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2017 Year in Review and Message
from the Editors to Our Reviewers
Neurol Genet February 2018 vol. 4 no. 1 e221. doi:10.1212/NXG.0000000000000221

The February issue ofNeurology® Genetics again starts offwith a review of articles that our editors
found interesting in Neurology: Genetics and other journals over the course of 2017. It is a col-
lection of articles from different walks of the genetics field, introduced with a brief commentary
that should encourage the reader to delve further into the details of the topic.

Next-generation sequencing is revolutionizing identification of novel disease genes and patient
diagnosis. Ribonuclease H1 (RNASEH1) digests the RNA present in RNA:DNA hybrids and is
present in the nucleus and mitochondria. Bugiardini et al.1 screened genomic DNAs from 74
probands with multiple deletions/depletion in muscle mtDNA and mendelian progressive ex-
ternal ophthalmoplegia (PEO). They identified 3 pedigrees of Indian ancestry with homozygous
or compound heterozygous mutations. In addition to PEO, half of the patients had cerebellar
ataxia and dysphagia. In the authors’ cohort, RNASEH1 mutations represented the 4th most
common cause of adult-onset PEO with multiple mtDNA deletions after POLG, RRM2B,
and TWN.

Ahrens-Nicklas et al.2 identified amutation of the ATAD1 gene (p.E276X), encoding the AMPA
receptor, as the etiology of a devastating neurologic disorder characterized by hypertonia,
seizures, and death in a consanguineous family. This mutation was found to be associated with
hyperactivity of the AMPA receptor. The authors designed used perampanel, an AMPA receptor
antagonist, as a targeted therapeutic approach. They showed that perampanel therapy reversed
the phenotype of ATAD1 knockout mice and improved hypertonicity and resolved seizures in
patients. This is a good example of precision therapeutics applied to a human monogenic
disorder.

As we are increasingly overwhelmed with DNA sequence data, computational solutions
seem likely to be in the neurologist’s future. This article explores 1 possibility to examine
time-sensitive data, i.e., whole-genome DNA sequence (WGS) and RNA sequence from
a glioblastoma patient’s tumor.3 The WGS results were also compared with a targeted cancer
panel of known variants. For the WGS/RNA-sequence data, the authors compared human
annotation by a team of bioinformatic cancer experts vs a supercomputer to identify actionable
variants. Both the human and supercomputer found more actionable variants than the targeted
panel, reflecting the higher sensitivity of WGS/RNA sequence. Comparing the results of the
2 WGS analyses, the authors state that the supercomputer and the human annotation
had comparable results, although the human annotation found more changes. But while the
human annotation took 150 hours, the supercomputer took 10minutes. The future seems pretty
clear.

From the Department of Neurology (S.M.P., N.E.J.), University of Utah, Salt Lake City; Hôpital Erasme (M.P.), Université Libre de Bruxelles, Belgium; University of Chicago Medical
Center (R.P.R.); and University of Miami (J.M.V.), Coral Gables, FL.

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

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

MORE ONLINE

Editor Summary
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The importance of the microbiome was recognized in several
models of human disease. With the application of next-
generation or massively parallel DNA and RNA sequencing
techniques, we now know the vast complexity and diversity of
themicrobiome of the gut. The interaction between theGI and
the brain appears to influence inflammatory responses such as
in MS and may have direct involvement in the rise of neuro-
degenerative conditions. Sampson et al.4 present evidence that
the gut microbiome can directly affect the motor deficits, ac-
tivation of microglia, and alpha-synuclein pathology in the
brains of a Parkinson disease mouse model. They started with
a PD mouse model that overexpresses alpha-synuclein, which
had a “normal” mouse microbiome. This mouse model nor-
mally displays progressive motor deficits. Raising the same
mouse strain in a germ-free environment, thus greatly de-
creasing their gut microbiome, reduced these deficits and
pathologic changes in themouse brain. Finally, adding back the
microbiome of patients with Parkinson disease enhanced the
motor deficits symptoms in the mice while the microbiome of
non-PD patients had no appreciable effect. This interaction
will become increasingly important in the care of neurologic
patients as we move into the future.

Cerebral cavernous malformations (CCMs) are a cause of
stroke and seizures with no effective medical therapy. CCMs
arise from a loss of function in 3 genes that encode components
of an adaptor complex that negatively regulatesMEKK3–KLF2/
4 signaling in brain endothelial cells. This article identified toll-
like receptor 4 (TLR4) and the gut microbiome as critical
stimulants of CCM formation.5 TLR4 activation by Gram-
negative bacteria accelerated CCM formation, and blockade of
TLR4 signaling prevented CCM formation in mice. Germ-free
mice were protected from CCM formation, and antibiotics
permanently alteredCCMsusceptibility inmice. These studies
identify unexpected roles of the microbiome and innate im-
mune signaling in the pathogenesis of a cerebrovascular disease
that is inherited, as well as strategies for its treatment.

Novel therapiesmade significant advances in 2017. Potter et al.6

demonstrated significant advances in the treatment of dysfer-
linopathies using overlapping gene therapy vectors in a mouse
model. In this study, they used dual vector dysferlin cassettes
designed to capture either the 59 or 39 portion of the dysferlin
cassette, with a 1-kb overlap for recombination. In a dysferlin
knockout mouse model, the dual vectors were injected IV.
Mice demonstrated improved myopathic features. The vectors
were then shown to be safe in a rhesus macaque model. This
study provides an important step in the development of gene
therapies for muscular dystrophies, and we expect to see these
promising therapies enter clinical trials shortly. More impor-
tantly, the study provides a proof of concept that dual vectors
may be used when genes are too large for a single vector. This
has important implications for gene therapy as a field.

Spinal muscular atrophy type 1 (SMA1) is a devastating dis-
ease resulting in death or the need for mechanical ventilation
by 2 years of age. Affected infants never reach motor

milestones like independent sitting. The disease is caused by
insufficient levels of the survival motor neuron (SMN) protein
because of deletions or other loss-of-function mutations in the
SMN1 gene. Mendell et al.7 delivered an adeno-associated
virus (AAV) serotype 9 carrying SMN complementary DNA
encoding themissing SMNprotein by IV infusion to 15 infants
with SMN1. All 15 patients were alive and event-free at 20
months of age as compared to a rate of survival of 8% in
a historical cohort. AAV9-based gene therapy resulted in lon-
ger survival, superior achievement of motor milestones, and
better motor function than in historical cohorts. Side effects
were minor, mostly limited to a transient increase in trans-
aminases that was attenuated by prednisone. This is a landmark
study demonstrating the potential of systemically administered
gene therapy to revolutionize the treatment of neurogenetic
diseases and radically change their prognosis.

Another approach to SMN treatment was pursued by Finkel
et al.8 The SMN2 gene also encodes an SMN protein; how-
ever, 90%–95% of the translated protein is truncated and
nonfunctional as a result of aberrant splicing. Nusinersen is an
antisense oligonucleotide (ASO) that corrects the aberrant
splicing of SMN2 pre-mRNA, which results inmore full-length
SMN protein. This article reports the results of a phase 3 trial
of repeated intrathecal doses of nusinersen in infants with SMA
compared with a sham group with SMA. The trial was termi-
nated early because an interim analysis showed significant efficacy
of nusinersen vs sham with respect to improvements in motor
function aswell as survivalwithout permanent assisted ventilation.
The best results were seen in patients with the earliest treatment.
This new treatment, which is not a cure, brings a number of new
challenges to treating neurologists, including issues of costs, de-
livery, and uncertain efficacy of the treatment if given to older
patients with SMA, prompting van der Ploeg to write The New
England Journal of Medicine editorial “The dilemma of 2 in-
novative therapies for Spinal Muscular Atrophy.”9

ASOs were also tested in preclinical models of other neuro-
degenerative disorders. Cognitive decline in Alzheimer disease
and primary tauopathies is correlated with deposition of tau in
the CNS. DeVos et al.10 studied the effects of ASOs directed to
human tau in a mouse model of tauopathy. They delivered an
ASO via Alzet pumps to the lateral ventricle and showed that
reducing total tau mRNA lessened tau pathology, prevented
hippocampal volume loss, and reduced behavioral deficits. When
injected into monkeys via lumbar puncture, ASOs showed wide
CNSdistribution and reduced the levels of tau protein. Reduction
of tau in hippocampal tissue correlated with reduction inmonkey
CSF. These studies and several others in 2017 provide hope that
ASO-based therapies may offer hope for changing the pro-
gression in patients with a number of neurodegenerative diseases.

We wish to acknowledge the individuals who have completed
reviews for the journal over the course of 2017—your
thoughtful comments are tremendously helpful and highly
appreciated. We are also grateful for your cooperation in
returning reviews in a timelymanner. Please find the guidelines
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for reviewing articles on the Neurology: Genetics website at
http://ng.neurology.org/submit/peerreview. This page pro-
vides information on expectations of reviewers regarding confi-
dentiality, timeliness, and reviewer conflicts of interest; it also
provides instructions for formatting the comments to editors and
authors to enable themost effective communicationwith authors.

Please email ngjournal@neurology.org if you are interested in
completingmore reviews forNeurology: Genetics, or if you have
never reviewed for the journal but are interested in doing so.
Include a description of your credentials and expertise in the
areas in which you are qualified to review. We look forward to
hearing from you!
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Biallelic CHP1 mutation causes human
autosomal recessive ataxia by impairing
NHE1 function

ABSTRACT

Objective: To ascertain the genetic and functional basis of complex autosomal recessive cerebellar
ataxia (ARCA) presented by 2 siblings of a consanguineous family characterized by motor neuropa-
thy, cerebellar atrophy, spastic paraparesis, intellectual disability, and slow ocular saccades.

Methods: Combined whole-genome linkage analysis, whole-exome sequencing, and focused
screening for identification of potential causative genes were performed. Assessment of the func-
tional consequences of the mutation on protein function via subcellular fractionation, size-
exclusion chromatography, and fluorescence microscopy were done. A zebrafish model, using
Morpholinos, was generated to study the pathogenic effect of the mutation in vivo.

Results: We identified a biallelic 3-bp deletion (p.K19del) in CHP1 that cosegregates with the
disease. Neither focused screening for CHP1 variants in 2 cohorts (ARCA: N 5 319 and NeurO-
mics: N 5 657) nor interrogating GeneMatcher yielded additional variants, thus revealing the
scarcity of CHP1 mutations. We show that mutant CHP1 fails to integrate into functional protein
complexes and is prone to aggregation, thereby leading to diminished levels of soluble CHP1 and
reduced membrane targeting of NHE1, a major Na1/H1 exchanger implicated in syndromic ataxia-
deafness. Chp1 deficiency in zebrafish, resembling the affected individuals, led to movement
defects, cerebellar hypoplasia, and motor axon abnormalities, which were ameliorated by coin-
jection with wild-type, but not mutant, human CHP1 messenger RNA.

Conclusions: Collectively, our results identifiedCHP1 as a novel ataxia-causative gene in humans,
further expanding the spectrum of ARCA-associated loci, and corroborated the crucial role of
NHE1 within the pathogenesis of these disorders. Neurol Genet 2018;4:e209; doi: 10.1212/

NXG.0000000000000209

GLOSSARY
ARCA 5 autosomal recessive cerebellar ataxia; CaP-MN 5 caudal primary motor neuron; cDNA 5 complementary DNA;
EGFR 5 epidermal growth factor receptor; GFP 5 green fluorescent protein; HMW 5 high molecular weight; HPRT 5
hypoxanthine-guanine phosphoribosyltransferase; HSP90 5 heat shock protein 90; KO 5 knockout; LKS 5 Lichtenstein-
Knorr syndrome; LOD 5 Logarithm of the odds; mRNA 5 messenger RNA; MO 5 Morpholino; OE 5 overexpression;
RT-PCR 5 reverse transcription PCR; SEC 5 size-exclusion chromatography; WB 5 Western blot; WES 5 whole-exome
sequencing; WT 5 wild type.

Autosomal recessive cerebellar ataxias (ARCAs) comprise a heterogeneous group of neurodegen-
erative disorders associating cerebellar degeneration to a variable combination of central or
peripheral neurologic or nonneurologic signs.1 Collectively, ARCAs have an estimated frequency
of 1:20,000 and often show overlapping features with spastic paraplegias and peripheral neu-
ropathies.2–4 Approximately 40% of individuals with suspected ARCA remain genetically
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undiagnosed,2,3,5 implying that a large number
of causative genes—usually the most rare and
challenging to identify—still need to be
uncovered.

Here, we report the identification and char-
acterization of a novel ARCA causative
mutation in CHP1 (calcineurin homolo-
gous protein-1, NM_007236.4:c.52_54del:
p.Lys19del). CHP1 serves as an essential
cofactor of NHE1 (sodium/hydrogen
exchanger 1),6,7 a major regulator of intracel-
lular ions and pH homeostasis.8 Biallelic splice
mutation of mouse Chp1 leads to reduced
NHE1 membrane targeting and degeneration
of Purkinje cells, ultimately causing ataxia.6

Similarly, mouse Nhe1 (encoded by Slc9a1)
knockout (KO) causes Purkinje cell loss,
severe locomotor ataxia, and epilepsy,9,10 while
homozygous loss-of-function SLC9A1 muta-
tions in humans cause cerebellar ataxia and
sensorineural hearing loss.11 Therefore, we
hypothesized that a mutation in CHP1, as
a crucial regulator of NHE1,6,7 could impair
expression and targeting of the exchanger,
resembling the pathogenesis in mice and hu-
mans. Taking advantage of the zebrafish
model system for modeling ARCAs,12–14 we
generated a chp1-deficient zebrafish, which
not only resembled the clinical features of
the affected siblings but also corroborates the
pathogenicity of the CHP1 hypomorphic
Lys19del mutation in vitro and in vivo.

METHODS Patient consents and standard protocol
approvals. Informed consent was obtained from participants in

accordance with French ethics regulations (Paris Necker ethics

committee approval [RBM 01-29 and RBM 03-48] to A.B.

and A.D.). Zebrafish procedures were approved by the local ani-

mal protection committee LANUV NRW; reference

84-02.04.2012.A251.

Whole-exome sequencing and whole-genome linkage
analysis. Whole-exome sequencing (WES) of individuals 1, 2, 6,

and 8 of family AAR-087 was performed on the Illumina HiSeq

2000 as paired-end 100bp reads after library preparation with the

SureSelect Human All Exon 50 Mb V4 kit (Agilent Technolo-

gies. Santa Clara, California). ARCA and NeurOmics cohort

WES and bioinformatic processing details are given in supple-

mental data. Whole-genome linkage analysis was performed using

Illumina LINKAGE_12 microarrays (6090 single nucleotide

polymorphism markers). Genotypes were determined by Bead-

Studio (Illumina, San Diego, CA) and analyzed with MERLIN

1.0.15

Expression vector generation and site-directed mutagenesis.
Full-length human CHP1 complementary DNA (cDNA) (NCBI:

11261) was cloned into 2 expression vectors: pcDNA3.1/

CT-V5His-TOPO and pcDNA3.1/CT-green fluorescent pro-

tein (GFP)-TOPO following the manufacturer’s instructions

(Life Technologies, Darmstadt, Germany). K19del mutation

was introduced by site-directed mutagenesis (see primers,

table e-1 at links.lww.com/NXG/A29), following QuikChange

kit instructions (Agilent Technologies, Santa Clara, CA).

Clones were verified by Sanger sequencing.

Cell culture and transfection. HEK293T (human embryonic

kidney), HeLa (human cervical carcinoma), PC12 (murine pheo-

chromocytoma), andN2A (murine neuroblastoma) cells were grown,

maintained, and differentiated following standard protocols. Cells

were transfected with plasmid DNAs, including control empty vec-

tors, using Lipofectamine2000 (Life Technologies) and harvested

after 24, 48, or 72 hours for RNA and protein isolation.

Semiquantitative reverse transcription PCR. RNA was ex-

tracted using the RNeasy kit (Qiagen, Hilden, Germany), and

concentrations were determined using the RiboGreen method

(Life Technologies). Three hundred nanograms of RNA were

reverse transcribed to cDNA with the Quantitect Reverse Tran-

scription Kit (Qiagen). PCR was performed with low cycle num-

ber (N 5 24) and as multiplex with the housekeeping gene

hypoxanthine-guanine phosphoribosyltransferase (HPRT) (see

primers, table e-1, links.lww.com/NXG/A29). Densitometric

analysis was performed with ImageLab 5.2.1 (Bio-RAD).

Cellular fractionation, size-exclusion chromatography,
and Western blot. After 48 hours of transfection, HEK293T

cells were processed with the Subcellular Protein Fractionation

Kit for cultured cells (Thermo Scientific, Schwerte, Germany)

following the manufacturer’s instructions. Size-exclusion

chromatography (SEC) was performed with a Superose, 10/

300-GL column connected to the ÄKTA-pure FPLC system

(GE Healthcare, Freiburg, Germany). Sample preparation and

column calibration details are given in supplemental data.

Protein lysate preparation for Western blot (WB), sodium do-

decyl sulfate-polyacrylamide gel electrophoresis, and transfer

were performed according to the standard protocols. Antibodies

used for immunologic protein detection are listed in table e-2,

links.lww.com/NXG/A29. Densitometric analysis was per-

formed with ImageLab 5.2.1 (Bio-RAD).

Fluorescence immunostaining. N2A, PC12, and HeLa cells

transiently expressing pcDNA3.1-CHP1-GFP vectors were

seeded in laminin-coated coverslips (Thermo Scientific, Schwerte,

Germany) to preserve neurite-like structures, if necessary. After

24 hours of transfection and 4–5 days of differentiation, cells were

immunostained as described in reference 16. Antibodies used are

listed in table e-2, links.lww.com/NXG/A29.

Zebrafish experiments. Experiments for caudal primary motor

neuron (CaP-MN) analysis were performed with the transgenic

line tg(mnx1-GFP)ml2TG (synonym TL/EK-hb9-GFP17). Cere-

bellar analyses were performed in the wild-type (WT) TL/EK

line. Control and chp1 Morpholinos (MO) (against translational

start codon, table e-1, links.lww.com/NXG/A29) were designed

and purchased from GeneTools, LLC (Philomath, OR). WT and

mutant human CHP1 cDNAs were introduced into a pCS21

vector for in vitro transcription of capped messenger RNAs

(mRNAs), performed as previously described.16 Zebrafish protein

lysates for WB were prepared following the protocol described in

reference 18 with modifications, explained in e-Methods.

Embryo injections and CaP-MN immunostaining were per-

formed as previously described.16 For cerebellar immunostain-

ings, ;72-hpf zebrafish larvae were fixed overnight in Dent

solution and processed as described in reference 12. Antibodies
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used are listed in table e-2, links.lww.com/NXG/A29. Neurologic

readouts quantification, movement analysis, and imaging proce-

dures are given in supplemental data.

Microscopy. Images were acquired using a Zeiss AxioImager

M2 microscope equipped with ApoTome2 system to mimic con-

focality (Zeiss, Jena, Germany). Zebrafish CaP-MN and cere-

bellum images were acquired as Z-stacks and processed using

ZEN software. Colocalization analyses were performed with

ZEN. Representative images were processed using ImageJ. All

experiments were blinded.

Protein modeling. Protein structures of free CHP1 (2CT9)

and NHE1-bound CHP1 (2E30) were acquired from RCSB

Protein Data Bank (http://www.rcsb.org/pdb/home/home.do).

Cartoon representations were generated using PyMOL 1.5.0.4.

Statistics. Statistical analyses were performed using GraphPad

Prism 6. Two-tailed Student t tests, x2, and Fisher exact statis-

tics tests were performed. Levels of statistical significance are

given in GraphPad format (*p # 0.05, **p # 0.01, ***p #

0.001, and ****p # 0.0001). Specific tests, sample size, data

representation, and p values are indicated in figure legends.

RESULTS Identification of a 3-bp deletion in CHP1

causes autosomal recessive spastic ataxia. Two of 6 sib-
lings of a consanguineous Moroccan family (figure 1A)
developed autosomal recessive spastic ataxia with onset
during the first decade of life. They show gait instability
with moderate cerebellar atrophy (figure 1B) and upper
and lower motor neuron involvement, intellectual dis-
ability, growth retardation, slow ocular saccades, and
ovarian failure in the female proband. Positive pyramidal
and cerebellar signs along with additional clinical features
are summarized in table e-3, links.lww.com/NXG/A29
and extendedly described in supplemental data.

WES of individuals 1, 2, 6, and 8 yielded an average
of 84,556,652 sequence reads per sample, of which
.98.5% could be aligned to the reference sequence.
Mean coverage was 77-fold, with 78.9% of the targeted
sequence covering more than 203. Twelve variants, all
located within the linked regions (multipoint logarithm
of the odds [LOD] score .22), segregated recessively

Figure 1 Phenotype and genotype of an undiagnosed family with autosomal recessive spastic ataxia

(A) Pedigree of the family showing the segregation of the CHP1 p.K19del mutation (red M; “1” denotes the reference allele). (B) CHP1 next-generation
sequencing reads show the homozygous NM_007236:c.52_54del: p.K19del variant for individuals IV-6 and IV-8. Sanger sequencing pherograms show
homozygosity for the 3-bp deletion in both patients and heterozygosity in both parents; the unaffected sibling IV-7 shows the homozygous reference
sequence. (C) Brain MRI of proband of individual IV-8 at 22 years of age. Sagittal (left panel) and coronal (middle panel) sections of T1-weighted images are
shown. Hypoplasia of the posterior and nodular regions of the cerebellar vermis, but not of the hemispheres, is observed. An axial fluid-attenuated inversion
recovery section (right panel) shows no evident white matter abnormalities. (D) Protein sequence alignment of CHP1 orthologs shows high conservation in
the region including the K19del mutation (marked with asterisk). Gray indicates a-helical protein structure.
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in the family (table e-4, links.lww.com/NXG/A29, and
figure e-1, A and B, links.lww.com/NXG/A30). Fur-
ther filtering based on alternate allele homozygosity and
weak mutation effect prediction excluded 5 variants
(table e-4, links.lww.com/NXG/A29). Of these, a bial-
lelic 3-bp deletion in CHP1 (NM_007236.4:c.52_
54del:p.Lys19del), hereafter defined as K19del, was
validated by Sanger sequencing (figure 1C) and further
selected as a top disease candidate since (1) it is located
in the largest nonexcluded region on chromosome 15,
where the maximum LOD score is reached, (2) it is
absent from all public databases, (3) the mutation af-
fects an amino acid highly conserved across species
(figure 1D), (4) a point mutation reported in mouse
Chp1, causing aberrant splicing and reduced full-length
transcripts, leads to degeneration of Purkinje cells and
ataxia,6 (5) CHP1 assists posttranscriptional glycosyla-
tion and membrane localization of NHE1; a major
Na1/H1 exchanger listed in the ataxia-ome,19 (6) KO
of mouseNhe1 also cause ataxia,10 and (7) mutations in
NHE1 cause ataxia-deafness Lichtenstein-Knorr syn-
drome (LKS).11 Neither focused screening for CHP1
variants in 2 large cohorts, namely ARCA (N 5 319)
and NeurOmics (individuals with various neuromus-
cular diseases N5 657) nor GeneMatcher20 interroga-
tion revealed any additional variant in CHP1, fulfilling
our pathogenic selection criteria (table e-5, links.lww.
com/NXG/A29).

Endocrine dysfunction is CHP1 independent. The syn-
dromic presentation of ataxia with hypergonadotropic
hypogonadism was first described in 190821,22; nonethe-
less, the genetic basis of this combination, except for few
successful studies,12,23 remains elusive. The female pro-
band of this study presented with ovarian failure; how-
ever, neither Chp1 vacillator nor Nhe1-depleted female
mice were reported as infertile. Our analysis of uteri from
vacillatormice showed neither uterus nor ovarian impair-
ments (data not shown). We speculated that a CHP1-
independent mutation might account for this defect,
further clarifying theCHP1 family pathogenic landscape.
WES revealed a homozygous variant (c.859C.T,
p.G258E) in Basonuclin-1 (BNC1), which encodes
a protein expressed only in reproductive germ cells with
an essential function in oogenesis and spermatogene-
sis24,25 (table e-4, links.lww.com/NXG/A29). Bnc-1 null
mice are sex-differentially affected, with females pre-
senting complete infertility and subfertile males ex-
hibiting smaller testes and reduced sperm motility.24,25

Furthermore, a pathogenic copy number variant
including the BNC1 gene was recently detected in
a retrospective study of spontaneous premature ovarian
failure susceptibility.26

CHP1-K19del mutation alters protein solubility. To
investigate the effect of CHP1-K19del, we exam-
ined the expression of CHP1-WT and CHP1-

K19del-V5-tagged proteins in transiently transfected
HEK293T cells by WB. Time-course analysis re-
vealed reduced CHP1-K19del-V5 expression,
whereas CHP1-WT-V5 exhibited higher levels over
72 hours of overexpression (OE) (figure 2A and figure
e-2A). Semiquantitative reverse transcription PCR
(RT-PCR) showed no differences between WT and
mutant CHP1 transcripts (figure 2B and figure e-2B,
links.lww.com/NXG/A30), thus excluding a tran-
scriptional impairment.

Next, we assessed the distribution of CHP1-WT
and mutant in soluble and insoluble fractions. Com-
pared with CHP1-WT-V5 levels, CHP1-K19del-V5
was ;62% reduced in the soluble fraction and
increased by ;68% in the insoluble fraction, respec-
tively (figure 2C). Similar results were seen in N2A
cells (figure e-2C, links.lww.com/NXG/A30).
Together, these observations hint toward defects in
protein localization, solubility, or stability of the
CHP1 mutant form which, alone or in combination,
might explain the reduced levels of soluble protein.

Mutant CHP1 is prone to aggregation. Given the clear
effect of the K19del mutation on CHP1 expression,
we investigated the cellular localization of WT and
mutant CHP1-GFP–tagged proteins in N2A
(figure 3A), PC12, and HeLa cells (figure e-3, A and B,
links.lww.com/NXG/A30) via fluorescence microscopy.

CHP1-WT-GFP staining displayed a uniform dis-
tribution throughout the cells, including neurite-like
structures in N2A and PC12 cells (figure 3A and
figure e-3A, links.lww.com/NXG/A30), whereas
CHP1-K19del-GFP expression led to massive protein
aggregates, which on detailed observation revealed 2
distinct patterns: small puncta-like structures and
large amorphous accumulations with a very strong
fluorescent signal. These aggregates were observed
in cell body and neurite-like projections (figure 3A).
Quantification of total accumulation/aggregation
events in N2A cells showed that ;50% of CHP1-
K19del-GFP cells presented aggregates compared
with;20% in CHP1-WT-GFP cells. Large aggrega-
tions were detected almost exclusively in CHP1-
K19del-GFP cells (;22% vs ;4% in the WT; p ,

0.001) (figure 3A). Similar accumulation patterns
were observed in PC12 and HeLa cells (figure e-3,
A and B, links.lww.com/NXG/A30).

