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What does phenotype have to do with it?

A recurring theme in this column and in articles
published in Neurology® Genetics is the problem of
interpreting DNA variants, ever more present as next-
generation sequencing invariably leads to the identi-
fication of multiple rare variants in a given individual.
This is discussed in this issue in 2 articles and an
accompanying editorial.1–3

The Berkovic group critically examines reported var-
iants in autosomal dominant epilepsies.1 They make use
of the ExAC database and in a 2nd analysis of the
expanded ExAC V2 plus gnomAD databases with
whole-exome and whole-genome sequencing data on
123,136 individuals and 15,496 individuals, respec-
tively. They find that occurrence of a variant more than
once in this database greatly reduces the probability that
the respective variant is disease causing with high pen-
etrance. Their analysis also reflects on the potentially
erroneous assignments of DNA variants in EFHC1
and SRPX2 as disease causing in familial epilepsy
syndromes.

The report by McNeil and colleagues2 describes
a molecular genetic case study of a patient presenting
with an unusual leukodystrophy. The authors initially
identify compound heterozygous mutations in the
EARS2 gene that led to reduction in protein levels by
70%. But as Massimo Pandolfo points out in the
accompanying editorial,3 the typical clinical and imag-
ing phenotypes associated with mutations in EARS2
did not fit the phenotype of the patient. McNeill
et al. were aided by a prior study of this patient that
had also shown compound heterozygous mutations in
SNORD118, encoding a small nucleolar RNA involved
in ribosome biogenesis. In addition, the phenotype
associated with SNORD118 mutations actually fit the
patient much better! We need to realize that the clinical
or imaging subtleties of leukoencephalopathy, brain
calcifications, and cysts vs leukoencephalopathy with
thalamus and brainstem involvement and high lactate
may escape the non-subspecialist.

Several years ago, we came across a similar scenario.4

By screening patients with autosomal dominant ataxias
for mutations in KCNC3, the gene encoding the Kv3.3

potassium channel, we identified a Gly263Asp amino
acid substitution. This variant occurred in an amino acid
that was evolutionarily conserved, but not nearly to the
same degree as amino acids changed by other verified
KCNC3 mutations. Mutation prediction programs pre-
dicted this amino acid substitution to be deleterious and
indeed, on introducing the variant Kv3.3 channel into
frog oocytes, the biophysical characteristics were altered.
What saved the day for us was the fact that the patient
had a concomitant repeat expansion mutation in
CACNA1A, and the KCNC3 variant did not segregate
with other affected family members. In retrospect,
a tip-off might have been that the biophysical changes
in channel function, although significant, were rela-
tively mild compared with the gain-of-function
Phe448Leu mutation associated with early onset
ataxia.5 Thus, significant may not always equal
relevant.

As Pandolfo points out, it is important to examine
the phenotype in its relationship to the gene variant
and established phenotypes. Our colleagues in neurora-
diology know this well and frequently add to their re-
ports “clinical correlation is needed.” The same
applies to the interpretation of in vitro assays. The
compound heterozygous variants in EARS2 described
by McNeill et al. reduced protein levels to only 30% in
the patient’s skin fibroblasts, probably not a sufficient
reduction to be functionally important. The next chal-
lenge will be understanding the implications of changes
in functional assays that may be significant in the con-
text of in vitro studies, but may not be significant at the
organismal level. Maybe biochemists and neurophysiol-
ogist need to append “clinical correlation required!”
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This variant alters protein function, but is
it pathogenic?

Identifying the causative mutation for a mendelian
disease among several, or many, genetic variants rep-
resents a challenge, even more so with the increasing
use of next-generation sequencing for genetic diagno-
sis. In 2015, the American College of Medical Genet-
ics and Genomics (ACMG) and the Association for
Molecular Pathology (AMP) proposed guidelines to
classify variants in genes associated with mendelian
diseases according to their potential pathogenicity.1

ACMG-AMP rules include genetic criteria such as
population, segregation, de novo, allelic, and database
data, along with functional criteria, including com-
putational and predictive data and functional studies.
When the same amino acid change is found as in an
established pathogenic variant, this is considered
strongly supportive of pathogenicity. Functional
studies showing a deleterious effect are also strongly
supportive of pathogenicity.

In this issue ofNeurology®Genetics,McNeill et al.2

report the finding by whole-exome sequencing
(WES) of compound heterozygous variants in the
EARS2 gene in a patient with leukoencephalopathy.
EARS2, encoding mitochondrial glutamyl-tRNA syn-
thetase, is mutated in the autosomal recessive leu-
koencephalopathy with thalamus and brainstem
involvement and high lactate (LTBL).3 One of the
variants detected in this patient, c.328G.A
(p.G110S), had previously been found in multiple
patients with LTBL. In silico analysis supported path-
ogenicity of the other variant (c.1045G.A,
p.E349K) as well. Furthermore, McNeill et al. per-
formed functional analyses in patient skin fibroblasts,
finding a significant decrease in EARS2 protein levels
to 30% of normal controls, along with an ;11%
decrease in the oxygen consumption rate and
;43% decrease in the maximal respiratory rate com-
pared with control. Mitochondrial dysfunction was
corrected by the expression of wild-type EARS2 pro-
tein. Taken together, these results seemed to provide
strong evidence supporting pathogenicity of the iden-
tified EARS2 variants.

However, one important piece did not fit in the
puzzle. In the original description of LTBL, brain
MRI findings were characterized in all patients by
extensive symmetrical cerebral white matter abnor-
malities sparing the periventricular rim and by sym-
metrical signal abnormalities of the thalami,
midbrain, pons, medulla oblongata, and cerebellar
white matter. As indicated in the name of the disease,
brain lactate, measured by proton magnetic resonance
spectroscopy (MRS), was increased. LTBL is not lim-
ited to the nervous system, as it may cause liver abnor-
malities and increased lactate in all body fluids. Of
interest, clinical, MRI, and MRS follow-up of pa-
tients with LTBL allowed us to identify a “severe”
subgroup showing early postnatal onset with failure
to thrive and hypotonia then spastic tetraparesis, dys-
tonia, visual impairment, and seizures, followed by
clinical stagnation, brain atrophy, and persisting high
lactate levels; and a “mild” subgroup, showing later
clinical onset, most often in the second half of the first
year of life, with spasticity, loss of milestones, occa-
sional seizures, and extreme irritability, followed by
partial clinical recovery, MRI improvement, and
declining lactate levels.3

The patient studied by McNeill et al. neither
showed the unique neuroimaging features of LTBL
nor presented the peculiar biphasic clinical course of
this disease. Their patient was a 6-year-old boy with
a progressive encephalopathy consisting of intellectual
disability, refractory seizures, dystonia, chorea, and
spasticity, who died at the age of 16 after a progressive
disease course. MRI showed a diffuse leukoencephal-
opathy with multiple calcifications affecting gray mat-
ter nuclei, juxtacortical U-fibers, subcortical and
periventricular white matter, brainstem, and the den-
tate nucleus of the cerebellum, while MRS showed no
increase in lactate. Autopsy showed a severe vasculop-
athy causing ischemic lesions, calcifications, white
matter degeneration, and cyst formation. This clini-
cal, imaging, and pathologic features are strongly sug-
gestive of a condition called leukoencephalopathy,
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brain calcifications, and cysts (LCC),4 which is strictly
limited to the nervous system and not associated with
increased lactate.

So, if the phenotype of this patient was clearly dif-
ferent from LTBL and rather fitting a different condi-
tion, LCC, what to do of the putative EARS2
mutations? Does this case extend the phenotypic
spectrum linked to EARS2 mutation? Or conversely,
are the EARS2 variants unrelated to the LCC pheno-
type of this patient? And, if the latter is the case, have
the EARS2 variants modified the patient’s phenotype?

McNeill et al. found a partial answer to these ques-
tions when they realized that their patient had also
been independently investigated in a genetic study
on LCC and found to carry compound heterozygous
mutations in SNORD118, encoding a small nucleolar
RNA involved in ribosome biogenesis.5 SNORD118
was also mutated in additional LCC families, identi-
fying it as a causative gene for this condition. Based
on this finding, they conclude “that the presence of
the SNORD118mutations as the pathogenic driver of
LCC relegates the functionally pathogenic EARS2
variants in this case to an unknown status.”

What lessons can we draw from this report? First,
rigorous characterization of the phenotype is essential
for the interpretation of genetic test results. This is
not as trivial as it may seem because examples abound
of mutations in different genes causing highly similar
phenotypes and of mutations in the same gene caus-
ing very different phenotypes. The very concept of
“reverse phenotyping” is based on the latter point.
However, in many cases, some core clinical and para-
clinical features may enable to predict how likely is
the involvement of a specific gene. In the case
described by McNeill et al., normal levels of lactate
in the brain and in body fluids argued against an
EARS2-linked phenotype, even more than structural
MRI features and atypical clinical course. The sec-
ond, probably more unexpected lesson, is that even
demonstrating an abnormal function of the encoded
protein may not be enough to prove pathogenicity of
a genetic variant. In a way, this is just a reiteration of
the previous point: if the phenotype does not reflect
the observed in vitro abnormalities, a different cause
is possible and even likely.

Finally, the question whether seemingly patho-
genic EARS2 mutations in this patient may have
somehow modified his phenotype remains open.
Even if the expected increase in lactate did not
occur, subclinical mitochondrial dysfunction may
have worsened the consequence of the microangiop-
athy of LCC, but the reported data do not allow us
to test this hypothesis. More generally, a combina-
tion of clinical observation of multiple cases with

experimental data from animal models may allow
to address the issue of how potentially pathogenic
mutations in different genes interact and eventually
determine the phenotype. Recently, a study from
Baylor College of Medicine on more than 2,000
patients receiving a molecular diagnosis after WES
showed that 4.9% of them carried seemingly path-
ogenic mutations in 2 loci.6 These patients showed
either distinct disease phenotypes, with individual
phenotypic features attributable to only 1 of the 2
diagnoses, or overlapping phenotypes, with pheno-
typic features attributable to either one of the diag-
noses. Overlapping disease phenotypes were
observed particularly when the coexisting mutations
altered proteins in the same functional pathway. The
peculiarity of the patient of McNeill et al., deserving
additional investigation, is the apparently “pure”
LCC phenotype lacking clinical features attributable
to the EARS2 mutations, when an overlapping phe-
notype might have been expected.
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Functionally pathogenic EARS2 variants
in vitro may not manifest a phenotype
in vivo

ABSTRACT

Objective: To investigate the genetic etiology of a patient diagnosed with leukoencephalopathy,
brain calcifications, and cysts (LCC).

Methods:Whole-exome sequencing was performed on a patient with LCC and his unaffected fam-
ily members. The variants were subject to in silico and in vitro functional testing to determine
pathogenicity.

Results: Whole-exome sequencing uncovered compound heterozygous mutations in EARS2,
c.328G.A (p.G110S), and c.1045G.A (p.E349K). This gene has previously been implicated
in the autosomal recessive leukoencephalopathy with thalamus and brainstem involvement and
high lactate (LTBL). The p.G110Smutation has been found in multiple patients with LTBL. In silico
analysis supported pathogenicity in the second variant. In vitro functional testing showed a sig-
nificant mitochondrial dysfunction demonstrated by an ;11% decrease in the oxygen consump-
tion rate and ;43% decrease in the maximum respiratory rate in the patient’s skin fibroblasts
compared with the control. EARS2 protein levels were reduced to 30% of normal controls in the
patient’s fibroblasts. These deficiencies were corrected by the expression of the wild-type
EARS2 protein. However, a further unrelated genetic investigation of our patient revealed the
presence of biallelic variants in a small nucleolar RNA (SNORD118) responsible for LCC.

Conclusions: Here, we report seemingly pathogenic EARS2 mutations in a single patient with LCC
with no biochemical or neuroimaging presentations of LTBL. This patient illustrates that variants with
demonstrated impact on protein function should not necessarily be considered clinically relevant.

ClinicalTrials.gov identifier: NCT00001671. Neurol Genet 2017;3:e162; doi: 10.1212/

NXG.0000000000000162

GLOSSARY
LCC 5 leukoencephalopathy, brain calcifications, and cysts; LTBL 5 leukoencephalopathy with thalamus and brainstem
involvement and high lactate; MAF 5minor allele frequency; MRR 5 maximum respiratory rate; OCR 5 oxygen consumption
rate.

Leukodystrophies and genetic leukoencephalopathies are a heterogeneous group of rare inherit-
able neurologic diseases predominantly affecting the white matter of the brain.1 Specific genetic
diagnosis of these disorders was previously found in only about half of the known cases,2 but
next-generation sequencing has helped to increase the rate of genetic classification up to 80%.3

Next-generation sequencing has been successfully used in the identification of rare mutations
in a number of genes causing many different white matter diseases and mitochondrial disorders.4

Particularly, mutations in the nuclear-encoded aminoacyl tRNA synthetase genes (ARSs) have
been implicated in numerous mitochondrial disorders that cause white matter abnormalities.5

However, the explosive increase in rare genetic variants reported in the population in recent
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years has at times misrepresented the link
between mutation and disease by incorrectly
labeling many genetic variants as pathogenic.6

This is in part due to the lack of experimental
validation of the pathogenicity of variants
through functional in vitro or in vivo experi-
mentation. Thus, clinical reporting of such
variants is reliant on accurate information
about the nature of the variant highlighting
the importance of aggregated population data-
bases for correct assessment of variant frequen-
cies and the need for rigorous functional
assays. As such, mitochondrial dysfunction
can be ascertained through functional mito-
chondrial respiration assays, which are thought
to be helpful in predicting DNA variant path-
ogenicity. However, functionally validated
variants may not always be clinically relevant
to the pathogenesis of the disease in question.

METHODS Standard protocol approvals, registrations,
and patient consents. This study was approved to use human

subjects by the appropriate institutional review board. Biological

samples from the patient and first-degree relatives were collected

subsequent to written informed consent; ClinicalTrials.gov

identifier: NCT00001671. It included a family consisting of 2

parents and their affected son and his 3 unaffected siblings.

Whole-exome sequencing. Each family member was subjected

to whole-exome sequencing and genetic analysis. Briefly, libraries

were constructed from genomic DNA of each family member

using the Illumina TruSeq DNA Sample Prep methodology

(Illumina, San Diego, CA), and exonic targets were captured

using Illumina’s TruSeq Exome Enrichment technology accord-

ing to the manufacturer’s protocols. 2 3 50 bp paired-end

sequencing was performed on the Illumina HiSeq 2000.

Bioinformatic analysis. Sequence reads were aligned to the

human reference genome hg19 using the Burrows-Wheeler

Aligner v.0.5.9.7 PCR duplicates were marked and removed

using Picard v.1.70 (broadinstitute.github.io/picard/), and local

realignment, quality score recalibration, and SNP and INDEL

variant calling were performed using the Genome Analysis

Toolkit v.1.3.8 The variant calls were subsequently annotated by

Annovar.9 The gene annotations were made against the RefSeq

database, and known variants and allele frequencies were anno-

tated with dbSNP 137, all ethnicities from the 1000 Genomes

Project (April 2012, August 2015 release), the National Heart,

Lung, and Blood Institute (NHLBI) GO Exome Sequencing

Project (ESP, esp6500 release), and the Exome Aggregation

Consortium (ExAC). Nonsynonymous variants were further

annotated with pathogenicity prediction scores from SIFT,10

PolyPhen-2,11 LRT, and MutationTaster.12 Conservation scores

from PhyloP, GERP, and PhastCons were provided by Muta-

tionTaster and Annovar. Multiple sequence alignments were

performed with Clustal Omega in Uniprot (uniprot.org). Variant

prioritization and candidate gene identification used an in-house

workflow that stratified the variant annotation data and white

matter disease association analysis with a recessive or dominant

model of inheritance.

Sanger sequencing. The EARS2 variants were validated using

Sanger sequencing. Genomic DNA was amplified using primers

that targeted the variant location and subsequently sequenced

using Applied Biosystems’ BigDye Terminator v1.1 Sequencing

Kit chemistry on a 3130xl sequencer (Applied Biosystems-

Thermo Fisher Scientific, Waltham, MA). In addition, the

EARS2 genes in 2 unrelated patients diagnosed with leukoence-

phalopathy, brain calcifications, and cysts (LCC) were Sanger

sequenced using primers that spanned all 9 exons and exon-intron

boundaries. PCR amplification was performed using HotStarTaq

Master Mix (Qiagen, Hilden, Germany) according to the man-

ufacturer’s protocols. EARS2 primers are listed in table e-1 at

Neurology.org/ng.

Skin fibroblast cell culture and complementation studies.
Primary skin fibroblasts from the affected patient and controls

were cultured in 13 Dulbecco Modified Eagle Medium

(Corning, Corning, NY) with 4.5 g/L glucose supplemented with

L-glutamine and sodium pyruvate, 10% fetal bovine serum, and

1% antimyotic in a 25-cm2 flask. The medium was changed every

2 days until 90%–100% confluent, at which time the cells were

trypsinized with 0.25% or 0.05% trypsin and washed with 13

phosphate-buffered saline (Gibco-Thermo Fisher Scientific)

without Ca21/Mg21 then subpassaged to a 75 cm2 flask.

Cultures were maintained in a humidified atmosphere at 37°C

with 5% CO2.

Fibroblasts were immortalized with pRNS-1 by transfection

using Lipofectamine2000 (Invitrogen-Thermo Fisher Scientific)

and selected by 100 mg/mL Geneticin G-418 (Gibco-Thermo

Fisher Scientific).13 For complementation, wild-type (wt) cDNAs

of EARS2 from a commercial clone (OCAAo5051A02110D)

(Source BioScience, Nottingham, United Kingdom) were cloned

into the pLenti6.2/V5 TOPOVector (Life Technologies-Thermo

Fisher Scientific), and virions were obtained as previously

described.14 Mutant and control immortalized fibroblasts were

transfected with viral supernatant and selected upon exposure

to 2 mg/mL Blasticidin (Life Technologies-Thermo Fisher

Scientific).

