were resistant to valproic acid, phenytoin, and
carbamazepine. She was seizure free for 5months while on phenytoin plus levetiracetam. Under
the assumption of an autoimmune disorder, she received 10 sessions of plasmapheresis in her
home country at the age of 6 years without any benefit.

Nine months before admission to our hospital, she had a first episode with sudden loss of
consciousness that lasted for about 5 hours. Parents reported no triggers, such as fever, vom-
iting, or irregular administration of her anticonvulsants. She recovered spontaneously without
admission to hospital but afterward started to slowly deteriorate with loss of active speech, hand
apraxia, and impaired gait along increasing seizure frequency.

On the day of admission, she was found unreactive in bed, 1 hour after having had breakfast; she
had been her usual self the evening before and had taken her anticonvulsants regularly (leve-
tiracetam, phenytoin, clobazam, and lamotrigine). We saw a nondysmorphic, comatose, afebrile
7-year-old girl (Glasgow coma scale, 7) with heart rate 120/min, spontaneous respiratory rate
18/min, and blood pressure 135/75 mm Hg; her physical examination was otherwise normal;
weight, length, and head circumference were on the 50th percentile. Pupils were reactive to
light, muscle tone was decreased, and bulbar reflexes were preserved. Blood count, interleukine-
6, blood gases, lactate, glucose, electrolytes, transaminases, creatine, alkaline phosphatase,
lactate dehydrogenase, and ammonia were all normal. EEG showed nonconvulsive status
epilepticus (NCSE) (figure 1A, day 1). She spontaneously regained consciousness after a total
of 14 hours, followed by frequent, generalized tonic-clonic seizures that prompted the IV
administration of phenytoin, 5 mg/kg in 30 minutes, followed by 3.8 mg/kg in 2 single dosages
IV/24 hours with cessation of seizure activity over the following days and improved EEG
activity (figure 1A; day 2 and day 7). Drug screening for benzodiazepines and gamma
hydroxybutyrate, selective screening for inborn errors of metabolism by plasma acylcarnitines,
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plasma amino acids, urinary organic acids, enzyme analysis for
neuronal ceroid lipofuscinosis types 1 and 2, serum concentrations
of anticonvulsants, and 1.5T MRI of the brain were all normal.

Phenytoin was slowly tapered from day 14 of admission be-
cause of parental concerns on potential side effects. After this,
she experienced another NCSE that was interrupted by IV
midazolam (figure 1A, day 14).

Over the following month, while on lamotrigine, levetiracetam,
topiramate, and clobazam, she could be weaned from tube
feeding and regained independent walking. She used single

words but had loss of practical hand skills and poor eye contact,
inappropriate laughing, and crying as well as sleep disturbances.

Chromosomal analysis was normal (46,XX). Array compar-
ative genomic hybridization revealed a duplication of 583 kb
at 3q28-q29, involving exons 1–4 of the FGF12 gene,
[GRCh37] 3q28q29(191874052_192456936x3) (figure e-1,
links.lww.com/NXG/A299). The de novo occurrence of the
duplicated segment in the patient was confirmed by quanti-
tative real-time PCR of parents’ DNA (figure e-2, links.lww.
com/NXG/A300). Long-range PCR of the genetic region
between the 2 duplicated segments revealed a product of

Figure 1 EEG records, scheme of FGF12 exon 1–4 tandem duplication, and verification with PCR

(A) Bipolar EEG records (montage as indicated), 30 mm/second; 10 μvol/mm; 0.300 Hz; 50 Hz Notch filter. Day 1: Glasgow coma scale (GCS) 7, background
suppression with periodic bursts of slow wave activity during nonconvulsive status epilepticus (NCSE). Day 2: sleep background, diffuse slowing, and
multifocal sharp wave activity. Day 7: primary generalized and bioccipital epileptic discharges. Day 14: GCS 11, NCSE. (B) N1—last nonduplicated DNA
oligonucleotide in Array comparative genomic hybridization. D1—begin of duplicated region, first duplicated oligonucleotide. D2—end of duplicated region,
last duplicated oligonucleotide. N2—first nonduplicated DNA oligonucleotide in Array CGH. (C) DNA ladder gene ruler 1 kb (1), long-range PCR product:
patient DNA (2), paternal DNA (3), and maternal DNA (4). Long-range PCR product was only obtained in case of tandem duplication of FGF12 because of the
primer design (B). Control PCRproduct of 344 bp using forward primer 5 and reverse primer 6 (within the FGF12 keltic gene): patient DNA (5), paternal DNA (6),
and maternal DNA (7). Primer sequences available in extended materials and methods (links.lww.com/NXG/A303).
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about 7 kb, proving tandem arrangement in the affected child,
which was absent in her parents (figure 1).

This case shows striking analogies to the patient with tandem
duplication involving the FGF12 gene published by Shi et al.7

and suggests that in contrast to mutations of the FGF12 gene,
which cause neonatal onset EE, tandem duplications involving
exons 1–4 of FGF12 cause a different phenotype with normal
early development, childhood onset EE, and developmental
regression (for comparison of phenotypes, see table e-1, links.
lww.com/NXG/A301).

A further case with an exon 1–4 duplication ([GRCh37]
Chr3:191,860,089-192,451,114) and a similar phenotype
could be extracted from Decipher (Decipher ID: 401650,
table e-2, links.lww.com/NXG/A302).

The recurrent missense variant p.R114H/p.R52H that is as-
sociated with neonatal or early infantile onset EE is located in
exon 3. The affected amino acid is part of the interface between
FGF12 and the voltage-gated sodium channel Nav. The mu-
tation is assumed to decrease binding probability, leading to
faster repolarization and consecutive neuronal hyperexcitabil-
ity.2 Duplications or deletions including the whole gene are
associated with a variable phenotype fromnormal development
to ID (depending on the size of the aberration), typically
without seizures. Small duplications involving exon 1 or exons 4
and 5 only also lack an epilepsy phenotype (for data from
Decipher, see table e-2, links.lww.com/NXG/A302).

This supports our assumption that the structural change of
the recurrent exon 1–4 duplication, as the recurrent missense
variant p.R114H/p.R52H, leads to an altered binding be-
havior of FGF12 to the sodium channel. Functional studies
are warranted to better understand the mechanism of the
different variants affecting exon 3 that cause these distinct
phenotypes. In the present case, phenytoin led to only tran-
sient control of seizures in combination with levetiracetam at
the age of 4 years but was beneficial in interrupting a series of
frequent tonic-clonic seizures after NCSE at age 7 years.
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Recently, DNAJC7 was found to be associated with amyotrophic lateral sclerosis (ALS) in a
single large-scale exome sequencing study.1 Multiple protein-truncating variants were detected
in individuals with ALS that were absent in control subjects.1DNAJC7 encodes a member of the
DnaJ heat-shock protein family (HspP40), which functions in protein homeostasis, including
protein folding and degradation.2 To validate the pathogenic role of DNAJC7 in ALS and
further understand the relevant clinical features, we screened a Taiwanese ALS cohort for
DNAJC7 mutations.

Methods
A consecutive series of 325 unrelated individuals (191 men and 134 women) with ALS
diagnosed by the revised EL Escorial criteria 2015 were enrolled into the study.3 The average at
disease onset was 54.3 (range 19–89) years. Seventy patients (21.5%) were affected by a bulbar-
onset ALS, 39 patients (12%) had an ALS family history, 64 individuals carried a mutation in
other ALS disease genes, such as SOD1, C9ORF72, TARDBP, or FUS, and 254 patients had an
apparently sporadic ALS without any known mutation for ALS. Genomic DNA was extracted
from peripheral blood samples. Mutation analyses of the coding region of DNAJC7 were
performed by PCR amplification and Sanger sequencing. The amplicon sequences were
compared with the reference DNAJC7 coding sequence (NM_003315.4). All participants
provided a written informed consent, and this study was approved by the Institutional Review
Board of Taipei Veterans General Hospital.