To further characterize these abnormal protein ag-
gregates, CHP1-WT– and K19del-GFP–expressing
cells were stained for protein homeostasis markers
such as ubiquitin and P6227–29 (figure 3, B and C).
Larger aggregates displayed positive colocalization
and extensive accumulation of both markers, indi-
cating that these structures are recognized by neuro-
nal protein quality control systems, thus explaining
CHP1-K19del–reduced expression. Altogether, these
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results strongly indicate that K19del causes an
increased proneness of CHP1 to aggregation, poten-
tially attributable to misfolding and/or structural
protein defects.

The K19del mutation alters CHP1 association into

functional complexes and impairs NHE1 membrane

targeting. To conclusively confirm that the K19del
mutation leads to formation of higher molecular size
CHP1 species, we performed SEC. Elution profiles of

CHP1-WT-V5 and K19del-V5 proteins were deter-
mined by V5-immunoblotting. CHP1-WT-V5
eluted in 2 regions, representing the monomeric
CHP1 form (;25 KDa)30,31 and the high-molecular-
weight (HMW) complexes (;1 MDa). By contrast,
the CHP1-K19del-V5 elution profile shifted not only
away from the monomeric range toward higher fractions
but also appeared in HMW fractions in which CHP1-
WT is absent (figure 4A and e-4A). NHE1 elution also
showedmarked differences. A unique band was detected

Figure 2 The K19del mutation affects the expression and solubility of CHP1

(A) Western blot (WB) from HEK293T lysates transiently expressing CHP1-WT-V5, CHP1-K19del-V5, or empty V5-vector
(control) collected 24, 48, and 72 hours after transfection. Protein lysates were probed with antibodies against V5 to
detect CHP1-WT and mutant proteins, and GAPDH as loading control. Expression of CHP1-K19del-V5 is almost undetect-
able after 72 hours. The graph represents quantification of CHP1 relative expression over different time points. Bars show
the mean 6 SEM. (B) Determination of CHP1-WT-V5 and K19del-V5 transcripts by semiquantitative RT-PCR. The graph
represents quantification of CHP1-V5 transcripts normalized to HPRT expression. Bars show the mean 6 SEM. Negligible
differences were observed between WT and CHP1-K19del transcripts. (C) Subcellular fractionation of protein lysates from
HEK293T transiently overexpressing CHP1-WT-V5 or CHP1-K19del-V5 48 hours after transfection. Lysates were sepa-
rated into soluble (cytoplasmic) and insoluble (cytoskeletal) fractions by differential lysis and centrifugation. Representative
WB from total lysates and fractions were probed with V5 antibodies to detect CHP1-WT and mutant proteins. HSP90 and
Vimentin were used as enrichment markers for soluble and insoluble fractions, respectively. Graphs represent quantifica-
tion of relative expression of CHP1 in the soluble and insoluble fractions. Bars show the mean 6 SEM from 3 independent
blots. “*” denotes statistical significance (p# 0.05 two-tailed Student t test) between CHP1-WT and CHP1-K19del expres-
sion. GAPDH 5 glyceraldehyde 3-phosphate dehydrogenase; HPRT 5 hypoxanthine-guanine phosphoribosyltransferase;
WT 5 wild type.
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in CHP1-WT HMW fractions, while 3 bands were
observed for CHP1-K19del. Immunoblotting of glyc-
eraldehyde 3-phosphate dehydrogenase, an interacting
partner of CHP1,32 did not show differences between
CHP1-WT and mutant elution profiles (figure e-4A,
links.lww.com/NXG/A30). These results demonstrate
that additional higher molecular complexes of CHP1-
K19del-V5 are formed, which result from the unspecific
aggregation proneness of mutant CHP1.

Characterization studies of the CHP1-NHE1 com-
plex demonstrate that this calcium-dependent interac-
tion exclusively involves 8 specific residues of the aJ
helix of the C-terminal region of CHP1.7,30 These
findings excluded the possibility of a direct implication
of K19 in the interaction between both proteins.
Examination of the crystal structure of CHP130 re-
vealed that K19 is localized on the CHP1 first

N-terminal Aa helix (figure 4B). Of interest, compar-
ison of this structure with an NMR-generated CHP1-
NHE1 segment complex structure33 indicated that
CHP1-Aa undergoes large conformational changes
on NHE1 binding, forming a clamp fixating NHE1-
C-terminal segment (figure 4B). Although the
structure-function relationship of this feature is poorly
understood, this structural analysis suggests that
K19del could interfere with a fully functional CHP1-
NHE1 complex formation impairing NHE1 targeting
to the membrane or compromising the function of this
complex.

Since membrane localization of CHP1 is dependent
of NHE1,6 but also membrane expression and matura-
tion of NHE1 is reliant on CHP1,34 we investigated the
effect of CHP1-K19del on NHE1 membrane targeting.
Thereby, membrane fractions from HEK293T cells

Figure 3 Protein aggregation in N2A cells expressing mutant CHP1

(A) Representative images of differentiated N2A cells transiently expressing CHP1-WT-GFP or CHP1-K19del-GFP proteins. CHP1-WT-GFP appears uni-
formly expressed both in the cell body and neurite-like structures of N2A cells. Small puncta-like aggregates are visible. CHP1-K19del-GFP expression leads
to formation of large protein aggregations, both in the cell body and throughout axon-like projections. Puncta-like and large aggregations are indicated with
white arrowheads. GFP exposure time in milliseconds is indicated inside the panels. Scale bar: 20 mm. The graph represents aggregation quantification in
GFP-positive cells. Bars show themean6SEM from6 independent experiments (n$250). “***” denotes statistical significance (p, 0.001 x2 test). (B and C)
CHP1-K19del aggregates colocalize with protein homeostasis markers. N2A cells expressing CHP1-WT-GFP or CHP1-K19del-GFP proteins were immu-
nostained with ubiquitin and P62 antibodies. Representative images of puncta-like and large aggregations are depicted. Costes-adjusted Pearson coloc-
alization coefficients were calculated for large aggregates, areas depicted in open circles: ubiquitin p5 0.9 and P62 p5 0.85. Positive coefficients indicate
that aggregates colocalize with ubiquitin and P62. Scale bar: 20 mm. GFP 5 green fluorescent protein; WT 5 wild type.

6 Neurology: Genetics

http://links.lww.com/NXG/A30


expressing CHP1-WT– and K19del-V5–tagged pro-
teins were analyzed by WB. In line with reduced cyto-
plasmic levels, CHP1-K19del membrane expression was
also markedly diminished (figure 4C). It is important
that marked NHE1 reduction in membrane fractions
was observed on OE of mutant CHP1 (figure 4C),
implying that CHP1-K19del interferes with proper

NHE1 membrane targeting. Similar results were seen
in N2A cells (figure e-4B, links.lww.com/NXG/A30).

chp1 downregulation in zebrafish causes motor axon, cere-

bellar, and movement defects, which are rescued by wt, but

not mutant CHP1 mRNA. To analyze the pathogenic
consequences of the hypomorphic CHP1-K19del

Figure 4 K19del mutation alters CHP1 association into functional complexes, impairs NHE1 membrane
targeting, and potentially compromises protein conformational changes

(A) Size-exclusion chromatography of total protein lysates from HEK293T cells expressing CHP1-WT-V5 and CHP1-
K19del-V5. 42 protein fractions, 21 in the range of high molecular weight (HMW) and 21 in low molecular weight (LMW)
were analyzed byWestern blot (WB). Blots were probed with V5 antibodies to detect CHP1WT andmutant proteins. Marked
elution differences between WT and mutant CHP1 in both HMW and LMW complexes (fractions 7–25) are visible. CHP1-
K19del-V5 elution in LMW fractions shifted to higher MW (29–30), away from themost abundantmonomeric range (32–34).
(B) Cartoon representation of the crystal structure of Rattus norvegicus free CHP1 (PDB code 2CT9) and Homo sapiens
NMR complex structure NHE1-bound CHP1 (PDB code 2E30). CHP1 is depicted in gray, the NHE1 segment in magenta, and
Ca21 ions in green. The CHP1 Aa helix (residues 1 to 23) is depicted in blue and the K19 residue is shown in orange sticks.
Note the open conformation of the CHP1 Aa helix in the free CHP1 structure and its closed-to-NHE1 hydrophobic pocket in
the CHP1-bound structure. (C) Subcellular fractionation of protein lysates from HEK293T transiently overexpressing
CHP1-WT-V5 and CHP1-K19del-V5 proteins. Fractions were separated into soluble (cytoplasmic) and membrane fractions
by differential lysis and centrifugation. Representative WB of total lysates and fractions were probed with V5 antibodies to
detect CHP1-WT and mutant proteins and NHE1. HSP90 and EGFR were used as enrichment markers for soluble and
membrane fractions, respectively. Graphs represent quantification of relative expression of CHP1 and NHE1 in the mem-
brane fraction. Bars show the mean 6 SEM (error bars) from 3 independent blots. “*” denotes statistical significance (p #

0.05 Student t test). EGFR 5 Epidermal Growth Factor Receptor; WT 5 wild type.
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Figure 5 Chp1 downregulation in zebrafish leads to CaP-MN, cerebellar, andmovement defects rescuedwithWT, but notmutantCHP1mRNA

(A) Lateral views of whole-mount embryos stained with synaptotagmin antibody (znp1). Truncated and absent motor axons are indicated with solid arrowheads and
terminally branched axons with open arrowheads. Scale bar: 25 mm. (B and C) Based on overall appearance, CaP-MNs were classified as follows: normal, short
(truncated axonal projection), or absent (total axonal atrophy). Based on terminal branching, axons were classified as normal, mild (branching ventral from midline),
medium (2–3 or more branches at ventral or midline), or severe (.3 branches ventral or dorsal from midline). chp1-depleted zebrafish larvae display CaP-MN
truncations and increased terminal branching in comparison with control (non-targeting) Morpholino (MO) and uninjected fish. Quantitative analysis of CaP-MN
demonstrates that coinjection of chp1MO and CHP1-WTmRNAs significantly improves axonal defects. Coinjection of chp1MO and CHP1-K19delmRNAs fails to
ameliorate CaP-MN defects in comparison with CHP1-WTmRNA. Results are presented in percentages from n$ 150 analyzed axons representing 3 independent
experiments. * denotes statistical significance in comparison with the chp1MO group (p# 0.05 x2 test). (D) chp1-depleted;34 hpf morphants show an increased
frequency of spontaneous contractions. For graphic representation, spontaneous contractionswere categorized as follows: 0 (no contraction), 1 (1 contraction in 30
seconds), and2ormore (2 ormore contractions in30seconds). Results are presented as the percentage of total fromn$50observed zebrafish larvae representing
3 independent experiments. Coinjection of chp1 MO and CHP1-WT mRNAs, but not CHP1-K19-del mRNA, significantly reduced spontaneous contractions in 30
seconds “****” denotes statistical significance (p, 0.0001 Fisher exact test). (E) Dorsal views of whole-mount embryos labeled with acetylated tubulin at;72 hpf.
The structure depicted between white horizontal lines in the uninjected morphant indicates the cerebellar area of observation. Optic tectum (OT) is outlined. Severe
cerebellar hypoplasia is observed in chp1-depleted zebrafish in comparison with control MO and uninjected fish. “*” in chp1 MO image indicates trochlear decus-
sation. Scale bar: 25 mm. (F) Quantitative analysis of cerebellar defects demonstrates that coinjection of chp1MO and CHP1-WTmRNAs significantly ameliorates
this phenotype. Coinjection of chp1MO and CHP1-K19delmRNAs fails to improve cerebellar defects to WT levels. Results are presented in percentages from n$

40 observed zebrafish morphants from3 independent experiments. “*” denote statistical significance (p# 0.05 Fisher exact test). CaP-MN5 caudal primarymotor
neuron; mRNA 5 messenger RNA; NS 5 not significant; WT 5 wild type.

8 Neurology: Genetics



mutation in vivo, we used MO to inhibit chp1 trans-
lation in zebrafish. Different MO concentrations were
injected to select a dosage with little effect on overall
morphology and development, but quantifiable neuro-
logic readout (figure e-5, A–D, links.lww.com/NXG/
A30). MO efficacy was confirmed by WB (figure e-5E,
links.lww.com/NXG/A30).

Chp1 deficiency resulted in CaP-MN defects,
namely axonal truncations and increased terminal
branching. In detail, ;23% of the analyzed CaP-
MNs exhibited defects in axonal projection and
;35% showed increased terminal branching
(figure 5, A–C). Furthermore, Chp1 reduction led
to severe cerebellar hypoplasia in ;70% of the mor-
phants. Trochlear decussation became visible on
severe cerebellar reduction, and reduced size of the
optic tectum was also observed but not included for
quantification analyses (figure 5, E and F). Negligible
CaP-MN impairments and no cerebellar defects were
observed in control groups (figure e-5, B–D, links.
lww.com/NXG/A30). Since individuals carrying
CHP1mutation exhibit spastic paraparesis, gait insta-
bility, and ataxia (table e-3, links.lww.com/NXG/A29),
we additionally examined chp1 morphants movement
in detail. Chp1 deficiency led to increased spontaneous
contractions (figure 5D and video e-1, links.lww.com/
NXG/A31) and to abnormal spastic-like trunk move-
ment unaccompanied of locomotion (video e-2, links.
lww.com/NXG/A32).

To corroborate chp1-MO phenotype specificity
and confirm CHP1-K19del pathogenicity, rescue ex-
periments were performed using WT and mutant
CHP1-mRNAs. Protein OE was confirmed by WB
(figure e-5F, links.lww.com/NXG/A30), and neither
CaP-MN nor cerebellar defects were observed on
CHP1-mRNAs OE (figure e-5, B–D, links.lww.
com/NXG/A30). Coinjection of chp1 MO and
CHP1-WT mRNA, but not CHP1-K19del mRNA,
ameliorated all neurologic and movement defects
associated with Chp1 deficiency (p # 0.05). Thus,
CHP1-WT mRNA improved axonal truncations, ter-
minal branching, and cerebellar hypoplasia by
;13%–20% and 25%, respectively, compared with
chp1 MO alone (figure 5, A–C, E and F). Spontane-
ous contractions were partially restored to uninjected
larvae levels (figure 5D). Rescue experiments did not
fully reach control levels probably because of the lim-
ited expression of synthetic mRNAs.35 Together, the
neurologic and movement defects observed in chp1
morphants validate CHP1 reduction as the underly-
ing cause of MN defects and ratify cerebellar hypo-
plasia as the central pathogenic feature underpinning
CHP1 pathogenesis.

DISCUSSION Following a combination of exome and
linkage analysis in a consanguineous family, we

identified a 3-bp deletion in a highly conserved
domain of CHP1 as a novel cause of ARCA. Neither
focusedCHP1 screening in 2 large cohorts with ARCA
and NMD nor interrogating GeneMatcher20 un-
raveled a second mutation, emphasizing the scarcity of
CHP1 variants. This is further underpinned by the
reduced tolerability for missense mutation found in
control population (Exome Aggregation Consortium
z-score: 2.64) and the high degree of conservation
among CHP1 orthologs (99% amino acid identity in
mouse and 92% in zebrafish).

Here, we demonstrated that CHP1-K19del
severely affects protein expression and localization,
thereby impairing NHE1 membrane expression, and
consequently its function.36 Therefore, CHP1 muta-
tion causes ataxia, most likely, in an NHE1-dependent
manner (figure e-6, A and B, links.lww.com/NXG/
A30), resembling the mechanism of cerebellar degen-
eration described for Chp1 vacillator6 and Nhe1 KO
mice.9 Albeit aggregation is inherent to misfolded pro-
teins in neurodegenerative disease,29 the aggregation
proneness described for CHP1-K19del should be con-
sidered as a readout of abnormal protein folding rather
than a disease mechanism itself.

The affected siblings of this study present with cer-
ebellar atrophy and motor neuropathy, which were
recapitulated in zebrafish. chp1 morphants exhibited
severe cerebellar hypoplasia and CaP-MN alterations,
thus demonstrating that MNs are also compromised
on CHP1 downregulation. Moreover, Chp1 reduc-
tion in zebrafish resulted in increased spontaneous
contractions and spastic-like trunk movements, sup-
porting that CHP1 deficiency underlies the spastic
phenotype in humans. Although the common
denominator between Chp1 and Nhe1 mouse models
is Purkinje cell degeneration, other central nervous
areas such as the hippocampus and hypothalamus
are also sensitive to NHE1 depletion.37,38 We specu-
late that abundant NHE1 expression in MN39 and
MN precursors40 might regulate the proclivity of this
population to CHP1 misbalance. In contrast to the
CHP1-deficient associated phenotype, NHE1 defi-
ciency was presumptively associated with hearing loss,
despite that neither Nhe1 nor Chp1 models presented
deafness. More strikingly, depletion of mouse Nhe1
results in ataxia and epilepsy, while patients with LKS
do not present with episodic seizures.6,9 This pheno-
typic variability strongly suggests that differential
NHE1 dosages finely tune different pathogenic out-
comes. Notably, CHP1-K19del reduces but not abol-
ishes CHP1 expression, thereby NHE1 membrane
targeting is reduced, but not fully compromised.
We hypothesize, in conformity with others,11 that
reduced NHE1 certainly leads to ataxia, but remain-
ing levels are sufficient to protect patients with CHP1
mutations from epilepsy or deafness as in patients
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with LKS. Moreover, tissue-specific expression of
other CHP or NHE proteins could modulate pheno-
typic compensations, further explaining the incom-
plete phenotypic translation from mouse to humans
and the variability among human phenotypes.
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Abstract
Objective
To test the association of distinct neuropathologic features of Alzheimer disease (AD) with risk
loci identified in genome-wide association studies.

Methods
Vantaa 85+ is a population-based study that includes 601 participants aged ≥85 years, of which
256 were neuropathologically examined. We analyzed 29 AD risk loci in addition to APOE e4,
which was studied separately and used as a covariate. Genotyping was performed using a single
nucleotide polymorphism (SNP) array (341 variants) and imputation (6,038 variants). Par-
ticipants with Consortium to Establish a Registry for Alzheimer Disease (CERAD) (neuritic Aβ
plaques) scores 0 (n = 65) vs score M + F (n = 171) and Braak (neurofibrillary tangle
pathology) stages 0–II (n = 74) vs stages IV–VI (n = 119), and with capillary Aβ (CapAβ,
n = 77) vs without (n = 179) were compared. Cerebral amyloid angiopathy (CAA) percentage
was analyzed as a continuous variable.

Results
Altogether, 24 of the 29 loci were associated (at p < 0.05) with one or more AD-related
neuropathologic features in either SNP array or imputation data. Fifteen loci associated with
CERAD score, smallest p = 0.0002122, odds ratio (OR) 2.67 (1.58–4.49) at MEF2C locus.
Fifteen loci associated with Braak stage, smallest p = 0.004372, OR 0.31 (0.14–0.69) at GAB2
locus. Twenty loci associated with CAA, smallest p = 7.17E-07, β 14.4 (8.88–20) at CR1 locus.
Fifteen loci associated with CapAβ smallest p = 0.002594, OR 0.54 (0.37–0.81) at HLA-DRB1
locus. Certain loci associated with specific neuropathologic features. CASS4, CLU, and
ZCWPW1 associated only with CAA, while TREM2 and HLA-DRB5 associated only with
CapAβ.

Conclusions
AD risk loci differ in their association with neuropathologic features, and we show for the first
time distinct risk loci for CAA and CapAβ.
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Late-onset Alzheimer disease (LOAD) is neuro-
pathologically characterized by cerebral accumulation of
amyloid-β (Aβ) peptide containing neuritic plaques and
hyperphosphorylated tau-protein, and by cerebral amyloid
angiopathy (CAA) and capillary Aβ (CapAβ) deposition.
LOAD is known to have a fairly strong hereditary risk,1 the
apolipoprotein E (APOE) e4 being the strongest genetic
risk factor.2,3 Recently, genome-wide association studies
(GWASs) have identified approximately 30 Alzheimer
disease (AD)-associated risk loci,4–10 which are known to
encode proteins involved in immune system and in-
flammation (CLU, CR1, ABCA7, MS4A, CD33, EPHA1,
MEF2C, HLA-DRB1/DRB5, TRIP4, and TREM2), cho-
lesterol metabolism (APP, CLU, ABCA7, and SORL1),
synaptic and membrane function (PICALM, BIN1, CD33,
CD2AP, EPHA1, INPP5D, PTK2B, SORL1, and SLC2A4),
tau pathology (BIN1), and Aβ metabolism (APP, CLU,
CR1, ABCA7, INPP5D, and SORL1).6,8,11–15 Most of the
previous GWASs have been based on large clinically di-
agnosed hospital-based samples,5–10,14 but recently, a few
GWASs have been published based on neuropathologically
verified data sets.16 In those studies, ABCA7 and CD2AP
as well as a variant near APP (rs2829887) and ABCG1,
GALNT7 and an intergenic region on chr 9 (9:
129,280,000–129,380,000) loci have been found to be as-
sociated with neuritic plaque pathology.4,16 The Consor-
tium to Establish a Registry for Alzheimer disease
(CERAD) score and Braak stage have also been associated
with ABCA7, BIN1, CASS4, MEF2C, and PICALM, and
Braak stage with CLU, SORL1, ZCWPW1, and CERAD
score with MS4A6A, and CD33.4

Here, we analyzed possible associations of AD risk loci with
each neuropathologic feature (neuritic plaque, neurofibrillary
tangle and CAA, and CapAβ) in a population-based sample of
very elderly Finns (Vantaa 85+ Study).

Methods
Study population
The Vantaa 85+ Study includes 601 individuals, aged at least
85 years, who were living in the city of Vantaa on April 1,
1991. Autopsy and neuropathologic examination were per-
formed on 300 (mean age 92.4 ± SD 3.7 years, range 85–105).
The clinical characteristics of the whole genotyped sub-
population (N = 512) and the whole genotyped neuro-
pathologically examined subpopulation (N = 300) are shown
in table e-1 (http://links.lww.com/NXG/A16).

Neuropathologic examination
Evaluation of Braak stages of Alzheimer-type neurofibril-
lary pathology17 and CERAD scores of neuritic plaques18

have been described previously.19 The percentage of
CAA-affected noncapillary blood vessels was estimated
using histologic Congo red as described previously and
confirmed by immunohistochemistry (IHC).20 The pres-
ence of CapAβ was analyzed as described before20,21 using
IHC.21

Evaluation of the APOE genotype, SNP array,
and candidate gene approach
APOE genotyping was performed as described pre-
viously.22 A GWAS was conducted as previously de-
scribed23 by Infinium Human370 BeadChips (Illumina,
San Diego, CA) for 327,521 variants in blood samples from
512 participants. Data quality control was done using the
standard PLINK v1.924,25 protocol.26 In summary, related
individuals (identity by descent >0.185), individuals with
discordant sex information, divergent ancestry, elevated
missing data (>3%) rate, or outlying heterozygosity rate
(±2 SD) were excluded. Variants with missing per person
rate >10%, minor allele frequency <1% and missing data
rate >5%, or significantly different genotype call rates be-
tween cases and controls (p < 0.00001) were excluded.
Variants not in the Hardy-Weinberg equilibrium (p <
0.00001) were also discarded.

A PubMed search was performed to identify all the loci
that have been reported in previous GWAS analyses in
samples from participants with clinically or neuro-
pathologically diagnosed AD. Besides APOE, we found
reports on 44 variants at 29 loci. Variants at genes near
these candidate loci were extracted from the quality-
controlled genome-wide single nucleotide polymorphism
(SNP) array. To cover nearby variants of possible interest,
variants within 1 kb of each candidate gene were also in-
cluded in the study (table e-2, http://links.lww.com/
NXG/A16).

Imputation
Imputation was performed using IMPUTE2.27 1000
Genomes phase3 data (October 2014 release) supplied by
IMPUTE2 were used as the reference panel. Imputation was
performed on the same candidate genes as in the SNP
array–based analyses and on the 44 previously reported in-
dex variants. The whole available Vantaa 85+ data set (n =
512) was imputed. We have whole-genome sequences of
a subset of the Vantaa 85+ study (n = 286), and we

Glossary
Aβ = amyloid-β; AD = Alzheimer disease; APOE = apolipoprotein E; CAA = cerebral amyloid angiopathy; CapAβ = capillary
Aβ; CERAD = Consortium to Establish a Registry for Alzheimer Disease; Chr9 region = chromosome 9 region; CI =
confidence interval; GWAS = genome-wide association study; IHC = immunohistochemistry; LOAD = late-onset Alzheimer
disease; OR = odds ratio; SNP = single nucleotide polymorphism.
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compared the imputed genotypes to the whole-genome
sequencing-derived genotypes. The median discordance
between genotypes was 0.7%, which indicates successful
imputation. We performed the same quality control steps
and association analyses as we did to the SNP array data, but
the genotyping rate threshold was not defined for the 44
index variants.

Statistical analyses
In the analyses, participants with moderate or frequent
CERAD scores were compared with participants with no
neuritic plaques (CERAD 0). Similarly, participants with
Braak stages 0–II were compared with the high-stage group
(Braak stages IV–VI). All participants without CapAβ were
regarded as controls in analyses related to that pathology. The
associations between APOE «4 allele and neuropathologic
features were performed using logistic or linear regression
analysis with age and sex as covariates on SPSS (version 23)
(table 1). Other statistical analyses were performed using
PLINK. Case-control association tests were calculated using
logistic regression. Quantitative trait associations were cal-
culated using linear regression. Each regression analysis was
performed twice with either age and sex or age, sex, andAPOE
e4 status as covariates. In this candidate gene analysis of
GWAS known AD loci, p < 0.05 was considered statistically
significant.

Standard protocol approvals, registrations,
and patient consents
The Vantaa 85+ study was approved by the Ethics Committee
of the Health Centre of the City of Vantaa in 1991 and by the
Coordinating Ethics Committee of the Helsinki University
Central Hospital in 2014. The Finnish Health and Social
Ministry has approved the use of the health and social work
records and death certificates. Blood samples were collected
only after the participants or their relatives provided written
informed consent. The National Authority for Medicolegal

Affairs (VALVIRA) has approved the collection of the tissue
samples at autopsy as well as their use for research. Written
informed consent for autopsy was obtained from the nearest
relatives.