Western blot protein expression. Fibroblasts and immortal-

ized cells from patient and controls were trypsinized, pelleted,

and solubilized in RIPA buffer with protease inhibitors; 50 mg

of protein was loaded for each sample in 12% denaturing sodium

dodecyl sulfate polyacrylamide gel electrophoresis. A rabbit poly-

clonal antibody against EARS2 (SAB2100641) (Sigma-Aldrich,

St. Louis, MO) and a mouse monoclonal antibody against

GAPDH (#MAB374) (Millipore, Billerica, MA) were used.

Mitochondrial respiration assays. Oxygen consumption rate

(OCR) and maximum respiratory rate (MRR) were measured

using a SeaHorse FX-96 apparatus (Agilent Technologies, Santa

Clara, CA)15 in primary fibroblasts and immortalized fibroblasts

in naive conditions and after transduction with wild-type

EARS2 cDNA.

RESULTS Clinical profile. A 6-year-old male patient
born to healthy nonconsanguineous parents pre-
sented with a progressive encephalopathy consisting
of intractable seizures, dystonia, chorea, and spasticity
with severely impaired cognitive function. MRI
(figure 1, A–D) and CT (figure 1E) showed diffuse
white matter signal abnormalities and numerous
calcifications throughout the brain in gray matter
nuclei and juxtacortical U-fibers as well as the
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periventricular white matter, brainstem, the dentate
nucleus of the cerebellum, and the subcortical white
matter of both cerebral hemispheres. White matter
abnormalities were observed through increased sig-
nals in the white matter in T2-weighted (figure 1C)
and fluid-attenuated inversion recovery (FLAIR)
(figure 1D) images and decreased signals on sagittal
(figure 1A) and T1-weighted images (figure 1B). MR
spectroscopy showed decrease in N-acetyl aspartate
and no lactate peak. A number of large cysts were also
present in the cerebellum and the supratentorial
region (figure 1, A–D). Anatomically, lateral ven-
tricles were enlarged with a missing septum pelluci-
dum, atrophy of the corpus callosum, and basal
ganglia volume loss. Routine laboratory testing re-
vealed normal values and complete blood count.
Extensive biochemical investigations were all normal
except for a CNS folate deficiency from decreased
concentrations of 5-MTHF of unknown cause.
Muscle biopsy demonstrated a normal histopathology
and mitochondria that were normal in number, dis-
tribution, and morphology with no mtDNA abnor-
malities. Cellular lactate-to-pyruvate ratio was normal
in cultured skin fibroblasts. Skeletal muscle showed
normal carnitine profiles and normal activity of the
electron transport chain complexes I, II, III, and IV

with citrate synthase at the upper limits of normal,
which may indicate an increase in mitochondrial
content. Glucose, lactate, and total protein were
normal in the CSF.

The patient died at 16 years of age. Autopsy
showed that the entire CNS was devastated by a vas-
culopathy with secondary ischemic lesions
and mineralization, leading to the progressive obliter-
ation of the blood vessel lumina and gliosis resulting
in the presence of Rosenthal fibers. Necrosis, dystro-
phic calcifications, white matter degeneration, and
cyst formation were found. There were no abnormal-
ities outside the CNS. The patient was diagnosed
with the cerebral microangiopathy LCC.16 LCC is
a rare disorder, as fewer than 50 cases have ever been
reported in the literature.17

Exome sequencing and genetic analysis. Whole-exome
sequencing generated an average of 3.2 Gb of
sequence and 61–73 million reads per individual that
mapped uniquely to the genome with a mean
sequence coverage of 263. LCC is an assumed auto-
somal recessive disorder due to the occurrence of sib-
ling pairs, which include females, but variants
following both an autosomal recessive and autosomal
dominant inheritance pattern were interrogated. Fol-
lowing a candidate gene prioritization and filtering
strategy that enriched for rare (minor allele frequency
[MAF] of ,1%) nonsynonymous exonic/splice var-
iants that both segregated in a recessive or dominant
manner and may or may not be associated with white
matter disease pathogenesis, only 2 recessive variants
in the EARS2 gene segregated in a compound hetero-
zygous manner, c.328G.A (p.Gly110Ser) and
c.1045G.A (Glu349Lys). No other obvious exonic
or splice variants were observed. The presence or
absence of the 2 variants and their segregation within
the family were validated with Sanger sequencing
(figure e-1). The patient was compound heterozygous
for the 2 variants, the mother was heterozygous for
the c.328G.A variant, and the father was heterozy-
gous for the c.1045G.A variant. Two of the siblings
were heterozygous for either variant. Sanger sequenc-
ing of the exon and exon/intron boundaries of EARS2
in 2 unrelated patients with LCC revealed only com-
mon polymorphisms and no rare mutations.

In silico analysis of EARS2 variants. The EARS2 var-
iants were analyzed in silico to determine the MAF
within the population, predicted pathogenicity, and
evolutionary conservation. The c.1045G.A nucleo-
tide resides in exon 5 of EARS2 in the anticodon
binding domain, resulting in a missense amino acid
change from a large acidic negatively charged glutamic
acid to a large positively charged basic lysine at residue
349 (Grantham Score: 56). It was present at low fre-
quencies in 1000 Genomes (MAF 0.10%), ESP (MAF

Figure 1 Patient with leukoencephalopathy brain imaging

MRIs (A–D) and CT (E) indicate white matter signal abnormalities, cysts, and calcifications
throughout the cerebral hemispheres. Diffuse cerebral white matter lesions are present,
which is demonstrated by hypointense signals in the sagittal (A) and axial T1-weighted (B)
images and the CT (E) and by the hyperintense signals in the axial T2-weighted (C) and axial
fluid-attenuated inversion recovery (FLAIR) images. The CT (E) shows extensive calcifica-
tions in the subcortical white matter and along the periventricular white matter. Large cystic
lesions can be seen along the quadrigeminal plane and parieto-occipital regions (B–D).
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0.18%), and ExAC (MAF 0.13%). It was also present
in dbSNP (rs#187662524). The variant was predicted
as benign by PolyPhen-2, damaging or disease causing
by SIFT and MutationTaster, and neutral by LRT.
This position is conserved according to GERP, PhyloP,
and PhastCons.

The c.328G.A nucleotide change resides in exon 3
in the catalytic domain of EARS2, resulting in a mis-
sense amino acid change from a small polar glycine to
a small polar serine at residue 110 (Grantham Score:
56). It was not present in the 1000 Genomes, but it
was present at low frequencies in the ESP (MAF
0.03%) and ExAC (MAF 0.04%) databases. It was also
present in dbSNP (rs#201842633). Pathogenicity pre-
diction programs considered this variant as damaging/
disease causing by SIFT, PolyPhen2, MutationTaster,
and LRT. GERP, PhyloP, and PhastCons also pre-
dicted high conservation at this position.

Multiple sequence alignment (figure e-2) showed
that the G110 residue is invariant from humans

through Caenorhabditis elegans, and the E349 residue
showed amino acid class conservation through C.
elegans. The c.328G.A variant was also found in 3
other unrelated patients with leukoencephalopathy
with thalamus and brainstem involvement and high
lactate (LTBL),18,19 whereas the c.1045G.A vari-
ant has never been reported to be associated with
human diseases. According to the ACMG and AMP
recommended guidelines for interpreting sequence
variants, both variants demonstrate evidence for
pathogenicity.20

Biochemical/protein studies on patient’s fibroblasts. Skin
fibroblasts from the proband were analyzed to evalu-
ate the effect of the identified EARS2 variants. The
total amount of EARS2 protein detected by Western
blot analysis was reduced to 30% in the patient’s
fibroblasts compared with controls (figure 2A). Oxy-
gen consumption, which depends on and reflects the
cumulative proficiency of the whole set of

Figure 2 Functional characterization of EARS2 variants on fibroblasts

(A) EARS2 protein amount in the patient’s (Pt) and control (CT1, CT2, and CT3) fibroblasts, obtained by Western blot using an anti-EARS2 antibody. An anti-
GAPDH antibody was used as a loading control. (B) Oxygen consumption analysis in the patient’s (Pt) and control fibroblasts. Histograms show OCR (B.a and
D.a) and MRR (B.b and D.b). OCR and MRR values (mean of 6–8 replicates) are expressed as picomoles of O2 per minute and normalized by cell number.
p value obtainedwith 2-tailed Student t test, *p,0.05; **p,0.01. (C) EARS2 protein amount in the patient’s (iPt) and control (iCT) immortalized fibroblasts,
in basal conditions and after transduction with wt EARS2 (1EARS2); Western blot analysis was performed as described in A. (D) Oxygen consumption
analysis, as reported in B, performed in patient’s (iPt) and control (iCT) immortalized fibroblasts, in basal conditions and after transduction with wild-type
EARS2 (1EARS2). ***p , 0.001. MRR 5 maximum respiration rate; OCR 5 oxygen consumption rate.
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mitochondrial respiratory chain complexes, was mea-
sured. Significant reductions of both OCR andMRR,
indicating reduced electron flow through the respira-
tory chain, were observed (figure 2B). These altera-
tions were also confirmed in patient-derived
immortalized fibroblasts (figure 2, C and D), which
were then used for complementation through trans-
duction of wild-type EARS2. Overexpression of
EARS2 protein in both control and mutant trans-
duced cells (figure 2C) was associated with the
recovery of defective respiratory parameters (OCR
and MRR) to normal values (figure 2D).

DISCUSSION Using whole-exome sequencing and
ad hoc strategic filtering with integration of gene
information and disease association, 2 rare EARS2
(MIM 612799) mutations were observed to be seg-
regating in a compound heterozygous manner within
a single family with an individual presenting with
LCC (MIM 614561; Labrune Syndrome). EARS2 is
targeted to the mitochondria and functions as a cru-
cial component of mitochondrial translation by cat-
alyzing the ligation of glutamate to its cognate tRNA
molecule; however, all its functions have not yet been
elucidated. Previous genetic studies identified muta-
tions in EARS2 as the cause of combined oxidative
phosphorylation deficiency 12 (COXPD12), also
known as LTBL (MIM 614924).18 Biochemical and
neuroimaging features of LTBL associated with
EARS2 mutations include characteristic lactate ele-
vation in MR spectroscopy and body fluids, variable
corpus callosum involvement, and symmetric white
matter signal abnormalities in the cerebral
white matter, thalami, brainstem, and cerebellar
white matter with sparing of the periventricular rim
(figure 3, A–D).18,19

Conversely, LCC is strictly a neurologic disorder
limited to the CNS and consisting of a cerebral mi-
croangiopathy resulting in presumed tissue hypoxia,

which leads to microcystic and macrocystic parenchy-
mal degeneration with white matter changes second-
ary to brain edema rather than primary
demyelination.16,17,21 MRI of the patient was consis-
tent with LCC and not LTBL. The patient’s pathol-
ogy was also consistent with LCC including
angiomatous-like rearrangements of microvessels
with secondary degeneration of cellular constituents
such as gliosis and aggregates of intermediate fila-
ments called Rosenthal fibers,16,22 none of which are
known to be found in LTBL. LCC and LTBL have
strikingly different neuroimaging and pathologic fea-
tures, suggesting that EARS2 is not involved in the
pathogenesis of LCC.

However, functional studies on the LCC patient’s
fibroblasts clearly demonstrated a mitochondrial dys-
function due to abnormal mitochondrial respiration
with significantly decreased MRR and OCR and
decreased EARS2 protein levels suggestive of a patho-
genic role of the EARS2 variants; nonetheless, LCC
does not present with mitochondrial abnormalities.
Abnormal mitochondrial respiration and decreased
protein levels as seen in this patient have both been
confirmed in other patients with LTBL.18,19,23 Pa-
tients with LTBL have seen up to a ;70% decrease
in the MRR,18 and our patient showed a less severe
but still a significant decrease of ;43% in the MRR.
Despite these abnormalities, increased lactate, which
is a hallmark of LTBL and a consequence of patho-
genic EARS2 mutations,18,19 was not seen in MR
spectroscopy or body fluids in the present patient
with LCC.

Recently, mutations in the SNORD118 gene
located in the 39 UTR region of the TMEM107 gene
were identified in the pathogenesis of LCC.24

SNORD118 encodes the box C/D snoRNA U8
important for ribosome biosynthesis. In that publica-
tion, family member 1A from family F278, which was
this study’s patient with LCC, was found to have

Figure 3 LTBL brain imaging

Axial T2-weighted (A–C) and T1-weighted (D) MRIs demonstrate T2-hyperintensities and T1-hypointensities respectively,
indicating lesions in the deep cerebral white matter and periventricular white matter with sparing of the periventricular rim.
Signal hyperintensities are also present in the thalami (B) and dorsal part of the midbrain (C). Modified from reference 18.
LTBL 5 leukoencephalopathy with thalamus and brainstem involvement and high lactate.
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compound heterozygous mutations in SNORD118:
a novel n.75A.G mutation and a very rare n.8G.C
mutation. The presence of the SNORD118 muta-
tions as the pathogenic driver of LCC relegates the
functionally pathogenic EARS2 variants in this case to
an unknown status; however, EARS2 as a genetic dis-
ease modifier or the additional presence of protective
alleles from defective EARS2 cannot be ruled out.

The absence of a clear LTBL phenotype in
a patient with apparent functionally validated patho-
genic EARS2 variants, and the presence of other path-
ogenic variants (i.e., SNORD118 mutations) strongly
associated with the patient’s phenotype, throws doubt
on our ability to infer the clinical pathogenic effect of
a variant through in vitro experiments. According to
the standards and guidelines for the interpretation of
sequence variants set in place by the American Col-
lege of Medical Genetics and Genomics (ACMG),20

the EARS2 variants are considered pathogenic on
their own and should be labeled as such in clinical
reports. The functional assays indicating mitochon-
drial dysfunction through respiration defects as pre-
sented in this study are typically sufficient to
demonstrate clinical relevance of EARS2 variants18

and other variants in mitochondrial-related genes.25,26

It is important that this indicates that one cannot
simply always assume that putative functionally dam-
aging variants ascertained from in vitro experimenta-
tion are clinically relevant. In vitro observations about
the deleterious effects of a given variant on biochem-
ical functionalities do not necessarily translate to
in vivo pathogenicity or strict clinical causality; a sec-
ond, possibly more relevant, genetic or epigenetic
factor should always be taken into account, especially
for cases with previously unreported genotype/phenotype
correlations. This further complicates the pathogenic
validation of rare genetic variants and their role in disease,
underscoring the need for more robust and precise
validation methods.
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ExACtly zero or once
A clinically helpful guide to assessing genetic variants in mild
epilepsies

ABSTRACT

Objective: To assist the interpretation of genomic data for common epilepsies, we asked whether
variants implicated in mild epilepsies in autosomal dominant families are present in the general
population.

Methods: We studied 12 genes for the milder epilepsies and identified published variants with
strong segregation support (de novo germline mutation or $4 affected family members). These
variants were checked in the Exome Aggregation Consortium (ExAC), a database of genetic
variation in over 60,000 individuals. We subsequently evaluated variants in these epilepsy genes
that lacked strong segregation support. To determine whether the findings in epilepsies were
representative of other diseases, we also assessed the presence of variants in other dominant
neurologic disorders (e.g., CADASIL).

Results: Published epilepsy variants with strong segregation support (n 5 65) were absent (n 5

61) or present once (n5 4) in ExAC. By contrast, of 46 published epilepsy variants without strong
segregation support, 8 occurred recurrently (2–186 times). Similarly, none of the 45 disease-
associated variants from other neurologic disorders with strong segregation support occurred
more than once in ExAC. Reanalysis using the larger ExAC V2 plus gnomAD reference cohort
showed consistent results.

Conclusions: Variants causing autosomal dominant epilepsies are ultra-rare in the general popu-
lation. Variants observed more than once in ExAC were only found among reports without strong
segregation support, suggesting that they may be benign. Clinicians are increasingly faced with
the interpretation of genetic variants of unknown significance. These data illustrate that variants
present more than once in ExAC are less likely to be pathogenic, reinforcing the valuable clinical
role of ExAC. Neurol Genet 2017;3:e163; doi: 10.1212/NXG.0000000000000163

GLOSSARY
ExAC5 Exome Aggregation Consortium;GEFS15 genetic epilepsy with febrile seizures plus; VOUS5 variants of unknown
significance; WES 5 whole-exome sequencing.

Recent advances in DNA technologies have increased the influence that genomic data have in
epilepsy clinical practice. Finding a genetic cause can have important implications for diagnosis
and prognosis, treatment and genetic counseling, as well as the psychological and financial ben-
efits associated with ending the diagnostic journey.1,2

Clinical laboratories are understandably conservative in ascribing pathogenicity; however, the
elevated reporting of variants of unknown significance (VOUS) makes interpretation complex
and renders follow-up efforts, such as segregation analyses and functional studies, impractical
at a large scale. Novel missense variants are particularly challenging. Establishing the frequency
of a VOUS in control populations is currently among the most reliable considerations in variant
interpretation.
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The Exome Aggregation Consortium
(ExAC) database contains exome data for more
than 60,000 individuals compiled at the Broad
Institute.3 For de novo mutations affecting es-
tablished epilepsy genes, absence from ExAC is
widely accepted as one supportive argument for
pathogenicity and this is particularly true for
epileptic encephalopathies and most neurode-
velopmental disorders.4 The question is
whether this utility extends to the milder epi-
lepsies where negative selection may not have
been as strong.