Results
Mutational analysis of DNAJC7 in the 325 ALS patients revealed only one heterozygous
truncating frameshift variant, c.401_402delAA (p.Q134Rfs*6) (figure, A), in one single in-
dividual with apparently sporadic ALS. Neither this variant nor other DNAJC7 loss-of-function
(LOF) variant was found in the 1,517 ethnically matched control genomes in the Taiwan
Biobank database (taiwanview.twbiobank.org.tw). The p.Q134Rfs*6 variant was also absent in
the Genome Aggregation Database (gnomAD v2.1.1; gnomad.broadinstitute.org). The variant
was predicted as a disease-causing mutation by 2 bioinformatics tools, MutationTaster
(mutationtaster.org)4 and Combined Annotation Dependent Depletion (CADD v1.6; cadd.gs.
washington.edu)5 with the CADD PHRED score 31.

The gentleman carrying theDNAJC7mutation had an initial symptom of left hand weakness at
age 61 years. Neurologic examinations at age 62, approximately 1 year after the disease onset,
revealed tongue atrophy with fasciculation, weakness and atrophy with fasciculation in the bilateral
upper extremities (muscle strength of 2–3 of 5 according to the Medical Research Council scale), a
mild degree of weakness of the left hip flexor (4/5), diminished deep tendon reflexes, and normal
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cognitive function. The symptoms deteriorated rapidly in the
following 6 months, and the patient developed bilateral lower
limbs weakness and respiratory distress requiring noninvasive
ventilation support. The Amyotrophic Lateral Sclerosis Func-
tional Rating Scale-revised (ALSFRS-R) scores were 38 at age 62
and dropped to 13 six months later.6 The patient did not carry
any other mutation related to ALS and denied having a family
history of ALS (figure, B).

Discussion
We identified a DNAJC7 LOF mutation, p.Q134Rfs*6, in a
patient with apparently sporadic ALS. Its pathogenicity was
supported by the following findings. First, DNAJC7
p.Q134Rfs*6 is absent in the 1,517 ethnically matched Taiwa-
nese control genomes and the gnomAD. Second, the mutation
was predicted as pathogenic by Mutation Taster and CADD
programs. Furthermore, DNAJC7 p.Q134Rfs*6 is a truncating
frameshift mutation, which putatively results in a truncated, often
unstable protein product that compromises DNAJC7 functions.
Similar DNAJC7 LOF mutation, p.R156*, has been demon-
strated with significantly reduced protein production in vitro.1

The DNAJC7 p.Q134Rfs*6 mutation was identified in one of
the 254 unexplained sporadic ALS patients (0.4%). In another
recent study,DNAJC7 protein-truncating variants were identified
in 8 out of 5,095 (0.16%) ALS patients.1 These findings suggest
that DNAJC7 mutations are not a common cause of ALS.

The clinical features of ALS associated with DNAJC7 LOF
mutations remain elusive. Our patient had a typical spinal-
onset ALS but a rapidly progressive disease course with 35
points decline of the ALSFRS-R scores during the 18 months
after disease onset. According to the PRO-ACT database, the

average rate of the ALSFRS-R decline of the ALS patients was
1.02 points per month.7 Lack of ALS family history of the
patient suggests that DNAJC7 may be a risk gene or mende-
lian disease gene with reduced penetrance for ALS. Re-
grettably, we cannot approach the patient’s siblings and
parents, and this is a limitation of the present study. Further
studies are warranted to elucidate the role and phenotypic
features of DNAJC7 mutations in ALS.

In conclusion, we identified a patient carrying a DNAJC7
p.Q134Rfs*6 mutation and suffering from a rapidly pro-
gressive spinal-onset ALS. The present study underlines the
pathogenic role of DNAJC7 LOF mutation in ALS.
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Figure The DNAJC7 mutation and pedigree of the patient with ALS

(A) Sanger sequence traces of the DNAJC7 c.401_402delAA (p.Q134Rfs*6) mutation identified in the ALS patient in this study. The heterozygous frameshift
mutations are clearly demonstrated by sequencing the TA-subcloned PCR fragments. (B) The pedigree structure of the ALS patient with theDNAJC7mutation.
Open symbol: unaffected; filled symbol: affected; symbol with diagonal line: deceased subjects; square: male; circle: female; arrow: the proband. ALS =
amyotrophic lateral sclerosis.
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Kv7.2 (KCNQ2) channel dysfunctions cause a rare form of neonatal and infantile epileptic and
developmental encephalopathy (MIM 613720).1 Unlike early clinical features and the epilepsy
phenotype of KCNQ2 encephalopathy, data about the long-term developmental outcome are
lacking. We followed up for over 3 decades a girl with this disease.

The patient, who is aged 30 years and the only child of healthy unrelated parents, presented
with pleiomorphic epileptic seizures (clonic, tonic asymmetric, and focal, with cyanosis) on the
second day of life. These seizures were unresponsive to IV benzodiazepines and pyridoxine.
EEG detected 2 independent foci in both frontotemporal regions. After a stormy onset, the
combination of phenobarbital and phenytoin led to seizure improvement within the third
month of life.

Neurologic examination during the first months of life detected minor facial dysmorphisms
(figure), hypokinesia, and diffuse hypotonia. In the following years, progressive developmental
delay, subcontinuous Rett-like hand stereotypies (flapping, washing, and mouthing) with re-
duced functional use of both hands, bradykinesia, hypomimia, severe dystonic quadriparesis,
and kyphoscoliosis became obvious. She was never able to walk and had been using a wheelchair
since age 7 years. At this stage, the girl showed profound intellectual disability (Griffiths Mental
Development Scales: DQ 30) with absent language, hypoactivity, and severely limited social
interaction. During late childhood and adolescence, epilepsy showed a relapsing-remitting
course with focal clonic or generalized seizures and prolonged episodes of staring and un-
responsiveness. Interictal EEG alterations included plurifocal spike and wave abnormalities
predominantly in the anterior regions and a photoparoxysmal response at medium and high
frequencies (figure, G). Between the ages of 17 and 20 years, seizures were well controlled with
valproate and lamotrigine. After age 20 years, the patient remained seizure free with a stable
clinical condition (video 1).

A brain MRI at age 4 years showed prevalent frontoinsular atrophy (figure, D–F). CSF ex-
amination at age 7 years detected normal glycorrhachia, lactate, amino acids, biogenic amines,
and pterins.

A next-generation sequencing panel that included 140 genes involved in genetic epilepsies
revealed the de novo heterozygous KCNQ2 variant c.629G>A (p.Arg3894Gln), which was not
present in the Human Gene Mutation Database (portal.biobase-international.com/). Its
pathogenetic role is supported by previously published missense variants affecting the same
amino acid in the S4 voltage sensor segment of the protein in patients with epileptic and
developmental encephalopathies (c.628C>T; p.Arg210Cys and c.629G>A; p.Arg210His) and
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by multistate structural modeling studies that have demon-
strated the involvement of the arginine at position 210 in the
S4 segment in the stabilization of the protein through com-
plex electrostatic interactions.1–3 Although there were no
therapeutic consequences, the molecular genetic diagnosis
had a positive psychological impact on the parents.