Results
SNP array and imputation
After quality control, 341 variants at 26 candidate loci
remained in the SNP array data (table e-2, http://links.lww.
com/NXG/A16). There were no variants in EXOC3L2,HLA-
DRB1, and TREM2 loci. In the imputed data set, 6,038 var-
iants remained in 28 loci after quality control. Imputation was
not successful in INPP5D, but it was covered with 26 variants
in the SNP array data. Thus, all 29 candidate loci were covered
in either the original SNP array or imputed data sets. Impu-
tation of the index variants in ABCG1, APP, and chromosome
9 region (Chr9 region) was not successful because of too
small minor allele frequency or low genotyping quality.
Associations between the candidate loci and neuropathologic
features are summarized in table 2.

Of the 512 samples, 487 passed the quality control criteria.
Samples from 3 individuals were excluded because of differ-
ence in reported and estimated sex, 4 because of relatedness of
participants, and 18 because of excessive missing data rate or
heterozygosity.

Neuropathologic findings
The characteristics of the whole Vantaa 85+ sample (n = 512)
and the neuropathologically and genetically examined sub-
populations (n = 256) are shown in table e-1 (http://links.lww.
com/NXG/A16). Neuropathologic analysis and data details
have been previously reported.19–21 No statistically significant
differences were found in age at death or sex between the whole
study population and the neuropathologically examined sub-
population, but there were slightly more females in the neuro-
pathologically examined subpopulation.

APOE
As expected and already previously published using other
types of analyses,28,29 the APOE e4 allele was strongly asso-
ciated with all AD-related neuropathologic features (table 1).
Further analyses were performed with and without APOE e4
adjustment.

Association of the 29 risk loci with distinct
neuropathologic features
Overall distribution of associations between the 26 candidate
loci covered by the SNP array and neuropathologic features
are shown in table e-3 (http://links.lww.com/NXG/A16).
EXOC3L2, HLA-DRB1, and TREM2 could not be analyzed
since there were no variants at these loci in the SNP array.
Variant details and p values are shown in table e-4. APOE was
treated as a covariate and not included in the list of tested loci.
Nine of the 26 SNP array loci were not associated with any
histopathologic variables in SNP array data.

Table 1 Results of association analyses between the APOE
e4 allele and neuropathologic features (CERAD,
Braak, CAA, and CapAβ)

Variable p Value OR/β 95% CI

CERAD 9.25E-7 14.91 5.07–43.85

Braak 2.01E-7 8.25 3.72–18.27

CAA 1.50E-8 6.491 4.311–8.67

CapAβ 2.13E-10 7.54 4.04–14.06

Abbreviations: APOE = apolipoprotein E; CAA = cerebral amyloid angiopathy;
CapAβ = capillary Aβ; CI = confidence interval; OR = odds ratio.
Univariate logistic (CERAD, Braak, and CapAβ) and linear (CAA%) regression
analysis with values adjusted for age at death and sex.
APOE genotyping (rs429358, rs7412).
CERAD/neuritic plaques = moderate or frequent neuritic plaques according
to the Consortium to Establish a Registry for Alzheimer Disease vs no neu-
ritic plaques. Braak = Braak stage IV–VI vs Braak stage 0–II. CAA = mean
percentage of subarachnoid and cortical noncapillary blood vessels with
CAA in 6 samples. CapAβ = capillary Aβ present vs not present.
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After imputation of all 29 loci, associations were found with 24
loci. The 5 loci that did not show association with any neu-
ropathologic feature were CD33, CELF1, EPHA1, EXOC3L2,
and INPP5D. We found an association at p < 0.05 with
a neuropathologic feature for 7 of the previously reported 44
index variants, while 9 other variants showed a trend at 0.05 <

p < 0.10 (table e-5). However, the genotyping rate of index
variants was <95% for 14 variants.

CERAD score of neuritic plaques
In the SNP array data, we identified 8 loci that were associated
with the CERAD score when adjusted for age at death and sex

Table 2 Associations of candidate loci with neuropathologic features

CapAβa CapAβb CAAa CAAb CERADa CERADb Braaka Braakb
Variants at
locus (n)

ABCA7 + + + + + 65

ABCG1 + + + + + + 279

APP + + + + + + + 733

BIN1 + + + + + + 204

CASS4 + + 52

CD2AP + + + 363

CD33 10

CELF1 81

CLU + 16

CR1 + + + + + 227

EPHA1 21

EXOC3L2 12

FERMT2 + + + + + + 177

GAB2 + + + + + 237

GALNT7 + + + + + 199

HLADRB1 + + + + 66

HLADRB5 + 10

INPP5D 26

MEF2C + + + + 295

MS4A cluster + + + + + + + 714

NME8 + + + + + + + + 270

PICALM + + + + + 400

PTK2B + + + + + + 459

SLC24A4 + + + + + + + 533

SORL1 + + + + + + + 242

Region in chr 9 + + + + + + + + 287

TREM2 + 2

TRIP4 + + + + 49

ZCWPW1 + + 32

Abbreviations: APOE = apolipoprotein E; CAA = cerebral amyloid angiopathy; CapAβ = capillary Aβ; CERAD = Consortium to Establish a Registry for Alzheimer
Disease; M = moderate neuritic plaques; F = frequent neuritic plaques (moderate or frequent) logistic regression analysis vs no neuritic plaques.
Loci with associated variants (p < 0.05) marked with “+.”
CapAβ (CAA type1) logistic regression analysis vs all other participants witha and withoutb APOE e4 carrier status; CAA linear regression analysis; Braak stage
(IV–VI) logistic regression analysis vs Braak stage (0–II).
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Table 3 Associations in SNP array data between the CERAD score (CERAD score 0 vsM + F) and previously known AD risk
loci (341 variants)

CERAD Rs p Valuea OR (95% CI) p Valueb OR (95% CI)

ABCG1 chr 21 rs225443 0.03456 1.67 (1.04–2.67)

rs183436 0.01556 1.78 (1.12–2.84)

rs225385 0.01347 0.56 (0.35–0.89) 0.02533 0.62 (0.41–0.94)

rs2234718 0.01432 0.53 (0.31–0.88) 0.01775 0.56 (0.35–0.90)

FERMT2 chr 14 rs1112777 0.01733 0.56 (0.35–0.90)

MEF2C chr 5 rs187270 0.003969 1.99 (1.25–3.18) 0.006607 1.82 (1.18–2.81)

rs190438 0.003805 2.20 (1.29–3.78) 0.003842 2.14 (1.28–3.58)

rs34318 0.004267 1.98 (1.24–3.16) 0.009478 1.76 (1.15–2.71)

rs412458 0.0005646 3.04 (1.62–5.71) 0.0004791 3.01 (1.62–5.59)

rs661311 0.0005646 3.04 (1.62–5.71) 0.0004791 3.01 (1.62–5.59)

rs700591 0.02687 1.69 (1.06–2.68) 0.01942 1.66 (1.09–2.54)

rs700588 0.0002122 2.67 (1.59–4.49) 0.0003895 2.40 (1.48–3.88)

rs160044 0.0002684 2.62 (1.56–4.38) 0.0004573 2.37 (1.46–3.83)

rs10044342 0.0008274 3.65 (1.71–7.79) 0.001522 3.27 (1.57–6.8)

rs3850653 0.0304 0.54 (0.31–0.94)

rs770463 0.02303 0.59 (0.37–0.93) 0.017 0.60 (0.40–0.91)

MS4A chr 11 rs4939387 0.03929 0.44 (0.21–0.96)

rs6591595 0.03037 0.47 (0.23–0.93) 0.003674 0.38 (0.20–0.73)

rs2847212 0.04648 0.51 (0.27–0.99) 0.008148 0.44 (0.24–0.81)

rs4939416 0.04648 0.51 (0.27–0.99) 0.008148 0.44 (0.24–0.81)

rs474347 0.007831 0.44 (0.24–0.81)

PICALM chr11 rs2077815 0.04248 0.55 (0.31–0.98)

rs10501604 0.0108 2.41 (1.23–4.74) 0.04079 1.98 (1.03–3.80)

rs713346 0.02167 1.98 (1.11–3.55)

rs475639 0.01235 1.77 (1.13–2.76)

rs680119 0.013 0.58 (0.38–0.89)

rs642949 0.04878 1.63 (1.00–2.66)

rs10501608 0.01042 2.42 (1.23–4.76) 0.03225 2.05 (1.06–3.94)

PTK2 chr 8 rs2322606 0.01452 2.34 (1.18–4.61) 0.0109 2.30 (1.21–4.37)

rs10097861 0.01611 2.20 (1.16–4.20) 0.01598 2.12 (1.15–3.91)

rs1879188 0.007295 2.43 (1.27–4.65) 0.02249 2.01 (1.10–3.65)

rs1879189 0.007295 2.43 (1.27–4.65) 0.02249 2.01 (1.10–3.65)

rs3735759 0.01496 2.43 (1.19–4.95) 0.02571 2.17 (1.10–4.28)

rs4733058 0.0406 0.55 (0.31–0.98) 0.02569 0.55 (0.33–0.93)

Continued
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but not for APOE e4 (table 3). When APOE e4 was included
as a covariate, all these associations remained significant, and
an additional association was detected with FERMT2
(rs1112777, p = 0.01733, odds ratio [OR] 0.5587, 95% con-
fidence interval [CI] 0.35–0.90). The strongest association
was found between the CERAD score and the MEF2C—
locus (rs700588) (when adjusted with age, sex, and APOE e4,
p = 0.0002122, OR 2.67, 95% CI 1.59–4.49 and without
APOE e4 p = 0.0003895, OR 2.40, 95% CI 1.48–3.88).
MEF2C did not associate with any other histopathologic
variables (Braak, CAA, and CapAβ).

In the imputed data, we identified 14 loci that were asso-
ciated with the CERAD score (table 2, tables e-6 and
e-7, http://links.lww.com/NXG/A16). The strongest

association found was the same as in the SNP array data:
rs700588 at MEF2C.

Braak stage
In the SNP array data, 6 loci were associated with a high Braak
stage (IV–VI vs 0–II) (APP, GALNT7, PTK2B, SLC24A,
SORL1, and TRIP4), and when adjusted for APOE e4, asso-
ciations were also found with ABCG1 (table 4). Overall, the
associations with the Braak stage were weaker than those with
the CERAD score. The strongest association was found with
ABCG1 (rs532345, p = 0.02671, OR 0.5571, 95% CI
0.33–0.93 with APOE e4 adjustment).

In the imputed data, we identified 15 loci that showed asso-
ciation with the Braak stage (ABCA7, ABCG1, APP, CD2AP,

Table 4 Associations in SNP array data between the Braak stage and previously known AD risk loci (341 variants)
comparing participants with Braak stage IV–VI (n = 119) vs Braak stage 0–II (n = 74)

Braak Rs p Valuea OR (95% CI) p Valueb OR (95% CI)

ABCG1 chr 21 Rs225443 0.0267 0.57 (0.34–0.94)

Rs532345 0.02671 0.56 (0.33–0.93)

Rs691687 0.04217 0.59 (0.35–0.98)

APP chr 21 Rs400603 0.04806 0.42 (0.18–0.99)

Rs2830104 0.04174 1.93 (1.03–3.62)

GALNT7 chr 4 Rs7658148 0.03616 0.63 (0.41–0.97)

PTK2b chr 8 Rs2322606 0.04005 1.96 (1.03–3.73) 0.02477 1.96 (1.09–3.52)

Rs10097861 0.04979 1.84 (1.00–3.40)

Rs1879188 0.033 1.94 (1.06–3.57)

Rs1879189 0.033 1.94 (1.06–3.57)

SLC24A4 chr14 Rs2402130 0.02 2.24 (1.12–4.46) 0.03353 1.99 (1.06–3.76)

SORL1 chr 11 Rs1532763 0.048 0.59 (0.35–1.00) 0.0324 0.60 (0.37–0.96)

TRIP4 chr15 Rs936689 0.03045 2.24 (1.08–4.66)

Abbreviations: AD = Alzheimer disease; APOE = apolipoprotein E; CI = confidence interval; OR = odds ratio; SNP = single nucleotide polymorphism.
Binary logistic regression analysis with and without adjustment for APOE e4.
Binary logistic regression analysis adjusted for age at death and sex and witha and withoutb carrier status of the APOE «4 allele for 341 variants.
All variants with p < 0.05 are shown.

Table 3 Associations in SNP array data between the CERAD score (CERAD score 0 vs M + F) and previously known AD risk
loci (341 variants) (continued)

CERAD Rs p Valuea OR (95% CI) p Valueb OR (95% CI)

SLC24A4 chr 14 rs11623019 0.04134 0.58 (0.35–0.98) 0.03965 0.61 (0.37–0.97)

SORL1 chr 11 rs2298525 0.01498 0.37 (0.17–0.82) 0.02715 0.45 (0.22–0.91)

Abbreviations: APOE = apolipoprotein E; CERAD = Consortium to Establish a Registry for Alzheimer Disease; CI = confidence interval; M = moderate neuritic
plaques; F = frequent neuritic plaques (moderate or frequent, n = 171) vs CERAD (no neuritic plaques, n = 65); OR = odds ratio; SNP = single nucleotide
polymorphism.
Binary logistic regression analysis with and without adjustment for APOE e4.
Binary logistic regression analysis adjusted for age at death and sex and witha and withoutb carrier status of the APOE e4 allele.
All variants with p < 0.05 are shown.
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Chr9 region, CR1, GAB2, GALNT7, MEF2C, MS4A, NME8,
PTK2B, SLC24A4, SORL1, and TRIP4) (table 2, tables e-8
and e-9, http://links.lww.com/NXG/A16). All except for
MEF2C showed association regardless of APOE e4 adjust-
ment. Rs2512518 atGAB2 locus had the strongest association
(p = 0.004372, OR 0.31, 95% CI 0.14–0.69) when adjusted
for age and sex.

CAA
In the SNP array data, 7 loci were associated with CAA
(ABCA7, CR1, FERMT2, NME8, SLC24A4, SORL1, and
ZCWPW1), and when adjusted for APOE e4, an additional
locus (GALNT7) was found (table 5). The strongest associ-
ation was with CR1 (rs65087, p = 0.004934, β 2.52, 95% CI
0.78–4.26 without APOE e4 adjustment); CR1 and ABCA7
were not associated with any other histopathologic variable
than CAA.

In the imputed data, we identified 20 loci that were associated
with CAA (table 2, tables e-10 and e-11, http://links.lww.
com/NXG/A16). Fifteen loci were associated regardless of
APOE «4 adjustment (ABCA7, ABCG1, APP, BIN1, CASS4,
Chr9 region, CR1, FERMT2, HLA-DRB1, NME8, PICALM,
SLC24A4, SORL1, TRIP4, and ZCWPW1), 4 loci when ad-
justed for age, sex, and APOE e4 (CD2AP, CLU, GALNT7,
and MS4A locus) and 1 locus (GAB2) when adjusted for age
and sex. The strongest association was found for rs185310342
at CR1 locus (p = 7.17E-07, β 14.4, 95% CI 8.88–20) when
adjusted for age and sex.

CapAβ
In SNP array data, 4 loci were associated with CapAβ (APP,
BIN1, MS4A, and PTK2B), and when adjusted for APOE e4,
age, and sex, 3 additional loci were associated with CapAβ
(GALNT7, NME8, and FERMT2, table 6). The strongest

Table 5 Associations in SNP array data between CAA and previously known AD risk loci (341 variants) adjusted for age at
death and sex and with and without carrier status of the APOE «4 allele

CAA Rs p Valuea β (95% CI) p Valueb β (95% CI)

ABCA7 chr 19 rs3752240 0.007962 −1.97 (−3.41 to −0.53) 0.01813 −1.86 (−3.38 to −0.33)

rs2279796 0.04255 1.44 (0.06 to 2.82)

CR1 chr 1 rs11117959 0.03422 1.83 (0.15 to 3.52) 0.004963 2.53 (0.78 to 4.27)

rs650877 0.03592 1.81 (0.13 to 3.49) 0.004934 2.52 (0.78 to 4.26)

rs11118131 0.03592 1.81 (0.13 to 3.49) 0.004934 2.52 (0.78 to 4.26)

rs677066 0.01169 2.09 (0.48 to 3.70)

rs6691117 0.01169 2.09 (0.48 to 3.70)

rs12734030 0.03786 1.95 (0.12 to 3.78)

FERMT2 chr14 rs8007536 0.008585 3.29 (0.86 to 5.72) 0.04077 2.701 (0.13 to 5.28)

rs4901318 0.009914 2.79 (0.69 to 4.89) 0.04571 2.28 (0.05 to 4.50)

GALNT7 chr 4 rs10001613 0.04873 −1.46 (−2.90 to −0.02)

NME8 chr 7 rs2722301 0.01244 2.13 (0.47 to 3.79) 0.01564 2.18 (0.42 to 3.93)

SLC24A4 chr 14 rs4904896 0.03997 −1.51 (−2.95 to −0.08) 0.01082

rs4904903 0.03422 −1.90 (−3.64 to −0.15)

rs10498633 0.04763 1.78 (0.03 to 3.53) 0.04017 1.946 (0.10 to 3.80)

SORL1 chr 11 rs661057 0.02727 −1.74 (−3.27 to −0.20)

rs676759 0.04524 −1.54 (−3.04 to −0.04)

rs666004 0.03078 −1.62 (−3.08 to −0.16) 0.01868 −1.86 (−3.40 to −0.32)

rs3781827 0.01306 1.87 (0.40 to 3.33) 0.008359 2.09 (0.55 to 3.64)

ZCWPW1 chr 7 rs5015756 0.009438 −1.89 (−3.31 to −0.47) 0.02247 −1.76 (−3.26 to −0.26)

Abbreviations: AD = Alzheimer disease; APOE = apolipoprotein E; CAA = cerebral amyloid angiopathy; CI = confidence interval; OR = odds ratio; SNP = single
nucleotide polymorphism.
The severity of CAA is expressed using the percentage of blood vessels with CAA of all blood vessels visible in the tissue slide.
Linear regression analysis adjusted for age at death and sex and witha and withoutb carrier status of the APOE e4 allele for 341 variants (N = 256).
All variants with p < 0.05 are shown.
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association was found with APP (rs1783016, p = 0.005933,
OR 2.01, 95% CI 1.22–3.30 with APOE e4 adjustment).

In imputed data, we found association for 15 loci (table 2,
tables e-12 and e-13, http://links.lww.com/NXG/A16). Of
these, 9 were associated regardless of APOE e4 adjustment
(APP, BIN1, FERMT2,GALNT7,HLA-DRB1,MS4A,NME8,
PTK2B, and Chr9 region), 3 loci (MEF2C, PICALM, and
SORL1) when adjusted for age, sex, and APOE e4, and 3 loci
(CR1, SLC24A4, and TREM2) when adjusted for age and sex.
The strongest association was found for rs66962766 at HLA-
DRB1 locus (p = 0.002594, OR 0.54, 95% CI 0.37–0.81).

Discussion
In this study, we focused on previously reported genetic AD
risk loci identified in GWAS analyses on clinically or neuro-
pathologically verified patients with AD and controls. We
confirmed the association of 24 of the 29 previously known
AD risk loci with one or more AD-related neuropathologic
features (CERAD, Braak, CAA, and CapAβ) (table 2).

In this study, we found strong associations between APOE e4
and all AD-related neuropathologic features (CERAD, Braak,
CAA, and CapAβ, table 1). This is in line with previous

studies.4,21 To take into account the strong effect of APOE on
the other loci,30 we performed analyses in 2 ways, testing each
neuropathologic feature with and without the adjustment for
the APOE e4 carrier status. Previously, certain loci have been
reported to be more likely influenced by APOE «4 than others;
e.g., PICALM andEXOC3L2 have been found to show stronger
associations with neuropathologically confirmed AD without
APOE e4 adjustment, whereas adjustment with APOE was
reported to have no effect on the association between CR1,
CLU, or BIN1 and neuropathologic AD.30 We found that the
APOE adjustment did not remarkably alter the associations
between neuropathologic features in most loci (table 2).

In addition toAPOE,APP, Chr9 region,NME8, PICALM, and
SLC24A4 were associated with all neuropathologic variables
(CERAD, Braak, CAA, and CapAβ) (table 2).

On the other hand, certain loci were associated only with
specific neuropathologic features. CASS4, CLU, and
ZCWPW1 were associated only with CAA. TREM2 andHLA-
DRB5 were associated with only CapAβ, whereas HLA-DRB1
was associated with both CAA and CapAβ but not with other
pathologies (table 2). These are interesting findings sug-
gesting that the risk loci (and mechanisms) for CAA and
CapAβ may be partially distinct. It is of note that there has

Table 6 Associations in SNP array data between CapAβ and previously known AD risk loci (341 variants)

CapAβ Rs p Valuea OR (95% CI) p Valueb OR (95% CI)

APP chr 21 Rs1783016 0.005933 2.01 (1.22–3.30) 0.02242 1.67 (1.08–2.61)

Rs214488 0.0259 0.52 (0.29–0.92)

Rs383700 0.03333 0.34 (0.13–0.92) 0.0479 0.40 (0.16–0.99)

Rs2014146 0.03392 0.61 (0.38–0.96)

Rs2830000 0.02793 0.53 (0.30–0.93)

Rs466609 0.03013 0.40 (0.18–0.92)

BIN1 chr 2 Rs873270 0.01358 0.43 (0.22–0.84) 0.01855 0.54 (0.31–0.97)

FERMT2 chr 14 Rs1112777 0.04187 0.62 (0.39–0.98)

Rs7494379 0.01501 1.78 (1.12–2.83)

GALNT7 chr 4 Rs2332655 0.03211 0.62 (0.39–0.96)

Rs10001613 0.01362 0.57 (0.36–0.89)

Rs12644699 0.04208 0.56 (0.32–0.98)

MS4A chr 11 Rs2847212 0.04211 0.47 (0.23–0.97)

Rs4939416 0.04211 0.47 (0.23–0.97)

NME8 chr 7 Rs10488617 0.04465 0.58 (0.34–0.99)

PTK2b chr 8 Rs6986075 0.02349 1.67 (1.07–2.59) 0.027 1.60 (1.09–2.34)

Abbreviations: AD = Alzheimer disease; APOE = apolipoprotein E; CapAβ = capillary Aβ; CI = confidence interval; OR = odds ratio; SNP = single nucleotide
polymorphism.
Comparison between participants with CapAβ (n = 77) and all other participants (n = 179) using binary logistic regression analysis.
Binary logistic regression analysis adjusted for age at death and sex and witha and withoutb carrier status of the APOE e4 allele for 341 variants.
All variants with p < 0.05 are shown.
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been only 1 previous GWAS that investigated the genetic
background of CAA, in which the only significant association
was found between CAA and the APOE locus.4 However, in
a previous candidate gene analysis, CR1 was associated with
CAA pathology burden.31 The association between CAA and
CR1 was confirmed in our study. No previous GWAS has
been performed using CapAβ as the phenotype. Here, we
reported significant associations between CapAβ and 15 loci
(APP, BIN1, Chr9 region, CR1, FERMT2, GALNT7, HLA-
DRB1, MEF2C, MS4A, NME8, PICALM, PTK2B, SLC24A4,
SORL1, and TREM2). Our results provide information on the
partly shared and partly distinct genetic backgrounds of AD-
related neuropathologic features.

Author contributions
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Abstract
Objective
To identify genetic differences among siblings with a family history of idiopathic transverse
myelitis (ITM).

Methods
We compared whole-exome sequencing (WES) on germline samples from the 2 affected sisters
with ITM with 3 of their healthy siblings.

Results
The 2 sisters with ITM both had acute onset of sensory loss in the legs, weakness, and bowel/
bladder dysfunction. The first developed ITM at age 15 years with a clinical nadir of complete
paralysis, which slowly recovered over a few years. MRI demonstrated a persistent T2 lesion in
the lower thoracic cord. The second developed ITM at age 50 years with a nadir of sensory loss
from T6 down and paraparesis in the legs, associated with an MRI lesion at T6. She also made
a partial recovery with treatment. Both sisters are homozygous for a missense variant inVPS37A
(c.700C>A, p.Leu234Ile) identified by WES. We performed targeted sequencing of VPS37A in
an additional 86 samples from patients with ITM and 175 with other diseases to investigate the
p.Leu234Ile variant. We identified another patient with ITM homozygous for the same rare
variant. No patients with multiple sclerosis, neuromyelitis optica, other neurologic conditions,
or any healthy controls in public databases were homozygous for this variant.

Conclusions
A rare missense variant in VPS37Amay predispose to development of ITM. Further studies are
necessary to determine the frequency of this variant in the patient population and the mech-
anism through which it contributes to the risk of disease.
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Idiopathic transverse myelitis (ITM) is a monophasic auto-
immune attack on the spinal cord, which leads to weakness,
numbness, and bowel/bladder dysfunction; however, there is
a spectrum of severity, and not all patients have this complete
spectrum of deficits.1 The incidence is approximately 1 per
million per year (0.1/100,000), with a prevalence of approx-
imately 7,500 Americans living with disability from their ITM
today.2 There is a bimodal age distribution with peak onsets in
the teenage years and in adulthood. Men and women are
equally affected. The etiology of ITM is presumed to be an
immune-mediated attack 2–3 weeks after a systemic infection,
possibly due to molecular mimicry.3

ITM is conventionally viewed as a sporadic disease, with no
strong familial risk factors and no recognized genetic contribu-
tion to risk. Recently, we encountered a family of Polish origin
with 2 sisters affected by ITM, 1 presenting originally in 1967 at
age 15 years and 1 presenting in 2010 at age 50 years. This
unusual occurrence prompted us to seek a genetic basis for ITM.

Methods
Samples
We extracted DNA samples from blood, saliva, or spinal fluid
pellets using a DNA isolation kit (Qiagen DNeasy Blood
&Tissue Kit, cat #69504).