The milder presentations and the observa-
tion of reduced penetrance within dominant
families raise the possibility that some causa-
tive variants might be present in the general
population at low frequencies. Here, to assess
how informative ExAC might be to ascribing
pathogenicity to inherited variants among
milder epilepsies, we evaluated the frequency
in ExAC of published epilepsy variants, where
de novo status or segregation in large families
supported pathogenicity.

METHODS A list of 12 genes was generated for the “milder”

epilepsies (table 1). We excluded PRRT2, as it is prone to align-

ment errors in next-generation sequencing.

Literature search. We attempted an exhaustive PubMed search

for missense and splice variants deemed causative for dominant

familial epilepsies, published in English, on the basis of strong

segregation support, which we defined as prior linkage analysis

or familial segregation in at least 4 affected family members.

We note that segregation in 4 individuals is inadequate to support

gene discovery but, in the context of an established gene for an

appropriate phenotype, such segregation provides considerable

support for the role of the variant in the particular family. Sanger

validated de novo variants found in our list of 12 epilepsy genes,

among sporadic cases of “mild” epilepsies, were also included. We

deliberately limited our search to the literature published prior to

2015, as this literature can realistically be considered to precede

the launch of the ExAC database. A separate review was con-

ducted for each of the 12 genes by searching the gene name

and “epilepsy.” For genes associated with both milder and more

severe phenotypes, such as genetic epilepsy with febrile seizures

plus (GEFS1) and Dravet syndrome with SCN1A, only variants
found among families or individuals with the milder phenotype

were included. Variants reported exclusively among the epileptic

encephalopathies were excluded.

A second list of variants without strong segregation support

was generated. Lack of strong segregation support was defined

as segregation data based on less than 4 affected individuals or

not performed at all. We hypothesized that this group of variants

might be more enriched for background genetic variants in epi-

lepsy genes.

To determine whether findings in mild epilepsies were reflec-

tive of other autosomal dominant neurologic diseases, we evalu-

ated variants with strong segregation support from 45

published families with familial hemiplegic migraine, CADASIL,

autosomal dominant Alzheimer disease or frontotemporal

dementia. The genes examined were ATP1A2, CACNA1A,
SCN1A, NOTCH3, APP, PSEN1, PSEN2, GRN, MAPT, and
TARDBP1.

Finally, after the study was completed, the expanded ExAC

V2 plus gnomAD was released and the analysis was rerun. This

effectively doubled the size of the ExAC control cohort, with

whole-exome sequencing (WES) and whole-genome sequencing

data available on 123,136 individuals and 15,496 individuals,

respectively.3

RESULTS Sixty-five missense or predicted splice var-
iants for the milder familial epilepsies with strong seg-
regation support were identified. Of these, 61 (94%)
were absent from ExAC and 4 (6%) were present in
ExAC once (a single allele was reported) (figure; table
e-1 at Neurology.org/ng).

By contrast, of the 46 missense or splice variants
contained in the same publications but lacking the
strong segregation support, 13 (28%) were present
in ExAC. Of these, 8 variants were observed among
2–186 carriers (figure; table e-1). These 8 variants
are listed in table 2.

Of the 45 missense variants with strong segrega-
tion support for other neurologic disorders, 43
(96%) were absent from ExAC and 2 (4%) were pres-
ent once (figure; table e-1).

Reanalysis with ExAC V2 and gnomAD datafiles
showed that the epilepsy variants in our current study
with strong segregation support are present no more
than once, with the exception of 2 variants in SCN1B
associated with febrile seizures and GEFS1 which are
present 3 and 4 times (table e-1).

For variants without strong segregation support,
their frequency in ExAC V2 approximately doubled,
as expected, compared with the initial analysis and 3
new variants were observed multiple times in ExAC
V2 (table 2).

Table 1 Genes for autosomal dominant epilepsy syndromes

Epilepsy syndrome Gene

Autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) CHRNA4

CHRNB2

CHRNA2

Genetic epilepsy with febrile seizures plus (GEFS1) SCN1B

SCN1A

Benign familial neonatal epilepsy (BFNE) KCNQ3

KCNQ2

Benign familial neonatal-infantile epilepsy (BFNIE) SCN2A

Childhood absence epilepsy, febrile seizures, and GEFS1 GABRG2

Autosomal dominant epilepsy with auditory features (ADEAF) LGI1

Genetic generalized epilepsy (GGE) SLC2A1

Familial focal epilepsy with variable foci (FFEVF) DEPDC5
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DISCUSSION The interpretation of putative epi-
lepsy genetic variants remains complex for researchers
and clinicians alike. Here, we assessed the allele count
of literature-reported epilepsy variants in the ExAC
database and found that variants with strong

segregation evidence for pathogenicity were present
no more than once in the ExAC collection of over
60,000 individuals, illustrating that these variants are
ultra-rare in the general population. This pattern was
also seen in the variants found in other neurologic
disorders that were reported based on strong segre-
gation support. However, the literature-reported
epilepsy variants without strong segregation support
were more likely to be present in more than 1 carrier
among the ExAC collection (figure), suggesting that
many of these variants (table 2) are unlikely to be
penetrant disease-causing alleles, but rather back-
ground variation in established epilepsy genes or
possibly risk alleles contributing to a more complex
genetic architecture that is not currently well
understood.

WES in patients with epilepsy can be a powerful
diagnostic tool, but interpretation of the data remains
complex. In the field of epilepsy genetics, this com-
plexity is highlighted by the likely false attribution
of pathogenicity to 2 genes, EFHC1 and SRPX2.
SRPX2 was deemed a pathogenic gene in 2006 in 2
families with epilepsy, speech dyspraxia, and intellec-
tual impairment, including one from our centre.5 The
key family was subsequently shown to have aGRIN2A
variant, and in fact the SRPX2 variant from this fam-
ily appears in ExAC 47 times. Similarly, the patho-
genicity of EFHC1 as a gene for juvenile myoclonic
epilepsy has been disputed.6

Figure Frequency distribution of allele counts in ExAC for variants in epilepsy
families

Variants with strong segregation support, including confirmed de novo mutations among
sporadic common epilepsies, are shown in blue (n5 65); variants without strong segregation
support are shown in red (n5 46); and variants from other neurologic disorders are shown in
green (n 5 45). ExAC 5 Exome Aggregation Consortium.

Table 2 Eleven variants without linkage analysis or strong segregation support, which are represented in ExAC V2 plus gnomAD more than
once

Gene Syndrome Ethnicity Variant

Total allele count

Ethnicities represented in ExAC V2 plus gnomADExAC
ExAC V2
plus gnomAD

DEPDC5 Childhood epilepsy with
centrotemporal spikes

French Canadian c.2591C.T (T864M)11 8 25 Latino, European (Non-Finnish), South Asian, and
other

DEPDC5 FFEVF Israeli c.1355C.T (A452V)12 42 118 European (Non-Finnish), Ashkenazi Jewish, and
other

DEPDC5 FFEVF Australian c.3311C.T (S1104L)12 1 35 European (Non-Finnish), Latino, South Asian, and
African

DEPDC5 FFEVF Australian c.3217A.C (S1073R)12 1 8 European (Non-Finnish)

KCNQ2 BFNIE Italian c.188715 G.A13 3 7 European (Non-Finnish), South Asian, and Latino

KCNQ3 BFIE Italian c.2338C.T (R780C)13 13 25 European (Non-Finnish), European (Finnish), South
Asian, and Latino

SCN1A FS Italian c.3924A.T (E1308D)14 91 177 European (Non-Finnish), African, European (Finnish),
Latino, Ashkenazi Jewish, and other

SCN1A GEFS1 Italian c.1625 G.A (R542Q)14 186 453 Ashkenazi Jewish, European (Non-Finnish), South
Asian, European (Finnish), African, Latino, East
Asian, and other

SCN1A Panayiotopoulos syndrome Italian c.2369A.T (Y790C)14 1 6 European (Non-Finnish) and other

SLC2A1 GGE Australian c.668 G.A (R223Q)15 2 3 European (Non-Finnish) and South Asian

SLC2A1 GGE Australian, Israeli c.179C.T (T60M)15 3 9 African, European (Non-Finnish), South Asian, and
other

Abbreviations: BFIE 5 benign familial infantile epilepsy; BFNIE 5 benign familial neonatal-infantile epilepsy; FFEVF 5 familial focal epilepsy with variable
foci; FS 5 febrile seizures; GEFS1 5 genetic epilepsy with febrile seizures plus; GGE 5 genetic generalized epilepsy.
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Even for widely accepted epilepsy genes, the inter-
pretation of VOUS is complex. A large contribution
to false-positive epilepsy variants comes from variants
identified through “secondary” studies, wherein path-
ogenicity is largely inferred based on the knowledge of
prior disease-causing variants within the gene. These
variants are often not subject to the same rigorous
evaluation of pathogenicity as variants from the orig-
inal discovery,6 resulting in more permissive pathoge-
nicity assignments. Indeed, we know that epilepsy
genes carry background variation in the general pop-
ulation. For example, the variants in table 2, which
are in established epilepsy genes, were published as
pathogenic and some of these are present in ExAC at
relatively high frequencies, emphasizing the caution
necessary when assessing pathogenicity solely on the
basis of a known epilepsy gene. This is one of the
most important considerations in the interpretation
of results from clinical gene panels.

The issue of variant misclassification extends well
beyond the field of epilepsy to other monogenic dis-
eases. It has recently been demonstrated that each
ExAC participant carries, on average, ;54 variants
that have previously been reported as disease causing.3

Of these, ;41 variants have a minor allele frequency
of .1%.3 It is therefore likely that many of these
variants are either benign variants or contributing to
complex inheritance.

The frequency of VOUS in control samples is
thus an invaluable line of evidence in interpretation,
and the ExAC database offers a control cohort of
unprecedented size. ExAC is not enriched for path-
ogenic variants in genes that are commonly tested in
a clinical diagnostics setting, thus supporting its util-
ity in classifying variants.7 In a recent study, the
ExAC database was found to have an excess of osten-
sibly pathogenic variants for prion disease but found
that the variants with the strongest independent evi-
dence of pathogenicity were absent from ExAC,
which is consistent with our findings.8 The authors
attributed the excess allele frequency for variants
with weak evidence for pathogenicity to the incor-
rect attribution of pathogenicity for certain variants
or reduced penetrance of these alleles, an interpreta-
tion shared here.

Thus, the interrogation of ExAC provides
a highly useful way of assessing the relevance of
VOUS for patients with epilepsy and is likely to
be widely applicable to other neurologic disorders.
We have shown that disease-causing variants in epi-
lepsy are very rare, and thus variants that are present
more than once in the current ExAC cohort are
unlikely to contribute to disease in a large way. It
is important that the inverse is definitely not true
—we cannot infer that a variant’s absence in ExAC
is sufficient evidence of pathogenicity.

The use of large reference cohorts as a clinical tool
is not without limitations. As the minor allele fre-
quency resolution improves with additional samples
added to large reference cohorts (like ExAC), it is pos-
sible that clinically relevant variants for the milder
epilepsies might begin to appear more than once.
Indeed, our results with ExAC were supported with
ExAC V2 plus gnomAD where the sample size was
doubled. The only exception was 2 variants in
SCN1B associated with febrile seizures and GEFS1
which are present 3 and 4 times (table e-1). A possible
explanation for this slightly elevated frequency is that
variants causing febrile seizures (a mild phenotype
often resolving with age) are expected to have a subtler
impact on reproductive fitness than variants causing
other common genetic generalized and nonacquired
focal epilepsies, and this is also coupled with the high-
er rates of febrile seizures in the general population
than other common epilepsies. Thus, it is unlikely
that variants with a minor allele frequency
.0.0005% (approximate current ExAC V2 resolu-
tion) have a major contribution to autosomal domi-
nant forms of mild epilepsies.

Our study and the message presented here are inde-
pendently supported by our recent Epi4K study, where
we found that when comparing to a control population,
the epilepsy risk signals identified in epilepsy genes
among large collections of epilepsy samples were driven
by ultra-rare variants absent in ExAC.9 Our current
study takes an alternative approach, comparing the fre-
quency in ExAC of variants with and without strong
segregation support, to reach the same conclusion. It is
important to note that although European and some
other genetic ancestries are well represented in ExAC,
many ethnic minorities are underrepresented or not
represented at all, posing additional issues in interpreta-
tion when assessing data from a patient from an ethnic
background not well represented in these databases.10
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Abnormal expression of homeobox genes
and transthyretin in C9ORF72 expansion
carriers

ABSTRACT

Objective: We performed a genome-wide brain expression study to reveal the underpinnings of
diseases linked to a repeat expansion in chromosome 9 open reading frame 72 (C9ORF72).

Methods: The genome-wide expression profile was investigated in brain tissue obtained from
C9ORF72 expansion carriers (n 5 32), patients without this expansion (n 5 30), and controls
(n 5 20). Using quantitative real-time PCR, findings were confirmed in our entire pathologic
cohort of expansion carriers (n 5 56) as well as nonexpansion carriers (n 5 31) and controls
(n 5 20).

Results: Our findings were most profound in the cerebellum, where we identified 40 differentially
expressed genes, when comparing expansion carriers to patients without this expansion, includ-
ing 22 genes that have a homeobox (e.g., HOX genes) and/or are located within the HOX gene
cluster (top hit: homeobox A5 [HOXA5]). In addition to the upregulation of multiple homeobox
genes that play a vital role in neuronal development, we noticed an upregulation of transthyretin
(TTR), an extracellular protein that is thought to be involved in neuroprotection. Pathway analysis
aligned with these findings and revealed enrichment for gene ontology processes involved in
(anatomic) development (e.g., organ morphogenesis). Additional analyses uncovered that HOXA5
and TTR levels are associated with C9ORF72 variant 2 levels as well as with intron-containing
transcript levels, and thus, disease-related changes in those transcripts may have triggered the
upregulation of HOXA5 and TTR.

Conclusions: In conclusion, our identification of genes involved in developmental processes and
neuroprotection sheds light on potential compensatory mechanisms influencing the occurrence,
presentation, and/or progression of C9ORF72-related diseases. Neurol Genet 2017;3:e161; doi:

10.1212/NXG.0000000000000161

GLOSSARY
ALS 5 amyotrophic lateral sclerosis; FTD 5 frontotemporal dementia; FTLD 5 frontotemporal lobar degeneration; IQR 5
interquartile range; MND 5 motor neuron disease.

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are part of a disease
continuum. Although ALS is the most common form of motor neuron disease (MND) and re-
sults in progressive muscle weakness, FTD is a frequent cause of dementia and is associated with
changes in personality, behavior, and language. A hexanucleotide repeat expansion in chromo-
some 9 open reading frame 72 (C9ORF72) is a major genetic cause of both diseases.1,2 Emerging
evidence suggests that C9ORF72-related diseases are characterized by a loss of C9ORF72
expression,1 the formation of RNA foci with flawed RNA transcripts,1 and the generation of
dipeptide repeat proteins aberrantly translated from the repeat expansion,3,4 with both RNA foci
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and dipeptide repeat proteins potentially con-
tributing to disease by compromising nucleo-
cytoplasmic transport.5–7

In our quest to increase our understanding
of C9ORF72-related diseases, we assessed the
genome-wide expression profile in brain tissue
obtained from the Mayo Clinic Florida Brain
Bank (n 5 82). Of interest, in C9ORF72
expansion carriers, we discovered an upregula-
tion of genes involved in developmental pro-
cesses and neuroprotection, particularly in the
cerebellum, a region without substantial neu-
ronal loss that demonstrates pathologic hall-
marks of C9ORF72-related diseases,3,8 and in
which abnormalities associate with neuropath-
ologic and clinical phenotypes.9,10 Such find-
ings may point toward mechanisms that could
compensate for the harmful effects of
C9ORF72 repeat expansions.

METHODS Participant selection. From the Mayo Clinic

Florida Brain Bank, participants were selected for our genome-

wide expression study: patients with a pathologic diagnosis of

frontotemporal lobar degeneration (FTLD) and/or MND who

harbored C9ORF72 repeat expansions (n 5 32), patients with

FTLD and/or MND without repeat expansions (n 5 30), and

controls without neurologic diseases (n 5 20, table 1). To con-

firm the observed upregulation of homeobox A5 (HOXA5) and
transthyretin (TTR), quantitative real-time PCR was performed,

when expanding investigations to our entire pathologic cohort of

C9ORF72 expansion carriers for whom brain tissue was available

(n 5 56) as well as FTLD and/or MND patients without an

expansion (n 5 31) and controls without any neurologic disease

(n5 20).11 In this cohort, C9ORF72 transcript levels, the length
of the repeat expansion, and dipeptide repeat protein levels had

already been determined.10–12 To examine the cerebellar TTR

protein, Western blots (n 5 10) and immunohistochemistry

(n 5 13) were performed on a representative subset of samples

(table e-1 at Neurology.org/ng). Next, an immunoassay was used

to evaluate TTR protein levels in the CSF, studying 2 indepen-

dent clinical cohorts obtained at either the Mayo Clinic (n5 67)

or the University of Miami (n 5 40, table e-1).

Standard protocol approvals, registrations, and patient
consents. All participants agreed to participate in the study, and

biological samples were obtained after informed consent with eth-

ical committee approval from the respective institutions.

Methods and statistical analysis. To examine the genome-

wide expression pattern, Whole-Genome DASL HT assays (Il-

lumina, San Diego, CA) were used, which were processed by the

Mayo Clinic Core Facility. Validation was performed with

quantitative real-time PCR using TaqMan gene expression assays

(Life Technologies, Carlsbad, CA). Western blotting was used to

evaluate cerebellar TTR protein levels, complemented with

immunohistochemistry to assess the presence of potential TTR

protein aggregates. Meso Scale Discovery (MSD, Rockville, MD)

electrochemiluminescence detection technology was used to

establish a sandwich immunoassay for TTR. Cell culture ex-

periments were then performed in an attempt to clarify under-

lying mechanisms. In U251 and HepG2 cells, a loss of C9ORF72
expression was mimicked with small interfering RNAs (siRNAs,

Dharmacon, Lafayette, CO), and in addition, the effect of full-

length C9ORF72 and the repeat expansion itself was examined by

transfecting cells with expression vectors.13 A detailed description

of our methods and statistical analysis is provided in the sup-

plemental data.