The clinical history of our patient highlighted that motor and
behavioral abnormalities, rather than epilepsy, characterize
the adult phenotype of KCNQ2 encephalopathy. The clinical
follow-up of our patient showed the progressive emergence of
a behavioral pattern resembling that of Rett syndrome. A

Rett-like presentation was previously reported in 8 patients
with KCNQ2 encephalopathy.4,5 Two of these patients car-
ried the c.637C>T (p. Arg213Trp) variant, which involves the
same region as the c.628C>T variant. One of them presented
with neonatal seizures, global developmental delay, a lack of
speech, and hand stereotypies.4,5

Some parkinsonian symptoms, such as bradykinesia, hypo-
mimia, hypoactivity, and dystonia (video 1), have previously
been reported in classicMeCP2-related Rett syndrome and in
other early-onset epileptic and developmental encephalopa-
thies,6 suggesting that several genetically determined

Figure Clinical, neuroradiologic, and EEG features of the reported patient

(A, B, and C) Minor facial dysmorphisms at age 5
months, 7 years, and 30 years (prominent ears
and chin, deep-set eyes, and wide mouth with
protruding tongue). (D, E, and F) BrainMRI at age 4
years showing frontotemporal cortical atrophy.
(G) EEG at age 28 years showing a photo-
paroxysmal response at 28 Hz.
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neurodevelopmental disorders share a common adult out-
come. However, unlike other diseases (including Kleefstra
syndrome, MECP2 mutations in males, and CDKL5 en-
cephalopathy in females), our patient did not experience a
regression in cognitive or motor performance in adulthood.6

The role of Kv7.2 dysfunction in the expression of abnormal
GABAergic parvalbumin-positive interneurons and their
dendritic arborization within corticostriatal and nigrostriatal
dopaminergic transmission (an impairment also described in
Mecp2-null mice) could suggest a possible link between Rett
syndrome, KCNQ2 encephalopathy, and other neuropsy-
chiatric disorders in terms of the pathophysiology of hypo-
kinetic movement disorders, dystonia, and hand stereotypies.7

Recent experimental data on KCNQ2+/− mice established a
link between loss-of-function Kv7.2 mutations and behavioral
disorders that was characterized by increased repetitive and
compulsive behaviors, reduced social interest, and impaired
social interaction mechanisms.7

From a clinical perspective, the present case highlights the
importance of diagnostic reevaluation in adults with early-
onset chronic neurologic conditions that were previously la-
beled according to a syndromic, rather than etiologic, di-
agnostic classification. In the absence of therapeutic
consequences, the prognostic and psychological implications
of a genetic diagnosis should not be underestimated.
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Our group previously published about a patient with a LS/MELAS (Leigh syndrome/
mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like episodes) overlap
phenotype associated with a novelmitochondrial mutation in theND5 gene.1 At that time, his 38-
year-oldmother presented onlymigraine and asymptomatic bilateral optic atrophy, without other
neurologic signs or symptoms. Headache attacks, occurring about twice a month, were localized
mainly in the right frontoparietal region, sometimes associated with nausea or vomit or pho-
nophotophobia, and were responsive to nonsteroidal anti-inflammatory drugs. She carried lower
levels of heteroplasmy of the same A13084T mutation (57% in lymphocytes and 48% in fibro-
blasts) compared with her son (82% in blood and 72% in fibroblasts).

At 53 years of age, she was admitted to our hospital to treat the recent worsening of migraine
attacks in terms of frequency (up to 12 a month) and severity. Neurologic examination was
unremarkable, including manual visual field by confrontation. Ophthalmologic examination
revealed visual acuity loss, which onset was not exactly datable. Visual acuity was 20/32 in the
right eye (oculus dexter [OD]) and 20/40 in the left eye (oculus sinister [OS]). Fundoscopy
confirmed known bilateral optic disc pallor and excavation, with major involvement of the
temporal sectors (figure, A). Intraocular pressure was 16 mmHg bilaterally. Computerized visual
field analysis showed a moderate-severe defect in the superotemporal sector in the OD and
centrocecal scotoma in the OS (figure, B). No retinal abnormalities were detected at infrared and
autofluorescence retinoscopy (figure, C), whereas optical coherence tomography showed a dif-
fused macular ganglion cell layer thinning and a retinal nerve fiber layer atrophy of the temporal
sectors bilaterally (figure, D). Visual evoked response to flash stimulation was reduced in am-
plitude in the OS, with a markedly increased latency, and normal in the OD. Serum lactate was
slightly elevated (1.6 mmol/L; normal values <1.3 mmol/mol), and folate levels were mildly
reduced (3.5 μg/L; normal range 4.6–18.7 μg/L). The remaining blood tests, including thyroid
and liver functions, were otherwise normal. We performed a brain MRI with gadolinium that also
included studies of orbits and cerebral vessels. Subcortical white matter carried nonspecific
hyperintensities in T2 sequences, but no signs of previous stroke-like lesions were detected. No
optic nerve or chiasm abnormalities were seen on scans. Arteries of the circle of Willis were
normally represented.

Our findings pointed out to a phenotype similar to Leber hereditary optic neuropathy
(LHON), not previously diagnosed because the patient did not perform further evaluations
in the past years nor reported ocular symptoms so far. Idebenone (dosage 90 mg trice a day)
was added to the treatment with coenzymeQ10 (dosage 50 mg twice a day).2 Because LHON
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may be associated with arrhythmias and mitochon-
driopathies with cardiac involvement, we performed ECG,
echocardiogram, and 24-hour ECG monitoring, resulted all
normal. Frequency of headache episodes responded partially
to riboflavin 200 mg twice a day.3 Clinical evaluation and
ophthalmologic assessments, performed 1 year later, were
substantially stable.

Here, we describe the mitochondrial A13084T mutation in
the ND5 gene, still not reported in other families, in associ-
ation with a LHON-like presentation and migraine, in addi-
tion to the previously described LS/MELAS phenotype.1

ND5 is a mtDNA gene encoding for the nicotinamide adenine
dinucleotide dehydrogenase 5, part of the complex I of the
respiratory chain in mitochondria, which mutations have been
so far associated with MELAS, LHON, Leigh syndrome (LS),
and overlap syndromes (MELAS/LS, MELAS/LHON/LS,
MELAS/Chronic Progressive External Ophthalmoplegia,
MELAS/Myoclonic Epilepsy with Ragged-Red Fibers).4,5

LHON, usually affecting young men, is typically characterized
by bilateral and painless loss of vision, with centrocecal

scotoma, prominent temporal optic nerve atrophy, and se-
lective degeneration of retinal ganglion cells,2 as occurred in
our patient. However, our patient did not complain of acute or
subacute visual loss. In the literature, heteroplasmy has been
reported in 10%–15% of LHON cases with levels above 70%,6

which are higher compared with those found in our patient.
We speculate that lower heteroplasmy levels and female sex
may be responsible for the milder presentation of visual loss in
our patient, although further observation is needed to confirm
this theory.

Despite being a common disorder in the population, a higher
prevalence of migraine has been reported in several mito-
chondrial disorders, probably because of impaired oxidative
metabolism in the CNS.7

In conclusion, our findings expand the spectrum of pheno-
types arising from the A13084T mutation. We support the
role of ND5 as a candidate gene for LHON or LHON-like
presentations. Moreover, we suggest periodic evaluations in
paucisymptomatic or asymptomatic carriers to detect sub-
clinical signs of optic atrophy.