Whole-exome sequencing and analysis
We performed whole-exome sequencing (WES) in 2 affected
sisters and their 2 healthy brothers and 1 healthy sister. We
captured the consensus coding sequence exonic regions and
flanking intronic regions totaling ;51 Mb using the Agilent
SureSelect XT kit and performed paired-end 100 bp reads with
the Illumina HiSeq 2500 platform. We aligned each read to the
1000 Genomes phase 2 (GRCh37) human genome reference
with the Burrows-Wheeler Alignment v.0.5.10-tpx.4 Local re-
alignment around indels and base call quality score recalibration
were performed using the Genome Analysis Toolkit (GATK)5

v.2.3-9-ge5ebf34. Variant filtering was performed by the Variant
Quality Score Recalibration method.6 For single nucleotide
variants (SNVs), the annotations of MQRankSum, Haplotype-
Score, QualByDepth, FisherStrand, RMSMappingQuality, and
ReadPosRankSum were used in the adaptive error model (6
maximum Gaussians allowed, worst 3% used for training the
negativemodel). HapMap3.3 andOmni2.5 were used as training
sites, with HapMap3.3 used as the truth set. SNVs were filtered
to obtain all variants up to the 99th percentile of truth sites (1%
false-negative rate). For indels, the annotations of QD, FS,
HaplotypeScore, and ReadPosRankSum were used in the

adaptive error model (4 maximum Gaussians allowed, worst
12% used for training the negative model; indels that had
annotations more than 10 SD from the mean were excluded
from the Gaussian mixture model). A set of curated indels
obtained from the GATK resource bundle (Mills_and_1000
G_gold_standard.indels.b37.vcf) were used as training and truth
sites. Indels were filtered to obtain all variants up to the 95th
percentile of truth sites (5% false-negative rate).7

Using the PhenoDB Variant Analysis Tool of PhenoDB,8 we
prioritized heterozygous, homozygous, and compound hetero-
zygous rare functional variants (missense, nonsense, splice-site
variants, and indels) shared by the proband and her affected
sister but not present in the 2 healthy brothers and healthy sister.
We excluded variants with a minor allele frequency of >0.01 in
Single Nucleotide Polymorphism database 126, 129, and 131,
the Exome Variant Server (release ESP6500SI-V2), 1000
Genomes Project, or among the samples sequenced at classless
interdomain routing (CIDR) as part of the Baylor-Hopkins
Center for Mendelian Genomics. We also excluded all variants
found in our in-house controls (CIDRVar 51 Mb). We gener-
ated a list of heterozygous variants shared by the proband and
her affected sister but not present in the 3 healthy brothers and
sister; a list of homozygous variants shared by the proband and
her affected sister but excluding variants that were homozygous
in one of the healthy siblings and a list of compound heterozy-
gous variants identified shared by the proband and her affected
sister but excluding the genes that had the same set of variants in
one of the unaffected siblings.

PCR and Sanger sequencing of the VPS37A exon
6 variant
We performed confirmatory Sanger sequencing on a 350-bp
amplicon containing exon 6 of VPS37A (forward: aaggcagtgtga-
gatgtgaaga; reverse: tcccactaaggcaacaacaa primers) purified with
the Agencourt AMPure XP automated PCR purification system
and sequenced on an Applied Biosystems 3730xl DNA Analyzer.

Standard protocol, approvals, registrations,
and patient consents
This project was approved by the Johns Hopkins University
Institutional Review Board. All subjects consented to the
publication of their cases.

Results
Cases
Family 1, sister 1 is currently 64 years old but woke up at age
15 years with abrupt lower extremity weakness and sensory

Glossary
CIDR = classless interdomain routing; ESCRT = endosomal sorting complexes required for transport; GATK = Genome
Analysis Toolkit; HSP = hereditary spastic paraplegia; ITM = idiopathic transverse myelitis; SNV = single nucleotide variant;
WES = whole-exome sequencing.
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loss. She recalls no immediate antecedent illness. She was
treated with corticosteroids, and she made a slow and steady
recovery over 3 years from a nadir of being bedbound to being
able to ambulate without assistance. MRI performed at age 53
years still showed a T2 hyperintense lesion at T8/T9 with no
brain lesions (figure 1A). No additional neurologic events
have occurred in the 49 years since the acute onset of her
ITM. Family 1, sister 2 is currently 59 years old and was 51
when she developed acute onset of low back pain, followed by
sensory loss in both legs, mild leg weakness, and urinary in-
continence. She recalls no immediate antecedent illness. Ex-
amination revealed normal strength and a sensory level at
T10. Her spinal cord MRI revealed a nonenhancing T2 hy-
perintense lesion at T4/T5 (figure 1B). She was treated with
a 1-month course of oral corticosteroids and over the next 6
months made a near full recovery except for a persistent mild
leg weakness and sensory level on examination. Spinal fluid
analysis 4months after the acute onset revealed no pleocytosis
nor oligoclonal bands, and serology was negative for auto-
antibodies. Brain MRI was unremarkable. No further

neurologic events have occurred in the 8 years since her ITM.
The sisters have 2 brothers and another sister, all healthy. The
family history revealed no consanguinity; the parents were
both of Polish origin. There was no other history of ITM.

DNA sequence results
WES and analysis on germline DNA from the 2 affected sisters
and their 2 healthy brothers and 1 healthy sister revealed
a missense, homozygous variant in VPS37A, isoform 1
(c.700C>A, p.Leu234Ile, rs150912414, ch8:17276454). The
leucine at this position is remarkably well conserved among all
known eukaryotes (figure 2). One of the healthy brothers was
heterozygous for this variant. There were no additional ho-
mozygous or compound heterozygous candidate variants
identified that segregated appropriately.

Screening other patients with ITM
In an additional 86 individuals presenting with ITM screened
for this variant in VPS37A, we identified a third patient

Figure 1 SpineMRI, sagittal and axial views of patients with
idiopathic transverse myelitis with VPS37A
mutations

(A) Sister 1with idiopathic transversemyelitis (ITM) shows a T2 hyperintense
lesion 38 years after the onset at T8/T9 (arrows). (B) Sister 2 with ITM shows
an acute T2 hyperintense lesion at T4/T5 (arrows). (C) Unrelated patient with
ITM shows an acute T2 hyperintense lesion at T3 (arrows).

Figure 2 DNA sequence analysis of VPS37A

(A) Electropherogram of the patient reveals a nonsynonymous homozygous
C-to-A substitution (red arrow) at position 700 bp of VPS37A (c.700C>A,
p.Leu234Ile). (B) Electropherogram reveals a heterozygous c.700C>A mu-
tation (blue arrow) in patients without idiopathic transverse myelitis. (C)
Representative electropherogram of VPS37A from normal controls (black
arrow). (D) p.Leu234 residue is highly conserved and found in evolutionary
distant orthologs down to zebrafish. The sequences were derived from
GenBank records with the following accession numbers: Homo sapiens
(NP_689628.2), Callithrix jacchus (marmoset; XP_008977480.1), Rattus nor-
vegicus (Rat; NP_001020038.1), Mus musculus (house mouse; NP_291038.2),
Gallus gallus (chicken; XP_420687.1), Xenopus laevis (African clawed frog;
XP_018105271.1), and Danio rerio (zebrafish; NP_956284.1).
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homozygous for the same VPS37A variant. This woman is
currently 55 years old who developed acute mid-thoracic back
pain and bilateral numbness in her toes when she was 50 years
old. An examination revealedmild left leg weakness. Her spine
MRI revealed a T2 hyperintense lesion at T3. Her brain MRI
was normal (figure 1C). Spinal fluid analysis was not per-
formed, and serology was negative for autoantibodies. She was
treated with steroids andmade a partial recovery with ongoing
back pain and left leg spasms. No further neurologic events
have occurred in the ensuing 5 years. She is of Irish/Scottish
origin, denies consanguinity, and has no family history of
ITM. Her symptomatic sister is heterozygous for the variant.

Screening among patients with
nontransverse myelitis
We screened an additional 175 individuals with the fol-
lowing diagnoses: multiple sclerosis (n = 25), neuro-
myelitis optica (n = 25), healthy controls (n = 25), and
other neurologic disease (n = 100). None were homozy-
gous for the VPS37A-L234I variant; however, we identified
an L234I heterozygote who was a 70-year-old man with an
inflammatory bony lesion of his skull base with no history
of myelopathy (figure 3).

Analysis
VPS37A-L234I is found in heterozygosity in 4/10,000 indi-
viduals in the National Heart, Lung, and Blood Institute
Exome Sequencing Project, in 49/120,880 individuals in the
genome Aggregation Database, and 30/10,000 European
descent individuals who participated in the ClinSeq
project.9–11 Given the allele frequency across multiple control
data sets, the expected frequency of homozygosity for this
variant is extremely small, ;1.6 × 10e−9. After forming the
hypothesis that this variant is pathogenic based on family 1
with the 2 affected sisters, we tested it in our small cohort (n =
86) of similarly affected unrelated patients and found an
additional VPS37A-L234I homozygote. Considering the ge-
nome Aggregation Database with no reported homozygotes
in 120,880 individuals, our result identifying 1 homozygote in
only 238 patients with neuro-immune phenotypes rejects the
null hypothesis (Fisher exact test, p < 0.002) and supports
that homozygosity for VPS37A-L234I confers susceptibility
for the 3 individuals with ITM. Significance is higher if cal-
culated only for the 88 patients with ITM (p < 0.00072).

Discussion
We identified a rare missense variant, L234I, in VPS37A in 3
patients from 2 families with ITM. The rarity of this variant
among the general population and the occurrence in homo-
zygosity in affected members of 2 unrelated families implicate
this variant in susceptibility to ITM. Based on the screening
we conducted among a total of 88 unrelated patients with
ITM, 25 with multiple sclerosis, 25 with neuromyelitis optica,
and 100 with other neurologic diseases, we estimate that up to
3% of ITMmay be associated with this genetic variant. We are
in the process of validating the usefulness of VPS37A

sequencing in patients with ITM, especially those with
a positive family history.

VPS37A encodes a component of endosomal sorting
complexes required for transport (ESCRT)-1, one of a set
of heteromeric complexes (ESCRT-0 to ESCRT-3) that are
involved in membrane remodeling processes including
endosomal sorting, multivesicular body biogenesis, nuclear
pore homeostasis, and budding of virus-containing vesicles
into the extracellular space.12–14 The 4 ESCRT complexes
comprise more than 30 proteins, and defects in several of
these have been associated with neurodegenerative diseases
including Alzheimer disease, motor neuron disease, and he-
reditary spastic paraplegia (HSP).15 Relevant to our results,
a previous study reported 9 patients in 2 consanguineous
Middle Eastern families with autosomal recessive HSP
(spastic paraparesis 53, OMIM 614898).16 Affected individ-
uals were homozygous for a VPS37A missense variant
Lys382Asp in exon 11. The clinical phenotype included the
onset of spastic paraparesis in their first 3 years of life, ac-
companied by intellectual disability, kyphosis, and pectus
carinatum.16 There was a progressive, nonimmune-mediated,
degenerative course, with normal MRI findings of the spine in
at least 2. By contrast, the clinical phenotype of our patients
featured a single, immune-mediated attack of the spinal cord

Figure 3 Pedigree of familial idiopathic transverse myelitis

(A) Family with 2 affected sisters who are both positive for the VPS37A mu-
tation (closed circles, P arrows) and 2 healthy brothers, one of whom is
a carrier (half-filled square) and one of whom is not (clear square) and
a healthy sister (clear circle). Their parents are not available to be tested. (B)
A patient with idiopathic transverse myelitis was screened and found to
have themutation, with no known family history (closed circle, P arrow). Her
sister is a healthy carrier (half-filled circle).
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confirmed by a focal MRI lesion in the spinal cord, followed
by a stable or slowly improving clinical course after treatment
with corticosteroids.

The mechanism by which a variant in VPS37A results in an
immune-mediated attack confined to the spinal cord is un-
known; however, there are a growing list of autoimmune
conditions associated with monogenetic variants (table).
There are also monogenic disorders that impart a risk to
infections such as herpes simplex virus encephalitis. These
variants do not cause encephalitis, but rather they impair the
normal innate immune response to the herpes simplex virus.
Thus, the variant confers susceptibility to the environmental
exposure to herpes simplex virus, and the phenotype is gen-
erated by a genetic defect that is exposed or triggered by the
environmental variable. Of interest, a preceding systemic in-
fection has been documented in approximately two-thirds of
ITM cases,2 suggesting that an environmental insult may be
necessary to expose the genetic defect by generating an ab-
normal immunopathogenic response. Similar “conditional”
mendelian phenotypes include the well-known hemolytic
anemia (OMIM 300908) resulting from mutations in the
G6PD gene in patients exposed to fava beans and other
infections in the nervous system genetically susceptible indi-
viduals (table).

Our study is limited to this single variant in exon 6 of VPS37A.
Although an amino acid substitution of leucine to isoleucine at
this position is predicted to be deleterious, we have not ana-
lyzed VPS37A protein expression in these patients. In addi-
tion, the healthy brothers and sisters may develop ITM in the
future. We are also in the process of screening patients with
ITM for variants in other regions of VPS37A and other
components of the ESCRT system. Mouse models

homozygous for the VPS37A-Leu234Ile variant may shed
light on the mechanism of how a genetic variant confers
vulnerability to a monophasic immune-mediated process in
the spinal cord.
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Abstract
Objective
After the recent publication of the first patients with disease-associated missense variants in the
GRIN2D gene, we evaluate the effect of copy number variants (CNVs) overlapping this gene
toward the presentation of neurodevelopmental disorders (NDDs).

Methods
We exploredClinVar (number ofCNVs = 50,794) andDECIPHER (number of CNVs = 28,085)
clinical databases of genomic variations for patients with copy number changes overlapping the
GRIN2D gene at the 19q13.33 locus and evaluated their respective phenotype alongside their
frequency, gene content, and expression, with publicly available reference databases.

Results
We identified 11 patients with microduplications at the 19q13.33 locus. The majority of CNVs
arose de novo, and comparable CNVs are not present in control databases. All patients were
reported to have NDDs and dysmorphic features as the most common clinical phenotype (N =
8/11), followed by seizures (N = 6/11) and intellectual disability (N = 5/11). All duplications
shared a consensus region of 405 kb overlapping 13 genes. After screening for duplication
tolerance in control populations, positive gene brain expression, and gene dosage sensitivity
analysis, we highlight 4 genes for future evaluation: CARD8, C19orf68, KDELR1, andGRIN2D,
which are promising candidates for disease causality. Furthermore, investigation of the litera-
ture especially supports GRIN2D as the best candidate gene.

Conclusions
Our study presents dup19q13.33 as a novel duplication syndrome locus associated with NDDs.
CARD8, C19orf68, KDELR1, and GRIN2D are promising candidates for functional follow-up.
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NMDA receptors are involved in neurodevelopmental
processes such as synaptogenesis, learning, and memory.
Structurally, NMDA receptors are composed of 2 subunits
of GluN1 and GluN2, which are specifically encoded by the
GRIN1 and GRIN2A to GRIN2D genes, respectively.1

While single nucleotide and copy number variants (CNVs)
in the NMDA receptor subunits GRIN1, GRIN2A, and
GRIN2B have been associated with a range of neuro-
developmental disorders (NDDs), little is known about the
association of GRIN2D variants and NDDs. Recently, de
novo missense mutations in GRIN2D (p.Val667Ile) have
been identified as the cause of severe epileptic encepha-
lopathy2 in 2 independent patients. However, whether
CNVs covering the GRIN2D locus are also associated with
disease has not been studied. GRIN2D is encoded at the
end of the long arm of chromosome 19 at the 19q13.33
locus. We hypothesize that dosage changes in GRIN2D are
highly likely to be disease associated based on the high
sequence homology, expression during neurodevelopment,
and a functional relationship with the established disease-
associated paralogous genes.

Methods
Standard protocol approvals, registrations,
and patient consents
We obtained approval from an ethical standards committee
on human experimentation (institutional or regional) for any
experiments using human subjects. Written informed consent
was obtained from all patients (or guardians of patients)
participating in the study (consent for research), following the
guidelines provided by ClinVar and DECHIPER databases.
We obtained authorization for disclosure (consent to dis-
close) of the photograph that may be published in the journal,
in derivative works by the AAN, or on the journal’s website.

Data analysis
Using the gene-oriented query “GRIN2D,” we accessed 2
publicly available repositories of clinical genetic variation: (1)
The Database of Chromosomal Imbalance and Phenotype in
Humans using Ensembl Resources, DECIPHER3 (URL:
https://decipher.sanger.ac.uk, accessed on July 2016) and (2)
The public archive of interpretations of clinically relevant var-
iants, ClinVar4 (URL: http://www.ncbi.nlm.nih.gov/clinvar,
accessed on July 2016). For DECIPHER patients, the individual
scientists were contacted to acquire further phenotype in-
formation including the presence of intellectual disability (ID),
developmental delay (DD), seizures, hypotonia, dysmorphism
(Dysm), learning difficulties, behavioral problems as well as
social communication, and behavioral disorders of the autism
spectrum disorder.5 We considered only DECIPHER entries

with positive submitter contact. All phenotypes evaluated were
considered as binary denominators (i.e., Yes/No). Gene
annotations of the extracted CNVs refer to the genome build
GRCh37/hg19. A consensus region was determined with an in-
house Python script (available on request). Genes inside the
consensus region were further evaluated as disease candidate
genes with additional publicly available resources for (1) brain
expression, strongly brain-expressed genes (n = 4,756), speci-
fied by a log (RPKM) >4.5 of the BrainSpan RNA.Seq tran-
scriptome data set6; (2) overlapping CNVs reported in the
curated control inclusive map of the Database of Genomic
Variants7; (3) loss-of-function (LoF) intolerance reported in the
Exome Aggregation Consortium,8 given by a probability of
being LoF intolerant (pLI score) equal to or greater than 0.9
based on the observed genetic variation of 60,706 healthy
individuals; and (4) overlapping CNVs reported in 20,227
controls.9 Genome-wide brain-specific noncoding functional
elements were extracted from the GenoSkyline; project
(http://genocanyon.med.yale.edu/GenoSkyline), which
implements a statistical framework based on high-throughput
genetic and epigenetic data to predict tissue-specific func-
tional noncoding elements.10

Results
We detected 11 patients with CNVs overlapping the 19q13.33
locus (table 1). Of interest, all of themwere duplications. Three
were annotated in ClinVar (patients 1 through 3) and 8 in
DECIPHER (patients 4 through 11). Although a ninth in-
dividual did fulfill the inclusion criteria (DECIPHER entry
275388), given the actual size of the reported variant in com-
parison with the entire chromosome 19 (CNV = 58.83 Mb vs
Chr19 = 59.12 Mb), it was considered a chromosome trisomy
and therefore was excluded. Detailed clinical phenotypes are
provided in table 1. Notably, all patients were reported to have
mild to severe forms of NDDs. Of all the phenotypes evaluated,
mild but distinct dysmorphic features were the most frequent
(n = 8), followed by seizures (n = 6, including generalized tonic
and febrile seizures), ID (n = 5), and DD (n = 4). In particular,
dysmorphisms were present in patients carrying CNVs larger
than 3 Mb (pathogenic size according to the American College
of Human Genetics). The image of 1 of such patients is shown
in figure, A, showing a child with signs of macrostomia, mid-
face hypoplasia, and progenia.

For DECIPHER entries with available parental information,
85.7% (n = 6) of observed microduplications were de novo,
and only 1 was inherited from an affected family member.
The majority of (87.5%, n = 7) patients did not carry addi-
tional CNVs, and none of the additional CNVs found in 3
patients covered a known disease locus or known disease

Glossary
DD = developmental delay; ID = intellectual disability; LoF = loss of function; NDD = neurodevelopmental disorder.
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Table 1 Clinical phenotypes of the 11 retrieved patients with GRIN2D variants at the 19q13.33 locus

Patient Resource
Database entry
ID

Size
(Mb) Sex

Type of
variant

De
novo

No
CNVs ID DD Seizures Hypotonia ASD Dysm

Learning
difficulties

Behavioral
problems

1 ClinVar 59117 10.65 — Gain — — — Yes Yes — — Yes — —

2 ClinVar 59116 10.64 — Gain — — — Yes* — — — ? — —

3 ClinVar 59115 2.39 — Gain — — — — Yes — — — — —

4 DECIPHER 257554 0.91 M Gain No** 1 — — Yes — — — Yes —

5 DECIPHER 262506 2.51 F Gain Yes 1 Yes Yes Yes Yes — Yes Yes —

6 DECIPHER 269407 3.57 M Gain Yes 1 Yes — — — — Yes — —

7 DECIPHER 274058 10.64 F Gain Yes 1 Yes — Yes — — Yes — Yes

8 DECIPHER 275426 7.78 F Gain Yes 1 — Yes Yes Yes — Yes — —

9 DECIPHER 282304 2 F Gain — 2 — Yes — — — Yes — —

10 DECIPHER 282364 2.72 F Gain Yes 1 Yes — — — — Yes Yes —

11 DECIPHER 328426 1.16 F Gain Yes 1 Yes — — — — Yes — —

Literature Patient Size (Mb) Sex Type of variant De novo No CNVs ID DD Seizures Hypotonia ASD Dysm Learning difficulties Behavioral problems

12 Dorn et al.13 [1] 15.7 M Gain — 1 Yes Yes Yes — — Yes — —

13 Dorn et al.13 [2] 15.7 F Gain — 1 Yes — Yes — — Yes — —

14 Carvalheira et al.11 [1] 10.6 F Gain Yes 1 Yes Yes Yes — — Yes Yes —

15 Wang et al.12 [1] 1.22 — Gain — 1 — — Yes — — — — —

16 Wang et al.12 [5] 1.22 — Gain — 1 — — Yes — — — — —

17 Wang et al.12 [7] 1.22 — Gain — 1 — — Yes — — — — —

GRIN2D pathogenic SNV Patient Mutation Sex Effect De novo No CNVs ID DD Seizures Hypotonia ASD Dysm
Learning
difficulties

Behavioral
problems

18 Li et al.2 [1] p.
Val667Ile

Gain of function Yes — — Yes Yes Yes — Yes Yes —

19 Li et al.2 [2] p.
Val667Ile

Gain of function Yes — — Yes Yes Yes — — Yes —

Abbreviations: ? = not clear; * = developmental delay and/or other significant developmental or morphological phenotypes; ** = from affected parent; ASD = autism spectrum disorder; DD = developmental delay; Dysm =
dysmorphism; ID = intellectual disability; No CNVs = number of copy number variants annotated in patient; P = patient; SNV = single nucleotide variant.
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genes. All 11 CNVs were highly heterogeneous in their size
(average = 4.99 Mb; SD = 4.05 Mb) and breakpoint distri-
bution (encompassing from Chr19: 45.38 Mb–59.09 Mb,
Hg19) (table 1).

To identify additional CNVs absent in ClinVar and/or
DECIPHER databases, we screened the literature and

retrieved 3 additional studies, including 6 patients with
duplications at the 19q13.33 locus.11–13 All of these patients
had seizures. Three patients carried CNVs of 1.22 Mb size,
whereas the remaining 3 duplications were >10 Mb.
Patients affected by the large CNVs were, in addition to
seizures, also affected by other NDDs including ID and
dysmorphism.

FigureGenomic and facial overview of themicroduplications overlapping the GRIN2D gene found in the retrieved patients

(A) Clinical anteroposterior facial photograph of patient 10 depicting characteristic facial features. (B) Thirteen patients were identified with GRIN2D
duplications at the 19q13.33 locus. Blue horizontal bars represent the respective microduplication size and breakpoints according to GRCh37/hg19 human
genome reference in a 12-Mb genomic window. Gray horizontal bars represent the respective microduplication reported in the study by Dorn et al.13

Carvalheira et al.11 andWang et al.12 in which no exact copy number variant boundaries are specified (*). Microduplications larger than the depicted genomic
interval are shownwith arrows at boundaries (patients 1, 2, 7, and 8). Bottom panel: The consensus duplicated region of the 12 patients is depicted in the blue
horizontal bar in a 405-kb window. Thirteen RefSeq genes are located in this region.
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Of interest, the 2 independent patients with the p.Val667Ile
mutation on GRIN2D featured similar NDDs including
DD, dysmorphism, seizures, and muscular hypotonia
(table 1).

Overall, the consensus duplicated region was determined to
be located within the coordinates 48,520,809 bp–48,926,006
bp, with a final size of 405 kb. This is consistent with previous
reports.11–13 The consensus region overlapped 13 RefSeq
genes (figure, B) that were further examined for brain ex-
pression, the presence of CNVs overlapping these genes in
control cohorts, and variation intolerance (table 2). Four
genes persisted above all available filters, namely, the caspase
recruitment domain family member 8 (CARD8), the chro-
mosome 19 open reading frame 68 (C19orf68), the
KDEL endoplasmic reticulum protein retention receptor 1
(KDELR1), and the glutamate ionotropic receptor NMDA
type subunit 2D (GRIN2D). In our view, these 4 genes rep-
resent the most promising candidates.

We also searched for noncoding brain-specific functional
elements within the consensus region. A total of 291 were
found overlapping 9.87% of the consensus region (40,019
bp). Within the consensus regions of the duplications, the
density of noncoding elements was not significantly higher
than that outside of chromosome 19.

Discussion
Here, we report on 11 patients with duplications at a potential
novel disease locus within 19q13.33. Several lines of evidence
support the hypothesis that duplications at this locus are as-
sociated with NDDs: (1) duplications at this locus are virtually
absent in healthy individuals from the general population8; (2)
all of the identified duplications with parental information arose
de novo with the exception of patient 4, which according to
DECIPHER was inherited from an affected parent with a sim-
ilar phenotype (DECIPHER entry 257554); (3) none of the
patients carried additional likely pathogenic CNVs; and (4)
all duplications covered multiple plausible disease candidate
genes.