RESULTS Upregulation of homeobox genes and TTR

in C9ORF72 expansion carriers. We performed
a genome-wide expression study in the cerebellum
and frontal cortex to identify genes involved in
C9ORF72-related diseases. First, we compared pa-
tients with or without a repeat expansion in
C9ORF72. Although participants included in those
groups are both affected by neurodegenerative dis-
eases, this enabled us to find C9ORF72-specific dif-
ferences. Second, we compared expansion carriers
with controls without neurodegenerative diseases,
allowing the detection of more general differences
that could, theoretically, be due to the presence of
a neurodegenerative disease.

In the cerebellum, when comparing expansion car-
riers to patients without expansions, we detected 40
differentially expressed genes (table e-2). Generation
of a heat map of those genes revealed that expansion
carriers generally cluster together (figure 1). Of interest,
our list of differentially expressed genes contained 22
genes that have a homeobox (e.g., HOX genes) and/or
are located within the HOX gene cluster (table e-2). In
addition to the upregulation of multiple homeobox
genes (top hit: HOXA5) that play a vital role in neu-
ronal development,14 we noticed a cerebellar upregula-
tion of TTR (table e-2), an extracellular protein that is
thought to be involved in neuroprotection.15–19 We
then compared expansion carriers with controls and

Table 1 Participant characteristics

Cohort/variable
C9Plus cohort
(n 5 32)

C9Minus cohort
(n 5 30)

Control cohort
(n 5 20)

Genome-wide expression

Sex, male 20 (63) 12 (40) 7 (35)

Age at death, y 63.7 (58.4–71.7) 75.0 (64.0–81.8) 87.5 (81.8–93.0)

RIN cerebellum (value) 9.4 (9.2–9.6) 9.2 (8.7–9.4) 9.3 (8.5–9.4)

RIN frontal cortex (value) 9.0 (8.5–9.6) 9.1 (8.6–9.5) 8.9 (8.6–9.2)

Diagnosis

FTLD 12 (38) 10 (33) —

FTLD/MND 10 (31) 10 (33) —

MND 10 (31) 10 (33) —

Other — — —

Abbreviations: FTLD 5 frontotemporal lobar degeneration; IQR 5 interquartile range;
MND 5 motor neuron disease.
Data are sample median (IQR) or n (%). Information was obtained for patients with (C9Plus)
and without (C9Minus) expansions in C9ORF72, as well as from controls. This study was
performed in the cerebellum and frontal cortex.
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discovered 1,575 differentially expressed genes in the
cerebellum (table e-2). Again, our heat map showed
that expansion carriers tend to cluster together (figure
1). Of interest, our new list contained 37 of the 40
(93%) genes we identified previously (table e-2),
including homeobox genes and TTR.

We also performed gene ontology analysis and
observed an enrichment for pathways involved in
the regulation of (anatomic) development, which
was most profound when comparing expansion car-
riers with disease controls (e.g., organ morphogenesis,
pattern specification process, regionalization, and
skeletal system development, table e-3), but which
was also seen when comparing expansion carriers with
controls (table e-3).

In the frontal cortex, a comparison between pa-
tients with or without repeat expansions resulted in
the detection of 3 differentially expressed genes:
HOXA5, C9ORF72, and POU class 4 homeobox 2
(POU4F2; table e-2). We also compared expansion
carriers with controls and revealed 679 differentially
expressed genes, including C9ORF72 and TTR (table
e-2). Again, enrichment was observed for pathways
involved in developmental processes (table e-3).

Associations of C9ORF72 transcripts withHOXA5 and TTR

transcripts in our overall cohort. In previously published
studies, we investigated the levels of known C9ORF72
transcript variants (variant 1 [NM_145005.6], variant 2
[NM_018325.4], and variant 3 [NM_001256054.2])

Figure 1 Expression of homeobox genes and transthyretin

C9Plus5 patients with C9ORF72 repeat expansions; C9Minus5 patients without C9ORF72 repeat expansions; and control 5 controls without neurologic
diseases. Heat map plots of intensity values of differentially expressed genes are displayed for the cerebellum, when comparing C9ORF72 expansion
carriers with patients without expansions (A, fold change above 1.2), and when comparing C9ORF72 expansion carriers with controls (A, fold change above
2.5 [more stringent to allow visualization]). Rows (samples) and columns (genes) are grouped by hierarchical clustering using Manhattan distance measure-
ments; low intensities are shown as blue, and high intensities are shown as red. In our expression cohort, cerebellar expression levels of homeobox A5
(HOXA5; B) and transthyretin (TTR; C) are increased in patients withC9ORF72 repeat expansions as compared to patients without expansions or to controls.
The median is represented by a solid line, and each box spans the 25th percentile to the 75th percentile (interquartile range). A Western blot is shown
demonstrating higher cerebellar TTR protein levels in expansion carriers (1) than in patients without this expansion (2, D). Quantification of Western blot
samples confirmed the cerebellar increase of TTR protein levels in patients with a repeat expansion as compared to patients without this expansion (E),
which is displayed in a bar graph that represents the mean of the relative normalized TTR protein with the SEM, using glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as the loading control.
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as well as 2 intronic regions (1 upstream of the repeat
expansion [intron 1a] and 1 downstream of the repeat
expansion [intron 1b]).11 In this study, we examined the
same cohort to validate our findings related to HOXA5
and TTR, which demonstrated that their cerebellar lev-
els are indeed higher in C9ORF72 expansion carriers
than in (disease) controls (table 2, figure 1). In addition,
in the frontal cortex, we showed that TTR levels are
elevated in patients with a C9ORF72 repeat expansion
as compared to controls (table 2). Of note, we also
performed a sensitivity analysis to assess whether our
findings could have been biased by differences in age
at death. It is important that similar findings were
observed when restricting our analysis to a subset of
participants with a comparable age at death (not shown).
In addition, given the low levels of TTR and HOXA5,
especially in (disease) controls, we also validated their
upregulation in a subset of participants using other tech-
niques, including digital molecular barcoding (not
shown) and previously published RNA sequencing data
(figure e-1).20

The vast amount of C9ORF72 expression data
available for this cohort then allowed us to determine
whether the levels of C9ORF72 transcripts were asso-
ciated with the levels of HOXA5 and TTR. In our
overall cohort (expansion carriers, disease controls,
and controls), lower cerebellar levels of C9ORF72
transcript variant 2 were associated with higher cere-
bellar levels of both HOXA5 (r520.60, p5 3.21e-
09, Spearman test of correlation) and TTR (r 5

20.47, p 5 2.21e-06, Spearman test of correlation,
table 3), which is not surprising given the fact that
expansion carriers demonstrate decreased levels of
C9ORF72 transcript variant 2.11 More excitingly,
we noticed that higher cerebellar levels of intron-
containing transcripts (both intron 1a and intron
1b) are associated with higher cerebellar levels of
HOXA5 transcripts (intron 1a: r 5 0.43, p 5

6.47e-05, intron 1b: r 5 0.36, p 5 0.0008, Spear-
man test of correlation, table 3). In the frontal cortex,
lower C9ORF72 variant 2 levels were also associated
with higher TTR levels (r 5 20.28, p 5 0.006,
Spearman test of correlation, table 3).

Associations of C9ORF72 transcripts with HOXA5 and

TTR transcripts in expansion carriers. Because we were
able to validate our findings related to HOXA5 and
TTR and detect significant associations with specific
C9ORF72 transcripts in our overall cohort, we then
evaluated the presence of any potential associations
within our cohort of C9ORF72 expansion carriers. In
the cerebellum, increased levels of total C9ORF72
transcripts were associated with increased HOXA5
transcripts (r 5 0.51, p 5 8.86e-05, Spearman
test of correlation, table 4), most prominently in pa-
tients with a pathologic diagnosis of FTLD (r5 0.65,
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p 5 0.0009, Spearman test of correlation). Of inter-
est, we also noticed that elevated levels of intron-
containing transcripts were associated with elevated
levels of HOXA5 or TTR (table 4). For HOXA5, this
association (intron 1a: r 5 0.60, p 5 1.61e-06,
intron 1b: r 5 0.54, p 5 2.75e-05, Spearman test of
correlation, table 4) was driven by patients with
a pathologic diagnosis of FTLD (intron 1a: r5 0.72,
p 5 0.0001, intron 1b: r 5 0.59, p 5 0.003,
Spearman test of correlation). For TTR, however, the
association (intron 1a: r 5 0.40, p 5 0.003, intron
1b: r 5 0.43, p 5 0.001, Spearman test of correla-
tion, table 4) was most profound in patients with
a pathologic diagnosis of MND (intron 1a: r5 0.83,
p 5 0.0002, intron 1b: r 5 0.88, p 5 3.78e-05,
Spearman test of correlation).

Because we previously discovered associations
between dipeptide repeat proteins and intron-
containing transcripts,11 we subsequently evaluated

potential associations with poly(GP) and poly(GA)
proteins, which can form abundant inclusions in
the neocortical regions, hippocampus, thalamus,
and cerebellum.3,4,9,21–24 Although no significant asso-
ciations were detected for TTR, we did observe an
association for HOXA5: higher levels of dipeptide
repeat proteins were associated with higher levels of
HOXA5 (poly[GP]: r5 0.52, p5 0.0002, poly[GA]:
r5 0.56, p5 3.89e-05, Spearman test of correlation,
table 4).

In the frontal cortex, we noted a trend between
C9ORF72 variant 2 and TTR (r 5 20.39, p 5

0.004, Spearman test of correlation), particularly in
the subset of patients with a pathologic diagnosis of
FTLD (r 5 20.62, p 5 0.002, Spearman test of
correlation, table 4).

In both brain regions, we did not detect significant
associations with other variables, such as expansion
size (table 4), disease subgroup, sex, age at onset,
age at death, or survival after onset (not shown).

Cerebellar changes in TTR transcripts are reflected by

changes in protein levels. Given the fact that TTR is an
extracellular protein, we determined whether changes
in RNA levels were reflected by changes in protein
levels, which could indicate that TTR may serve as
a biomarker for C9ORF72-related diseases. Because
our findings were most profound in the cerebellum,
we extracted protein from this neuroanatomic region
and performed Western blots. As expected, we de-
tected a significant increase in cerebellar TTR protein
levels in patients with a repeat expansion (mean
174% 6 34%) as compared to patients without
a repeat expansion (mean 100% 6 18%, p , 0.05,
2-sample t test, figure 1). We also performed
immunohistochemistry to examine whether an
aggregated form of the TTR protein was present in
the cerebellum because TTR protein aggregates have
been reported in other diseases, such as familial
amyloid polyneuropathy.25 We observed diffuse
cytoplasmic TTR staining in pyramidal neurons and
Purkinje cells, and in the neuropil; however, no TTR
deposits were detected similar to those seen in pa-
tients with TTR amyloidosis (not shown).

To further evaluate TTR as a potential biomarker,
we determined its protein levels in the CSF. In our
first cohort, the median TTR protein level in expan-
sion carriers was 15.5 mg/mL (interquartile range
[IQR] 13.7–17.6) and in the remaining participants
16.3 mg/mL (IQR 14.5–17.7), which was not signif-
icantly different (p5 0.29, Wilcoxon rank-sum test).
Our second cohort revealed a median TTR protein
level of 12.5 mg/mL in expansion carriers (IQR 11.0–
12.6) and 12.3 mg/mL in other participants (IQR
11.8–14.4); again, this difference did not reach sta-
tistical significance (p 5 0.58, Wilcoxon rank-sum

Table 3 Associations ofHOXA5 and TTR transcripts withC9ORF72 transcripts
in the overall cohort

TaqMan Group Association

Overall

Spearman r (95% CI) p Value

Cerebellum HOXA5 Total 20.21 (20.40 to 0.02) 0.07

Variant 1 20.19 (20.39 to 0.03) 0.09

Variant 2 20.60 (20.73 to 20.42) 3.21e-09

Variant 3 0.06 (20.14 to 0.27) 0.56

Intron 1a 0.43 (0.23 to 0.60) 6.47e-05

Intron 1b 0.36 (0.16 to 0.54) 0.0008

TTR Total 20.19 (20.39 to 0.02) 0.06

Variant 1 20.20 (20.40 to 0.003) 0.05

Variant 2 20.47 (20.62 to 20.28) 2.21e-06

Variant 3 20.03 (20.24 to 0.18) 0.78

Intron 1a 0.23 (0.03 to 0.42) 0.03

Intron 1b 0.23 (0.04 to 0.41) 0.03

Frontal cortex TTR Total 20.15 (20.35 to 0.07) 0.16

Variant 1 20.06 (20.25 to 0.14) 0.58

Variant 2 20.28 (20.47 to 20.08) 0.006

Variant 3 20.17 (20.35 to 0.03) 0.09

Intron 1a 0.23 (0.02 to 0.42) 0.03

Intron 1b 0.14 (20.07 to 0.34) 0.19

Data are Spearman correlation coefficient r (95% confidence interval [CI]) or p value;
HOXA5 and TTR transcript levels are normalized to the geometric mean of endogenous
control genes ribosomal protein, large, P0 (RPLP0), and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). In total, in our overall cohort (expansion carriers, disease controls, and
controls), we examined 6 different associations (total C9ORF72 transcripts, C9ORF72
transcript variant 1, C9ORF72 transcript variant 2, C9ORF72 transcript variant 3, intron
1a–containing C9ORF72 transcripts, and intron 1b–containing C9ORF72 transcripts) for
each outcome, and thus, p values below 0.0083 were considered significant after Bon-
ferroni correction. A Spearman test of correlation was used (p , 0.0083 considered sig-
nificant after Bonferroni correction). Similar findings were obtained when normalizing to
neuronal markers (not shown for simplicity).
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test). Of note, similar findings were obtained when
adjusting for possible confounders, when removing
outliers, and when restricting our analysis to specific
(sub)groups (e.g., symptomatic participants).

Loss of C9ORF72 expression increases HOXA5 and TTR

transcripts. Next, we performed cell culture experi-
ments to determine which C9ORF72-related disease
characteristics might drive the specific upregulation
of HOXA5 and TTR. Of interest, we observed an
increase of HOXA5 in response to a knock-down of
total C9ORF72 transcripts (mean 193% 6 3%, p5
0.0002, 2-sample t test). A comparable effect was
seen on TTR (mean 129% 6 6%, p 5 0.01, 2-
sample t test) after knocking down total C9ORF72
transcripts. Given our significant findings related to
C9ORF72 transcript variant 2, we then targeted
variant 2. It is important that knocking down of
variant 2 was sufficient to increase HOXA5 levels
(mean 274% 6 12%, p 5 0.005, 2-sample t test).
For TTR, targeting C9ORF72 variant 2 also affected
TTR levels (mean 293% 6 37%, p 5 0.03, 2-
sample t test). Overexpression of full-length
C9ORF72 or expression of 66 GGGGCC repeats,
however, did not seem to affectHOXA5 or TTR (not
shown). Consequently, it seems that a loss of
C9ORF72 expression triggers an increase in HOXA5
and TTR.

DISCUSSION We set out to increase our under-
standing of C9ORF72-related diseases and revealed
elevated levels of multiple homeobox genes (e.g.,
HOXA5) and TTR. Of interest, our findings were
most profound in the cerebellum, a region without
substantial neuronal loss that demonstrates patho-
logic characteristics of diseases linked to a repeat
expansion in C9ORF72.3,8 In fact, in this neuroan-
atomic region, associations with neuropathologic
and clinical features of the disease have already been
reported. It has been shown, for instance, that
dipeptide repeat protein levels are lower in patho-
logically diagnosed patients with MND as compared
to patients with FTLD,9,10 and that they are associ-
ated with the cognitive score of clinically diagnosed
patients with ALS.10 Moreover, an association
between dipeptide repeat proteins and intron-
containing transcripts has been described in the
cerebellum, indicating that transcripts containing
the entire first intron may serve as templates for
repeat-associated non-ATG translation.11 In addi-
tion, extensive alternative splicing and poly-
adenylation defects have been reported in the
cerebellum of C9ORF72 expansion carriers.20 The
fact that our findings were most prominent in
the cerebellum emphasizes that this region may have
been underappreciated and could play an important
role in C9ORF72-related diseases.

The upregulation of multiple homeobox genes
and TTR was further substantiated by the results of
our gene ontology analysis that revealed enrichment
for developmental processes. The observed enrich-
ment for developmental processes is not surprising
given the function of homeobox genes and TTR in
neuronal development and neuroprotection.14–19

Homeobox genes, for example, are involved in neu-
ronal specification and target connectivity; they play
a key role in the identity, organization, and peripheral
connectivity of motor neuron subtypes.14 TTR is
important for the transportation of thyroid hormones
(thyroxine [T4]) and retinol (vitamin A), and in addi-
tion, it is thought to participate in behavior, mainte-
nance of normal cognitive processes during aging,
neuropeptide processing, and nerve regeneration.26

Of interest, homeobox genes and TTR are linked.
For instance, an active metabolite of vitamin A (all-
trans retinoic acid) functions in maintenance of many
processes (e.g., brain function) and is essential for
limb and organ development through homeobox
gene–mediated mechanisms.27

Although the relative differences we observed in
HOXA5 and TTR are a reflection of small absolute
differences, the fact that their levels are barely detect-
able in (disease) controls raises the possibility that
their expression may have been (re)activated in the
adult brain. Such a (re)activation could be specific to
C9ORF72-related diseases and might be driven by
certain mechanisms underlying those diseases. It
is currently unknown where the elevated HOXA5
and TTR levels are coming from; a change in cell-
type composition, invading progenitor cells, and
cell-autonomous effects need to be taken into
consideration.