Figure Neuro-ophthalmologic evaluations

Fundus color image showing bilateral optic disc pallor and excavation, with main involvement of the temporal sectors (A). Humphrey automatic visual field
analysis 30-2 revealing a superotemporal defect in the OD and centrocecal scotoma in the OS (B). No retinal abnormalities were detected at IR and
autofluorescence (C, OS upper row, OD lower row), whereas OCT showed a diffusedmacular ganglion cell layer thinning and a RNFL atrophy of the temporal
sectors (D, OS upper row, OD lower row). IR = infrared retinoscopy; OCT = optical coherence tomography; OD = oculus dexter; OS = oculus sinister; RNFL =
retinal nerve fiber layer.
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Abstract
There is mounting evidence that only a small fraction of early-onset Alzheimer disease cases
(onset <65 years) are explained by known mutations. Even multiplex families with early onset
often also have late-onset cases, suggesting that the commonly applied categorization of Alz-
heimer disease into early- and late-onset forms may not reflect distinct underlying etiology.
Nevertheless, this categorization continues to govern today’s research and the design of clinical
trials. The aim of this review is to evaluate this categorization by providing a comprehensive,
critical review of reported clinical, neuropathologic, and genomic characteristics of both onset-
based subtypes and explore potential overlap between both categories. The article will lay out
the need to comprehensively assess the phenotypic, neuropathologic, and molecular variability
in Alzheimer disease and identify factors explaining the observed significant variation in onset
age in persons with and without known mutations. The article will critically review ongoing
large-scale genomic efforts in Alzheimer disease research (e.g., Alzheimer Disease Sequencing
Project, Dominantly Inherited Alzheimer Network, Alzheimer Disease Neuroimaging Initia-
tive) and their shortcomings to disentangle the delineation of unexplained nonmendelian early-
onset from late-onset and mendelian forms of Alzheimer disease. In addition, it will outline
specific approaches including epigenetic research through which a comprehensive character-
ization of this delineation can be achieved.
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Alzheimer disease (AD) is the most common form of de-
mentia accounting for 50%–75% of dementia cases.1 To date,
an estimated 5.4 million Americans have AD; this number is
projected to quadruple by midcentury, largely driven by
population aging. By 2050, it is projected that a new case of
AD will develop every 33 seconds on average, resulting in
nearly a million new cases each year.1 Overall, the incidence of
AD increases exponentially with age, doubling every 5 years
after age 65 years, although some individuals, even in multi-
plex AD families, successfully age without cognitive decline.2,3

Currently, 1 in 9 people aged 65 years and older and 1 in 3
people older than 85 years have the disease. There are no
substantially effective therapeutic interventions for AD avail-
able.1 Although deaths resulting from heart disease, prostate
cancer, and stroke have decreased over the past decade, deaths
from AD have increased by 145%, making AD the sixth
leading cause of mortality in the United States.1 Total costs
for health care, long-term care, and hospice services for people
with dementia are expected to increase from approximately
$290 billion to date to more than $1.1 trillion by the year
2050. Not accounted for in these numbers are the billions of
hours of care provided by unpaid caregivers estimated to be
equivalent to nearly $234 billion annually.1

Categorization into early- and late-
onset forms of AD
AD is commonly categorized as either early onset (EOAD) or
late onset (LOAD) based on an age cutoff, typically 65 years.4,5

This threshold, however, is arbitrary, and a cutoff of 60 years is
also commonly used. Of all patients with AD, 5%–10% (corre-
sponding to 220,000–640,000 Americans)6 are attributed to
EOAD. Specifically, the 45–64 years age group has a reported
annual incidence of 6.3/100,000 and prevalence of 24.2/
100,000, with both rates rising exponentially as individuals ap-
proach age 65 years.7,8 However, unlike LOAD for which an
extensive number of representative data on prevalence and in-
cidence are available, these estimates for EOAD are derived from
significantly less data from nationally (and internationally) rep-
resentative samples, with a paucity of data both within and across
ethnic groups. It is possible that the true prevalence and in-
cidence rates for EOAD are higher, in particular for sporadic
cases and nonmendelian familial EOAD cases. A substantial
portion of those who would meet the diagnostic criteria for AD
are not diagnosed by a physician and so underreported.

In general, there are 2 types of inheritance patterns observed in
EOAD:mendelian (mEOAD) and nonmendelian (nmEOAD)
patterns. mEOAD forms are typically fully penetrant with an
autosomal dominant inheritance pattern, most often caused by
mutations in APP, PSEN1, and PSEN2 (see Genetics of
mEOAD section). Conversely, nmEOAD is often sporadic or
with inconsistent inheritance patterns (i.e., inheritance patterns
that are not obviously autosomal dominant, or with highly
variable age at onset, including LOAD). Although the etiology
and genetic basis of nmEOAD are largely unknown, it is gen-
erally considered to be multifactorial, with polygenic effects.

Among the scientific literature, the terminology used to de-
scribe EOAD and its subtypes is inconsistent. For many EOAD
is synonymouswithmEOAD, althoughmEOADaccounts only
for approximately 10% of EOAD cases.4,5 Some use the terms
familial EOAD or autosomal dominant EOAD to refer to
mEOAD. Still others use familial EOAD to refer to any EOAD
case with a positive family history (whether autosomal domi-
nant) and sporadic EOAD for cases without a family history.
This inconsistency in terminology reflects a lack of un-
derstanding of the molecular etiology of EOAD, EOAD sub-
types, and their delineation from LOAD. Although there is a
general consensus that mEOAD represents a genetic etiology
distinct from LOAD, it is less clear if and how nmEOAD is
distinct from LOAD. As indicated above, it is generally held
that most nmEOAD, both with and without a family history, is
predominantly polygenic. Many hypothesize that nmEOAD is
simply an extreme phenotype of LOAD that results from an
accumulation of variants typically associated with LOAD or the
presence of additional genetic or environmental modifying
factors lowering onset age (e.g., cerebrovascular disease).4,5

However, there has been little work performed to actually test
and verify this hypothesis, posing a critical gap in AD research
and our understanding of AD etiology. Clarifying to what ex-
tend nmEOAD is clinically and etiologically distinct from
mEOAD and LOAD is vital for understanding the molecular
mechanisms leading to AD, determining accurate population
burden, predicting an individuals’ risk, applying appropriate
study designs from basic research to clinical trials, and de-
veloping personalized and effective targets for prevention and
treatment. The purpose of this review is to address this critical
gap of knowledge by assessing and summarizing the evidence
for differences in etiology between the various presentations of
AD and identifying the void that remains in our understanding
of these presentations.

Glossary
αSyn = α-synuclein; AD = Alzheimer disease; ADGC = Alzheimer Disease Genetics Consortium; ADNI = Alzheimer Disease
Neuroimaging Initiative; CNV = copy number variation; CpG = cytosine-phosphate-guanine; DIAN-OBS = Dominantly
Inherited Alzheimer Network observational study; DNAm = DNA methylation; EOAD = early-onset AD; FTD =
frontotemporal dementia; GWAS = genome-wide association study; LOAD = late-onset AD; mEOAD = mendelian EOAD;
NFL = neurofilament light chain; NFT = neurofibrillary tangle; nmEOD = nonmendelian EOAD; NPC = Neuropathology
Core; PiB = Pittsburgh compound B; READR = Resource for Early-onset Alzheimer Disease Research.