The NDDs observed in the 11 patients were characterized by
dysmorphism as the most prominent feature, followed by ID
and seizures (table 1). Our observations are in agreement with
previous reports.11–13 Although, 1 example12 focused exclu-
sively on seizures, we cannot rule out that other NDDs were
actually present in those patients. Similarly, we acknowledge
that DD, behavioral problems, and learning difficulties may be
subject to interobserver variability to some extent. In this
regard, future clinical studies of 19q13.33 duplication carriers
need to be conducted to draw detailed and robust genotype-
phenotype conclusions. Since previous reports from the

Table 2 Consensus region gene annotation and candidate gene filtering

Transcipt ID chrom cdsStart cdsEnd Gene
Size
(pb)

Brain
expressed?a

DGV
[clean]
CNVs not
present in
controls?b

ExAC LoF
Intolerance?c

PCG
Browser
CNV not
present in
controls?d Total

NM_022142 chr19 48,511,924 48,525,584 ELSPBP1 13,660 No Yes No Yes 2/4

NM_019855 chr19 48,533,813 48,547,179 CABP5 13,366 No Yes No Yes 2/4

NM_001159322 chr19 48,551,599 48,613,772 PLA2G4C 62,173 Yes No Yes Yes 3/4

NM_001320971 chr19 48,618,905 48,668,823 LIG1 49,918 Yes Yes Yes No 3/4

NM_199341 chr19 48,675,059 48,700,084 C19orf68 25,025 Yes Yes NA Yes 3/3

NM_014959 chr19 48,714,966 48,744,277 CARD8 29,311 Yes Yes Yes Yes 4/4

NM_153608 chr19 48,783,056 48,790,135 ZNF114 7,079 No Yes No Yes 2/4

NM_144577 chr19 48,800,232 48,822,028 CCDC114 21,796 Yes Yes No Yes 3/4

NM_001313905 chr19 48,830,101 48,833,727 EMP3 3,626 Yes Yes No Yes 3/4

NM_018273 chr19 48,836,475 48,867,177 TMEM143 30,702 Yes No Yes Yes 3/4

NM_012451 chr19 48,869,099 48,879,575 SYNGR4 10,476 No Yes Yes Yes 3/4

NM_006801 chr19 48,886,549 48,894,615 KDELR1 8,066 Yes Yes Yes Yes 4/4

NM_000836 chr19 48,901,649 48,947,194 GRIN2D 45,545 Yes Yes Yes Yes 4/4

aBrain-expressed genes from Uddin et al.6
bDGV curated CNV control map from Zarrei et al.7
cExAC LoF Intolerant genes from Lek et al.8
dPCG Control CNVs from Marshall et al.9

Bold genes are positive in all applicable filters and are highlighted as “candidates genes” for future evaluation.
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literature were based on low-resolution cytogenetic meth-
ods,13 identification of the underlying disease gene was not
possible. Here, we show that by integration of multiple CNVs
data sets from public repositories, we are able to narrow down
the disease-associated genomic sequence to a few candidate
genes at the 19q13.33 locus (figure).

Our included data sets do not allow estimation of 19q13.33
duplication frequency. However, the absence of 19q13.33
duplications in CNVs databases of the general population and
the presence of only a few variant carrying patients in diagnostic
CNVs databases with heterogeneous breakpoints indicate that
19q13.33 duplications are extremely rare (table 2).

All 11 of the identified patient CNVs shared a genomic in-
terval of 405 kb, which includes 4 genes with genetic, pop-
ulation and biological support of disease association. These
included CARD8, C19orf68, KDELR1, and GRIN2D. For
CARD8, C19orf68, and KDELR1, no association with NDDs
has been reported in the literature to date. Although we
cannot rule out that brain-specific noncoding elements at
19q13.33 could be involved in the development of NDDs,
GRIN2D represents a plausible candidate gene for associa-
tion with NDDs. GRIN2D, encoding the NMDA receptor
subunit GluN2D, is highly expressed prenatally and after
birth before progressively declining through adulthood.14 It
is possible that GRIN2D microduplications may predispose
to disease susceptibility in a dose-dependent manner by
enhancing GluN2D expression during development, thereby
influencing the NMDA receptor composition, which might
provoke changes in neuronal networks, thus contributing to
hyperexcitability and neurologic diseases.15 Besides CNVs,
the GRIN2D gene is also depleted due to negative selection
of missense and truncating variants in the general pop-
ulation, supporting theGRIN2D association with disease.8 In
agreement, 2 recently identified GRIN2D single nucleotide
variants also lead functionally to a gain-of-function mutation
in 2 patients with similar outcomes2 (table 1). Beyond the
potential diagnostic relevance, our identification of GRIN2D
as a possible new NDD gene has a potential clinical appli-
cation, since memantine, a low-affinity therapeutic NMDA
channel blocker, selectively blocks extrasynaptic NMDA
receptors that are likely to contain GluN2C/2D subunits.16

This might especially be relevant for patients with gain-of-
function mutations or microduplications.2
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Andréa L. Benedet, MSc, Lei Yu, PhD, Aurélie Labbe, PhD, Sulantha Mathotaarachchi, MSc,

Tharick A. Pascoal, MD, Monica Shin, MSc, Min-Su Kang, BSc, Serge Gauthier, MD, Guy A. Rouleau, MD, PhD,

Judes Poirier, PhD, David A. Bennett, MD, and Pedro Rosa-Neto, MD, PhD, for the Alzheimer’s Disease

Neuroimaging Initiative

Neurol Genet 2018;4:e216. doi:10.1212/NXG.0000000000000216

Correspondence

Dr. Rosa-Neto

pedro.rosa@mcgill.ca

Abstract
Objective
To verify whether CYP polymorphisms are associated with amyloid-β (Aβ) pathology across
the spectrum of clinical Alzheimer disease using in vivo and postmortem data from 2 in-
dependent cohorts.

Methods
A candidate-gene approach tested the association between 5 genes (28 single nucleotide
polymorphisms) and Aβ load measured in vivo by the global [18F]florbetapir PET standardized
uptake value ratio (SUVR) in 338 Alzheimer’s Disease Neuroimaging Initiative participants.
Significant results were then tested using plasma Aβ and CSF Aβ and Aβ/phosphorylated tau
(Aβ/p-tau) ratio in the same cohort. The significant association was also generalized to
postmortem Aβ load measurement in the Rush Religious Orders Study/Memory and Aging
Project cohorts. In addition, global cognition was used as a phenotype in the analysis in both
cohorts.

Results
Analysis of Aβ PET identified a variant in the CYP2C19 gene (rs4388808; p = 0.0006), in which
carriers of the minor allele (MA) had a lower global SUVR. A voxel-wise analysis revealed that
the variant is associated with a lower Aβ load in the frontal, inferior temporal, and posterior
cingulate cortices. MA carriers also had higher CSF Aβ (p = 0.003) and Aβ/p-tau ratio (p =
0.02) but had no association with Aβ plasma levels. In postmortem brains, MA carriers had
a lower Aβ load (p = 0.03). Global cognition was higher in MA carriers, which was found to be
mediated by Aβ.

Conclusions
Together, these findings point to an association between CYP2C19 polymorphism and Aβ
pathology, suggesting a protective effect of the MA of rs4388808. Despite the several possi-
bilities in which CYP2C19 affects brain Aβ, the biological mechanism by which this genetic
variation may act as a protective factor merits further investigation.
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Center, Chicago, IL; Department of Decision Sciences (A.L.), HECMontreal, Montreal, Canada; Department of Epidemiology (A.L.), Biostatistics &Occupational Health,McGill University,
Montreal, Canada; Department of Neurology and Neurosurgery (G.A.R., J.P., P.R.-N.), Douglas Hospital Research Centre (J.P., P.R.-N.), and Department of Psychiatry (J.P.), McGill
University, Montreal, Canada; and Montreal Neurological Institute (G.A.R., P.R.-N.), Canada.

Coinvestigators are listed at http://links.lww.com/NXG/A21.

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

The Article Processing Charge was funded by the authors.

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

Copyright © 2018 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXG.0000000000000216
mailto:pedro.rosa@mcgill.ca
http://links.lww.com/NXG/A21
http://ng.neurology.org/lookup/doi/10.1212/NXG.0000000000000216
http://creativecommons.org/licenses/by-nc-nd/4.0/


In sporadic Alzheimer disease (AD), accumulation of amy-
loid-β (Aβ) seems to be associated with reduced Aβ clearance,
but little is known about the biochemical pathways underlying
cerebral Aβ metabolism.

Cytochrome P450 (CYP) is a family of enzymes known to
metabolize several endogenous and exogenous substrates.
Besides metabolizing drugs, brain CYPs are also involved in
the modulation of blood flow, metabolism of fatty acids,
cholesterol, and neurotransmitters, and mobilization of in-
tracellular calcium,1–3 all pathways that have been somehow
linked to AD and/or amyloid metabolism. In addition, studies
have shown that CYP proteins and their genetic variants are
associated with the brain immune response2 and neurode-
generative diseases.2,4,5

Although previous evidence shows CYP expression in areas
affected by AD such as the amygdala, frontal and temporal
cortices, and the hippocampus,6,7 there are only a few reports
documenting a link between CYPs and AD pathophysiology.
In one study, the overexpression of human amyloid pre-
cursor protein (APP) on the Tg2576 mice model was as-
sociated with elevated CYP hepatic function, while their
renal counterparts were depressed.8 In addition, another
study presented evidence that Aβ stimulates NADPH-
cytochrome P450 reductase (POR), a CYP inducer, in APP
transgenic mice and human AD brains, which may affect the
redox status.9

In line with the evidence that Aβ can stimulate metabolic cas-
cades in a similar fashion as foreign compounds,9,10 and
knowing that brain CYP could potentially affect amyloid me-
tabolism also through other mechanisms, we tested the hy-
pothesis that variants in CYP genes could be associated with Aβ
and, consequently, have an impact in cognitive performance.
We examined the association of CYP variants with biomarkers
of Aβ load in vivo and postmortem, as further specified.

Methods
Study participants
Discovery analysis data were obtained from the AD Neu-
roimaging Initiative (ADNI) database (adni.loni.usc.edu).
For this study, cognitively normal (CN) individuals had
a Mini-Mental State examination (MMSE) score of 24 or
higher and a clinical dementia rating (CDR) of 0. The

operational criteria adopted for mild cognitive impairment
(MCI) were participants who had an MMSE score equal to
or greater than 24, a CDR of 0.5, subjective memory con-
cern, objective memory loss measured by education-
adjusted scores on delayed recall of 1 paragraph from
Wechsler Memory Scale Logical Memory II (≥16 years: ≤8;
8–15 years: ≤4; and 0–7 years: ≤2), and essentially normal
activities of daily living. Participants with AD were individ-
uals with an MMSE score lower or equal to 26, CDR higher
than 0.5, who met the National Institute of Neurological and
Communicative Disorders and Stroke–Alzheimer’s Disease
and Related Disorders Association criteria for probable AD.
All individuals had absence of any other neuropsychiatric
disorders. The ADNI inclusion/exclusion criteria are de-
scribed in detail at adni-info.org.

Our report also used data from the Religious Orders Study
(ROS) and Rush Memory and Aging Project (MAP), 2 longi-
tudinal clinical pathologic cohort studies of aging and
dementia.11,12 All participants enrolled without known dementia
and agreed to annual clinical and neuropsychological assess-
ments and brain donations after death. The clinical diagnosis of
dementia and AD followed the National Institute of Neuro-
logical and Communicative Disorders and Stroke–Alzheimer’s
Disease and Related Disorders Association recommendations.
The MCI diagnosis is given to participants who were rated as
impaired based on MMSE and on the Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD) neuro-
psychological measures but who were not found to have de-
mentia by the examining neurologist. Our study includes only
MCI participants with 1 impaired domain and no other cause of
cognitive impairment. Notably, the studies are conducted by the
same team of investigators and share a large common core of
testing batteries, which allow for combined analyses.

The discovery sample consisted of a subset of ADNI partic-
ipants who had [18F]florbetapir PET, genetic data, and CSF
data available. The findings obtained with the discovery
sample were then generalized to the Rush-ROS/MAP par-
ticipants who died at age 90 years or younger.

Standard protocol approvals, registrations,
and patient consents
This secondary analysis study followed all institutional review
board regulations, which are detailed in the supplementary
methods.

Glossary
AA = arachidonic acid; Aβ = amyloid-β; AD = Alzheimer disease; ADNI = AD Neuroimaging Initiative; APP = amyloid
precursor protein; CDR = clinical dementia rating; CN = cognitively normal; CYP = cytochrome P450; EET =
epoxyeicosatrienoic acid; LD = linkage disequilibrium;MA = minor allele;MAF = minor allele frequency;MAP =Memory and
Aging Project;MCI = mild cognitive impairment;MMSE = Mini-Mental State Examination; PHF = paired helical filament; p-
tau = phosphorylated tau; ROS = Religious Orders Study; SNP = single nucleotide polymorphism; SUVR = standardized
uptake value ratio.
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Phenotypes
From the ADNI, we obtained demographics, neurocognitive
scores, CSF, and plasmatic data available after passing rigor-
ous quality control. The preprocessed imaging and genetic
data underwent additional processing and quality control
before the statistical analysis in our study as described below.
From Rush, all the data used in this project to perform sta-
tistical analyses were already processed and quality controlled
with very rigorous criteria.

In the ADNI cohort, the brain Aβ load was estimated using
the [18F]florbetapir PET standardized uptake value ratio
(SUVR, details are provided in figure 1 and e-methods).
Separately, Aβ and hyperphosphorylated tau (p-tau) lev-
els were measured in the CSF and plasma. These data were
obtained by the Biomarkers Consortium CSF, and the
description of the methodology regarding the sample
acquisition, processing, and analysis is available at
the ADNI website (adni.loni.usc.edu/data-samples/bio-
specimen-data/).

In the Rush-ROS/MAP cohort, postmortem data of the Aβ
load and paired helical filament (PHF) tau tangle density were
obtained from 8 brain regions using immunohistochemistry.13

Cognitive function was evaluated in both the ADNI and Rush-
ROS/MAP. For the ADNI, the global cognition scores were
developed by making a z-score of the sum of the memory and
the executive function composite scores. In the Rush-ROS/
MAP, the global cognitive scores were based on 17 cognitive
performance tests, and we included only participants who
underwent autopsies; thus, the last valid cognitive score
proximate to death was used for this analysis (for further
details, see e-Methods, http://links.lww.com/NXG/A20).

We used gene expression data to examine cis expression quan-
titative trait loci (eQTL). For the ADNI, total RNAwas obtained
from the peripheral blood—at the same visit when the imaging
data were obtained—and, after quality control, was hybridized to
the Affymetrix Human Genome U219 array plate as described.14

The normalized and quality-controlled expression data14 were
used. For the Rush-ROS/MAP, RNA was extracted from the
gray matter of dorsolateral prefrontal cortex blocks using
the miRNeasy Mini Kit (Qiagen, Venlo, Netherlands) and the
RNase-free DNase Set (Qiagen). These samples were quantified
and qualified as described15 and then sequenced on the Illumina
HiSeq with 101 bp paired-end reads. The normalized and
quality-controlled expression data were used. In both analyses,
the RNA integrity measurement was used as a covariate.

Figure 1 [18F]florbetapir standardized uptake value ratio analytical method

Flowchart showing acquisition methods (purple), image
processing (blue), and outcomes (green). ADNI = Alz-
heimer’s Disease Neuroimaging Initiative; GM = gray
matter; ROI = region of interest; SUVR = standardized
uptake value ratio; WM = white matter.
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Genotyping, imputation, and gene selection
We interrogated single nucleotide polymorphisms (SNPs)
from the CYP genes of the 5—probably—most important
metabolizers: CYP3A4, CYP2D6, CYP2C9, CYP1A2, and
CYP2C19.3,16–18 Methods involved in DNA processing are
detailed in the supplementary methods section (http://links.
lww.com/NXG/A20). Using PLINK,19 the SNPs within these
genes were recoded based on the dominant model with re-
spect to the MAs, and the ones in high linkage disequilibrium
(LD) (r2 > 0.8) were removed from the analysis to avoid
unnecessary testing. A total of 28 SNPs were used in the initial
step of the association analysis.

For Rush-ROS/MAP cohorts, DNA was extracted, genotyped,
imputed, and quality controlled according to the procedures
described in e-Methods (http://links.lww.com/NXG/A20).

Statistical analysis
The statistical tests were performed in R statistical software,20

where linear regressionmodels were used to test the association
between the genotypes and the phenotypes in both cohorts,
separately. All statistical models included the covariates of age,
sex, and APOE-e4 carriage status, except for the models in
which global cognition was the outcome measure, where the
APOE-e4 status was replaced by years of education. The initial
analysis—using the global [18F]florbetapir SUVR as
a phenotype—was performed to interrogate a total of 28 SNPs
(table e-1, http://links.lww.com/NXG/A19). To correct for
multiple testing, the statistical significance of the SNP discovery
was set at p < 0.0017 using a Bonferroni correction for 28 tests
and a type I error α = 0.05. The significant SNPs were further
tested for associations with other phenotypes in ADNI and
Rush-ROS/MAP cohorts. To test for group differences in the
diagnostic status, we added diagnosis as a covariate in the re-
gression models and also tested the interaction between the
diagnostic status and desired independent variable. Effect size
calculations (Cohen d) were also used.

A voxel-based analysis was performed using the RMINC
imaging tool,21 where parametric images were obtained con-
trasting the [18F]florbetapir SUVR between the genotype
groups of the SNP found in the discovery analysis. After
random field theory correction for multiple comparisons, the t
value threshold of significance was ≤−3.1 (p ≤ 0.001).

Mediation analysis was used to examine whether the SNP
associations with cognition were mediated through the effect of
Aβ. To test this hypothesis, first, the association of CYP SNPs
with global cognitive performance was evaluated using linear
regression models. Then, if the association was significant, the
measure of Aβ was added to this model to check whether the
SNP associations with cognitionwere attenuated because of Aβ.

Results
Demographics and general information of the ADNI and
Rush-ROS/MAP cohorts are presented in table 1. After

imaging and genetic quality control, a total of 338 ADNI
participants were studied, including 186 CN, 105 single- or
multiple-domain amnestic MCI, and 47 AD. A total of 738
Rush-ROS/MAP participants were analyzed, including 301
CN, 179 amnestic MCI, and 258 AD. As expected, in both
cohorts, CN individuals had higher MMSE scores and fewer
were APOE-e4 carriers as compared to both MCI and AD.
There was no difference in sex or years of formal education
between diagnostic groups in both cohorts (details are pro-
vided in table e-2, http://links.lww.com/NXG/A19).

CYP2C19 polymorphism is associated with the
global [18F]florbetapir SUVR in the ADNI cohort
The discovery analysis tested the association of 28 SNPs from
CYP genes with the global [18F]florbetapir SUVR. The anal-
ysis unveiled an association of an SNP (rs4388808) in the
CYP2C19 gene (t = −3.43; p = 0.0006) (figure 2A). The
minor allele frequency (MAF) of rs4388808G in the ADNI
cohort was 0.19, and the minor allele (MA) carriers displayed
less [18F]florbetapir binding as compared to the noncarriers.
It is important that the association remained significant when
adjusting the model for diagnosis. In addition, no interaction
was found between the SNP and diagnostic status. The esti-
mated effect size of rs4388808 in the whole sample was
Cohen d = 0.36. Of interest, the effect size was greater for the
subset of APOE-e4 carriers (Cohen d = 0.51) as compared to
APOE-e4 noncarriers (Cohen d = 0.33).

MA carriers of the CYP2C19 polymorphismhave
less Aβ in AD-related regions in the
ADNI cohort
To identify the brain areas responsible for the global differ-
ence observed in [18F]florbetapir uptake revealed in the dis-
covery analysis, we performed a voxel-wise analysis. The
analysis showed that carriers of rs4388808G had less [18F]
florbetapir binding in the frontal, posterior cingulate, and
inferior temporal cortices (figure 3), with the voxels in these
regions presenting p values equal to or less than 0.001.

Findings with brain imaging are corroborated
by CSF data in the ADNI cohort
Because of the well-known relationship between brain and CSF
levels of Aβ, we tested the association between rs4388808 and
CSF Aβ. Because not all participants in the ADNI sample had
CSF data, we performed the analysis in a subset of 260 indi-
viduals. As expected, MA carriers presented more CSF Aβ than
noncarriers (t = 2.94; p = 0.003) (figure 2B). The CYP2C19
polymorphismwas associatedwith the Aβ/p-tau ratio (t = 2.29;
p = 0.02), and higher ratios were found in carriers of
rs4388808G (figure 2C). No association was found using p-tau
as a single outcome measure (t = −1.24; p = 0.21).

Association between the CYP2C19
polymorphism and Aβ is exclusive to the Aβ
brain levels in the ADNI cohort
To examine whether the CYP2C19 polymorphism is also as-
sociated with Aβ levels outside the brain, we tested the
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association of rs4388808 with plasmatic levels of Aβ in
a subsample of 113 participants. We did not find an associa-
tion between the SNP and free (t = −0.60; p = 0.54) or total
(t = 0.49; p = 0.62) plasmatic Aβ1-42 levels (figure 2D), in-
dicating that the findings reported above are specific to
the CNS.

Results from theADNI cohortwere generalized
to the Rush-ROS/MAP cohort
We next generalized the findings to postmortem indices of the
Aβ load and to neurofibrillary tangles in Rush-ROS/MAP
cohorts. From the 8 brain regions where the Aβ load was
measured, we selected 6 regions (angular gyrus, anterior cin-
gulate, entorhinal cortex, and mesial and inferior temporal
cortices) and calculated an average per subject. These 6 regions
were chosen to match with the brain areas where we detected
differences between genotype groups in the voxel-wise analysis.
When testing the association between the average of the Aβ
load and the CYP2C19 polymorphism, we found that
rs4388808G (MAF = 0.15) carriers had a lower Aβ load than
noncarriers (t = −2.15; p = 0.03) (figure 2E), consistent with
findings from the ADNI cohort. The difference between
rs4388808G carriers and noncarriers in PHF tau tangle density
did not reach statistical significance (t = −1.65; p = 0.09).

MA carriers of the CYP2C19 polymorphism had
better cognitive performance thannoncarriers
in both cohorts
To examine whether the CYP2C19 polymorphism affects the
cognitive performance, we used composite measures of global
cognition as the outcome in linear regression models. In the
ADNI cohort, there was a clear tendency to an association
with the CYP2C19 polymorphism (t = 1.92; p = 0.05) (figure
2F), while in Rush-ROS/MAP cohorts, the association was
such that rs4388808G carriers had a higher cognition than
noncarriers (t = 2.08; p = 0.03) (figure 2G).

The effect of the CYP2C19 polymorphism on
cognition is mediated by Aβ
A mediation analysis was used to determine whether the
CYP2C19 polymorphism was directly or indirectly associated
with cognitive performance. We retested the association be-
tween the CYP2C19 polymorphism and cognition, but now
adding the measures of [18F]florbetapir or Aβ load in the
model. Neither of the previous genotype-phenotype associa-
tions remained significant, indicating that the observed effect
of the genotype was mediated by Aβ.

Association between rs4388808 and gene
expression of CYP2C19 suggests that the SNP
is functional
To check whether the polymorphism has an effect in the gene
expression, we tested the association between rs4388808 and
CYP2C19 RNA levels. In the ADNI cohort, with 304 partic-
ipants for this analysis, we found a cis eQTL such that MA
carriers displayed higher RNA levels in the blood (t = 2.38; p =
0.01) (figure 2H). In Rush-ROS/MAP cohorts, very low levels
of CYP2C19 expression were detected in postmortem brains,
and the data did not provide consistent results (data not
shown) as found in the blood expression data from the ADNI.

Discussion
In the present study, we found an association between the
CYP2C19 polymorphism and Aβ burden across the spectrum
of AD, in which carriers of rs4388808G presented a less Aβ
load and downstream cognitive impairment. This association
was initially detected using the [18F]florbetapir SUVR and
posteriorly confirmed with CSF Aβ in the ADNI cohort. No
association was found between the polymorphism and di-
agnostic groups, suggesting that the SNP is associated with an
amyloid load rather than with the disease status. Effect size

Table 1 Demographic and key characteristics of the samples

ADNI Rush-ROS/MAP

CN MCI AD CN MCI AD

No. of participants 186 105 47 301 179 258

Males, n (%) 91 (48.9) 64 (61) 26 (55.3) 182 (60.5) 101 (56.4) 154 (59.7)

Age, y, mean (SD) 75.70 (6.63) 74.29 (8.12) 75.67 (7.37) 83.7 (5.19)a3 85.26 (4.35) 85.95 (3.81)

APOE-«4 (%) 52 (28)a1 57 (54.3)a1 30 (63.8)a1 49 (16.4)a4 50 (27.9)a4 112 (43.4)a4

MMSE, mean (SD) 29.09 (1.14)a2 27.24 (1.95)a2 20.34 (3.66)a2 28.69 (1.42)a5 27.91 (1.83)a5 25.49 (5.17)a5

Education, y 16.41 (2.75) 16.67 (2.68) 16.13 (2.47) 16.53 (3.74) 16.34 (3.47) 16.66 (3.94)

MA, n (%)b 67 (19) 36 (10) 17 (5) 87 (11) 52 (7) 63 (8.5)

Abbreviations: AD = Alzheimer disease; ADNI = AD Neuroimaging Initiative; CN = cognitively normal; MA = minor allele; MAP = Memory and Aging Project;
MCI = mild cognitive impairment; MMSE = Mini-Mental State Examination; ROS = Religious Orders Study.
a Statistically different from the other groups of the same sample; 1p = 2.3 × 10−7, 2p = 2 × 10−16, 3p = 9.2 × 10−8, 4p = 1.7 × 10−11, and 5p = 2 × 10−16.
b MA (rs4388808G) percentage relative to its major sample (ADNI or Rush-ROS/MAP).
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analysis suggests that the benefic effects of the polymorphism
are larger in APOE-e4 carriers, as compared to noncarriers or
the whole sample, in which the effect is similar to what has
been described for a BCHE gene polymorphism.22 Sub-
sequently, this association was generalized to postmortem
data from the Rush-ROS/MAP cohort. Finally, both cohorts
showed a protective association between the MA of CYP2C19
and cognition. It is important that subsequent mediation
analysis suggested that the effects of CYP2C19 on cognition
were mediated by Aβ.

Overall, these results support the notion that the MA of
CYP2C19 (rs4388808) is a protective variant against Aβ and
downstream cognitive impairment. Of interest, voxel-wise
analysis in in vivo participants revealed that the MA was as-
sociated with reduced Aβ burden in AD-related regions in the
frontal, inferior temporal, and posterior cingulate cortices.23

In addition, the CYP2C19 SNP was associated with the CSF
Aβ/p-tau ratio but not with plasmatic Aβ. Beyond the fact that
the Aβ/p-tau ratio is postulated to better represent neuritic
plaques than the single CSF Aβ information,24 these results

Figure 2 Comparison between noncarriers (−) and carriers (+) of the minor allele of rs4388808 (CYP2C19)

In the ADNI cohort, a difference was observed
in the brain Aβ load (A), CSF Aβ levels (B), and
CSF Aβ/p-tau ratio (C), but no difference was
detected in plasmatic levels of Aβ (D). Results
were generalized to postmortem data of Rush-
ROS/MAP cohorts, where a concordant pattern
was observed in the Aβ load (percentage area
occupied by amyloid) (E). A tendency toward
significance in global cognitive performance (F)
was found in the ADNI cohort, while in the
Rush-ROS/MAP, it was significant (G). CYP2C19
expression levels were also different between
noncarriers (−) and carriers (+) of the minor
allele of rs4388808 (H) in the ADNI cohort. All
linear models were adjusted for age, sex, and
APOE-e4 carriage status, with the exception of
the models using global cognition and gene
expression, which were adjusted for age, sex,
and years of education or RNA integrity, re-
spectively. Aβ = amyloid-β; ADNI = Alzheimer’s
Disease Neuroimaging Initiative; MAP = Mem-
ory and Aging Project; p-tau = phosphorylated
tau; ROS = Religious Orders Study; SUVR =
standardized uptake value ratio.
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provide further evidence that the polymorphism affects the
brain accumulation of neuritic plaques in a tissue- and disease-
specific manner.24 In both cohorts, the referred poly-
morphism was not associated with PHF tau or single CSF
p-tau, agreeing with the framework that Aβ and tau have
independent upstream triggers.25 In line with overall signifi-
cant results, the CYP2C19 polymorphism also presented
a protective effect in global cognition, being supported by
previous studies that linked Aβ pathology to cognitive
changes.13 Indeed, the mediation analysis supported that the
association between the genetic factor and cognitive abnor-
malities is likely due to the upstream accumulation of Aβ.