One of the pathologic hallmarks of C9ORF72-
related diseases is a reduction in C9ORF72 expression
levels.1 Because the most prominent decrease has
been reported for C9ORF72 variant 2 transcripts,11

one could speculate that levels of this transcript might
be associated with levels of HOXA5 or TTR. Indeed,
in our overall cohort, we demonstrated that lower
levels of C9ORF72 variant 2 transcripts were associ-
ated with higher levels of HOXA5 and TTR
transcripts. We also detected associations with
intron-containing transcripts; in our expansion car-
riers, for instance, higher levels of intron-containing
transcripts were associated with HOXA5 transcript
levels, especially in patients with a pathologic diagno-
sis of FTLD. In addition, HOXA5 transcript levels
were associated with dipeptide repeat proteins, which
is in agreement with reports that describe associations
between intron-containing transcripts and dipeptide
repeat proteins.11 For TTR, we also observed a corre-
lation with intron-containing transcripts, but this
association was most profound in patients with
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a pathologic diagnosis of MND; no significant asso-
ciations were observed with dipeptide repeat proteins.
Thus, although some associations were shared
between HOXA5 and TTR, others differed.

We emphasize that in our study, as in any obser-
vational study, performing association analysis
between 2 variables is not intended to provide infor-
mation about possible mechanisms, but rather is in-
tended to address the initial question whether 2
variables are related in any way. It is only after this ini-
tial question is addressed that further questions, such
as mechanism, become relevant. To determine what
may have driven an increase in HOXA5 and TTR,
we already performed cell culture experiments, dem-
onstrating that lower levels of C9ORF72 resulted in
higher levels of HOXA5 and TTR. These effects were
observed when targeting either total C9ORF72 tran-
scripts or C9ORF72 transcript variant 2; we cannot,
however, exclude nonspecific effects on other tran-
script variants, and further studies are warranted.
Additional studies could also help to learn more about
mechanisms that link C9ORF72 to HOXA5 and
TTR, particularly because little is known about the
function, and interaction partners, of C9ORF72.
Moreover, future studies could examine downstream
targets and/or upstream regulators that might con-
tribute to the observed differences.

It is important that TTR protein levels have been
evaluated as a potential biomarker for ALS and
FTD,28–33 but findings were inconsistent, which
could, in part, be explained by the genetic, patho-
logic, and clinical heterogeneity observed in those
patients. Although our results seem to indicate that
cerebellar TTR protein levels are elevated in
C9ORF72 expansion carriers, we could not detect
significant differences in CSF TTR protein levels.
The lack of a significant difference could be due to
the presence of posttranslational modifications to the
TTR protein that are undetectable using our immu-
noassay. Alternatively, it might be possible that the
secretory pathway is affected, hampering the secretion
of TTR into the CSF. Future experiments using mass
spectrometry and immunoassays with different anti-
bodies as well as experiments investigating the secre-
tion of TTR (e.g., in cell culture models) should be
used to test these hypotheses. In addition, future
studies should examine whether TTR protein levels
are associated with features of the disease (e.g., in the
CSF or plasma) and whether they change over time,
especially because one could postulate that a single
time point in a clinical cohort may not reflect changes
observed in a pathologic cohort (end-stage disease).

Thus, we discovered elevated levels of multiple
homeobox genes and TTR, reported to be involved
in developmental processes and neuroprotection, in
brain tissue obtained from C9ORF72 expansion

carriers. Our findings may point to the presence of
compensatory mechanisms aiming to mitigate the
progression of C9ORF72-related diseases.
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Comparing sequencing assays and
human-machine analyses in actionable
genomics for glioblastoma

ABSTRACT

Objective: To analyze a glioblastoma tumor specimen with 3 different platforms and compare
potentially actionable calls from each.

Methods: Tumor DNA was analyzed by a commercial targeted panel. In addition, tumor-normal
DNA was analyzed by whole-genome sequencing (WGS) and tumor RNA was analyzed by RNA
sequencing (RNA-seq). The WGS and RNA-seq data were analyzed by a team of bioinformaticians
and cancer oncologists, and separately by IBM Watson Genomic Analytics (WGA), an automated
system for prioritizing somatic variants and identifying drugs.

Results: More variants were identified by WGS/RNA analysis than by targeted panels. WGA com-
pleted a comparable analysis in a fraction of the time required by the human analysts.

Conclusions: The development of an effective human-machine interface in the analysis of deep
cancer genomic datasets may provide potentially clinically actionable calls for individual pa-
tients in a more timely and efficient manner than currently possible.

ClinicalTrials.gov identifier: NCT02725684. Neurol Genet 2017;3:e164; doi: 10.1212/

NXG.0000000000000164

GLOSSARY
CNV 5 copy number variant; EGFR 5 epidermal growth factor receptor; GATK 5 Genome Analysis Toolkit; GBM 5 glioblas-
toma; IRB5 institutional review board;NLP5Natural Language Processing;NYGC5NewYork Genome Center; RNA-seq5
RNA sequencing; SNV 5 single nucleotide variant; SV 5 structural variant; TCGA 5 The Cancer Genome Atlas; TPM 5
transcripts per million; VCF 5 variant call file; VUS 5 variants of uncertain significance; WGA 5 Watson Genomic Analytics;
WGS 5 whole-genome sequencing.

The clinical application of next-generation sequencing technology to cancer diagnosis and treat-
ment is in its early stages.1–3 An initial implementation of this technology has been in targeted
panels, where subsets of cancer-relevant and/or highly actionable genes are scrutinized for
potentially actionable mutations. This approach has been widely adopted, offering high redun-
dancy of sequence coverage for the small number of sites of known clinical utility at relatively
low cost.

However, recent studies have shown that many more potentially clinically actionable muta-
tions exist both in known cancer genes and in other genes not yet identified as cancer drivers.4,5

Improvements in the efficiency of next-generation sequencing make it possible to consider
whole-genome sequencing (WGS) as well as other omic assays such as RNA sequencing
(RNA-seq) as clinical assays, but uncertainties remain about how much additional useful infor-
mation is available from these assays.
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Aside from cost, a challenge of WGS or
whole-transcriptome data is the expertise and
time required to interpret the full spectrum of
somatic mutations. To address this challenge,
Watson for Genomics (Watson Genomic Ana-
lytics [WGA]), a cancer analytic tool, uses stan-
dard variant call files (VCFs), copy number
variant (CNV), and differential gene expression
data to return a list of recommended cancer
drugs. Here, we present the results of a targeted
cancer panel along with WGS and RNA-seq in
a patient with glioblastoma (GBM). We also
compare results of expert interpretation of the
tumor genome by bioinformaticians and oncol-
ogists at New York Genome Center (NYGC)
and at collaborating institutions with those
generated by WGA.

METHODS Standard protocol approvals, registrations,
and patient consents. This study was approved by multiple

institutional review boards (IRBs), including Rockefeller University

IRB and Biomedical Research Alliance of New York IRB. The

study was registered in ClinicalTrials.gov (NCT02725684).

Informed written consent was obtained from the participant.

Participant. This report describes the first participant in a multi-

institutional study. NYGC-GBM-01 was a 76-year-old man with

GBM. DNA and RNA were extracted from snap-frozen tissue.

DNA from blood was obtained for comparison. The samples

were analyzed by WGS and RNA-seq.

Single nucleotide variants and INDELs. Whole-genome

libraries were prepared using the Illumina TruSeq Nano

DNA Sample Prep Kit and were sequenced on Illumina HiSeq

X instruments (Illumina, San Diego, CA). Paired-end 2 3 150 bp

reads were aligned to the GRCh37 human reference (BWA aln

v.0.7.8)6 and processed using a pipeline that includes marking of

duplicate reads using Picard tools and realignment around

INDELs and base recalibration using Genome Analysis Toolkit

(GATK) version 2.7.4.7 muTect v1.1.4,8 LoFreq v2.0.0,9 Strelka

v1.0.13,10 Pindel,11 and Scalpel12 were used to return the union of

variant calls. Variants were filtered out if they were at .1%

frequency in the 1000 Genomes or ExAC data sets, had more

than 2 alleles to remove artifacts, raw frequency in the tumor was

lower than that in the normal, or matched a custom “blacklist” of

known systematic errors generated by comparing normal germ-

line replicates. Remaining single nucleotide variants (SNVs) and

INDELs were annotated via snpEff,13 snpSift,13 and GATK

VariantAnnotator using annotation from ENSEMBL,14 COSMIC,15

Gene Ontology,16 and 1000 Genomes.17

Structural variation. Structural variants (SVs), such as CNVs

and complex genomic rearrangements, were detected by NBIC-

seq,18 Delly,19 CREST,20 and BreakDancer.21 We prioritized

SVs in the intersection of callers and those with additional

split-read evidence via SplazerS.22 SVs with split-read support in

the matched normal or annotated as known germline variants

(1000 Genomes call set, Database of Genomic Variants) were

removed as likely germline variants. The predicted somatic SVs

were annotated with gene overlap (RefSeq, Cancer Gene Census)

including prediction of potential effect on resulting proteins.

Tumor purity and ploidy. Tumor purity was calculated from

WGS data using Titan.23 In addition, purity and ploidy were

calculated from the Illumina OMNI 2.5M Array using ASCAT.24

RNA sequencing. We used the Illumina TruSeq stranded mes-

senger RNA protocol and sequenced 100 million reads. Reads

were aligned using STAR25 and Gencode genes were quantified

using featureCounts.26 Ninety-five percent of reads mapped the

reference genome. We normalized the counts with DESeq2 and

adjusted the quantification to account for GC bias27 and batch

effects28 between The Cancer Genome Atlas (TCGA) GBM

RNA-seq and our sample. The normalized expression data are

used to identify GBM subtypes.29

Therapeutic targets and drug recommendations. The

NYGC uses the custom clinical Tier classification system for SNVs.

Tier 1 variants are clinically important variants in the cancer type

being studied (e.g., epidermal growth factor receptor [EGFR]

T790M is known to be clinically important in lung cancer30).

The same variant observed in a cancer unknown to manifest this

variant is classified as Tier 2 (e.g., the clinical importance of EGFR

T790M is unknown in GBM). Tier 3 variants are in targetable

genes; however, the specific variant is not known to be targetable

(e.g., an unknown mutation in EGFR). Tier 4 variants are in genes

cataloged by COSMIC cancer census and not included in Tiers 1–

3.15 All other variants are in Tier 5 and considered variants of

uncertain significance (VUS). Variants in Tiers 1–4 are considered

potentially targetable. Variants were matched to potential treat-

ments by identifying the most aberrant genes from a combination

of SNV, INDEL, SV, and RNA-seq data and by searching the

NYGC drug-to-gene database. Prioritization of potential treat-

ments was based on further manual assessment including criteria

such as strength of data supporting variants detected, FDA approval

of drug in GBM or in another cancer type, current GBM trial for

a drug, and successful use of the drug to target the variant identified

to treat GBM or other cancer types.

Watson Genomic Analytics. WGA, an IBM research proof-

of-concept environment of Watson for Genomics,31 is a cogni-

tive system built on several different predictive models to analyze

up to whole-genome scale molecular data. VCFs, CNV, and gene

expression data are input to WGA. The VCF file provided to

WGA contains the union from 3 calling algorithms each for

SNVs and INDELs specified in the Methods section. CNV data

are inputted as copy number log2 (T/N) ratio values per gene.

Modified Z-scores of RNA-seq normalized expression data per

gene are used as proxy for differential gene expression. Modified

z-score per gene is calculated by subtracting the median tran-

scripts per million (TPM) value (over the TCGAGBM cohort) to

this sample’s TPM and dividing by the TCGA SD. With this

input, WGA leverages a comprehensive database of structured

(201 sources include DrugBank, NCI, COSMIC, ClinVar, and

1000 Genomes) and unstructured (evidence extracted from lit-

erature using Natural Language Processing [NLP]) biological and

medical data. To date, WGA processed abstracts from PubMed

and where possible, began analyzing full-text articles. In addition,

the NLP engine is being trained to understand the approximate

5,600 clinical trials at ClinicalTrials.gov. It is from the unstruc-

tured sources that WGA maintains a current repository of drug-

disease associations and biomarkers for prognosis and therapeutics,

as well as matching patients to relevant clinical trials based on

molecular criteria. WGA identifies gene alterations most likely to

be important in cancer and then identifies relevant treatments that

directly or indirectly target the variant. WGA also identifies VUS,

resistive or sensitizing markers for the drug of interest, and relevant

clinical trials.
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RESULTS Case report. NYGC-GBM-01 was a 76-
year-old man who presented with headache and dif-
ficulty with ambulation. CT of the brain revealed
a mass in the left parietal region. He underwent initial
resection for which pathology revealed a GBM, neg-
ative for the following: EGFR amplification by in situ
hybridization fluorescence, EGFRvIII RNA expres-
sion, IDH1 R132H by immunostaining, 1p36/
19q13 deletion by fluorescent in situ hybridization
analysis, and MGMT methylation. Postsurgically, he
had right-sided hemineglect and right/left confusion.
He became somnolent and required a re-resection
and ventriculoperitoneal shunt placement. Two
months after initial resection, he completed radiation
therapy with 40 Gy over 3 weeks with concurrent
temozolomide 75 mg/m2 daily. He then completed 3
cycles of adjuvant temozolomide at 5 months after
initial resection, after which progression was seen on
MRI. He considered multiple options, but experi-
enced functional decline, and was no longer trial
eligible. Instead, he started on the first dose of bev-
acizumab and CCNU, 7 months after initial resec-
tion. He further declined and died 1 month later.

A sample from the initial resection was examined
with a FoundationOne test, and a snap-frozen sample
was received for sequencing in this study. DNA and
RNA extraction, sequencing, and analysis required
7 weeks at which time a tumor board meeting was
convened, including the treating oncologist, a neu-
ro-oncologist, and bioinformaticians, to discuss the
results of the analysis completed by the NYGC. A
clinical report of the findings was subsequently issued
to the oncologist. This tumor board meeting occurred
after the completion of the first cycle of adjuvant te-
mozolomide. The oncologist planned on referring the
patient to clinical trials identified by the NYGC, but
at the time of progression, he was no longer trial eli-
gible due to functional decline.

Tumor analysis. The metrics for the WGS are shown
in table 1. The sample had an estimated tumor
purity of 47%–52% and ploidy of 1.99. Table 2
describes the types and number of variants identi-
fied. Specifically, variant-calling pipeline analysis
identified 8,449 total somatic mutations (with
150 falling in exonic, protein-coding regions) and
a complex landscape of amplifications and deletions.
Mutational signatures are an important molecular
characterization of the tumor and assessing appli-
cability of immunotherapy,32 for example, RNA-seq
identified the sample as the mesenchymal subtype of
GBM.28 WGS supported this with evidence of an
NF1 mutation and a CDKN2A loss with a gain of
Chr 7 and a loss of Chr 10.

The NYGC identified 6 actionable SNVs, of
which 2 were Tier 3 variants (MET R755fs and
FGFR3 L49V) and 4 were Tier 4 variants (in
STAG2, PIK3R1, NF1, and ERG, described in table
e-1 at Neurology.org/ng). In addition, 5 CNVs were
identified, of which 2 were in genes that had SNVs
(table 3). CREST and Pindel identified a 299-bp
intragenic deletion at the intron-exon junction of
exon 11 in MET, as well as an amplification of
MET (log2 CNV 3.64-fold tumor vs normal ampli-
fication). RNA-seq confirmed overexpression of
MET (z-score 2.23) and an in-frame exon-skipping
event (METex11), at an allele frequency of approxi-
mately 50% (figure 1). This observation is molecu-
larly analogous to the skipping of exon 14 identified
in lung adenocarcinoma and other cancer types.33

Although METex11 is located in the extracellular
domain, we hypothesized that this mutation could
lead to an overactivation of MET and could be tar-
geted by a tyrosine kinase inhibitor. By analogy with
studies of MET(D7–8),34 both would lead to the lack
of transmembrane localization. We also noted that
mislocalization of MET(D7–8) renders the variant
not targetable using antibodies. However, MET-
specific tyrosine kinase inhibitors could efficiently
deactivate the kinase.

We also identified a codon insertion in PIK3R1
(p.R562_M563insIle/c.1686_1688dupTAT), which
is a regulatory protein that interacts with and inhibits

Table 1 Sample whole-genome sequencing
metrics

Mean coverage

Tumor 75.63

Normal 42.43

Total reads

Tumor 1,920,954,396

Normal 1,019,519,682

Mapped reads

Tumor 1,805,911,478

Normal 959,221,187

303 coverage, %

Tumor 97.8

Normal 86.8

Table 2 Number of somatic variants identified

Type of variant Count

Single nucleotide variants (SNVs) 8,449

Insertions and deletions (INDELs) 431

Exonic SNV 133

Exonic INDEL 16

Copy number gain 2

Copy number loss 5
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the functional catalytic protein, PIK3CA. Activating
mutations of PIK3CA are known cancer drivers, as
are loss-of-function mutations of PIK3R1. Func-
tional studies have shown that PIK3R1 amino acid
D560 is involved in hydrogen binding with
PIK3CA and is an essential amino acid in regulat-
ing the activity of the catalytic subunit. The muta-
tion identified here is in the same helical inhibitory
(iSH2) domain of PIK3R1. The variant binds but
fails to inhibit PIK3CA, leading to enhanced cell
survival, Akt activation, anchorage-independent
cell growth, and oncogenesis.35,36 Furthermore,
analysis of the crystal structure (figure 2) supports
the conclusion that this mutation would inhibit the
functional interaction between the 2 proteins, spe-
cifically through N345 of PIK3CA, resulting in
PIK3CA activation.