2 Neurology: Genetics | Volume 6, Number 5 | October 2020 Neurology.org/NG

http://neurology.org/ng


Clinical characteristics of EOAD
and LOAD
The typical clinical presentation of AD is characterized by
predominant impairment of anterograde episodic memory
that, as the disease progresses, is accompanied by dysfunction
in additional cognitive domains such as visuospatial, language,
and executive function, eventually resulting in global cognitive
decline, complete dependency, and death. This typical
memory-predominant phenotype is observed in most LOAD
cases and a large subset of EOAD cases.9 However, roughly
25% of all subjects with EOAD show an atypical clinical
presentation that is characterized by preserved episodic
memory but focal cortical symptoms, in particular apraxia,
visual dysfunction, aphasia, or executive dysfunction.10–12

The clinical characteristics of mEOAD have been researched
through projects such as the Dominantly Inherited Alzheimer
Network observational study (DIAN-OBS) and other
studies.2,13–17 Data from these initiatives suggest that in
mEOAD, cognitive symptoms overlap substantially with
typical sporadic LOAD symptoms, but usually with a more
aggressive disease course with shorter relative survival time.11

Noncognitive clinical manifestations affect a subset of par-
ticipants with mild to moderate mEOAD.16 The most prev-
alent nonamnestic cognitive manifestations in participants in
the DIAN-OBS cohort are those typical of mild to moderate
AD, including visual agnosia (55.1%), aphasia (57.9%), and
behavioral changes (61.7%), whereas the prevalence of non-
cognitive neurologic manifestations was reported to be lower:
myoclonus and spasticity (9.3%), seizures (2.8%), and par-
kinsonism (11.2%). Analyses of published data on subjects
with mEOAD yielded a higher prevalence for myoclonus
(19.4%), spasticity (15.0%), parkinsonism (12.5%), and sei-
zures (20.3%) but a lower prevalence for nonamnestic cog-
nitive manifestations (e.g., visual agnosia [5.6%], aphasia
[23.0%], and behavioral changes [31.7%]).16 Such discrep-
ancies could be due to differences in disease stage, pheno-
typing, and/or ascertainment protocols between studies. A
recent larger prospective cohort study reported that a signif-
icant minority (16%) of subjects with mEOAD had non-
amnestic cognitive phenotypes, and about 25% had atypical
neurologic symptoms in addition to the amnestic pheno-
type.18 Analyses of clinical presentation based on genetic
background suggest that compared with APP carriers, PSEN1
carriers are more likely to exhibit additional neurologic fea-
tures such as myoclonus, corticobulbar deficits, aphasia, and
spasticity but less often ischemic stroke and hemorrhage.16,18

Also, mutation location within the gene could affect the
clinical phenotype.18 For instance, most of the APP substi-
tutions at the Aβ sequence lead to mEOAD, whereas the
Ala673Thr APP protects against of AD.19

There is a lack of studies assessing the clinical characteristics
of nmEOAD as a specific disease entity separate from
mEOAD and LOAD. The reported studies were

heterogeneous in their design, applied a variety of diagnostic
criteria, often did not consider biomarkers, and typically
assessed all types of dementia without excluding mEOAD,
hindering informed conclusions to be drawn about this form
of AD.7 Like mEOAD and LOAD, nmEOAD is typically
memory predominant, with nonamnestic symptoms in a
subset of the patients. However, data beyond this are limited.
It is not clear whether the neuropsychological profile within
the memory domain differs from that of mEOAD and LOAD.
In addition, the true prevalence of atypical presentations
within the nmEOAD category remains unclear, as does the
true onset age distribution of both sporadic and familial
nmEOAD cases.

Neuropathologic distinction between
EOAD and LOAD
AD is neuropathologically characterized by extracellular ac-
cumulation of diffuse and neuritic amyloid plaques composed
of abnormally folded Aβ40 and Aβ42 generated by cleavage of
APP, and intraneuronal accumulation of neurofibrillary tan-
gles (NFTs) composed of hyperphosphorylated tau protein
(p-tau). These pathologic features are often accompanied by
neuropil threads, dystrophic neurites, associated astrogliosis,
microglial activation, and cerebral amyloid angiopathy.20

Furthermore, 50% of patients with AD exhibit concurrent
α-synuclein (αSyn) pathology.21,22 Although amyloid de-
position does not always follow a fixed pattern of progression,
it usually develops in the isocortex and affects subcortical
structures later in the disease process. In contrast, tau pa-
thology begins typically in the allocortex of the medial tem-
poral lobe involving the entorhinal cortex and
hippocampus.23 In general, Aβ pathology reaches a plateau in
the early symptomatic phase of the disease,24 whereas NFT
pathology correlates more closely with clinical features, se-
verity, and progression of AD.20 There is, however, a certain
degree of disconnect between these neuropathologic changes
and clinical symptoms; individuals with a high burden of AD
pathology are sometimes without clinical symptoms, and in-
dividuals with a significant degree of cognitive impairment
sometimes exhibit limited AD pathology.23

To what extent the neuropathology of nmEOAD, mEOAD,
and LOAD overlap remains unclear. Compared with older
people who often show multiple comorbid pathologies other
than AD (e.g., Lewy bodies, TDP-43, or vascular pathology),
AD at a younger age tends to be associated with more pure
AD pathology.25–27 In line with this notion, a number of
studies using MRI and PET scans have reported a larger
burden and more widespread pathology with neocortical and
subcortical involvement in younger cases, see the section
entitled “Brain imaging and biofluid biomarkers”
below.10,28–32 The brain pathology of some variant AD cases
is characterized by diffuse cotton wool Aβ-plaques without
neuritic pathology or neuroinflammation.33 Most of the
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variant AD cases are PSEN1 carriers often affected by spastic
paraparesis.34 However, the cotton wool plaques were also
reported in a few LOAD cases, suggesting that this brain
pathology is not entirely specific for mEOAD.35 Cotton wool
Aβ-plaques might result from an inhibited nucleation stage of
fibrillogenesis in the presence of a particular genetic back-
ground. Furthermore, there is evidence that different fibril
structures of Aβ peptides might underlie different courses and
time frames of disease progression.36

A critical shortcoming of most neuropathology studies is the
lack of genetic information to distinguish between carriers and
noncarriers of causal/risk variants and patterns of inheritance
(e.g., mEOAD vs nmEOAD). Recognizing the urgency to
better define the pathologic distinction between mEOAD and
LOAD, the Alzheimer Disease Neuroimaging Initiative
(ADNI)/DIAN Neuropathology Core (NPC) has recently
implemented a uniform assessment protocol to evaluate the
neuropathologic overlap between these 2 forms.37 As part of
this protocol, multiple histologic stains are performed on all
brains that include hematoxylin and eosin, a modified Biel-
schowsky silver impregnation, and immunohistochemistry
using the following primary antibodies: phosphorylated tau
(PHF1), β-amyloid (10D5; Eli Lilly, Indianapolis, IN),
phosphorylated αSyn (Cell Applications, San Diego, CA), and
phosphorylated TDP-43 (Cosmo Bio, Carlsbad, CA). NACC
operational criteria for the classification of AD and other
pathologies are applied, which include diagnosis of AD by
several sets of criteria (Khachaturian, CERAD, NIA-Reagan,
and the NIA-AA38–40). However, there is no coordinated
research effort to evaluate the overlap with nmEOAD.

Brain imaging and biofluid biomarkers
Data on mEOAD from the DIAN study suggest that com-
pared with noncarriers, carriers of causal mutations show re-
duced cortical glucose metabolism and cortical thinning in the
medial and lateral parietal lobes 5–10 years before the esti-
mated age at onset and widely distributed elevated Pittsburgh
compound B (PiB) levels in nearly every cortical region ap-
proximately 15 years before estimated onset.41 Subcortical
regions seem to show a disparate pattern, with all subcortical
gray matter regions exhibiting elevated PiB uptake, but re-
duced glucose metabolism being apparent only in the hip-
pocampus.41 Atrophy in mEOAD is observed early, both in
areas commonly associated with sporadic LOAD and addi-
tional areas including the putamen and thalamus, which are
associated with early amyloid deposition in mEOAD.42 Tau
tracer binding in the neocortex is also increased in symp-
tomatic mutation carriers compared with sporadic LOAD43;
however, it remains to be clarified which component of tau-
opathy (e.g., NFT, neuritic plaques, or neuropil threads) is
reflected by this increased PET-tau signal.