Levels of the CYP2C19 protein are associated with the
rs4388808 polymorphism,26 which is an intronic variant of the
CYP2C19 gene. Indeed, we found a similar association showing
that MA carriers expressed higher levels of CYP2C19 when
compared with noncarriers, suggesting that the SNP affects the
expression of its gene. To corroborate this finding, we retrieved
the SNPs that were previously excluded because of high LD and
verified that none was associated with CYP2C19 expression in
the blood (data not shown), reinforcing the idea that rs4388808
is functional. This association could not be detected in post-
mortem data probably because of the low CYP expression or
because of its limited detection by the method used.7

Despite the SNP not being widely studied to provide in-
formation about the association with other phenotypes, other

polymorphisms in the gene have been correlated with meta-
bolic variability, atherosclerosis, and behavioral traits.27–29

CYP2C19 expression has been detected in several brain
regions6,7; however, its function in the CNS has not been fully
elucidated. Some reports have suggested that, besides its role
at metabolizing exogenous substrates, CYP2C19 also partic-
ipates in other important biological cascades, such as the
metabolism of serotonin and sexual hormones1 and the me-
tabolism of the arachidonic acid (AA), where it functions as an
epoxygenase.30

The biochemical mechanism underlying the association of
CYP2C19 with Aβ remains speculative. A study has shown
that Aβ is able to act as a foreign body and trigger POR,
activating CYPs to initiate catabolic reactions.9 In turn,
CYP2C19 is involved in the catalysis of estradiol.31 Because
several studies have reported the beneficial effects of estrogens
on AD—demonstrating that these steroids are able to act as
anti-inflammatory compounds32 and even inhibit Aβ
production33—one could think that MA carriers of rs4388808
have a reduced expression of this CYP in the brain or that they
have an increased structural incompatibility between
CYP2C19 and estradiol. Consequently, MA carriers could
present a reduction in the catabolism of estrogen and a re-
duction in the Aβ load. Alternatively, the Aβ load would be
affected by the levels of epoxyeicosatrienoic acids (EETs)
produced via the metabolism of AA by CYP epoxygenases. In
the brain, studies have shown that EETs have beneficial effects
at regulating blood flow, cortical angiogenesis, and at pro-
moting anti-inflammatory reactions (for review, see reference
2). By contrast, when AA is metabolized via other cascades,
the protective effect of EETs is lost, and there is a possibility
of induction of Aβ production and/or accumulation.34 In
addition, it was demonstrated that Aβ is able to reduce
epoxygenase activity and consequently decrease EET pro-
duction,35 probably leading to more susceptibility to neuronal
damage (for review, see reference 36). In this scenario, it
would be possible that the MA of rs4388808 increases the
expression of CYP2C19, leading to an “Aβ-resistant” epox-
ygenase metabolism of AA, with a maintained production of
EETs and a more protective phenotype against amyloidosis.

It is also plausible to think, however, that the association
described here between theCYP2C19 polymorphism and Aβ
is indirect, being mediated by the effect of a drug. CYP2C19
is known to metabolize several drugs,37 including medi-
cations to treat depression, which has been mentioned as
a risk factor for AD (for review, see reference 38). Cit-
alopram, for example, is an antidepressant metabolized by
CYP2C19 that has been shown to decrease Aβ production.39

Thus, one may think that the polymorphism rs4388808 is
then associated with an improved action of citalopram,
leading to the decreased brain Aβ burden, rather than as-
sociated with Aβ metabolism itself. Because it is difficult to
track all the medications the study participants have taken
before been enrolled, it is unfeasible at the moment to check
whether this association holds true.

Figure 3 T-statistical parametric maps showing differences
between noncarriers (−) and carriers (+) of the
minor allele of rs4388808 (CYP2C19)

T-statistical parametric maps superimposed on average structural MRI show
brain regions with lower standardized uptake value ratio (SUVR) values in
minor allele carriers (CYP2C19 (+)) of the polymorphism of CYP2C19. Statistical
differences overlap with brain regions vulnerable to Alzheimer disease path-
ophysiology, such as the posterior cingulate, frontal, and temporal cortices.
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The interpretation of the results should take into consider-
ation a few limitations. The use of the 2 cohorts does not allow
us to detect and measure Aβ pathology with the same
methodology, inserting in the analysis some variability specific
to the method used. However, despite being measured with
different techniques, both the imaging radiotracer and the
antibody used in the brain tissue are expected to bind to the
fibrillar form of Aβ.13 Similarly, the cognitive composite scores
from the 2 cohorts have some differences that should be
considered. There are also some intrinsic characteristics of the
samples that have to be taken into account: (1) the inclusion
criteria of each study, (2) the average age difference between
the studies, and (3) and the disease stage in which Aβ
measures were performed—at the end or during the disease
process. Sample size restrictions impose some degree of
caution when interpreting findings, including, for example,
the lack of association between the genotype and plasmatic
levels of Aβ, or cognition, in the ADNI cohort. In addition,
both cohorts are mostly composed of non-Latino Caucasians,
limiting the extrapolation of the present findings to other
population groups. Longitudinal analysis together with func-
tional genomics and biochemistry experiments, not per-
formed here, would also be necessary to determine the effect
of the SNP in the protein function as well as to support any
theoretical framework proposed in the Discussion section.

Results obtained from the 2 independent cohorts provide
compelling evidences linking the CYP2C19 polymorphism
and Aβ pathology, suggesting that the MA of rs4388808
confers protective effects against Aβ accumulation in the brain
and its downstream cognitive consequences. These results
could have implication for antiamyloid clinical trial designs, as
preclinical rs4388808G would present a protective factor
against the amyloid load. Therefore, the biological mechanism
by which the genetic variation would alter Aβ build up and
clearance merits further investigation.
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Abstract
Objective
To describe the clinico-radiological phenotype of 3 patients harboring a homozygous novel
AP4M1 pathogenic mutation.

Methods
The 3 patients from an inbred family who exhibited early-onset developmental delay, tetra-
paresis, juvenile motor function deterioration, and intellectual deficiency were investigated by
magnetic brain imaging using T1-weighted, T2-weighted, T2*-weighted, fluid-attenuated in-
version recovery, susceptibility weighted imaging (SWI) sequences. Whole-exome sequencing
was performed on the 3 patients.

Results
In the 3 patients, brain imaging identified the same pattern of bilateral SWI hyposignal of the
globus pallidus, concordant with iron accumulation. A novel homozygous nonsense mutation
was identified in AP4M1, segregating with the disease and leading to truncation of half of the
adap domain of the protein.

Conclusions
Our results suggest that AP4M1 represents a new candidate gene that should be considered in
the neurodegeneration with brain iron accumulation (NBIA) spectrum of disorders and
highlight the intersections between hereditary spastic paraplegia and NBIA clinical
presentations.
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Hereditary spastic paraplegias (HSPs) are a heterogeneous
group of neurodegenerative diseases clinically characterized
by progressive lower extremity weakness and spasticity, which
may be isolated (pure HSP) or combined with other neuro-
logic or nonneurological signs (complex HSP).1,2 More than
70 genes have been implicated, emphasizing diverse molec-
ular pathogenic mechanisms.3 In this respect, recessive
mutations in genes encoding the different subunits of adaptor
protein complex-4, (AP4B1, AP4M1, AP4E1, and AP4S1)
have been identified in patients with complex HSP (SPG 47,
50, 51, and 52 respectively).4–8 The AP4-deficiency syndrome
is characterized by progressive spasticity, microcephaly, in-
tellectual deficiency, dysmorphic traits, and growth
retardation,4–8 while epilepsy and peripheral neuropathy
might be associated.4,9 Brain imaging phenotypes reported up
to now are characterized by cerebral atrophy, asymmetric
enlargement of lateral ventricles, white matter loss, and thin
corpus callosum splenium.8–10 Thin and globoid hippocampal
cortex9 and tortuosity of intraextracranial large vessels were
also reported.4

Neurodegeneration with brain iron accumulation (NBIA),
which is characterized by dystonia, parkinsonism, spasticity,
and brain iron accumulation on MRI, represents another
inherited group of neurodegenerative disorders, due to
mutations in 10 genes, with molecular overlaps with HSP.11,12

Here, we report 3 patients from the same kindred who harbor
a homozygous AP4M1 mutation. They exhibit the typical
clinico-radiological phenotype of AP4-deficiency syndrome,
but surprisingly associated with bilateral pallidal iron accu-
mulation on brain imaging, thus establishing a link between
AP4-related complex HSP and NBIA disorders.

Methods
Standard protocol approvals, registrations,
and patient consents
The study was conducted in accordance with the Declaration
of Helsinki and was approved by the local ethical committee.
Written informed consent was obtained from the patients’
legal representatives.

Whole-exome sequencing and brain imaging
Whole-exome sequencing (WES) was performed on the
DNA from the 3 affected patients by Aros Ltd. Homozygous
mutations common to the 3 patients were filtered pro-
gressively for their frequency (<1%), alteration of the open
reading frame (frameshift, splicing, missense, and nonsense
mutations), and ultimately for their localization in the

homozygous regions common to the 3 patients. Sanger se-
quencing allowed for their confirmation and segregation
study in the family.

CT was performed on a 64-section CT scanner (Discov-
ery750 HD; GE Health care, Milwaukee, WI). MRIs were
acquired on a 1.5-T system (AVENTO; Siemens medical
solutions, Erlangen, Germany) as follows: axial slices T2-
weighted, T2*-weighted, fluid-attenuated inversion recovery,
susceptibility weighted imaging (SWI) sequences, and sagittal
slices T1-weighted sequences.

Results
Clinical data
The clinical features of the 3 patients originating from a large
consanguineous Moroccan family (figure 1A) are described in
table. Psychomotor retardation with spasticity of the 4 limbs
was noticed early in life. Clinical examination from the first
year showed spastic tetraplegia, with pyramidal tract signs and
equinovarus. Patients IV-2 and IV-5 sat unaided at 7 months;
patient IV-2 was able to crawl at 2 years but never managed to
walk; her sister IV-5 could walk short distances with unsteady
spastic gait from the age of 5 years. Patient IV-7 sat unaided at
11 months of age and walked at 3 years, with a broad-based
unsteady gait. The patients exhibited stable severe mental
deficiency, without behavioral disturbance. Motor achieve-
ments progressively deteriorated at adolescence, with loss of
the highest motor skills, but without additional cognitive
decline; from that time, bradykinesia, hypomimy, drooling,
and athetoid movements of the hands were also noticed.
Patients IV-5 and IV-7 displayed short stature. Dysmorphic
features (figure 2, Aa, Ba, Ca) were also present. The 3
patients needed assistance to most common daily living
activities.

The following investigations were normal: electro-
myoneurography recording, cardiac ultrasound scan, visual
and auditory evoked potentials, fundus examination, karyo-
type analysis on lymphocytes (cases IV-2, IV-5 and IV-7),
PANK2 and PLA2G6 Sanger sequencing (patient IV-7), and
analyses of mitochondrial enzymatic activities on a muscle
sample (patient IV-2).

Genetic results
Comparison ofWES results performed for patients IV-2, IV-5,
and IV-7 revealed 3 homozygous regions, 1 on chromosome 7
(5.7Mb) and 2 on chromosome 9 (2.25 and 1.31Mb). A total
of 14,753 exonic variants were common to the 3 patients, and
by progressively filtering them, we identified 4,974

Glossary
HSP = hereditary spastic paraplegia; NBIA = neurodegeneration with brain iron accumulation; SWI = susceptibility weighted
imaging; WES = whole-exome sequencing.
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homozygous variants, among which 2,546 were non-
synonymous, frameshift, splicing, or stop variants. Further
filtering for damaging variants with a frequency lower than 1%
identified 3 mutations in the AP4M1, HRNR, and NPIPL3
genes, but only the 1 in AP4M1was located in chromosome 7,
in 1 of the 3 homozygous regions.

This c.916C>T mutation (rs369459721) is leading to
a premature stop codon (p.R306X), truncating the last 147
residues of the protein (figure 1, B and C). It has a global
allelic frequency of 2.4 × 10−5 in the ExAC and a frequency of
3.0 × 10−5 in Non-Finnish European and 9.3 × 10−5 in
African, while it was not encountered in the rest of the world.

Analysis of the homozygous variants located in the 10 known
NBIA genes revealed 2 common variants, located in CP
(rs701753) and PANK (rs3737084), but they were not
damaging, had a frequency higher than 1%, and were located
away from the 3 homozygous regions.

Brain imaging
Brain MRI of the 3 patients showed global cerebral atrophy,
white matter loss, asymmetric ventriculomegaly (figure 2, B,
E, and H), and thinning of the splenium of the corpus

callosum (data not shown J). T1 sequences showed an iso-
intense pattern of the globus pallidus (data not shown). T2
sequences revealed symmetric mild hypointensity of the
globus pallidus, which was significantly accentuated on SWI
sequences (figure 2, Ab, Ac, Bb, Bc, Cb, Cc, D). Patient IV-7’s
CT was normal (data not shown).

Discussion
We identified a homozygous nonsensemutation inAP4M1 in 3
women from the same inbred family by WES. This R306X
mutation deletes the last 147 residues of the protein, truncating
half of the adap domain, an effect similar to that reported in 2
other families who harbored a stop codon truncating the
AP4M1 protein at positions 318 and 338.9 Until now, only 5
different AP4M1 mutations have been reported in 7 families
with a common clinical presentation4,5,9,13–15 (figure 1C). The 3
patients from our study share the same clinical phenotype with
variable severity, consisting in early-onset developmental delay,
tetraparesis, juvenile motor function deterioration, intellectual
deficiency, athetoid upper limb movements, bradykinesia,
and mild dysmorphism, which fits with the previously de-
scribed AP4-deficiency syndrome. Even if the bilateral pallidal

Table Clinical features of 3 AP4M1 individuals

Patient Patient IV-2 Patient IV-5 Patient IV-7

Sex/age at last examination F/25 y F/16 y F/23 y

Perinatal parameter Normal Normal Low birth weight

Seizures No 1 febrile seizure during the second
year of life

1 febrile seizure at 20 m

Age at acquisition of unaided sitting 7 m 7 m 11 m

Highest motor achievements Able to crawl at 2 y Unsteady spastic gait at 5 y Independent broad-based
unsteady gait at 3 y

Motor deterioration/age Unable to crawl at 13 y Assisted gait from 12 y Assisted gait from 15 y

Spasticity and pyramidal tract signs Yes Yes Yes

Equinovarus Yes Yes Yes

Bradykinesia and athetoid movements
of the hands

From adolescence From adolescence From adolescence

Language Short sentences Short sentences Less than 10 words

Behavior Shy and introverted form
adolescence

Normal Smiley

Intellectual deficiency Severe Moderate Severe

Growth parameter at last follow-up Normal Short stature Short stature

Height 160 cm, weight 68 kg Height 150 cm, weight 55 kg Height 143 cm, weight 44 kg

Microcephaly No No Yes

Head circumference 53 cm 52 cm 48.5 cm

Dysmorphism Yes Yes Yes

m = month; y = year.
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hyposignal is mild on T2 sequences and could be interpretated
as physiologic iron accumulation at this age, the substantial
hyposignal on SWI is totally unusual in patients of the same age.
These findings, correlated with the absence of hypersignal on
T1-weighted imaging or CT hyperdensities in the patients, are
strongly suggestive of brain iron overload.

Iron deposits have not been previously reported in patients with
AP4-deficiency syndrome. Nevertheless, magnetic susceptibility
sequences, which can confirm the presence of iron, have not
been performed in most of the reported cases; therefore, this
feature might have been underdiagnosed. A search for homo-
zygous mutations common to the 3 patients in the 10 published
NBIA genes revealed 2 variants located in PANK and CP, but
their frequency and the absence of pathogenicity were somehow
incompatible with their involvement as modifier mutations
switching HSP clinical presentation to NBIA.

Of interest, a patient withAP4E1mutations, whose brainMRI
showed bilateral T2-hypointensity of the globus pallidus, has
already been described.8 This peculiar finding, although not
discussed in the article, strongly suggests iron accumulation in
this AP4E1 patient, as in our 3 AP4M1 patients.

The pathophysiology of HSP involves many cellular path-
ways as cellular transport, nucleotide metabolism, and syn-
apse and axon developments, providing a causative link

between HSP and other neurodegenerative diseases.3,16

Overlaps between HSP and NBIA are well known, as already
reported for cases with mutations in FA2H and C19orf12
genes (SPG 35 and 43, respectively).11,17 The AP-4 complex
is a heterotetramer ubiquitously expressed in the CNS early
in the embryologic and postnatal development and is im-
plicated in vesicle formation, post-Golgi protein trafficking,
and sorting processes.18 Eventually, AP-4 dysfunction might
affect autophagy by disrupting the early steps of endosomal
formation, a process shared with Kufor-Rabeb disease and
beta-propeller protein-associated neurodegeneration, 2
forms of NBIA related to ATP13A2 and WDR45 genes,
respectively.11,12

Moreover, NBIA disorders are probably underdiagnosed,
and the evolution of technologies and practices in radiology
leads to the identification of many new candidate genes
through the incorporation of susceptibility weighted
sequences more frequently in the brain imaging protocols.19

Our study has limitations, especially because of the small
sample size.

Nevertheless, according to our findings in AP4M1 mutated
patients, we recommend that brain MRI with susceptibility
weighted sequences be included in the brain imaging protocol
for patients with suspected HSP and AP4-deficiency syn-
drome to collect a larger group of patients, and we propose

Figure 1 Identification of a novel AP4M1 mutation

(A) Pedigree showing the segregation of the AP4M1 c.916C>T (p.R306X)mutation in the family; black symbols indicate affected patients. (B) Electrophoregrams
showing the wild-type (top), the homozygous mutated (middle), and heterozygous (bottom) sequence of AP4M1. (C) Localization of AP4M1 mutations in the
protein: the structure of the AP4M1 protein (domain and amino acid positions) is described with all the pathogenic missense mutations5,14 (green), nonsense
mutation9,15 (violet), frameshift4,13 (pink flag) mutations reported to date (in black), and in the present cases (in red). HM = homozygous; HT = heterozygous;
WT = wild type.
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that mutations in AP4 genes be considered and screened in
a subset of patients with NBIA spectrum disorders.
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1. Finsterer J, Löscher W, Quasthoff S, Wanschitz J, Auer-Grumbach M, Stevanin G.

Hereditary spastic paraplegias with autosomal dominant, recessive, X-linked, or ma-
ternal trait of inheritance. J Neurol Sci 2012;318:1–18.

2. Fink JK. Hereditary spastic paraplegia: clinico-pathologic features and emerging
molecular mechanisms. Acta Neuropathol 2013;126:307–328.

3. Kara E, Tucci A, Manzoni C, et al. Genetic and phenotypic characterization of
complex hereditary spastic paraplegia. Brain 2016;139:1904–1918.

4. Verkerk AJ, Schot R, Dumee B, et al. AR ticle mutation in the AP4M1 gene provides
a model for neuroaxonal injury in cerebral palsy. Am J Hum Genet 2009;85:40–52.

5. Jameel M, Klar J, Tariq M, et al. A novel AP4M1 mutation in autosomal recessive
cerebral palsy syndrome and clinical expansion of AP-4 deficiency. BMC Med Genet
2014;15:1–7.

6. Jamra RA, Philippe O, Raas-Rothschild A, et al. Adaptor protein complex 4 deficiency
causes severe autosomal-recessive intellectual disability, progressive spastic para-
plegia, shy character, and short stature. Am J Hum Genet 2011;88:788–795.
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Abstract
Objective
To evaluate the diagnostic yield and workflow of genome-scale sequencing in patients with
neuromuscular disorders (NMDs).

Methods
We performed exome sequencing in 93 undiagnosed patients with various NMDs for whom
a molecular diagnosis was not yet established. Variants on both targeted and broad diagnostic
gene lists were identified. Prior diagnostic tests were extracted from the patient’s medical record
to evaluate the use of exome sequencing in the context of their prior diagnostic workup.

Results
The overall diagnostic yield of exome sequencing in our cohort was 12.9%, with one or more
pathogenic or likely pathogenic variants identified in a causative gene associated with the
patient’s disorder. Targeted gene lists had the same diagnostic yield as a broad NMD gene list in
patients with clear neuropathy or myopathy phenotypes, but evaluation of a broader set of
disease genes was needed for patients with complex NMD phenotypes. Most patients with
NMD had undergone prior testing, but only 10/16 (63%) of these procedures, such as muscle
biopsy, were informative in pointing to a final molecular diagnosis.

Conclusions
Genome-scale sequencing or analysis of a panel of relevant genes used early in the evaluation of
patients with NMDs can provide or clarify a diagnosis and minimize invasive testing in many
cases.
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Neuromuscular disorders (NMDs) are a heterogeneous
group of disorders arising from nerve, muscle, or neuromus-
cular junction dysfunction and present with a variety of fea-
tures including weakness, numbness, contractures, and
symptoms involving other systems.1 Given the overlap of
clinical features often seen in the various types of NMDs,
localization of the specific lesion and diagnosis of the precise
cause can be challenging. Accurate genetic diagnosis is be-
coming more important, as increasing numbers of experi-
mental and clinical therapeutics are gene specific and/or
mutation specific.2 Important questions remain, however,
regarding the precise role of genetic testing and its position in
the diagnostic algorithm for patients with suspected NMDs.3,4

As part of the North Carolina Clinical Genomic Evaluation by
Next-generation Exome Sequencing (NCGENES) study, which
aims to evaluate the use of exome sequencing as a diagnostic tool
in a broad array of diseases, we evaluated the diagnostic yield of
whole-exome sequencing (WES) in 93 patients with NMD with
a previously unrevealing workup. Our study sought to answer
whether genome-scale sequencing could provide or clarify a di-
agnosis in NMD cases in which other testing had failed to pin-
point a specific diagnosis.We specifically compared the diagnostic
yield of analyzing sequence data from a subset of genes, closely
related to the patient’s phenotype, vs a larger set consisting of
almost all known genes related to any neuromuscular disorder.
Our analysis shows that patientswithNMDcan benefit fromearly
application of genomic sequencing in their diagnostic workup.

Methods
Whole-exome sequencing
A cohort of 93 patients (<1–77 years of age, mean age 44 years)
with suspected heritable NMDs from the NCGENES study had
WES performed as part of their research evaluation. Genomic
DNA was isolated from 10 mL of whole blood using PureGene
chemistry in the Biospecimen Processing Facility, University of
North Carolina (UNC). Library preparation, including molec-
ular barcoding and exome capture, was done using Agilent
SureSelect XT kits (Human All Exon versions 4 and 5)
according to the manufacturer’s guidelines. Sequencing was
performed in the UNC High-Throughput Sequencing Facility
on an Illumina HiSeq2500 at an average depth of 50×. Mapping
(hg19), alignment, and variant calling were performed according
to the Broad Institute’s best practices using the Burrows-Wheeler
Alignment Tool and Genome Analysis Toolkit.5,6

Variant annotation and interpretation
Exome variants were loaded into a PostgresSQL database
(version 9.0.3) for annotation and facilitation of queries.6

Variants were computationally annotated with genomic po-
sition, effect on the translated protein, frequency within the
Exome Aggregation Consortium database (n = 60,706
exomes),7 presence in the Human Gene Mutation Database
as a “Disease Mutation,”8 and presence in ClinVar9 and pre-
dicted the effect on the resulting protein. Variants of interest
were further annotated with functional domain information
from the RefSeq database and with in silico pathogenicity
predictions using CADD.10 Variants were then evaluated
according to American College of Medical Genetics and
Genomics guidelines.11

Standard protocol approvals, registrations,
and patient consents
We received full approval from the UNC Institutional Review
Board to perform this study. Written informed consent was
obtained from all patients or guardians of patients partici-
pating in this study.

Analysis

Yield of gene lists of different size
Molecular analysis of variants identified by genome-scale se-
quencing is complex, particularly in singletons. Accordingly,
in singletons, many laboratories evaluate variants that are
present only in established disease genes related to the
patient’s phenotype. In this study, we evaluated the diagnostic
yield when variants were filtered from a predefined list of
genes associated with specific neuromuscular phenotypes
matched to an individual’s primary suspected diagnosis vs
a list encompassing genes associated with a broad range of
NMD phenotypes. Diagnostic gene lists were created from
curation of the Online Mendelian Inheritance in Man data-
base, as well as through searches of the medical literature and
examination of commercial gene panels. Three diagnostic
gene lists were used for analysis: a neuropathy list, containing
199 genes implicated in neuropathy phenotypes; a myopathy
list focused on myopathy phenotypes consisting of 181 genes,
and a third, broader list that contained all genes in the neu-
ropathy and myopathy lists as well as over 100 additional
genes, for a total of 482 genes associated with NMD pheno-
types (table e-1, http://links.lww.com/NXG/A28, figure e-1,
http://links.lww.com/NXG/A27). Gene-disease associations
were required to have an asserted association with human
disease (no “candidate genes” were included), but the
strength of the evidence was not strictly evaluated before
variant analysis. Postanalysis review of the clinical validity of
the gene-disease association was done when qualifying var-
iants were identified.