A recent cell line study identified a synergistic
effect between MET exon 14–skipping variants and

a PIK3CA E545K oncogenic variant, in which
a combination of an MET inhibitor and a PIK3CA
inhibitor showed better sensitivity than single ther-
apy.37 The PIK3CA E545K variant also activates
PIK3CA. Taken together, these findings led us to
suggest combinatorial INC280 (MET inhibitor) and
BKM120 (PIK3CA inhibitor) therapy for potential
clinical consideration, and this suggestion would have
made the patient eligible for a clinical trial assessing
efficacy of this combination (NCT01870726).

Watson for Genomic analysis. Data for NYGC-GBM-
01 were input into WGA, which produced a report
summarizing actionable variants and a list of associ-
ated drugs, including some based on a pathway target
analysis. WGA identified 6 actionable alterations, 14
associated drugs, 9 VUS (including FGFR3), copy
number losses in Chr 9 (focal), 10 (armscale), and 11
(focal), and gain on Chr 7 (armscale). Both the

Table 3 List of variants identified as actionable by 3 different platforms

Gene Variant

Identified variant Identified associated drugs

NYGC WGA FO NYGC WGA FO

CDKN2A Deletion Yes Yes Yes Palbociclib, LY2835219
LEE001

Palbociclib LY2835219 Clinical trial

CDKN2B Deletion Yes Yes Yes Palbociclib, LY2835219
LEE002

Palbociclib LY2835219 Clinical trial

EGFR Gain (whole arm) Yes — — Cetuximab — —

ERG Missense P114Q Yes Yes — RI-EIP RI-EIP —

FGFR3 Missense L49V Yes VUS — TK-1258 — —

MET Amplification Yes Yes Yes INC280 Crizotinib, cabozantinib Crizotinib, cabozantinib

MET Frame shift R755fs Yes — — INC280 — —

MET Exon skipping Yes — — INC280 — —

NF1 Deletion Yes — — MEK162 — —

NF1 Nonsense R461* Yes Yes Yes MEK162 MEK162, cobimetinib,
trametinib, GDC-0994

Everolimus, temsirolimus,
trametinib

PIK3R1 Insertion
R562_M563insI

Yes Yes — BKM120 BKM120, LY3023414 —

PTEN Loss (whole arm) Yes — — Everolimus, AZD2014 — —

STAG2 Frame shift R1012 fs Yes Yes Yes Veliparib, clinical trial Olaparib —

DNMT3A Splice site 2083-1G.C — — Yes — — —

TERT Promoter-146C.T Yes — Yes — — —

ABL2 Missense D716N Germline NA VUS

mTOR Missense H1687R Germline NA VUS

NPM1 Missense E169D Germline NA VUS

NTRK1 Missense G18E Germline NA VUS

PTCH1 Missense P1250R Germline NA VUS

TSC1 Missense G1035S Germline NA VUS

Abbreviations: FO 5 FoundationOne; NYGC 5 New York Genome Center; RNA-seq 5 RNA sequencing; WGA 5 Watson Genomic Analytics; WGS 5 whole-
genome sequencing.
Genes, variant description, and, where appropriate, candidate clinically relevant drugs are listed. Variants identified by the FO as variants of uncertain
significance (VUS) were identified by the NYGC as germline variants.

4 Neurology: Genetics



NYGC and WGA identified 5 actionable alterations
(in genes NF1, MET, CDKN2A, CDKN2B, and
PIK3R1; table 3). WGA reported an NF1 SNV and
annotated the variant as inactivating but did not
deem copy number change to be sufficient for calling
this or EGFR and PTEN. A 1-copy gain of EGFR was
below WGA’s threshold for classification as a target-
able variant. Furthermore, this variant was shown to
be negative for amplification by in situ hybridization
fluorescence. However, the NYGC decided to list it
as potentially targetable, given it is a known action-
able variant in GBM. Similarly, a 1-copy PTEN loss is
reported by the NYGC but not by WGA or by the
FoundationOne. The NYGC reported this variant
because of its clinical implications; it is associated
with resistance to EGFR tyrosine kinase inhibition via
AKT/mTOR pathway activation and is linked to
cetuximab resistance, but can be targeted by mTOR
inhibitors.38 For PIK3R1, the NYGC identified
BKM120 as a potential therapeutic option based on
additional RNA-seq evidence of overexpression of
PIK3CA. WGA identified PIK3R1 as a relevant var-
iant via SNV data by WGS and used RNA-seq
information in pathway and drug analysis to also
recommend BKM120. The MET amplification and
associated drugs are reported by both platforms;
however, WGA had 2 drugs for MET amplification,
whereas the NYGC prioritized 1 therapeutic option,
INC280, based on GBM trial data availability. The
NYGC reported 8 clinical trials associated with 5

genes. WGA found 10 clinical trials that may be
relevant across 6 actionable alterations.

Comparison with a panel. Table 3 also compares all
variants and drugs identified by the NYGC and
FoundationOne. NYGC analysis identified 8 unique
variants not found by the FoundationOne, including
an exon-skipping event. The NYGC identified drugs
for 10 targets, while FoundationOne identified drugs
for 4. Furthermore, 6 of the variants reported as of
unknown significance occurring in the tumor by
FoundationOne were germline variants. One variant
(DNMT3A splice site 2083-1G.C) was called by
FoundationOne, but the position and base change
were different from a nearby variant identified by the
NYGC.

DISCUSSION The NYGC is undertaking a WGS
research study in patients with GBM to investigate
the efficiency and feasibility of WGS to inform ther-
apeutic options. Here, the results of NYGC WGS
and RNA-seq were compared with a clinical panel
assay. Also, in collaboration with IBM, the NYGC
examined the therapeutic options identified by WGA
based on WGS and RNA-seq data. Genomic results
from this patient clearly displayed the diversity of
driver events typically seen in GBM. Of interest, we
identified mutations in targetable genes that were not
precise matches to known specific targetable variants,
and which nonetheless suggested potential therapeu-
tic options.

Figure 1 Sashimi plot representing the MET exon–skipping event

Red lines indicate exon coverage and exon junctions. Numbers in red indicate the number of reads supporting these junc-
tions (for instance, 1,181 reads are split between exons 10 and 12). Only junctions with more than 100 reads are repre-
sented here.
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Multimodal analysis (WGS and RNA-seq)
increased confidence in the identification of the
MET mutation; analysis of the literature of prior
MET exon–skipping events suggested the plausibil-
ity of considering a tyrosine kinase inhibitor that
could targetMET. Similarly, manual literature search
of the PIK3CA E545K oncogenic variant led to the
conclusion that this was likely an activating mutation.
Moreover, manual database searches resulted in the
suggestion of a combinatorial treatment with an
MET inhibitor and a PIK3CA inhibitor, which made
logical sense and also made the patient eligible for
a clinical trial for this combination (NCT01870726).

None of these observations were evident from the
panel. This suggests that pursuing a more extensive
comparison of panel and deeper sequencing (e.g.,
WGS and RNA-seq) will be of interest. An added
point, previously noted by others,39 is that the

sequencing of both germline and tumor DNA not
only heightened our sensitivity for what variants
might be tumor drivers but was able to rule out
a number of germline variants called by the Founda-
tionOne as not likely to be primary drivers of this
patient’s GBM.

Although we conducted WGS of this sample at
roughly twice the cost of WES, the primary analysis
was performed on the protein-coding region of the
genome. There may be technical advantage to WGS
even for assaying targeted regions. WES relies on
hybridization capture of specific genes which introdu-
ces intrinsic bias for each gene as a function of GC/
AT content, while WGS relies more simply on
mechanical shearing of DNA prior to sequencing.
Previous studies have found that for disorders caused
by constitutional mutations,40,41 WGS is more sensi-
tive than WES for variant detection. To assess
whether WGS could detect variants not identified
by WES to justify the added cost, it would require
a direct comparison of the assays on the same sample.
We are undertaking a study to address this question.

This patient died approximately 8 months from
the time of initial resection falling short of the median
survival time for GBM. The oncologist recommen-
ded enrollment in a clinical trial targeting PIK3 and
MET alterations on recurrence on adjuvant temozo-
lomide. However, the patient’s clinical decline elim-
inated his ability to participate in trials. This
highlights one of the challenges of the clinical appli-
cation of precision medicine technology. The identi-
fication of targets and potentially useful drugs in
a timely manner is only the first step. Drug and drug
trial access is crucial to determine the benefit of this
approach in cancer management.

Another key observation was that the WGA anal-
ysis vastly accelerated the time to discovery of poten-
tially actionable variants from the VCF files. As
previously reported, we found that WGA was able
to provide reports of potentially clinically actionable
insights within 10 minutes, while human analysis of
this patient’s VCF file took an estimated 160 hours
of person-time. This is critical if sequencing is to be
brought out of the research arena and into the scaled,
real-world clinical realm. This study is an important
step forward promoting human-machine interface as
a way to address a key bottleneck in cancer genomics.
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Autopsy case of the C12orf65 mutation in
a patient with signs of mitochondrial
dysfunction

ABSTRACT

Objective: To describe the autopsy case of a patient with a homozygous 2-base deletion,
c171_172delGA (p.N58fs), in the C12orf65 gene.

Methods: We described the clinical history, neuroimaging data, neuropathology, and genetic anal-
ysis of the patients with C12orf65 mutations.

Results: The patient was a Japanese woman with a history of delayed psychomotor development,
primary amenorrhea, and gait disturbance in her 20s. She was hospitalized because of respira-
tory failure at the age of 60. Pectus excavatum, long fingers and toes, and pes cavus were re-
vealed by physical examination. Her IQ score was 44. Neurologic examination revealed
ophthalmoplegia, optic atrophy, dysphagia, distal dominant muscle weakness and atrophy, hy-
perreflexia at patellar tendon reflex, hyporeflexia at Achilles tendon reflex, and extensor plantar
reflexes. At age 60, she died of pneumonia. Lactate levels were elevated in the patient’s serum
and CSF. T2-weighted brain MRI showed symmetrical hyperintense brainstem lesions. At
autopsy, axial sections exposed symmetrical cyst formation with brownish lesions in the upper
spinal cord, ventral medulla, pons, dorsal midbrain, and medial hypothalamus. Microscopic anal-
ysis of these areas demonstrated mild gliosis with rarefaction. Cell bodies in the choroid plex-
uses were eosinophilic and swollen. Electron microscopic examination revealed that these cells
contained numerous abnormal mitochondria. Whole-exome sequencing revealed the 2-base
deletion in C12orf65.

Conclusions: We report an autopsy case of the C12orf65 mutation, and findings suggest that
mitochondrial dysfunction may underlie the unique clinical presentations. Neurol Genet 2017;3:

e171; doi: 10.1212/NXG.0000000000000171

GLOSSARY
ATPase 5 adenosine triphosphatase; COX 5 cytochrome oxidase; COXPD7 5 combined oxidative phosphorylation defi-
ciency type 7; H&E 5 hematoxylin and eosin; SDH 5 succinate dehydrogenase; SPG55 5 spastic paraplegia 55.

The C12orf65 gene encodes a mitochondrial matrix protein that has a role in releasing peptides
from mitochondrial ribosomes.1 To date, 2 phenotypes have been associated with C12orf65
gene mutations: combined oxidative phosphorylation deficiency type 7 (COXPD7)1 and auto-
somal recessive spastic paraplegia 55 (SPG55).2 While C12orf65 defects exhibit a wide spectrum
of phenotypes, the 3 primary clinical features are optic atrophy, peripheral neuropathy, and
spastic paraparesis.3 Although biochemical studies suggest that these C12orf65 mutations cause
mitochondrial dysfunction,1,2,4 very few pathologic analyses and no autopsy cases supporting
these findings have been reported. In this article, we report an autopsy case associated with 2-
nucleotide deletion in the C12orf65 gene. Our patient presented with optic atrophy, peripheral
neuropathy, pyramidal signs, mental retardation, and several additional features, including long
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fingers and toes, pectus excavatum, lack of
secondary sexual characteristics, primary
amenorrhea, osteoporosis, and late onset respi-
ratory insufficiency.

METHODS Standard protocol approvals, registrations,
and patient consents. The protocol of the studies was reviewed
and approved by the Institutional Review Board of Kagoshima

University. The proband (IV:1) and her younger sister (IV:2)

provided written informed consent to participate in this study.

Postmortem study, histology, light microscopy, and
immunohistochemistry. An autopsy was performed 12 hours

after the patient’s death. After a thorough macroscopic inspec-

tion, conventional histologic techniques were performed to make

specimens as mentioned previously.5–7 Tissue sections were then

stained with hematoxylin and eosin (H&E). At the time of

autopsy, several small pieces of fresh brain tissue (right frontal

lobe) were dissected, immediately frozen in dry ice, and stored at

280°C for future studies.

The remainder of the brain was fixed, dissected, and stained

as previously reported.5–8 The 3-mm-thick sections were stained

with H&E for nuclei and eosinophilic structures, modified

Gallyas-Braak silver staining for fibrils, and Klüver-Barrera for

myelin. We performed immunohistochemical studies using the

following monoclonal antibodies: amyloid Ab (11–28) (12B8,

1:100; IBL, Gunma, Japan), phospho-tau (AT8, 1:3,000, Inno-

genetics, Ghent, Belgium), phosphorylated a-synuclein (1:7,000,

pSyn#64, monoclonal, Wako), glial fibrillary acidic protein

(1:200, monoclonal; DAKO, Tokyo, Japan), aquaporin 4

(1:1,000, polyclonal; Merck Millipore, Tokyo, Japan), neurofila-

ment (SMI31) and Schwann/2E (1:5000, monoclonal; COSMO

BIO, Tokyo, Japan), and phospho-TDP-43 (s409/410, 1:7,000;

COSMO BIO).8

Peripheral nerve specimens were fixed in 2.5% glutaraldehyde

in 0.1 M phosphate buffer, postfixed in 1% osmium tetroxide,

embedded in Epon, and stained with toluidine blue. Muscle sam-

ples were snap frozen in liquid nitrogen–cooled isopentane. Serial

8-mm-thick cryosections were stained with H&E, nicotinamide

adenine dinucleotide tetrazolium reductase, adenosine triphos-

phatase (ATPase, preincubation at pH 4.6 and 10.8), modified

Gomori trichrome, succinate dehydrogenase (SDH), and cyto-

chrome oxidase (COX).

Electron microscopy. Choroid plexus specimens from

formalin-fixed tissues were dissected and refixed in 2.5% glutar-

aldehyde. Muscle samples were directly fixed in 2.5% glutaral-

dehyde. Electron microscopy was performed as previously

reported.7 Ultrathin sections were examined under a Hitachi H-

7500 transmission electron microscope.

Genetic analysis. We used the same methodology as was used

in a previous study.9 The captured exome library was sequenced

using a HiSeq 2000 (Illumina, San Diego, CA). Sequences were

aligned to the human reference genome (NCBI37/hg19) using

the Burrows-Wheeler Aligner, and variant calling was performed

using SAMtools.10,11 Variants were annotated using in-house

scripts, which provided the list of variants. The mutation in the

C12orf65 gene was validated using Sanger sequencing on samples

from the patient and her younger sister.

RESULTS Description of the patient. The proband
(IV:1), a 61-year-old Japanese woman at the time of
death, was born of consanguineous parents (figure 1).
Based on the information obtained from her parents,
no other family members had neurologic disorders.
The patient was delivered without any physical
abnormalities at birth. However, she showed delayed
psychomotor development and could not walk until
she was 1 year and 10 months old. She was admitted
to elementary school at age 7 and needed special
support education because of mental retardation. At
age 26, she was diagnosed with primary amenorrhea.
According to medical records, neurologic examina-
tions revealed bilateral optic atrophy, exotropia,
weakness in both tibialis anterior muscles, steppage
gait, and hyperreflexia at patellar reflex. The patient
was developmentally disabled and placed in a nursing
home when she was in her 30s. In her early 40s, she
was diagnosed with osteoporosis. Leg weakness was
exacerbated, and she needed aid for walking at age 55.
At 60 years of age, she was unable to eat and was
admitted to a local hospital where she was diagnosed
as having CO2 narcosis with infection. Although she
recovered from the infections, she still had hyper-
capnia and was transferred to Yamaguchi University
Hospital. Physical examination revealed an abnor-
mally long arm span (162 cm) compared with her
height (159 cm), long fingers and toes, pes cavus,
pectus excavatum, and hypertelorism. Neurologic

Figure 1 Family pedigree and genetic studies

Arrow indicates the proband. Her parents were first cousins. There was no family history of
similar illness. Sequencing chromatogram of the 2-base deletion in the C12orf65 gene of
the proband (IV:1; arrow) and her sister, a wild-type, heterozygous carrier (IV:2).
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examination showed bilateral optic atrophy, oph-
thalmoplegia, dysphagia, significant distal domi-
nant muscle weakness and wasting, hyperreflexia at
patellar tendon reflex, hyporeflexia at Achilles
tendon reflex, and extensor plantar reflexes. Pain
and temperature sensations were almost normal.
Neuropsychological evaluation was indicative of an
intellectual disability (Wechsler Adult Intelligence
Scale–Revised: Verbal IQ 50, Performance IQ 47,
and Full-Scale IQ 44). Arterial blood gas analysis
showed hypercapnia (60.7 mm Hg), hypoxia
(65.4 mm Hg), and hyperbicarbonemia (35.6
mmol/L) under ambient conditions. Lactate levels
in the plasma and CSF were slightly elevated (1.51
and 2.02 mmol/L, respectively). Exercise and pul-
monary function tests could not be performed
because of her respiratory and cognitive status.
Brain MRI revealed symmetric T2 prolongation
involving the bilateral thalamus, which extended
inferiorly along the midbrain pontine tegmentum
and terminating in the ventral aspect of the medulla
(figure 2, A and B). Nerve conduction studies
showed distal dominant motor sensory axonal
dysfunction. Although her respiratory status tem-
porarily improved under noninvasive positive
pressure ventilation assistance, respiratory dys-
function gradually worsened, and the patient died
of pneumonia at age 61 years.