Longitudinal analyses in the DIAN study17 aim to pinpoint
onset, sequence, and rate of progression of biomarker and

clinical measures across the spectrum of mEOAD. The results
from this study suggest that β-amyloid measured in CSF
change first, decades before estimated symptom onset, fol-
lowed by declines in measures of cortical metabolism ap-
proximately 7–10 years later, then cognition and hippocampal
atrophy (approximately 2 decades after changes in β-amy-
loid). CSF p-tau181 showed a marked decline near symptom
onset; this is in contrast with previous observations from
cross-sectional analyses, which suggested a continued eleva-
tion of CSF p-tau181. There is also evidence that CSF αSyn
levels are linked to onset of cognitive symptoms in both
sporadic LOAD and mEOAD22 and that CSF progranulin,
encoded by GRN, increases over the course of disease and is
associated with sTREM2, neurodegeneration, and cognitive
decline.44

Studies in subjects with nmEOAD without AD family history
have also shown more atrophy,45 more prominent neocortical
glucose hypometabolism,46 and increased tau PET uptake47,48

relative to LOAD. This is in line with findings at brain au-
topsy, indicating that neurodegeneration and tauopathy are
more aggressive at a younger onset, but the number of studies
is limited. Even more limited is the availability of longitudinal
imaging and biomarker data sets of nmEOAD multiplex
families and direct comparison with the mendelian form of
EOAD. Analyses of the ADNI data set (unrelated ≥65-year-
old subjects) applying linear mixed-effects models also dem-
onstrate that LOAD defined by MRI and biofluid-based bio-
markers proceeds more aggressively among younger than
older elderly individuals.49 Specifically, this study suggests
that brain atrophy rates in AD (and mild cognitive impair-
ment) are stronger with younger baseline age. Conversely,
atrophy rates for clinically normal older individuals remain
constant or exhibit a slight increase with age (slopes [% at-
rophy/year2] ranged from −0.04 to 0.006 and was only sig-
nificant for the hippocampus [slope: −0.04; p = 0.004]).49

Similarly, younger individuals with AD or mild cognitive
impairment exhibit a greater CSF biomarker burden, whereas
among healthy controls, biomarker burden increases with age.
In addition, AD cases show reduced rates of cognitive decline
with increasing baseline age.49 Together, these data support
the notion of a disease continuum across the age range in
LOAD, up to a blurring of the distinction between AD and
healthy controls older than 85 years.49 However, whether this
continuum truly extends to the younger age range and
nmEOAD remains to be assessed.

Efforts to develop reliable, sensitive, and specific biomarkers
of blood-based biomarkers for AD (e.g., plasma or serum)
have been hampered by various challenges, in particular much
lower amounts of molecules of interest in the bloodstream
compared with the CSF and high levels of other proteins from
peripheral organs in the blood and presence of proteases that
degrade brain proteins. However, in recent years, there have
been significant advances in the development of highly sen-
sitive assays to assess plasma levels of molecules that could
serve as biomarkers of AD and other types of
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neurodegeneration for diagnosis, prognosis, and disease
progression monitoring.50,51 Various studies have shown that
the ratio of plasma Aβ42/40 measured by these ultrasensitive
assays such as the single-molecule array method provides a
sensitive and reliable measure of amyloid status that predicts
future conversion to positive amyloid PET independent of the
time of day and correlates with CSF Aβ42/40 in both
mEOAD and LOAD.52–55 In addition, neurofilament light
chain (NFL), an intraneuronal component of the axonal cy-
toskeleton reflecting neuronal damage and degeneration, in-
creases in the CSF in early stages of the disease. Also, NFL
increases over time as cognition declines and atrophy and
white matter changes increase. NFL has diagnostic accuracy
for AD dementia similar to that of CSF biomarkers in subjects
with both forms of disease,56,57 and studies in individuals with
mEOAD, including the DIAN study, suggest that plasmaNFL
increases several years before symptom onset, indicating its
utility as a screening tool in this type of AD.58–60 However,
there is a lack of data specifically assessing NFL association in
nmEOAD. Current data are less supportive of the use of
plasma tau as a useful biomarker for AD, although p-tau181
levels are elevated in AD dementia and show associations with
both Aβ and tau PET, suggesting greater specificity for AD
pathology than other tau species.e-1

Genetics of mEOAD
Heritability
Although LOAD is a complex disorder with a strong genetic
component (heritability of 70%–80%),4,e-2 EOAD in general
has an even stronger heritability estimated between 92% and
100%.4 This is in line with the observation that up to 60%
of patients with EOAD have at least 1 affected first-degree
relative.e-3,e-4

Genetics of mEOAD
Known mEOAD results from 1 copy of a mutant allele in
APP,e-5 PSEN1,e-6 or PSEN2e-7,e-8; in total,;330mutations in
these genes have been reported (alzforum.org/alzgene), ac-
counting for 10%–15%, 30%–70%, and <5% of mEOAD
cases, respectively.e-9 However, overall variation in these
genes explains only 10%–15% of all patients with familial
EOAD.e-4 Mutations in APP, PSEN1, and PSEN2 affect the
amyloidogenic pathway leading to increased generation/
aggregation of Aβ.e-10,e-11 APP undergoes cleavage by β- and
subsequently γ-secretase generating Aβ peptides; and PSEN1
or PSEN2 are components of the γ-secretase complex.e-12

Known pathogenic APP missense substitutions are clustered
at the Aβ sequence and linked to higher Aβ production or
aggregation, similar to APP duplications.e-13 In contrast, the
protective Icelandic APP substitution (Ala673Thr) decreases
Aβ levels by 40%.19 Notably, a mutation at the same codon
(Ala673Val) causes AD, but only in a recessive mode.e-14 The
brain pathology of APP carriers is often accompanied by a
significant level of cerebral amyloid angiopathy, which can
lead to cerebral hemorrhage and stroke in carriers of APP

duplicationse-15,e-16 or some substitutions (e.g., Glu693Glne-5

and Glu693Lyse-17). However, some of the APP mutations
(e.g., Glu693Glye-18) were reported in patients without the
severe amyloid angiopathy.

In contrast toAPP, mutations in PSEN1 or PSEN2 are broadly
distributed throughout the gene (alzforum.org/alzgene).
Most of them are missense variants with a few in-frame de-
letions/insertions.33,e-19,e-20 Despite considerable sequence,
structural, and functional similarities, many more pathogenic
mutations were reported in PSEN1 (n = 263) than PSEN2 (n
= 12). PSEN1-related disease is also more severe with onset as
early as the third decade (e.g., in Ser170Phe carriers),e-21

whereas some PSEN2 mutations cause LOAD (e.g.,
Val148Ile).e-22 This discrepancy might be explained by the
fact that brain expression of PSEN2 is up to 10 times lower
than PSEN1 (FANTOM5 data set; proteinatlas.org/).

Phenotypic variability in PSEN1 patients includes fronto-
temporal dementia (FTD), Pick-type tauopathy,e-23,e-24 pri-
mary progressive aphasia, spinocerebellar ataxia,e-25,e-26 Lewy
body dementia,e-27 and variant AD accompanied by spastic
paraparesis.34 Even within a family, phenotypes of PSEN1
carriers can appear as variant AD, pure EOAD, or pure spastic
paraparesis,e-28 suggesting the action of genetic modifier(s).