Patients were grouped into 3 categories based on their clinical
phenotype after evaluation by a board-certified neurologist

Glossary
NCGENES = North Carolina Clinical Genomic Evaluation by Next-generation Exome Sequencing; NMD = Neuromuscular
disorder; UNC = University of North Carolina; VUS = variants of uncertain significance; WES = whole-exome sequencing.
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and neuromuscular disease specialist at one or more regular
clinic visits before study enrollment. Evaluation consisted of
a thorough physical examination and analysis of the results of
any ordered relevant clinical testing, including imaging, bi-
opsy, and genetic testing. Patients were categorized as those
with a suspected primary neuropathy or suspected primary
myopathy (including muscular dystrophy and neuromuscular
junction disorder). Those patients with complex or non-
specific phenotypic features including the neuromuscular
system that did not clearly suggest a primary neuropathy or
myopathy were placed into the “complex” category. Patient
sequence data were first filtered on the narrow list and then
filtered on the larger NMD list. For example, a patient with
a myopathy phenotype would be analyzed using the “myop-
athy” gene list, and then the broader “NMD” gene list, thus
simulating the diagnostic yield of 2 different gene panels
tested on the same patient. Case-level molecular results were
classified as follows:

c Positive—“definitive”: cases in which known pathogenic
variants were identified with zygosity matching the
inheritance pattern of a disorder matching the patient’s
phenotype

c Positive—“probable”: cases in which likely pathogenic
variants were identified with zygosity matching the
inheritance pattern of a disorder matching the patient’s
phenotype.

c Possible—“uncertain”: cases in which variants of un-
certain significance (VUS) were identified with zygosity
matching the inheritance pattern

c Possible—“single heterozygous”: cases in which a single
heterozygous known pathogenic or likely pathogenic
variant was identified in a gene associated with recessive
inheritance of a disorder closely matching the patient’s
phenotype, suggesting the possibility of a second variant
in trans that was missed.

c Possible—“other”: cases in which uncertainty existed for
other reasons (e.g., the genetic finding might provide
a partial but not full explanation for the patient’s features;
the clinical presentation of the patient might not match
with the known phenotypic spectrum of the condition)

Yield of muscle biopsies and prior single gene testing
An author (R.J.G.B.) abstracted genetic testing data and prior
diagnostic workup for each patient with NMD enrolled in the
NCGENES study from the institution’s electronic medical
record. Three reviewers (M.C.A, K.A., and Z.F.), including
a neurologist, independently evaluated pathology reports
from muscle biopsies and reports from electrodiagnostic
testing (defined as nerve conduction studies or electromyo-
grams) on patients with positive genetic testing. The test was
then classified as either “informative” or “noninformative” on
the basis of (1) whether it assisted with the disease categori-
zation (i.e., neuropathy or myopathy) or, in patients whose
disease categorization was already known, (2) whether it
further differentiated the type of neuropathy or myopathy
present (e.g., distal vs proximal).

Results
The NCGENES project performed exome sequencing in
a total of 643 patients; 93 of which were categorized as having
primarily NMDs. Many of the patients who were enrolled in
the study had already undergone genetic testing, and indi-
viduals with a known molecular diagnosis were excluded from
the study.

Diagnostic yield of genome-scale sequencing
Patients judged on clinical grounds to have a predominant
neuropathy phenotype (N = 21) were analyzed with the
neuropathy diagnostic list as well as the comprehensive NMD
list. Patients with a clinical presentation consistent with
a myopathy phenotype (N = 31) were analyzed with the
myopathy diagnostic list and the comprehensive NMD list.
Complex patients (N = 41) with neuropathy, myopathy, and
additional phenotypes (e.g., intellectual disability and reti-
nopathy) were analyzed with all 3 diagnostic gene lists. The
overall diagnostic yield of exome sequencing (“positive-de-
finitive” or “positive-probable” case-level results) in our co-
hort of 93 diverse, unselected, unsolved singleton patients
with NMD was 12.9%, with the yield varying depending on
which gene lists were used for filtering variants (table 1). The
variants identified in these 12 patients, as well as their

Table 1 Positive diagnostic yield of gene lists by the patient phenotype

Patient phenotype

Focused list

Broad list, NMDNeuropathy Myopathy

Neuropathy (N = 21), n (%) 3 (14.3) — 3 (14.3)

Myopathy (N = 31), n (%) — 5 (16.1) 5 (16.1)

Complex NMD (N = 41), n (%) 2 (4.9) 0 4 (9.8)

Overall positive yield (LP and KP variants)a

All patients (N = 93), n (%) 12 (12.9)

Abbreviations: KP = known pathogenic; LP = likely pathogenic; NMD = neuromuscular disorder.
a Positive cases include those with definitive and probable case-level results as defined in the Methods.
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Table 2 Pathogenic and likely pathogenic variants returned to patients with NMD as definitive or probable

Patient
Diagnostic
category Sex

Age at
diagnosis, y

Age at
onset Gene

cDNA/protein
change Phase Variant type

KP or
LP OMIM phenotype

Phenotype
MIM no. Inheritance

A Myopathy F 23 Early
adulthood

COL9A3 NM_001853.3:c.390delC [p.
P132fs]

Heterozygous Frameshifting
indel

KP Multiple epiphyseal
dysplasia with
myopathy

600969 AD

B Neuropathy F 5 Early
childhood

SBF2 NM_030962.3:c.5203C>T [p.
Gln1735Ter]

Homozygous Nonsense KP Charcot-Marie-Tooth
Disease, type 4B2

604563 AR

C Neuropathy F 31 Early
childhood

GCH1 NM_000161.2:c.646C>T [p.
Arg216Ter]

Homozygous Nonsense KP Dopa-responsive
dystonia

128230 AD, AR

D Myopathy M 8 Early
childhood

RYR1 NM_000540.2:c.9457G>A [p.
Gly3153Arg]

Compound
heterozygous

Missense VUS Central core disease 117000 AD, AR

NM_000540.2:c.14804-1G>T
[splice site]

Splice-site LP

E Complex
NMD

M 7 Early
childhood

FA2H NM_024306.4:c.589C>T [p.
Arg197Ter]

Homozygous Nonsense LP Spastic paraplegia 35 612319 AR

F Myopathy F 55 Childhood MYH7 NM_000257.2:c.4499G>C [p.
Arg1500Pro]

Heterozygous Missense LP Laing distal myopathy 160500 AD

G Myopathy M 32 Early
adulthood

ANO5 NM_213599.2:c.191dupA [p.
Asn64fs]

Homozygous Frameshifting
indel

LP Muscular dystrophy,
limb-girdle, type 2L

611307 AR

H Complex
NMD

M 8 Childhood SACS NM_014363.5:
c.6000_6004delAAGAA [p.
R2002fs] (maternal)

Compound
heterozygous

Frameshifting
indel

LP Spastic ataxia,
Charlevoix-Saguenay
type

270550 AR

NM_014363.5:c.6465delA [p.
D2156fs] (de novo with
confirmed paternity)

LP

I Myopathy F 30 Early
childhood

COL6A1 NM_001848.2:c.1021G>T [p.
Gly341Cys]

Heterozygous Missense LP Bethlem myopathy 158810 AD

J Neuropathy M 46 Adolescence LRSAM1 NM_001005373.3:
c.2018_2019insA; p.Glu674fs]

Homozygous Frameshifting
indel

LP Charcot-Marie-Tooth
disease, axonal, type
2P

614436 AD, AR

K Complex
NMD

F 3 Early
childhood

NUBPL NM_025252.2:c.815-27T>C
[intronic]

Compound
heterozygous

Intronic (exon
10 skipping)

KP Mitochondrial
complex I deficiency

252010 AR

NM_025252.2:c.693+1G>A
[splice site]

Splice site LP

Continued
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presumptive diagnoses, are listed in table 2. In some cases,
cascade testing was performed on informative family mem-
bers to phase variants and support pathogenicity.

In patients with a clear neuropathy or myopathy phenotype,
a focused diagnostic gene list had the same diagnostic yield as
a broader diagnostic gene list (14.3% and 16.1% for neuropathy
and myopathy, respectively). In patients with a complex phe-
notype, a broader diagnostic gene list resulted in higher di-
agnostic yield (9.8%) compared with using neuropathy (4.9%)
or myopathy (0%) diagnostic gene lists alone (table 1).

As expected, analyzing more genes increases the number of
VUS identified. In our cohort, analyzing individuals in whom
a diagnosis had been discovered through sequencing for
variants in genes related to a phenotype they are not known to
have (e.g., analyzing neuropathy patients with a myopathy
diagnostic list) generated between 5 and 8 VUS. Because only
patients with an existing positive diagnostic result were con-
sidered, any additional variants in other genes would most
likely be irrelevant rather than possible diagnostic results,
except in very rare cases of multiple genetic conditions
resulting in a “blended phenotype” (no clear examples of this
were seen among our cases).

Prior testing
Retrospective analysis of the NMD patient cohort revealed
that most individuals had undergone an extensive prior
workup, often over a period of many years. Almost half (43%)
of patients had undergone a muscle biopsy before enrollment
in this study, and almost 10% had undergone a nerve biopsy. A
majority (86%) had prior electrodiagnostic testing. Further-
more, most patients (67.7%) had previously had negative
single gene testing, with an average of roughly 2 genes tested
per patient, and 20.4% of patients had prior multigene panel
testing, all with negative results (since not having received
a molecular diagnosis was necessary for participation in the
study). All prior diagnostic workup is summarized in figure 1,
illustrating the challenging nature of obtaining an accurate
diagnosis in such patients.

In patients with a positive result byWES, who had previously had
other forms of clinical testing, it allowed us the opportunity to
explore the timing and role of WES in the diagnostic workflow,
including its relationship to previous invasive testing (muscle bi-
opsy). We specifically evaluated whether the previous testing had
been informative in pointing to the diagnosis before their positive
molecular diagnosis by WES. Biopsies or nerve conduction
studies and EMGs were considered informative or non-
informative on the basis of whether it (1) assisted with the disease
categorization (i.e., neuropathy or myopathy) or (2) if disease
categorization was previously known, whether it further differ-
entiated the type of neuropathy or myopathy present (e.g., distal
vs proximal). For example, if a nerve conduction study or elec-
tromyogram suggested a demyelinating neuropathy, and a path-
ogenic variant was found in SACS (known to cause a similar
phenotype) then the prior test was informative. If, however,Ta
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amuscle biopsywas normalwhile a definitively pathogenic variant
was found inCOL9A3, then thiswas noninformative (as in caseA,
table 2). We found that only 10/16 (63%) prior diagnostic pro-
cedureswere informative in pointing to the presumptive diagnosis
in patients who had pathogenic genetic findings, including only
half (3/6) muscle biopsies (table 3). However, even in cases
where prior testing had been informative, a specific diagnosis was
not established before exome sequencing.

Discussion
The diagnosis of NMDs can be challenging because patients
often present with nonspecific features, symptoms, and

laboratory findings. In this study, we performed exome se-
quencing on 93 NMD singleton patients who had defied prior
diagnosis to identify a specific genetic defect that might be
causative of their condition. We used 3 different diagnostic
lists to evaluate optimal strategies for analysis of exome se-
quencing data. This large cohort includes data from both
genome-scale sequencing and substantial previous testing,
allowing for correlation and comparison of genetic testing
with other diagnostic modalities. Most patients had significant
previous workup with either negative or nonspecific labora-
tory findings or negative single gene testing. The overall di-
agnostic yield for WES in this cohort was 12.9%. Prior reports
have indicated diagnostic yields of 26%–65%.12–15 The lower
diagnostic rate forWES in this study likely reflects the fact that
participants were singletons not trios (i.e., with inclusion of
both parents), most had already had extensive workups in-
cluding single gene and gene panel testing (thus removing
patients who likely would also have tested “positive” on
exome sequencing), and importantly, many were older than
50 years, where a monogenic etiology may be less likely.
Because of this diversity, our yield may better reflect the yield
for WES in a clinic seeing patients with NMD of all varieties
and ages. In addition, in any study, the reported diagnostic
yield depends on the thresholds for identifying variants as
likely pathogenic and pathogenic. Accordingly, differences
between groups in variant interpretation criteria may be
reflected in reported diagnostic yield.

In specific subgroups of patients with clinically diagnosed
neuropathy, clinically diagnosed myopathy, or complex phe-
notypes involving NMD features as well as other features such
as intellectual disability or rhabdomyolysis, the diagnostic
yield was 14.3%, 16.1%, and 9.8%, respectively. We also ex-
amined the use of narrow (neuropathy or myopathy associ-
ated genes) vs broad diagnostic gene lists to guide exome
analysis, somewhat simulating the findings of different gene

Figure 1 Summary of prior diagnostic workup in neuro-
muscular disorder cases

Percentage of patients in each phenotypic category with prior metabolic
testing, MRI/CT scan, muscle biopsy, nerve conduction testing/electromyo-
gram, nerve biopsy, single gene testing, and multigene testing. NCS = nerve
conduction study; NMD = neuromuscular disorder.

Table 3 Diagnostic utility of prior testing in patients with positive genetic findings by WES

Diagnostic
test Informative Noninformative Total

Muscle
biopsy

3 Myopathy case D (RYR1, central core disease) 3 6

Hypertrophy of type 1 fibers; architectural distortion with z-line streaming and absent or reduced
mitochondria

Myopathy case F (MYH7, Liang muscular dystrophy)

Chronic myopathy consistent with muscular dystrophy; nothing to suggest myofibrillar myopathy

Myopathy case G (ANO5, limb-girdle muscular dystrophy 2L)

Scattered regenerating necrotic fibers with no inflammation; consistent with active and chronic
myopathy

NCS/EMG 7 3 10

Total 10 6 16

Abbreviations: NCS = nerve conduction study; WES = whole-exome sequencing.
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panel tests or use of an exome slice. We found that in patients
with a clinically characterized neuropathy or myopathy phe-
notype, using a narrow diagnostic list of genes relevant only to
that phenotype had a similar diagnostic yield as using the
broad 481 gene list and required considerably less analytic
effort. By contrast, for patients with a complex phenotype, not
clearly definable as a neuropathy or a myopathy, increasing
the size of the diagnostic list used to evaluate variants resulted
in increased diagnostic yield. In 2 complex NMD cases
(patients E and K), exome sequencing clarified their diagnosis
and pointed to conditions not previously suspected for these
individuals (spastic paraplegia and mitochondrial deficiency,
table 2).

In at least 2 cases, WES identified molecular diagnoses that
directly impacted medical treatment. In case H (table 2), this
patient was thought to have a chronic inflammatory de-
myelinating polyneuropathy; WES identified 2 frameshifting
indels in SACS, consistent with Spastic Ataxia of Charlevoix-
Saguenay, and consequently, this individual was not started
on immunotherapy. In 1 patient previously thought to have
hereditary spastic paraplegia (case C, table 2), WES identified
a nonsense variant in GCH1, indicating dopa-responsive
dystonia (MIM 128230). This patient demonstrates the
dramatic utility that can stem frommaking a correct diagnosis,
as she was started on dopa therapy and regained the ability to
walk without assistance.16

Molecular laboratories can establish efficient WES workflows
to clarify the diagnosis in a significant fraction of NMD cases.
Detailed requisition forms will help ensure that WES variants
are filtered by the most appropriate gene lists. While a per-
missive gene filter is needed in some cases to account for
ambiguity in phenotyping or phenotypic overlap, evaluating
lists in a staged process can provide efficiency in the analysis.
The use of WES with focused analysis of a subset of genes as
a “virtual panel” can potentially overcome some of the chal-
lenges of panel testing. For example, one complexity with
ordering commercial gene panels is that no 2 panels are the
same, with available panels often capturing somewhat differ-
ent sets of genes even if they are advertised for the same
indication. Exome sequencing avoids the problem of genes
missing from panels, if a systematic reanalysis of the data over
time is pursued as new genes are identified to be associated
with disease.

In this study, 1 patient with a positive WES result had a negative
result on prior commercial gene panels, indicating that our gene
list included more genes than had previously been tested for in
the commercial panel. Because of the complexity in determining
the optimal genetic test strategy, including the potential for
secondary findings and complexities of clinical correlation of
variants discovered in the course of exome sequencing, in-
volvement of a clinician with expertise in genetics is warranted.

Only 62.5% of prior muscle biopsy or electrodiagnostic test-
ing suggested the type of NMD in patients later found to have

a pathogenic mutation in an NMD gene. Often, the prior
testing could identify no specific myopathy/neuropathy or
did not identify the same type of myopathy/neuropathy in-
dicated by the genetic testing result. Uninformative muscle
biopsies were often apparently normal, or consistingmainly of
fat tissue, which while possibly consistent with mild myo-
pathies, or later stage myopathy or muscular dystrophy, are
not informative toward a specific diagnosis. Nerve conduction
studies that were informative often delineated the affected
region (proximal vs distal) and those that were uninformative
often were due to being normal or limited due to the patient
being uncomfortable with the procedure. One limitation of
our analysis is that patients in this study were often enrolled
on the basis of being undiagnosed, despite extensive prior
testing, potentially biasing the present analysis in a way that
makes invasive or prior testing appear to be less informative
than in an unselected cohort. Nevertheless, we propose the
use of sequencing early in the diagnostic workup of patients
with NMD, particularly in complex cases in which additional
testing may be likely to be uninformative in pointing to
a specific diagnosis.

The decreasing cost of massively parallel sequencing, coupled
with clear diagnostic utility, raises the question of the precise
role that genomic analysis should have in a diagnostic workup
for NMDs. A thorough physical examination, clinical history,
and common laboratory test results should always be obtained
first to identify more common, nonheritable causes of NMD.
WES cannot reliably detect somemajor causes of several more
common NMDs, including large deletions, duplications, and
repeat expansions such as those causative of Duchenne
muscular dystrophy, type 2 myotonic dystrophy facioscapu-
lohumeral muscular dystrophy, or CMT1A. If a heritable
condition amenable to sequencing is considered most likely, it
is reasonable to consider a “sequence-early” approach, con-
sisting of a dedicated gene panel or exome sequencing with
targeted analysis.

Given the potential costs, invasiveness and incomplete yield
from muscle biopsy, as well as the cost of testing for a broad
array of hereditary conditions using traditional Sanger single
gene testing, we suggest that genome-scale sequencing or
multigene panel testing be considered early in the diagnostic
process in patients likely to have a monogenic neuromuscular
disorder, particularly in complex or challenging cases. Early
genome-scale sequencingmay shorten the diagnostic odyssey,
minimize invasive testing, and provide potential opportunities
for clinical and investigational therapeutics for patients
with NMD.
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Riboflavin transporter deficiency (formerly known as Brown-Vialetto-Van Laere [BVVL] or
Fazio-Londe syndrome) is a neurodegenerative disorder characterized by progressive bulbar
palsy with sensorineural deafness or bulbar hereditary neuropathy.1 It is caused by mutations in
the riboflavin transporter genes SLC52A2 (RFVT2) or SLC52A3 (RFVT3).2,3 It is a rare
syndrome with approximately 70 cases reported worldwide, with molecular diagnoses of
RFVT2 or RFVT3.1,4 We have previously described the first Brazilian family with a clinical
diagnosis of BVVL.5

In this report, we extend the clinical spectrum associated with this family and describe a new
mutation related to the metabolism of riboflavin.

Case report
The proband was a previously healthy woman aged 34 years, who presented with hearing and
vision loss in the last 6 months (figure, A). She was disturbed by facial pain, numbness in the left
hemiface, difficulty moving her tongue, dysphagia, weight loss, and bilateral foot drop.

Examination demonstrated bilateral optic atrophy, normal ocular movements, bilateral facial
paresis, atrophic tongue, and flaccid dysarthria. Reflexes were brisk except for ankle reflexes that
were absent. Plantar responses were indifferent. All sensory modalities were normal. Strength
was globally diminished with important distal impairment and foot drop. As dysphagia
and dyspnea progressed, a feeding tube was placed and noninvasive ventilation support was
initiated. At that time, she was quadriplegic and could not walk.

Electroneuromyography demonstrated cervical and acute lumbar denervation, with chronic
neurogenic changes. Audiologic evaluation demonstrated neurosensorial loss.

The patient was the eldest sibling of a consanguineous marriage. She had 3 maternal aunts, also
sisters from a consanguineous marriage, with a probable diagnosis of BVVL syndrome.5

The patient was started on empiric treatment with riboflavin (1,800 mg per day), and within 6
months of therapy, she could walk with a cane; the feeding tube and noninvasive ventilation
were withdrawn (figure, B–G). Electroneuromyography was performed after B2 treatment and
demonstrated low CMAP amplitudes and persistence of recent denervation (figure e-1, http://
links.lww.com/NXG/A17).

From the Department of Internal Medicine (S.C., L.S.M.), School of Medicine, Federal University of Minas Gerais; Neurology Service (S.C., L.S.M.), Hospital das Clinicas, Federal
University de Minas Gerais, Belo Horizonte, Brazil; Department of Molecular Neuroscience (R.G., J.B.), UCL Institute of Neurology, London, United Kingdom; and Department of
Medical Sciences (R.G., J.B.), Institute of Biomedicine iBiMED, University of Aveiro, Portugal.

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

The Article Processing Charge was funded by the authors.

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

Copyright © 2018 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXG.0000000000000215
mailto:sarahcamargos@hotmail.com
mailto:r.guerreiro@ucl.ac.uk
http://links.lww.com/NXG/A17
http://links.lww.com/NXG/A17
http://ng.neurology.org/lookup/doi/10.1212/NXG.0000000000000209
http://creativecommons.org/licenses/by-nc-nd/4.0/


Methods
The genetic study of the patient and both parents was conducted
after written informed consent was obtained. Whole-exome se-
quencing (WES) was performed in the index case, and whole-
genome genotyping (WGG) was used to identify large tracts of
homozygosity in the trio, given the apparent autosomal recessive
pattern of inheritance of the disease in the family and the presence
of several loops of consanguinity. The 3 samples were genotyped
at the whole-genome level using Illumina HumanOmniExpress
Bead chips, and results were analyzed with GenomeStudio.

Results
By analyzing the variability identified by WES in genes pre-
viously known to cause riboflavin transporter deficiency, we
identified a novel homozygous insertion in SLC52A3
(ENST00000217254(SLC52A3):c.1232_1233insCTACGC
TTCCCTCCCGGCCCCGCAGGTGGCCTCGTGGGT-
GCTTTTCAGCGGCTGCCTCAG; p.Ser411_Tyr412in-
sTyrAlaSerLeuProAlaProGlnValAlaSerTrpValLeuPheSerGly
CysLeuSer). The mutation was confirmed to be present in
homozygosity in the index and was found in heterozygosity in
both parents using Sanger sequencing. In addition, WGG
revealed a large (1.5 Mb) homozygous region encompassing
the SLC52A3 locus (chromosome 20: 643,919–2,146,580
Mb) that was not present in either parent. Consequently, we
tested the phenotypically affected aunt (II.10), and she pre-
sented themutation in homozygosity (figure e-2, http://links.
lww.com/NXG/A18).

The mutation found is neither present in homozygosity in
population databases of genetic variability (ExAC and gno-
mAD), nor have we identified it in our in-house sequencing
data from healthy controls and other diseases (n > 6,000).

Discussion
Both SCL52A3 and SCL52A2 are riboflavin transporters. Ri-
boflavin is a precursor of flavin mononucleotide and flavin
adenine dinucleotide, which are important cofactors for en-
ergy metabolism. Since the description of these 2 genes re-
lated to riboflavin transporter deficiency, the perspective
about this disease has changed significantly.2,4,6 However, the
mechanisms by which the disrupted proteins lead to the dis-
ease are still to be fully understood.

Motor neuron disease, neurosensorial deafness, optic neurop-
athy, and the involvement of cranial nerves are common in
both genotypes.4,7 Nevertheless, some phenotypic differences
have been described: RFVT2mutations present predominantly
upper limb weakness and sensory ataxia; such findings are not
commonly seen in patients with RFVT3 mutations.7

Here, we report a Brazilian patient with late-onset and un-
characteristic acute and severe presentation, demonstrating

some phenotypic heterogeneity within a family.5 Themutation,
a homozygous insertion of 60 bp in SCL52A3, has not been
previously described as the cause of riboflavin transporter de-
ficiency. So far, response to riboflavin therapy was documented

Figure Family pedigree and clinical improvement with ri-
boflavin treatment

(A) The proband is marked with an arrow. This is a family member recently
studied, while subjects II.8, II.9, II.10, and III.3 were previously described in
Arq Neuropsiquiatr 2007;65(1):32–35. Squares represent males, and circles
represent females. Black symbols represent affected family members. The
proband’s mother and father were found to be heterozygous for
the SLC52A3 insertion (+/−). Themutation was found in homozygosity in the
proband (+/+) and her aunt. (B and C) Proband’s interosseal atrophy. (D and
E) Improvement in facial weakness and (F and G) tongue atrophy after ini-
tiation of 1,800 mg of riboflavin.
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in 11 patients harboring mutations in RFVT3. Of them, 9
patients demonstrated some response and 2 remained stable.4,6

Some authors argue that response tends to be better and more
rapid when earlier treatment is started. Riboflavin dose re-
position is unknown, and treatment, although generally effi-
cient, is empirical. In addition, there is still no evidence to
reassure that treatment would prevent the occurrence of
symptoms indefinitely. Despite all this, clinicians might be
aware of this potentially treatable condition and initiate ribo-
flavin supplementation as soon as diagnosis is suspected.
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Patients with an ADCY5 gene mutation reveal a heterogenous clinical presentation including
axial hypotonia, motor milestone delay, fluctuating dyskinesias, dystonia, and/or myoclonus
with episodic exacerbations during drowsiness and sleep.1,2 Phenotype-genotype correlations
and somatic mosaicism are suggested to explain the wide phenotypic spectrum.1

The ADCY5 gene encodes 1 of 9 membrane-bound adenyl cyclases converting adenosine
triphosphate to cyclic adenosine-39, 59-monophosphate, the second messenger in a range of
cellular activities.3 The ADCY5 protein contains 2 transmembrane domains, M1 and M2, and
2 bipartite cytoplasmic domains, C1 and C2. Pathogenic mutations have been described in
domains C1 and C2.1,2 Mutations are likely to have a gain-of-function effect based on increased
cyclic adenosine-39, 59-monophosphate accumulation.4

The present report describes 3 cases of ADCY5 dyskinesia to further illustrate the clinical
spectrum: a new phenotype, i.e., spastic paraparesis due to a mutation located in the M2
domain; case 1, case 2, and case 3 show previously described mutations in the C1 domain of the
ADCY5 protein. Their phenotypes show important similarities to previous cases, with the
addition of the psychiatric symptoms of the patient in case 3.

Case 1
A 40-year-old woman was referred to our clinic with a 6-year history of progressive fatigue,
painful movements, and muscle weakness of the lower limbs. History revealed delayed ability
to sit independently until the age of 2 years, most likely due to early axial hypotonia, with
subsequent catching up of motor development. Family history revealed no movement dis-
orders. Neurologic examination showed spastic paraparesis, with hyperreflexia, hypertonia in
the legs, and extensor plantar reflexes. There was mild dystonic posturing of the right foot while
walking and writer’s cramp of the right hand. As the dystonic features were not recognized as
such before, the age at onset is not clear. MRI of the brain and spine and metabolic blood
examination were unremarkable.