Genetic analysis. Exome sequencing identified a novel
homozygous 2-base deletion, c171_172delGA (p.
N58fs), in the patient’s C12orf65 gene (figure 1).

This loss-of-function mutation in exon 2, which
encodes the C12orf65 RF-1 domain, could introduce
a premature stop codon that leads to messenger RNA
degradation through the nonsense-mediated decay
mechanism. The patient’s younger sister (figure 1,
IV:2) was heterozygous for the 2-base deletion,
c171_172delGA (p.N58fs) in C12orf65. Gene anal-
ysis of their parents could not be performed because
they were deceased. We confirmed that this mutation
was not found in public databases, including the 1000
Genomes project databases (browser.1000genomes.
org), the Exome Aggregation Consortium (exac.
broadinstitute.org/), and the Human Genetic Varia-
tion Database comprising the exome sequencing
results of 1,208 Japanese individuals (genome.med.
kyoto-u.ac.jp/SnpDB/) using same methodology as
previously reported.9 No other causative mutations
were identified among the known disease-causing
genes, including those related to Charcot-Marie-
Tooth disease, hereditary sensory and autonomic
neuropathies, hereditary motor neuropathy, and
amyotrophic lateral sclerosis.

Postmortem study, histology, light microscopy,

immunohistochemistry, and electron microscopy. General

autopsy.The patient was 159.2 cm in height and 31 kg
in body weight. Her skeletal muscles were extremely
atrophic in a distal dominant manner. The patient
also had long fingers and toes, pectus excavatum,
and pes cavus. Her organs revealed mild atrophy.
The uterus showed extreme hypoplasia with a length
of 35 mm and a width of 20 mm.

Figure 2 Brain MRI

(A) Sagittal image of T2-weighted brain MRI. Arrows indicate hyperintense lesions in the brainstem. (B) Axial images dem-
onstrating symmetrical T2 high signals (arrows) in the bilateral thalamus, extending inferiorly along the midbrain pontine
tegmentum, terminating in the ventral aspect of the medulla.
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Brain pathology. Postfixed brain weight was 1,150 g,
and the pituitary gland was enlarged. A thin mem-
brane with brownish discoloration was observed on
the inner surface of the dura mater, which is consis-
tent with a previous subdural hematoma. The arach-
noid membrane was cloudy at the level of the frontal
lobes. The frontal lobes also exhibited mild atrophy.
The brainstem and cerebellum were preserved. Axial
sections exposed symmetrical brownish lesions with
cyst formation in the upper spinal cord, ventral

medulla, pons, dorsal midbrain, and medial hypothal-
amus (figure 3A). Using microscopy, we found that
these areas showed moderate-to-severe rarefaction
and mild-to-moderate gliosis (figure 3, B–E).
Numerous macrophages, as well as proliferation of
small vessel channels, were observed around the cystic
lesions (figure 3F). Ischemic neurons were not found
around the lesions, nor was there evidence of
occluded vessels. Microscopic examination revealed
markedly swollen and eosinophilic cytoplasm in the

Figure 3 Pathologic findings

(A) Gross pathology of the brainstem. Axial sections revealed symmetrical brownish lesions with cyst formation (ar-
rows) at the level of the medial hypothalamus and dorsal midbrain and pons. These cystic lesions were also present
in the ventral medulla and upper spinal cord. (B–D) Hematoxylin and eosin (H&E) staining of the midbrain (B), pons
(C), and medulla (D). (E) Enlarged image defined by a square in B (bar 5 500 mm). These T2WI high-signal areas showed
rarefaction with gliosis. (F) A photomicrograph around a cystic lesion of the inferior olivary nucleus. Numerous macro-
phages and proliferation of small vessel channels were observed (H&E staining). (G) H&E staining of the patient’s
choroid plexus cells. Microscopic examination demonstrated the markedly swollen and eosinophilic cytoplasm of
the lateral ventricle choroid plexus cells (bar 5 10 mm). (I) Electron micrograph of the patient’s choroid plexus cells.
The cells contained numerous enlarged abnormal mitochondria (bar 5 2 mm). (H, J) H&E staining (H, bar 5 10 mm) and
electron micrograph (J, bar5 2 mm) of the choroid plexus cells in normal subjects. (K, L) Immunostaining of cytochrome
c oxidase of the patient’s skeletal muscle (K) and age-matched control’s (L). Cytochrome oxidase activity in whole
fibers was low in the patient’s skeletal muscle.
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choroid plexus cells of the lateral ventricle (figure
3G). In the H&E sections, those cell bodies were
markedly swollen and eosinophilic compared with the
control cases. These morphological features suggested
the presence of underlying mitochondrial abnormal-
ities. Therefore, the choroid plexus cells were
subjected to electron microscopic analysis. Ultra-
structurally, these cells contained numerous abnor-
mally enlarged mitochondria (figure 3I). We also
identified numerous large mitochondria in the pitu-
itary gland and skeletal muscles. Additional findings
included hyperplasia of the pituitary gland and small
petechial hemorrhages in the posterior cingulate
cortex.

Peripheral nerves and muscles. A sural nerve biopsy
specimen showed a mild loss of myelinated fibers
without myelin ovoids, which was indicative of long-
standing axonal degeneration. The biceps brachii
muscle displayed mildly atrophic fibers and slight
fat replacement. ATPase staining revealed mild small
group atrophy and fiber type grouping. There were
no ragged-red fibers or strongly SDH-reactive blood
vessels. COX activity in whole fibers was low com-
pared with the age-matched control, and there was no
focal COX deficiency (figure 3, K and L). Most of the
diaphragm muscle fibers were small in size (20–30
mm); however, fat replacement was minimal and large
group atrophy was absent. The pathologic findings
are summarized in the table.

DISCUSSION We have described clinical, neurora-
diologic, and pathologic studies of an autopsy case
with a homozygous mutation (c171_172delGA
[p.N58fs]) in the C12orf65 gene. In 2010,
C12orf65 gene mutations were reported in 3 individ-
uals who developed Leigh syndrome, optic atrophy,
and ophthalmoplegia. This clinical phenotype was
designated COXPD7.1 In 2012, the second pheno-
type of the C12orf65 gene mutation was reported.
The individual showed autosomal recessive hereditary
spastic paraplegias with optic atrophy and neuropa-
thy. This clinical condition, designated SPG55, has
milder clinical presentations than COXPD7.2

Because the number of mutation sites has
increased recently, genotype-phenotype heterogene-
ities have been reported.3,4,12–15 The typical pheno-
types of a C12orf65 mutation includes optic
atrophy, peripheral neuropathy, pyramidal signs,
and cognitive disorders. Although our patient showed
these typical features of a C12orf65mutation, she also
developed endocrine abnormalities such as a lack of
secondary sexual characteristics, primary amenorrhea,
and osteoporosis, all of which are features of mito-
chondrial diseases.16–18 The endocrine abnormalities
of our patient may have been caused by mitochon-
drial dysfunction because morphological abnormali-
ties were also found in mitochondria of the pituitary
gland cells. Although an endocrine function test was
not performed, these findings suggest dyspituitarism.

Disease severity and mortality are thought to be
related to C12orf65 protein length and whether the
mutant site contains the glycine-glycine-glutamine
motif, which interacts with the large ribosomal sub-
unit to release the polypeptide chain from the P-site
bound peptidyl transfer RNA.3,13 Previous findings
suggest that pathogenesis in C12orf65-mutant pa-
tients is mediated by mitochondrial dysfunctions.1

Fibroblasts cultured from 2 patients with C12orf65
mutations showed global and uniform defects in the
translation of mitochondrial DNA-encoded proteins,
resulting in a severe decrease in oxidative phosphory-
lation complexes I, IV, and V and a small decrease in
complex III. Patients with SPG55 showed a relatively
larger C12orf65 protein, possibly due to a compara-
tively preserved complex V and unaffected complex
III activity.2 These previous data suggest that
C12orf65 protein length is related to mitochondrial
respiratory chain function and thereby disease sever-
ity. The expected protein length in our patient was 57
amino acids, the shortest of those previously reported,
and the same length as the protein studied by Heidary
et al.12 Moreover, immunohistochemical analysis re-
vealed that our patient’s cytochrome c oxidase activ-
ities were extremely low, possibly pointing to
mitochondrial respiratory chain complex abnormali-
ties. Several patients with the COXPD7 phenotype

Table Summary of autopsy findings

Neuropathology

Symmetrical brownish lesions with cyst
formation

Medial hypothalamus, dorsal midbrain, pons,
ventral part of the medulla, and upper spinal cord

Numerous abnormal mitochondria Choroid plexus cells, pituitary gland, and skeletal
muscles

Axonal degeneration of the sural nerve

Cytochrome oxidase deficiency in skeletal
muscles

Hyperplasia of the pituitary gland

Microbleedings in the posterior cingulate
cortex

Thin old subdural hematoma

General pathology

Emaciation 159.2 cm in height and only 31 kg in body weight

Malformation Long fingers and toes, pectus excavatum, and pes
cavus

Mild atrophy of organs Heart: 320 g, left lung: 350 g, right lung: 380 g,
liver: 890 g, spleen: 55 g, left kidney: 150 g, right
kidney: 150 g

Uterus hypoplasia The length was 35 mm and width was 20 mm

Bronchial pneumonia of the left inferior
lobe

Pleural effusion

Aortic atherosclerosis

Neurology: Genetics 5



and a short C12orf65 protein experienced respiratory
failure in the first or second decade of life.1 In com-
parison, our patient’s respiratory ability was well pre-
served, and the prognosis was relatively good,
suggesting that protein length is not always correlated
with disease severity.

Until now, only 3 reports included histologic
information from C12orf65-mutant patients, 2
using a sural nerve specimen and the other a skin
biopsy specimen. The 2 sural nerve biopsies showed
markedly reduced numbers of myelinated fibers
accompanied by numerous small myelinated fiber
clusters, suggesting regeneration. A decrease in the
number of unmyelinated fibers was also con-
firmed.4,15 Our patient also showed large myelinated
fiber loss and no acute changes such as myelin
ovoids. Therefore, C12orf65 mutations may cause
chronic axonal degeneration in peripheral nerves.
Electron photomicrographs of the 1 skin biopsy re-
vealed enlarged mitochondria engorged by an abnor-
mally large number of densely packed cristae.12

Previous reports suggested that mitochondrial dys-
functions are related to certain features of a C12orf65
mutation such as peripheral neuropathy, optic atro-
phy, and spastic paraplegia.1,2,4,19 Our investigation
found evidence of mitochondrial abnormalities not
only on the skin but also in the choroid plexus,
pituitary gland, and skeletal muscles, demonstrating
that mitochondrial dysfunction was widespread and
could be related to the pathogenesis and observed
clinical manifestations.

Our patient also showed symmetrical MRI abnor-
malities in the hypothalamus over the upper cervical
spinal cord. The same abnormalities were reported
in previous cases, but histologic analysis had not been
performed.12,14 Pathologic analysis of the present
patient showed bilateral rarefaction in part of the
medial hypothalamus, mesencephalic tegmentum,
pontine tegmentum, ventral medulla, and upper cer-
vical spinal cord tissues, surrounded by mild gliosis.
These tissues contained white matter and gray matter,
which suggests that there is no association with spe-
cific anatomical tracts and structures. In addition, the
pathologic changes of the choroid plexuses again
allude to a diagnosis of mitochondrial disease. In fact,
the characteristic MRI findings, pathologic features of
the cystic lesions, and choroid plexus pathology
strongly suggest the presence of mitochondrial abnor-
malities and led to molecular analysis. Although the
pathogenesis of bilateral rarefaction in the brainstem
is unclear, the same MRI abnormalities have been
reported in other mitochondrial disorders such as
Leber optic neuropathy and MFN2 mutation.20,21

Symmetrical brainstem abnormalities should be con-
sidered a key indicator of possible mitochondrial
dysfunction.

We reported an autopsy case with a confirmed
C12orf65 gene mutation. The patient, with a novel
homozygous loss-of-function deletion, presented
with peripheral neuropathy, optic atrophy, mental
retardation, pyramidal signs, and primary amenor-
rhea. Pathologic findings revealed numerous and
enlarged abnormal mitochondria, which might be
related to the pathogenesis of the various phenotypes.
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Prevalence of spinocerebellar ataxia 36 in
a US population

ABSTRACT

Objective: To assess the prevalence and clinical features of individuals affected by spinocerebel-
lar ataxia 36 (SCA36) at a large tertiary referral center in the United States.

Methods: A total of 577 patients with undiagnosed sporadic or familial cerebellar ataxia compre-
hensively evaluated at a tertiary referral ataxia center were molecularly evaluated for SCA36.
Repeat primed PCR and fragment analysis were used to screen for the presence of a repeat
expansion in the NOP56 gene.

Results: Fragment analysis of triplet repeat primed PCR products identified a GGCCTG hexanu-
cleotide repeat expansion in intron 1 of NOP56 in 4 index cases. These 4 SCA36-positive
families comprised 2 distinct ethnic groups: white (European) (2) and Asian (Japanese [1] and
Vietnamese [1]). Individuals affected by SCA36 exhibited typical clinical features with gait ataxia
and age at onset ranging between 35 and 50 years. Patients also suffered from ataxic or spastic
limbs, altered reflexes, abnormal ocular movement, and cognitive impairment.

Conclusions: In a US population, SCA36 was observed to be a rare disorder, accounting for 0.7%
(4/577 index cases) of disease in a large undiagnosed ataxia cohort. Neurol Genet 2017;3:e174;

doi: 10.1212/NXG.0000000000000174

GLOSSARY
ERIS 5 Error Rate In Sequencing (ERIS); IBD 5 identically by descent; LOD 5 logarithm of the odds; MAF 5 minor allele
frequency; RP-PCR 5 repeat primed PCR; SCA 5 spinocerebellar ataxia; SCA36 5 spinocerebellar ataxia 36; SNP 5 single
nucleotide polymorphism.

Genetic cerebellar ataxia is a clinically heterogeneous disease that progressively destroys the cere-
bellum and consequently impairs balance and coordination in the affected individual.1 The
diagnosis of cerebellar ataxia can be challenging because there are more than 500 genes associated
with either primary or secondary ataxia, and many affected families remain undiagnosed for
decades. The introduction of unbiased genomic diagnostic testing methods, such as clinical exome
sequencing, into the diagnostic evaluation has greatly improved time to diagnosis,2,3 but is limited
in its ability to detect certain forms of genetic mutation such as repeat expansion disorders.4,5 The
spinocerebellar ataxias (SCAs) are a diverse group of neurodegenerative disorders characterized by
an autosomal dominant pattern of inheritance and cerebellar symptoms, currently consisting of at
least 43 distinct clinical entities, of which 11 are repeat expansion disorders.6 One of these
conditions, spinocerebellar ataxia 36 (SCA36), is caused by a GGCCTG hexanucleotide repeat
expansion in the first intron of the pre-mRNA processing gene, nucleolar protein 56 (NOP56).7
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Individuals with this disorder show progressive,
late-onset, ataxic symptoms affecting limb,
trunk, and/or gait stability.7 To date, SCA36
prevalence has been reported in regions of
Japan,7,8 Spain,9 France,8 Germany,8 and most
recently, in China,10 but its prevalence in the
United States is undetermined. Through com-
bined methods of exome sequencing, linkage
analysis, and fluorescent repeat primed PCR
(RP-PCR), we molecularly identified SCA36
in 4 index cases, representing less than 1% of
the undiagnosed population at a tertiary referral
ataxia center.

METHODS Patient recruitment and diagnostic evalua-
tion. All patients were initially seen at our tertiary referral ataxia cen-
ter for disorders of gait and balance. All patients underwent

a comprehensive clinical evaluation for acquired causes of ataxia prior

to consideration of genetic causes.1,11 For enrollment in this study,

patients were required to have negative testing for the most common

genetic ataxias worldwide,6,12 specifically SCA1, SCA2, SCA3, SCA6,

and SCA7, and Friedreich ataxia if clinically appropriate. Age at onset

or mode of inheritance was not used as exclusion criteria to prevent

bias against phenotypic variability3 or inaccurate assessment of famil-

ial association in relatives who could not be directly assessed clinically.

Standard protocol approvals, registrations, and patient
consents. Written informed consent was obtained to collect

DNA for genetic analysis. All patients were provided genetic

counseling both before and after completion of the study. All

study methods were approved by the Institutional Review Board

of the University of California, Los Angeles.

Exome sequencing and array genotyping. Whole-exome

sequencing was performed for 3 members of 2 families (families A

and B, figure 1A) at the Human Genome Sequencing Center

(HGSC) at Baylor College of Medicine as part of the Baylor-

Hopkins Center for Mendelian Genomics initiative. With 0.5 ng

of DNA, an Illumina paired-end pre-capture library was generated as

described in the BCM-HGSC protocol (hgsc.bcm.edu/content/

protocols-sequencing-library-construction). Four of these libraries

were pooled and then hybridized in solution to the HGSC CORE

design13 (52 Mb; NimbleGen, Madison, WI) in accordance with

the NimbleGen SeqCap EZ Exome Library SR User’s Guide. Each

capture pool, containing 4 samples, was sequenced in one lane using

the Illumina HiSeq 2000 platform in paired-end mode, with

sequencing-by-synthesis reactions extended for 101 cycles from each

end and an additional 7 cycles for the index read. On average, each

exome yielded 9.6 Gb of data with 93% of the targeted exome bases

covered to a depth of 20-fold or greater. Variant calls were generated

according to the GATK best practices (Genome Analysis Toolkit 3.