Genes modifying age at onset
in mEOAD
In general, age at onset of AD is a substantially heritable trait;
however, with increasing age at onset, the heritability of AD
declines, implying an increased environmental contribution to
AD at older ages.4 Even within families, carriers of the same
APP, PSEN1, or PSEN2 variant can present with significant
variability in age at onset and disease course. A meta-analysis
of 387 mEOAD pedigrees showed that the observed variance
could only be partially explained by family history, the mu-
tated genes, and the mutation type.e-29

The APOE e4 allele, the major genetic risk factor identified for
LOAD, decreases age at onset of AD in a dose-dependent
manner.e-30 In contrast to fully penetrant mEOAD mutations,
the APOE e4 allele is neither necessary nor sufficient to cause
AD. However, a more recent study suggested that the effect of
APOE onAD risk is consistentwith semidominant inheritance of
a moderately penetrant gene.e-31 Furthermore, several studies
showed that APOE has an age at onset–modifying effect in
carriers of some causal mutations (e.g., APP Val717Ile,e-32

PSEN1 Glu280Ala,e-33,e-34 PSEN1 Glu318Gly,e-35 and PSEN2
Asn141Ilee-36).

However, the wide range of onset age in carriers of the PSEN1
Glu206Ala mutation (found in 42% of EOAD families of Ca-
ribbean Hispanic origine-37) is not explained by the APOE e4
allelee-29 nor any antecedent environmental, health-related, or
social factors.e-38 Investigation of Glu206Ala carriers and other
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common founder mutations (e.g., PSEN1 Ala431Glu in Mex-
icans) can facilitate the search of novel age at onset modifiers.e-
39,e-40 For instance, genome-wide linkage analyses of Volga
German families segregating the PSEN2 Asn141Ile mutation
identified 3 genetic loci (1q23.3, 17p13.2, and 7q33)e-41 po-
tentially harboring onset-modifying genes. Whole-genome se-
quencing analyses of a large Colombian kindred with the
PSEN1 Glu280Ala mutation identified a protective haplotype
spanning several cytokine genes on chromosome 17 that
delayed AD onset by approximately 10 years.e-42 Intriguingly, a
separate study in this kindred identified a carrier of the
Glu280Ala variant who developed mild cognitive impairment
only in the seventh decade, which is ;30 years later than the
median age at onset in the kindred.e-43 The patient had very
high brain amyloid, but limited neurodegeneration and tau
pathology. Whole-exome sequencing identified a homozygous
Arg136Ser mutation in APOE that was previously associated
with hyperlipoproteinemia type III, suggesting that this rare
APOE variant is protective and in a homozygous state may
reduce tau pathology and neurodegeneration.e-43

Genetics of LOAD
Over the past decade, large-scale genome-wide association
study (GWAS) and whole-genome/exome sequencing have
identified over 30 genome-wide significant common variant
signals in addition to APOE that influence risk for
LOAD.e-44–e-51 These variants mostly point to specific path-
ways (e.g., lipid metabolism, endocytosis/intracellular traf-
ficking, inflammation, immune response, synaptic function,
and transcription) indicating a major role for these pathways
in the development of LOAD. Although risk variants in genes
involved in tau and APP metabolism (PSEN1, PSEN2, APP,
ADAM10, ADAMTS1, MAPT),e-52–e-54 as well as in genes of
other dementing disorders (e.g., GRN, ARSA, CSF1R) were
also implicated.e-55 Taken together with the fact that some
families carrying APP, PSEN1, or PSEN2 mutations present
with LOADe-52 strongly corroborates the notion that these
pathways are not restricted to mEOAD and that there is eti-
ologic overlap between the forms commonly classified as
EOAD and LOAD.

In addition, some of the known LOAD loci might be age at
onset modifiers in EOAD. For instance, analysis of the
ABCA7 coding sequence showed a 5-fold enrichment of
premature termination codon mutations in patients with
EOAD (n = 928) vs controls (n = 980). Of 17 observed
mutations, 10 were novel and only observed in patients.e-56

Furthermore, although common variants in SORL1 were first
linked to LOAD with an odds ratio of ;1.2,e-57,e-58 rare
truncating SORL1 mutations with odds ratios up to 12 are
seen in EOAD cases and might need to be considered in
clinical practice in addition to PSEN1, PSEN2, and APP.e-59

Overall, the risk variants identified to date account for;31%
of the genetic variance of LOAD,e-44 leaving the majority of
genetic risk as yet uncharacterized.

Genetics of nmEOAD
Considering that (1) EOAD is almost entirely genetically
determined4; (2) 35%–60% of patients with EOAD have at
least 1 affected first-degree relativee-3,e-4,e-60; and (3)
known causal mutations account for less than 10% of
EOAD cases, it is clear that there are unidentified genetic
variation(s) with a substantial effect on nmEOAD risk
and/or age at onset. The fact that the concordance be-
tween the parent and the offspring in nmEOAD cases is
lower than 50% but higher than 2.5%4 indicates that this
form of EOAD rather represents a complex disease with
the genetic component made up of a significant number of
both rare and common variants. In addition, part of the
missing heritability of nmEOAD can be hidden within
poorly investigated mutation types, such as copy number
variations (CNVs). In general, only a limited number of
AD studies have investigated the role of CNVs and other
structural variants.e-61 An 18-kb insertion in CR1 (re-
sponsible for the CR1-S isoform with an allelic frequency
of 15% resulting in an extra set of C3b/C4b binding sites)
increases AD risk 2-fold and explains the GWAS signals at
the CR1 locus.e-62 A 44-base pair frameshift deletion in
ABCA7 increases AD risk in African Americans and Ca-
ribbean Hispanics.e-49

A study of 261 nonmendelian families with at least 1 EOAD
case revealed 5 deletions and 5 duplications that segregated
with dementia,e-63 with 2 CNVs encompassing FTD genes
(deletion of CHMP2B and duplication ofMAPT). A recent
analysis of Caribbean Hispanic families multiplex for
EOAD not explained by APP, PSEN1, or PSEN2 muta-
tions,e-64 identified 8 regions previously associated with the
late-onset form, and several novel linkage regions pre-
viously not reported in LOAD subjects (2p15, 5q14.1,
11p15.1, 13q21.22, 13q33.1, 16p12.1, 20p12.1, and
20q11.21). This is in line with the notion that the genetic
architectures of nmEOAD and LOAD overlap partially, but
not fully.

Role of epigenetic changes
The role of epigenetic modifiers in AD is largely unknown;
however, both environmental and genetic age at onset mod-
ifiers could act through epigenetic changes, such as DNA
methylation (DNAm) at specific cytosine-phosphate-guanine
(CpG) sites, one of the key epigenetic modifications. The
Exome Aggregation Consortium revealed that CpGs are the
most highly mutable sites in the human genome, likely be-
cause methyl-C can spontaneously deaminate to T, leading to
C>T or G>A transitions on sense or antisense DNA
strands.e-65 As a result, the frequency of CpGs in the genome
is 25% less than expected and 35% of all coding mutations
occur at CpG sites. The fact that DNAm levels are under
strong genetic control is evident by very similar genome-wide
DNAm profiles in identical twins or triplets vs fraternal
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siblings.e-66,e-67 Hence, studies of crosstalk between genetic
and epigenetic markers are of significant value. For instance,
the analysis of genetic variations controlling the gain or loss of
CpG sites could reveal the functional disease–related CpG
single nucleotide polymorphisms responsible for DNAm
changes. Such a study design reduces the likelihood of false-
negative results due to excessive correction for multiple
testing used in classic GWAS.e-68

Aging, the strongest risk factor for AD, is closely linked to
DNAm. It is clear that aging processes are not sufficiently
represented by chronological aging. In contrast to the steady
pace of chronological age, the pace of biological age varies
among individuals and may be linked with different aspects of
aging via age-related CpGs. In the genomic research field,
both the number of different DNAm clocks (based on specific
GpG sets) and the methodological approaches to assess these
clocks are rising due to their potential in predicting health
span.e-69 It would be important to establish the age-related
expression pattern of genes corresponding to clock-building
CpGs. The CpGs of the reported DNAm clocks are mapped
to 1,633 different genes, including 106 of that are genetically
associated with neurodegenerative diseases, as well as 32
genes involved in the amyloid biological network (e.g.,
BACE1 and PSEN1).e-69