Whole-exome sequencing revealed a c.2722G>A, p.(Glu908Lys) mutation in the ADCY5 gene.
Her mother is mosaic for the mutation in peripheral blood (proportion mutation: wild type
about 1:3) without a relevant medical history or current complaints.
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Case 2
A 1.5-year-old girl was presented to our clinic with motor
milestone delay and dyskinesias. Pregnancy and delivery
were unremarkable. Hypotonia and involuntary move-
ments were first noticed at the age of 9 months. Family
history was negative. Neurologic examination showed axial
hypotonia and generalized chorea, more pronounced by
action, with facial involvement. There was hyperreflexia
without spasticity. Mother described exacerbations of dys-
kinesia during sleep. Genetic testing revealed a “de novo”
previously reported c.1252C>T p.(Arg418Trp) mutation
in the ADCY5 gene.1,2

Case 3
A 16-year-old young woman was presented to the outpatient’s
clinic in Barcelona with episodic dyskinesias with oral in-
volvement since the age of 18 months. At this age, she started
walking independently with frequent falls. From 12 years of age,
she developed tics, coprolalia, and prominent obsessive com-
pulsive and anxiety disorder with phobias. At the age of 16 years,
she presented with nonfluent speech, myoclonus, and chorea of
the face and upper limbs and mild dystonic posturing of the
limbs with episodic exacerbations. Family history revealed no
movement, behavioral of psychiatric disorders. Genetic testing,
using a dystonia panel, i.e., combined “next-generation” and
Sanger sequencing method, showed a previously described
c.1253G>A p.(Arg418Gln) mutation in the ADCY5 gene.1,2

The 3 new ADCY5 cases support the wide phenotypic pre-
sentation of ADCY5 gene mutations in the literature. We add
another phenotype, i.e., spastic paraparesis due to a mutation
in the M2 domain of the ADCY5 protein (case 1). This mu-
tation is predicted pathogenic by in silico prediction tools and
is absent in available data sets of population controls.

Spasticity, hyperreflexia, and bilateral extensor plantar reflexes
were mentioned as additional features in several cases with
mutation(s) in a cytoplasmic (C) domain.2,5,6 The somatic
mosaicism present in the index’s mother demonstrates that
mosaicism can lead to a (much) milder to no phenotype at
all.1 Future studies are of interest to detect the relevance of
ADCY5 mutations in patients with paraparesis.

Cases 2 and 3 showmutations in the C1 domain of the ADCY5
gene. These 2 mutations have been previously described with
comparable dyskinetic phenotypes1,2; however, case 3 patient’s
(prominent) psychiatric symptoms are distinctive. If the psy-
chiatric manifestations can be ascribed to the ADCY5 pheno-
type remains unclear, given these prevalence of psychiatric
disorders in the general population. An association between
ADCY5 mutations and psychiatric symptoms is conceivable.

Our 3 cases further support the conclusion of a heterogenous
phenotype and a possible phenotype-genotype correlation as
suggested in ADCY5-mutation–associated disease.

Author contributions
Anne J.E. Waalkens: article design and data description. Fleur
Vansenne and Annemarie H. van der Hout: critical revision of
the manuscript for intellectual content. Rodi Zutt: acquisition of
patient data and critical revision of themanuscript for intellectual
content. Jeroen Mourmans: acquisition of patient data. Eduardo
Tolosa and Tom J. de Koning: acquisition of patient data and
critical revision of themanuscript for intellectual content.Marina
A.J. Tijssen: data supervision, acquisition of patient data, and
critical revision of the manuscript for intellectual content.

Study funding
No targeted funding reported.

Disclosure
A.J.E. Waalkens, F. Vansenne, A.H. van der Hout, R. Zutt, and
J. Mourmans report no disclosures. E. Tolosa has received
speaker honoraria from UCB, Boehringer Ingelheim, Novartis,
Abbott, Medtronic, Solvay, GSK, and Teva; has served on the
editorial board of the Journal of the Neurological Sciences; holds
a patent forMethod for the sub-classification of patients suffering
from Parkinson disease; and has served as a consultant for the
Michael J. Fox Foundation for Parkinson’s Disease, Novartis,
UCB, Abbott, and Teva. T.J. de Koning has received speaker
honoraria from Actelion Pharmaceuticals and Nutricia Medical
Nutrition and has received grants from the Metabolic Power
Foundation and Actelion Pharmaceuticals. M.A.J. de Koning-
Tijssen has served on the editorial boards of Frontiers of movement
disorders, Clinical Movement Disorders, and Basal Ganglia; has
received research support from Ipsen, Allergan,Medtronic,Merz,
DystonieNet, Actelion, the Dystonia Medical Research Founda-
tion, Phelps Stichting, Netherlands Organisation for Health Re-
search and Development (ZonMw), Fonds Nuts-Ohra, Princes
Beatrix Muscle fund, Dystonie Vereniging, Hersenstichting,
Fonds Psychische gezondheid, the Jacques andGloria Gossweiler
Foundation, the Science Foundation Dystonia Society, Mental
Health, the Phelps Foundation, Beatrix Children Hospital
Fund, and Healthy Aging Fund UMCG; has received un-
restricted grants from Actelion, Merz, Ipsen, Allergan Phar-
maceutics, and Medtronic; and has received travel funding/
speaker honoraria from the Merz expert meeting in Paris,
January 2016, and Ipsen. Funding information and disclosures
are provided at the end of the article. Full disclosure form
information provided by the authors is available with the full
text of this article at Neurology.org/NG.

Received May 23, 2017. Accepted in final form December 13, 2017.

References
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Copy number variants (CNVs) of 1q21.1 are increasingly being recognized due to the wide-
spread use of genetic screening tests for the investigation of developmental disorders and
epilepsy. These include microdeletion and microduplication syndromes, associated with a wide
variety of pathology including autism spectrum disorders, attention-deficit disorder, learning
disabilities, hypotonia, facial dysmorphisms, and schizophrenia. The 1q21.1 region is consid-
ered to be genetically unstable because it contains one of the largest areas of identical dupli-
cation sequences in the human genome. Epilepsy has been reported in the literature,
particularly in microdeletion syndromes, but rarely in association with microduplication syn-
dromes. We report a patient with epilepsy and autism spectrum disorder due to a distal 1q21.1
microduplication and review the available literature and genetic information.

Case report
We present a 10-year-old girl with a low-functioning autism spectrum disorder and focal motor
epilepsy. On examination, she has hypertelorism, minimal communicative language skills, and
severe macrocephaly (HC = 57 cm, 3.6 SD > 99%). Seizures started at 7 years of age
and consisted of head deviation to the left, generalized stiffening, clonic activity of the mouth,
and fluttering of the eyelids, lasting for 1–2 minutes. Multiple video EEG recordings showed
a right temporal focus with a less active, independent left temporal focus. 3T MRI scan of the
brain was normal. Her seizure control was poor despite high doses of oxcarbazepine. She had
multiple clusters of seizures after ingestion of large amounts of caffeine in the form of red velvet
cookies. She was switched to lamotrigine and was placed on a caffeine-free diet. She has been
seizure-free for nearly 1 year on this regimen. Chromosomal single nucleotide polymorphism
Affymetrix CytoScan-HD microarray showed a distal 1q21.1-1q21.2 duplication (arr[hg19]
1q21.1q21.2[146,503,349–147,819,438] × 3), 1.3 Mb in size. None of the genes in this region
are definitively known to cause neurologic disease, although this duplication is one of the more
common CNVs associated with autism spectrum disorders and intellectual disability.1

Discussion
Our patient has many clinical features previously reported with 1q21.1 duplication syndrome,
including autism with intellectual disability, hyperactivity and impulsivity, macrocephaly,
hypertelorism, and hypotonia. Microduplications have also been reported in “normal” indi-
viduals, subsequently often found to have subtle features of the disorder.2 Multiple authors have
postulated that clinical expression of the disorder varies widely and that penetrance is in-
complete. Duplications of this region have also been associated with a host of non-neurological
congenital anomalies with no clear pattern of abnormalities.
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Table Review of published cases of 1q21.1 microduplication syndrome and epilepsy: Clinical, EEG, and genetic information

Author/patient no.
(total no. of
patients)

Type of
epilepsy

Other neurologic
features Non-neurological clinical features Inheritance EEG results MRI results Locus on chr 1

Mefford/1 (11) Not
specified

ASD; LD Hemivertebra; univentricular heart Paternal,
unaffected
father

Not specified Choroid plexus carcinoma 142,000,000–146,500,000 (locus
for individual patients not
specified)

Mefford/2a (11) GEUE MR None Paternal,
unaffected
father

Not specified Not specified

Mefford/3a (11) GEUE MR None Unknown Not specified Hypoplasia of corpus
callosum and cerebellar
vermis

Rosenfeld/1 (16) Not
specified

Global DD; hemiplegia Hypermobility Paternal Not specified Right brain atrophy 144,100,000–144,500,000 (locus
for individual patients not
specified)

Rosenfeld/2 (16) Not
specified

Hypotonia; hearing loss;
severe DD; microcephaly

Short stature; FTT; dysmorphic
features; strabismus; idiopathic liver
failure

Paternal Not specified Prominent extra-axial
space, abnormal globus
pallidus

Brunetti/1 (23) Not
specified

Speech delay None Maternal Not specified Not specified 144,750,000–145,950,000

Brunetti/2 (23) Not
specified

Hypotonia Cryptorchidism; dysmorphic features Unknown,
parents
unaffected

Not specified Not specified

Du/1 (1) 1- IS ID; mild DD Not specified De novo Hypsarrhythmia Delayed myelination,
enlarged ventricles

145,764,453–147,824,207

Gourari/1 (1) Focal
epilepsy

ASD; macrocephaly None Unknown,
Parents
unaffected

Right temporal
interictal epileptiform
activity

Normal (3T MRI) 146,403,349–147,819,438

Bernier/1 (19) 0b Not specified Not specified Not specified Focal sharp waves Not specified 146,577,487–147,394,506

Abbreviations: ASD = autism spectrumdisorder; FTT = failure to thrive; DD = developmental delay; GEUE = generalized epilepsy of undetermined etiology; ID = intellectual disability; IS = infantile spasms; LD = learning disability;
MR = magnetic resonance.
HYDIN2 gene locus: 146,547,489–146,822,034.
PRKAB2 gene locus: 147,155,106–147,172,544.
CHD1L gene locus: 147,242,684–147,295,762.
a Patients from Dutch studies in supplemental appendix of the Mefford article.
b No patients with clinical seizures, only epileptiform EEG.
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Seizures have rarely been reported in published review articles
of 1q21.1 microduplication syndromes (see table for details of
reported cases). Numbers of affected patients were small in
each study, and very little information was published about
types of seizures, EEG findings, etc.

The UCSC Genome Browser lists 2 genes in this region of
distal microduplication, which might contribute to epilepsy,
CHD1L and PRKAB2. CHD1L encodes a helicase responsible
for DNA repair, so far associated only with various cancers.
However, it comes from the same family as CHD2, a gene
associated with epileptic encephalopathies and a variety of
generalized epilepsy syndromes. PRKAB2 encodes a protein
responsible for lipid metabolism. It is a regulatory subunit for
AMPK (AMP-activated protein kinase). The laforin-malin
complex, a set of proteins implicated in Lafora progressive
myoclonus epilepsy, promotes ubiquitination of AMPK.3

Further research is needed to determine whether and how this
interaction could explain the development of epilepsy. This
region also contains the HYDIN2 gene, which was long
thought to be a pseudogene, but which was recently shown to
be highly transcribed, particularly in neuronal tissue, including
the fetal brain. The function of HYDIN2 is currently un-
known. It was thought to be related to the head size, but this
has been shown to be erroneous. HYDIN2 is involved in 87%
of individuals with developmental disabilities and 1q21.1
duplications and 93% of deletions, but CNVs of this gene are
extremely rare in normal controls.1 It is possible that abnor-
malities of this gene contribute to the development of
epilepsy.

We reviewed available genetic information of patients with
1q21.1 microduplication syndrome and epilepsy.2,4–7 Re-
view of loci showed 10 patients with proximal
microduplications2,4,5 and only 3 patients with pure distal
microduplications and epilepsy. There was no section of
the duplicated locus ubiquitous to all patients, indicating

that most likely there is more than 1 gene causing epilepsy
in this population. Further research into the function of
genes in the 1q21.1 region is likely to contribute sub-
stantially to our understanding of the genetic basis of epi-
lepsy in individuals with autism spectrum disorders.
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Hereditary spastic paraplegias (HSPs) and ataxias are genetically heterogeneous disorders, with
more than 70 genes implicated in each group. A smaller fraction of disorders from both groups
manifest both with spastic paresis and ataxia, and recognizing this phenotype helps narrowing
down the differential diagnosis.1 Recently, homozygous and compound heterozygous muta-
tions in CAPN1, which encode for the neuronal cysteine protease calpain, have been described
as a cause of HSP (SPG76, MIM#616907).2 Here, we report 3 patients from 2 families with
homozygous CAPN1 mutations who are characterized with slowly progressive lower limb
spasticity with mild ataxia. Review of all patients with CAPN1 mutations so far supports the
strong association of cerebellar involvement with this disorder and delineates several additional
disease characteristics.

Family 1
A 37-year-old woman was referred to our laboratory with spastic ataxia. Her symptoms started
with gait difficulty at 21 years, followed by dysarthria 8 years later, and eventually, she was unable
to walk without aid at age 32 years (table and figure e-1, http://links.lww.com/NXG/A23).
Neurologic examination revealed dysarthria, spasticity in lower >> upper extremities, mild
weakness in proximal leg muscles, Achilles tendon contracture, mild dysmetria, dysdiadochoki-
nesia, and a spastic-ataxic gait. Cranial MRI and nerve conduction studies were unremarkable.

Whole-exome sequencing revealed a homozygous p.Gly332Arg mutation in the CAPN1 gene
(e-Methods, http://links.lww.com/NXG/A26). The variation is located at a conserved site,
with a GERP++ score of 4.63 (figure e-2, http://links.lww.com/NXG/A24), next to the start of
the β-strand of the protease domain of calpain-1 protein, conformationally in proximity to the
active site at position 296, the critical Ca2+ binding site (figure e-2).3 The variation was not
present in the Exome Aggregation Consortium (ExAC) browser and was seen twice in a het-
erozygous state in the Genome Aggregation Database (gnomAD) (minor allele frequency
[MAF] = 8.204e-6).

Family 2
A 54-year-old female proband presented with slowly progressive walking difficulty and extreme
stiffness in the legs (table). She could not tolerate exercise since teen age, but her symptoms
started to affect her daily life after her thirties. She had a scissoring and wide-based gait and
needed unilateral support to walk. Her speech was explosive. Neurologic examination revealed
severe spasticity in the lower and mild spasticity in the upper extremities, hyperactive deep
tendon reflexes, bilateral extensor plantar responses, and patellar clonus. The Hoffmann sign
was positive. She had bilateral mild dysmetria and dysdiadochokinesia. Nerve conduction
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studies, EMG, sensory evoked potential tests, and MRI did
not reveal any pathology (figure e-3, http://links.lww.com/
NXG/A25). Her parents were second-degree cousins, and
one of her younger sisters had similar complaints and also
a slow disease progression (figure e-1, http://links.lww.com/
NXG/A23).

Among 18 homozygous variants shared by the patient and her
affected sister, a single nucleotide substitution in exon 10 of the
CAPN1 gene leading to a premature stop codon at position 392
was detected (e-Methods, http://links.lww.com/NXG/A26,
figure e-2, http://links.lww.com/NXG/A24). The p.Trp392*
variant was seen heterozygously once in the ExAC database
(MAF = 8.513e-06) and was not present in the gnomAD.

Discussion
We report 3 adult-onset patients from 2 families who have
disease onset with spastic paraparesis, emergence of cerebellar
symptoms during disease course, slow disease progression,
and homozygous mutations in the CAPN1 gene. These
characteristics are in accordance with the previous reports and
point out to a characteristic phenotype.2,4,5 The first study
reported 8 patients from 3 families with pyramidal signs
starting during young adulthood (range 19–39 years). All
except for 1 patient had cerebellar findings during follow-up,
and 1 patient required walking aid at the age of 40.2 In the

second study, 6 patients from 4 families had slowly pro-
gressive spastic ataxia starting at young adulthood. One pa-
tient was using a wheelchair at the age of 30, and 2 patients
needed walking aid in their forties.4 In a third report, 2
patients had a similar spastic-ataxia phenotype with onset
around thirties.5 It is important that the range of age at onset
was expanded by a recent report of a 16-year-old patient with
congenital onset and pure spastic paraplegia.6

Our study, together with the rapidly expanding number of
reported cases, validates the observation that homozygous or
compound heterozygous mutations in calpain-1 cause a spas-
ticity-dominant phenotype and emphasize its association with
cerebellar symptoms. Accordingly, calpain-1 deficiency in
mice disrupts cerebellar development causing cerebellar
ataxia, and missense mutations in CAPN1 are associated with
spinocerebellar ataxia in Parson Russell Terrier dogs.4,7 The
cerebellar findings in CAPN1 patients reported so far include
ataxic gait, dysarthria, and mild dysmetria/
dysdiadochokinesia. Slow saccades were remarkable in 2
patients.2,4–6 In light of these observations, we suggest that
CAPN1-based disease should be considered among the
emerging group of ataxia-spasticity spectrum disorders, es-
pecially in adult patients.1

Author contributions
Cemile Kocoglu performed the analyses of whole-exome se-
quencing data and compiled the manuscript. Asli Gundogdu

Table Clinical features and mutations of 3 Turkish patients with CAPN1 mutations

Family 1/patient 1 Family 2/patient 1 Family 2/patient 2 Previous findings

Mutation c. 994G>A p.Gly332Arg c. 1176G>A p.Trp392* c. 1176G>A p.Trp392* Missense, nonsense frameshift and
splicing2,4–6

Age at onset, y/sex 21/F 15/F 15/F Third and fourth decades,2,4,5 congenital6

Disease duration, y 16 39 30 >10 y2,4–6

Time to walking aid, y 11 31 − >10 y2,4

Initial symptom Gait difficulty Gait difficulty Gait difficulty Gait disorder2,4–6

Lower limb spasticity + + + Present2,4–6

Upper limb spasticity + + − Present5

Gait and limb ataxia + + + Present2,4,5

Dysarthria + + + Present2,4,5

Dysmetria + + NA Present2,4,5

MRI NP Cerebellar atrophy in the advanced disease
stage2,4,5

Brain N N

Spinal N N

Electrophysiologic studies NCS: N NCS: N and SEP: N NP NCS: sensory axonal neuropathy2,4

Other features Keratoconus − − Foot deformity and slow saccades2,4,5

Abbreviations: N = normal; NA = not available; NCS = nerve conduction study; NP = not performed; SEP = sensory evoked potential.
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1. Synofzik M, Schüle R. Overcoming the divide between ataxias and spastic paraplegias:

shared phenotypes, genes, and pathways. Mov Disord 2017;0:1–14.
2. Gan-Or Z, Bouslam N, Birouk N, et al. Mutations in CAPN1 cause autosomal-

recessive hereditary spastic paraplegia. Am J Hum Genet 2016;98:1038–1046.
3. Khorchid A, Ikura M. How calpain is activated by calcium. Nat Struct Biol 2002;9:

239–241.
4. Wang Y, Hersheson J, Lopez D, et al. Defects in the CAPN1 gene result in alterations

in cerebellar development and cerebellar ataxia in mice and humans. Cell Rep 2016;
16:79–91.

5. Tadic V, Klein C, Hinrichs F, et al. CAPN1 mutations are associated with a syndrome
of combined spasticity and ataxia. J Neurol 2017;264:1008–1010.

6. Travaglini L, Bellacchio E, Aiello C, et al. Expanding the clinical phenotype of
CAPN1-associated mutations: a new case with congenital-onset pure spastic para-
plegia. J Neurol Sci 2017;378:210–212.

7. FormanOP, De Risio L,Mellersh CS.Missense mutation in CAPN1 is associated with
spinocerebellar ataxia in the Parson Russell Terrier dog breed. PLoS One 2013;8:1–8.

Neurology.org/NG Neurology: Genetics | Volume 4, Number 1 | February 2018 3

http://ng.neurology.org/lookup/doi/10.1212/NXG.0000000000000218
http://neurology.org/ng


CLINICAL/SCIENTIFIC NOTES OPEN ACCESS

Novel hemizygous nonsense mutation inDRP2 is
associated with inherited neuropathy
Ricardo H. Roda, MD, PhD, Brett A. McCray, MD, PhD, Christopher J. Klein, MD, and Ahmet Hoke, MD, PhD

Neurol Genet 2018;4:e220. doi:10.1212/NXG.0000000000000220

Correspondence

Dr. Roda:

rroda1@jhmi.edu

Mutations inDRP2 (OMIM #300052) encoding dystrophin-related protein 2, a 957 amino acid
protein, were identified in a single patient with X-linked Charcot-Marie-Tooth (CMT) disease
and are associated with familial autism.1,2 DRP2 is predominantly expressed in the brain and
spinal cord and functionally interacts with periaxin (PRX, OMIM #605725), a known causative
CMT gene (OMIM #614895 and #145900), in the PRX-DRP2-dystroglycan (PDG) complex.3

The PDG complex supports and maintains Cajal bands, which are cytoplasmic extensions that
run along the length of myelinated axons and are required for establishing a proper internodal
length.4–6

A nonsense DRP2 c.805C>T (Q269X) mutation was found in a patient with sensorimotor
neuropathy, with intermediate conduction velocities and absence of Cajal bands within dermal
nerves.1 Here, we report another patient with a novel nonsense mutation in DRP2 with
sensorimotor polyneuropathy and histologic myelin abnormalities. This report extends the
known mutation spectrum of DRP2 and provides further evidence of its association with
inherited neuropathy.

Case report
The index patient is a 42-year-old man who developed fatigue, numbness and tingling in his
fingers and toes, and headaches at the age of 18. Over time, he developed patchy burning in his
extremities, intermittent numbness in his face, heat intolerance, and excessive sweating. There
was no family history of neuropathy. Nerve conduction studies at the age of 33 demonstrated
mildly slowed conduction velocities and prolonged F-wave latencies in the lower extremities. A
left sural nerve biopsy showed fibers with tomaculae, thinly myelinated fibers, and a small focus
of perivascular epineurial inflammation. A lumbar puncture was performed and showed normal
CSF protein levels and cell counts. Testing for diabetes mellitus, Sjogren syndrome, HIV, and
Lyme disease was negative, and hexosaminidase A and α-galactosidase levels were normal.
Testing for mutations of PMP22, MFN2, and GBJ1 was negative.

At the age of 40, examination showed normal cognition, cranial nerves, muscle bulk, tone, and
strength. He was able to walk on his heels and toes. Deep tendon reflexes weremildly reduced at
the ankles (1+) but were otherwise normal. There was multimodal distal sensory loss with light
touch, pinprick, and temperature reduced in the lower extremities to the mid-shins and in the
upper extremities to the mid-forearms. Joint position sense was preserved, and vibration sense
was normal except for a mild reduction at the left first toe. Augmented Romberg (feet in tandem
position) was positive. Repeat electrophysiology revealed evidence of lower extremity de-
myelinating neuropathy with nonuniformly reduced conduction velocities of the bilateral pe-
roneal motor nerves (right 31 m/s, left 22 m/s, normal ≥40 m/s) with normal distal latencies,
partial motor conduction block in the bilateral peroneal motor nerves recorded at the extensor
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digitorum brevis muscle ([ankle vs fibular head stimulation]:
right [2.5 vs 0.9 mV], left [1.5 vs 0.1 mV]), and markedly
prolonged lower extremity F-wave latencies (right tibial
82 milliseconds, left peroneal 73 milliseconds, normal <56
milliseconds). Upper extremity testing showed a normal
conduction velocity in the median motor nerve and a slightly
reduced velocity (46 m/s, normal ≥50 m/s) in the ulnar
motor nerve. Skin biopsy and autonomic testing were normal.

Electron microscopy of his sural nerve revealed a mild re-
duction in the density of large myelinated and unmyelinated
axons as well as prominent variability in myelin thickness
with many thinly myelinated fibers and some abnormally
thick myelinated fibers (figure). We observed many fibers
with delamination of myelin, occasional Cajal bands, rare
tomaculae, rare active demyelination, and rare miniature
onion bulbs indicative of prior demyelination and attempted

remyelination. Whole-exome sequencing revealed a hemi-
zygous c.1039C>T, p.Q347X variant in DRP2 that creates
a premature stop codon. This variant is not present in the
database of the Exome Aggregation Consortium (exac.
broadinstitute.org, September 2016). His unaffected mother
is a carrier for the change.

Discussion
In this report, we present a patient with early adult-onset
sensorimotor neuropathy with biopsy-proven myelination
abnormalities and a likely pathogenic hemizygous mutation in
the X-linked geneDRP2. This mutation produces a premature
stop codon and is expected to lead to a loss of functional
protein and likely a complete absence of DRP2 in men.1,7 The
biopsy findings are reminiscent of the previously reported

Figure Sural nerve electron microscopy

(A and B) Sural nerve biopsy shows variability in
myelin thickness, with some fibers exhibiting
thicker myelin sheets relative to axon diameter
(thin arrows) and many others harboring thin my-
elin (thick arrowheads). Many of the thicker mye-
linated fibers showed delamination. (C and D)
Higher power view of myelin thickness variability.
Thickly myelinated axon (thin arrow) shows a small
tomacula. (E) Miniature onion bulb formation. (F) A
myelinated axon (thin arrow) undergoing de-
myelination. Scale bars denote 10 μm in A and B,
5 μm in C and D, and 2 μm in E and F.
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patient with DRP2 mutation who displayed the absence of
Cajal bands in dermal nerves, and to the histologic features of
Drp2-null mice, which show disrupted appositions of Cajal
bands, focal hypermyelination, demyelination, and tomacula-
like formations.1,8 Similarly, Prx-null mice also show the ab-
sence of Cajal bands, shortened internodal length, and re-
duced conduction velocities.9 It is important that the patient
reported here had features of both developmental dysmyeli-
nation as well as nonuniform demyelination, the latter of
which was not present in the previously reported patient with
DRP2mutation. This report provides further evidence linking
truncating DRP2 mutations with demyelinating neuropathy
and suggests that DRP2 variants should be considered when
evaluating patients suspected of inherited neuropathy.
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