The Horvath’s DNAm clock outperforms others based on its
multitissue applicability and may reflect biological aging.e-70 It
is an accurate age predictor across different tissues (r = 0.96),
including blood and brain, and is based on cumulative as-
sessment ;350 CpGs (available on genome-wide DNAm
arrays), which are hyper- or hypomethylated with age and
mainly mapped to genes involved in development, cell death,
and survival.e-70

DNAm-age acceleration (DNAm-age minus chronological
age) has been found to be significantly associated with several
neurodegenerative diseases including Parkinson disease,e-71

Huntington disease,e-72 and amyotrophic lateral sclerosis with
or without symptoms of FTD.e-73,e-74 The limited data on
DNAm-age in AD suggest that DNAm-age acceleration is a
significant predictor of dementiae-75 and correlates with de-
gree of amyloid pathology in AD.e-76 We recently investigated
a unique Ashkenazi Jewish family with monozygotic triplets
affected by LOAD, whereas one of their offspring developed
EOAD at age 50 years. Notably, DNAm-age of the triplets was
6–10 years younger than chronological age, but it was 9 years
older in the offspring with EOAD, suggesting accelerated
aging.e-66 It is not clear whether DNAm-age reacts to aging or
causes aging; however, the longitudinal study of identical
twins revealed that the asymptomatic twins had aged slower
than the affected twins, supporting the latter notion.e-67

Comprehensive characterization of the association of DNAm-
age acceleration with AD onset can provide critical in-
formation on the distinction between nmEOAD, mEOAD,
and LOAD.

What is lacking in our understanding
of the clinical, neuropathologic, and
genetic delineation of nmEOAD from
mEOAD and LOAD?
There remain critical gaps that need to be addressed to dis-
entangle the etiologic and clinical delineations between
nmEOAD, mEOAD, and LOAD. Foremostly, there has been
a critical lack of longitudinal well-phenotyped data sets of
nmEOAD cases and multiplex families, with standardized
definition and methodology, in different disease stages, and of
different ancestries with clinical, biofluid, neuropathologic,
and genomic information. Although some existing EOAD
cohorts might harbor nmEOAD cases, emphasis has mostly
been put on individuals screening positive for genetic variants.
For many data sets, it remains unclear if and how many
subjects without known mutations there are and what their
clinical biomarker and neuropathologic expression is. Studies
specifically sampling nmEOAD cases would allow compre-
hensive examination of population risk across ethnic groups,
longitudinal changes in biomarkers/neuropathology over the
disease course, prevalence of atypical nonamnestic and neu-
rologic manifestations, and tease apart clinical, neuropatho-
logic, and genetic overlap with mEOAD and LOAD, and
among sporadic and familial forms.

Second, pinpointing the significant proportion of missing
heritability will require large sets of well-phenotyped family-
based and case-control studies of nmEOAD cases with suffi-
cient statistical power. Investigation of all types of genetic
variation including structural, synonymous, and rare varia-
tions, examination of all possible inheritance modes, and
comprehensive study of epigenetic changes is needed. In-
tegration of sequencing with data derived from other -omics
approaches (e.g., transcriptomics, epigenomics, proteomics,
and metabolomics) coupled with advanced bioinformatics
will be critical to pinpoint the functional allelic effectors of
identified loci, define and understand the cellular expression
of disease, characterize determinants and mechanisms of
disease progression, and clarify the distinction of disease
subtypes.

In-depth genetic studies in additional mEOAD and nmEOAD
kindreds displaying a marked discrepancy in age at onset
between family members will also be highly valuable to dis-
entangle the etiology of differences in age at onset. It has
become clear that the location of pathogenic variants within
causal genes can affect pathophysiology and age at onset, as
has been established for variation in PSEN1 pre- and post-
codon 200.16,e-77 However, there are limited data of differ-
ential effects of variant location within any other AD genes on
age at onset and phenotypic variability, incomplete un-
derstanding of the biochemical features of the AD-associated
gene domains, and a lack of knowledge on local genetic an-
cestry at these loci. As has been recently demonstrated for the
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APOE locus, examination of local ancestry can identify novel
ancestry-specific disease loci and help disentangle the factors
underlying observed differential genome-phenome associa-
tions including variability in age at onset.e-78

For both mEOAD and nmEOAD, there is a lack of data
comprehensively assessing the effect of APOE and other
established AD variants on age at onset and clinical variability
in mutation carriers, and a lack of data incorporating genomic
information and neuropathologic features, changes in bio-
marker sequence and progression of symptoms. Assessing
neuropathologic, biofluid, and brain imaging measures across
the disease course informed by genetic background is critical
to disentangle the clinical delineation of AD subtypes asso-
ciated with specific variants. As described above, the ADNI/
DIAN NPC has implemented a uniform assessment protocol
to evaluate the neuropathologic overlap between mEOAD
and LOAD.37 Similar collections of nmEOAD brain tissue
with standardized neuropathologic assessment are needed to
comprehensively delineate neuropathologic overlap of both
these forms with sporadic and familial nmEOAD informed by
genetic background, acknowledging that—given that pa-
thology is confounded with disease onset, progress, and age at
death—differentiation of mEOAD, nmEOAD, and LOAD
based on neuropathologic profile is inherently limited.

Conclusions
Facilitated by substantial advances in genomic technologies
and bioinformatics, the past decade has brought significant
breakthroughs in our understanding of the genetic etiology
and molecular mechanisms underlying AD. In addition to the
known EOAD genes and APOE, we have now identified over
30 loci that modify disease susceptibility. These loci robustly
implicate specific molecular pathways (e.g., immune response,
lipid metabolism, and endocytosis) and have advanced our
understanding of the disease mechanisms at play. However,
significantly lacking is the understanding of genetic, clinical,
and neuropathologic delineation of nmEOAD from mEOAD
and LOAD. In-depth characterization of the distinction be-
tween these forms is critical to fully understand the etiology of
AD, risk factors, and clinical determinants of age at onset,
inform clinical trials aiming to reposition existing drugs, and
develop more effective novel preventive and therapeutic
measures advancing the field toward our vision of personal-
ized medicine.

It is possible to fill the research gaps in our understanding of
nmEOAD. Although nmEOAD is less common than LOAD,
collection and assessment of participants with nmEOAD is
quite feasible. Given the severity of the disease, patients are
often enthusiastic to participate in clinical research studies.
Such participants present at Alzheimer Disease Centers and
other memory clinics with regularity, although follow-up and
participation in biomarker and genetic studies are in-
consistent. Indeed, there are now novel ongoing efforts to

address these issues. Two such studies include efforts out of
the Alzheimer Disease Genetics Consortium (ADGC) and
the Resource for Early-onset Alzheimer Disease Research
(READR). The ADGC and READR have novel whole-
genome sequencing studies of well-phenotyped EOAD par-
ticipants lacking known mutation (ADGC focusing on
singleton/sporadic and READR focusing on families). It is
expected that these studies will identify novel variants and
molecular pathways associated with nmEOAD in different
ethnic groups and help delineate the etiology of this form of
AD from mEOAD and LOAD genetically and clinically.
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CORRECTION

Neuraxial dysraphism in EPAS1-associated syndrome due to
improper mesenchymal transition
Neurol Genet 2020;6:e501. doi:10.1212/NXG.0000000000000501

In the article “Neuraxial dysraphism in EPAS1-associated syndrome due to improper mesenchymal
transition” by Rosenblum et al.,1 published online April 1, 2020, the headers in table 3—“male” and
“female”—should have been flipped. The publisher regrets the error.
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