4) using the hg19 reference genome and annotated using the SVS

Annotation Suite (Golden Helix). Only variants causing non-

synonymous protein-coding changes or splice-site variants were

included in the analysis. Annotated variants were filtered according

to a minor allele frequency (MAF) using the Exome Aggregation

Consortium (ExAC) database14 (r.0.2) (exac.broadinstitute.org) at

an MAF of 0.1% for genes containing a single heterozygous variant,

and 1% for genes containing multiple heterozygous variants or

homozygous variants. Variants remaining after filtering were com-

pared to a list of 2,256 genes identified by the keyword “ataxia” in

Figure 1 Pedigrees and Southern blot analysis of the SCA36 families identified in this study

(A) Affected individuals (dark fill) and index cases (arrow) are indicated.1Genotyped individuals; *Individuals who had exome sequencing performed; gray fill
indicates at-risk individuals, currently asymptomatic. All genotyped individuals in families A and B were included in the linkage analysis. (B) Southern blot
analysis of patient DNA from probands of 3 of the identified SCA36 families, a negative control (2), and a positive control (1). The 3 Kb wild-type allele
(arrow) and the larger expanded allele (*) are shown. SCA36 5 spinocerebellar ataxia 36.
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the Online Mendelian Inheritance in Man database15 (omim.org)

and assessed for their clinical significance as previously described.3

In parallel to the exome workflow, Illumina InfiniumHuman

Exome v1-2 array data were generated for linkage analysis from 6

members of family A and 2 members of family B (figure 1A).

Array data quality assessment included orthogonal confirmation

of sample identity and purity using the Error Rate In Sequencing

(ERIS) pipeline developed at the BCM:HGSC. Using an “e-

GenoTyping” approach, ERIS screens all sequence reads for exact

matches to probe sequences defined by the variant and position of

interest. A successfully sequenced sample must meet quality con-

trol metrics of ERIS single nucleotide polymorphism (SNP) array

concordance (.90%) and ERIS average contamination rate

(,5%). These arrays capture more than 240,000 SNPs, which

were carried forward into quality filtering, pedigree validation,

and linkage analyses. All insertions/deletions and nonautosomal

polymorphisms and all variants without an rs identifier were

removed. In addition, SNPs were removed for high missingness

(.5%) or mapping to identical locations (duplicates) resulting in

227,103 variants for analysis. Pedigrees were validated using the

prePRIMUS QC pipeline to estimate pairwise kinship and were

reconstructed in PRIMUS.16,17

Linkage analysis. To identify overlapping haplotypes shared

identically by descent (IBD) by all genotyped cases and not

shared by genotyped controls in families A and B (figure

1A), multifamily parametric linkage analysis was conducted

using a fully penetrant dominant model with no phenocopies

(f0,1,2 5 0,1,1) using ALLEGRO.18 Logarithm of the odds

(LOD) scores generated from linkage in these families are

unable to meet genome-wide significance thresholds because

of power (max LOD given the information across the pedigrees

is 1.2); the purpose of these analyses was to identify candidate

regions where IBD sharing was consistent with the model of

inheritance for disease in both families for further analysis

rather than to identify regions of genome-wide significant

linkage. Rare (MAF ,0.1% in ExAC), nonsynonymous and

splice-site variants from exome sequencing falling within

linkage regions (peaks reaching maximum LOD, ;58.6

megabases genome wide) were identified and evaluated as

potential disease candidates (figure e-1 at Neurology.org/ng).

SCA36 repeat expansion testing. DNA was isolated from the

peripheral blood and purified using the Gentra Puregene Blood Kit

(Qiagen, Hilden, Germany). Fluorescent RP-PCR was im-

plemented,9 and PCR products were separated then analyzed on an

ABI Prism 3730 XL Analyzer (Retrogen, San Diego, CA). Peak

Scanner 2 software was used to assess for the presence of the SCA36

hexanucleotide repeat expansion inNOP56. This method specifically

detects expanded alleles and does not assess normal NOP56 alleles.

Southern blot. For confirmation of repeat expansions, Southern

blot analysis was conducted on DNA samples of 3 affected individ-

uals (figure 1B). Genomic DNA (10 mg) was digested overnight

with BsmI (New England Biolabs, Ipswich, MA). Digested DNA

was resolved on a 0.8% agarose gel, depurinated with 0.25 M HCl,

denatured with 1.5 M NaCl, 0.5 M NaOH neutralized with 1.5 M

NaCl, 0.5 M Tris-HCl (pH 7.0), and transferred with 203 saline-

sodium citrate buffer onto a Hybond-N1 nylon membrane (GE

Health care, Piscataway, NJ). DNA was immobilized on the

membrane by UV cross-linking. A 464-bp probe for hybridization

was synthesized from genomic DNA by PCR using primers10

flanking exons 2 and 3 of NOP56. The PCR-amplified probe DNA

was used as template to make a 32P-labeled probe using random

hexamer primers (#58875; Invitrogen, Carlsbad, CA), Klenow

polymerase (#M0210S, NEB) and dNTP’s containing [32P]-dCTP.

Hybridization with the labeled probe was performed at 65°C over-

night. The membrane was developed by X-ray film exposure.

RESULTS Identification of 2 SCA36 families by exome

sequencing and linkage analysis.We independently per-
formed exome sequencing on 3 individuals from 2
undiagnosed families (families A and B, figure 1A)
with adult-onset dominant cerebellar ataxia given
the high diagnostic yield of this testing in patients
previously screened for the most common genetic
forms of ataxia.2,3,19,20 However, we were unable to
identify any potentially clinically relevant sequence
variation associated with ataxia using standard
methods.3 To address the possibility of a novel gene
or a form of genetic variation not detected by exome
sequencing (e.g., noncoding, copy number variants,
or repeat expansions), we separately performed gen-
otyping using a cytogenomic SNP array and sub-
sequent linkage analysis in both families. Among
these data, we identified 2 regions on chromosome 20
that reached maximum theoretical LOD scores across
families A and B containing a known clinical ataxia
gene, NOP56, causing disease through repeat
expansion (figure e-1). Exome analysis had indicated
that families A and B did not possess any rare protein-
coding variants in any genes potentially associated
with their phenotype in any of the identified linked
regions (figure e-1). The absence of any clinically
relevant rare variants in ataxia genes within the
sequenced affected family members (figure 1A)
prompted us to evaluate these 2 families for the repeat
expansion in NOP56 associated with SCA36.7

Identification of an expanded GGCCTG repeat in

NOP56 in families A and B. RP-PCR analysis was used
to assess for expansion in the NOP56 gene. This
method specifically detects the presence of an expan-
sion through the generation of multiple products of
varying size from different amplification sites, leading
to a stuttering effect (figure e-2). RP-PCR identified
the pathogenic hexanucleotide repeat expansion in
intron 1 ofNOP56 in both families A and B (figure e-
2), confirming the diagnosis of SCA36. Because RP-
PCR lacks the ability to quantitate expansion size,
Southern blot analysis was used as a second confir-
matory technique, detecting NOP56 repeat ex-
pansions in the probands from families A and B
(figure 1B). Given that SCA36 is considered a rare
repeat expansion disorder, but has been observed to
have varying prevalence in different ethnic pop-
ulations,7–10 the finding of 2 consecutive SCA36
families prompted us to evaluate our entire clinical
cohort for the disease to determine the prevalence in
a US ataxic population. We analyzed 577 index cases
using fluorescent RP-PCR. The demographics of this
patient population including age, sex, ethnicity, and
phenotype are shown in table 1. Only 2 additional
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positive cases were identified, thus bringing the total
to 4/577 cases (0.7%).

Clinical characteristics of SCA36 in US families. SCA36
was observed in 4 index cases from a cohort of 577
patients (families A–D; figure 1A). An additional 2
positive cases were subsequently identified (1 each
from families A and B, respectively). The ancestral

origins of these 4 families were either white, non-
Hispanic, European (2 families), or Asian (1 Viet-
namese and 1 Japanese family). The clinical features
of these 6 individuals (5 men and 1 woman, mean age
at onset: 44.56 5.8 years) are summarized in table 2.
All affected individuals exhibited an ataxia gait, con-
sistent with cerebellar dysfunction, on examination.
Other symptoms included limb ataxia or spasticity
and altered reflexes. Saccadic ocular pursuit was
present in 5 of 6 individuals, predominantly saccadic
pursuit or overshoot, whereas hearing impairment
was reported in only 1 of 6 individuals. Two of 6
patients presented with mild cerebellar atrophy de-
tected using neuroimaging.

DISCUSSION We evaluated 577 index cases seen at
a tertiary referral ataxia center in the United States
and identified the NOP56 hexanucleotide repeat
expansion in 4 families. When compared with other
reports, the prevalence of SCA36 in the United States
(n 5 577, 0.7%) appears to be less frequent than in
most other countries evaluated to date, including
Spain (n 5 160, 6.3%),9 France (n 5 270, 4.4%),8

Western Japan (n 5 251, 3.6%),7 and Eastern Japan
(n5 231, 2.2%)8 and is more similar to that of China
(n 5 512, 0.6%)10 and Germany (n 5 175, 0.0%)8

(table 3). It should be noted that our cohort was of
general undiagnosed patients with ataxia, unselected
by mode of inheritance or other features, in whom the
most frequent genetic etiologies had been previously
excluded. As a tertiary referral center, we cannot esti-
mate the number of patients with more common
genetic etiologies identified in the community, and
therefore not referred, so the overall prevalence in all
undiagnosed ataxia cases is likely lower. Consistent
with previous reports, SCA36-positive individuals in
our cohort descended from European and East Asian
backgrounds. Despite the majority of our cohort
descending from European or Asian ancestry (table
1), we observe a much lower prevalence than coun-
tries such as Spain, France, or Japan.7–9 This may

Table 2 Clinical findings of SCA36 patients reported in this study

Family Ethnicity ID Sex Age, y
Age at
onset, y

Gait
ataxia

Limb
ataxia

Saccadic
ocular pursuit Dysarthria Fasciculation

Reflexes in
lower limbs

Hearing
impairment

Cerebellar
atrophy

A White, non-Hispanic
(English and German)

III-1 M 60 45 1 1 1 2 Face [ 2 2

III-4 M 61 50 1 1 1 1 Face, tongue,
right bicep

[ 1 2

B Asian (Vietnamese) II-2 M 59 46 1 2 1 1 Absent [ 2 1

II-3 F 55 41 1 1 2 1 Absent Normal 2 2

C Asian (Japanese) II-5 M 73 50 1 2 1 1 Absent [ 2 2

D White, non-Hispanic
(European)

III-1 M 42 35 2 2 1 2 Absent Normal 2 1

1 5 present; 2 5 absent; [ 5 increased; SCA36 5 spinocerebellar ataxia 36.

Table 1 Patient demographics

Phenotype Percentage of cohort

Spinocerebellar ataxia 36.0

Pure cerebellar ataxia 31.0

Multiple system atrophy 17.0

Spastic ataxia 14.0

Episodic ataxia 4.0

Spastic paraplegia 3.0

Leukodystrophy with ataxia 2.0

Other neurologic phenotype 7.0

Ethnicity

White, non-Hispanic 76.7

White, Hispanic, or Latino 11.1

Asian 9.1

Chinese 1.2

Indian 1.0

Korean 1.0

Japanese 0.8

Vietnamese 0.6

Taiwanese 0.4

Indonesian 0.2

Unspecified 3.9

Black 3.6

Sex

Male 48.6

Female 51.4

Average age 54.5 6 17.1 y
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stem partially from the inclusion criteria defining our
cohort, but likely also reflects regional variation across
Europe and Asia, as noted in the studies from China
and Germany,8,10 for example. One of our families
(family B) identifies their family origins as emanating
from Vietnam, which would be the first reported case
of SCA36 from that country.

Clinical examination of those 6 affected SCA36
patients in our cohort confirms many of the previ-
ously reported SCA36 symptoms, including gait
and limb ataxia, dysarthria, increased lower limb
reflexes, polyneuropathy, saccadic pursuit, and cogni-
tive impairment (table 3). Facial or tongue fascicu-
lations are typically seen in more than 50% of
reported SCA36-positive cases with the exception
of France (12%) and were present in 2 of 6 (33%)
SCA36-positive individuals in this study. Hearing
impairment is present in more than 40% of previ-
ously reported SCA36-positive individuals and was
also reported in 2 of 6 individuals from family B
(figure 1A and table 2), although detailed audiologic
studies were not conducted on all the affected patients
in this study. In summary, SCA36 represents a small
percentage of the undiagnosed cerebellar ataxia popu-
lation in the United States. Given that SCA36 is
a repeat expansion disorder that would not be detected
by the high-yield genomic diagnostic tests performed
early in a patient’s evaluation,3 repeat expansion testing
should be considered in individuals with appropriate
clinical phenotypes and either a sporadic or dominant
mode of inheritance.
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Loss-of-function variants of SCN8A in
intellectual disability without seizures

ABSTRACT

Objective: To determine the functional effect of SCN8A missense mutations in 2 children with
intellectual disability and developmental delay but no seizures.

Methods: Genomic DNA was analyzed by next-generation sequencing. SCN8A variants were
introduced into the Nav1.6 complementary DNA by site-directed mutagenesis. Channel activity
was measured electrophysiologically in transfected ND7/23 cells. The stability of the mutant
channels was assessed by Western blot.

Results: Both children were heterozygous for novel missense variants that altered conserved res-
idues in transmembrane segments of Nav1.6, p.Gly964Arg in D2S6 and p.Glu1218Lys in D3S1.
Both altered amino acids are evolutionarily conserved in vertebrate and invertebrate channels and
are predicted to be deleterious. Neither was observed in the general population. Both variants
completely prevented the generation of sodium currents in transfected cells. The abundance of
Nav1.6 protein was reduced by the Glu1218Lys substitution.

Conclusions: Haploinsufficiency of SCN8A is associated with cognitive impairment. These obser-
vations extend the phenotypic spectrum of SCN8A mutations beyond their established role in
epileptic encephalopathy (OMIM#614558) and other seizure disorders. SCN8A should be con-
sidered as a candidate gene for intellectual disability, regardless of seizure status. Neurol Genet

2017;3:e170; doi: 10.1212/NXG.0000000000000170

GLOSSARY
cDNA 5 complementary DNA; HEK 5 human embryonic kidney.

Whole-exome sequencing has revealed a major role for de novo mutations in the etiology of spo-
radic intellectual disability.1 Between one-third and one-half of sporadic cases may be accounted
for by de novo mutations in genes required for neuronal development and synaptic transmission.
The neuronal sodium channel SCN8A (Nav1.6) is concentrated at the axon initial segment and
at nodes of Ranvier of myelinated axons.2 Exome analysis for SCN8A mutations has thus far
focused on children with seizure disorders.3 More than 150 missense mutations of SCN8A have
been identified, and gain-of-function hyperactivity is the most common pathogenic mechanism
for seizures.

By contrast, we previously described a loss-of-function, protein truncation allele of SCN8A
that cosegregated with cognitive impairment in a family without seizures.4 To follow up on that
observation, we have now examined the functional effects of 2 SCN8A missense mutations
identified by exome sequencing in children with intellectual disability who also did not have
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seizures. Both mutations caused complete loss
of channel activity, confirming the role of loss-
of-function mutations of SCN8A as a cause of
isolated cognitive impairment.

METHODS Molecular diagnostics. Exome sequencing for

patient 1 was performed by GeneDX (Gaithersburg, MD). In

addition to the SCN8A variant, a frameshift mutation in GJB2
(c.167delT, p.L56RfsX26) was inherited from an unaffected par-

ent. Exome sequencing for patient 2 was performed at the labo-

ratory for DNA Diagnostics in the University Medical Center

Utrecht. In addition to the SCN8A variant, the PDHA1 variant

(c.520G.A, p.Ala174Thr) was present in the child and an unaf-

fected grandfather. Analysis of copy number variation and Fragile

X expansion for patient 2 were negative. Procedures were

approved by the institutional ethics standard committees.

Standard protocol approvals, registrations, and patient
consents. Written consent for research was obtained from the

guardians of both patients whose variants were studied.

Site-directed mutagenesis of Nav1.6 complementary
DNA. Mutations were introduced into the tetrodotoxin-resistant

mouse complementary DNA (cDNA) Nav1.6R by site-directed

mutagenesis with QuikChange II XL (Agilent Technologies,

Santa Clara, CA) as described.5 Two independent mutagenesis

experiments generated cDNA clones A and B for each mutation.

The 6-kb open reading frame was resequenced, and clones lacking

other mutations were analyzed.

Electrophysiology. Neuron-derived ND7/23 cells (Sigma

Aldrich, St. Louis, MO) were cultured and transfected as

described.5 Electrophysiologic recordings of fluorescent cells were

performed 48 hours after transfection in the presence of 500 nM

tetrodotoxin to block endogenous sodium currents. Currents were

recorded using the whole-cell configuration of the patch-clamp

recording technique.5

Western blot. Human embryonic kidney (HEK) 293 cells were

cultured at 37°C, transfected with Nav1.6 cDNA, and lysates

were prepared and analyzed 24 hours after transfection as

described5 using affinity-purified polyclonal rabbit anti-Scn8a
antibody (Millipore # AB5580, lot 2784259, 1:500 dilution).

RESULTS Identification of novel missense variants of

SCN8A. Patient 1 is a 7-year-old girl who experienced
global developmental delay and hypotonia in early
childhood. She walked and spoke her first words at
18 months.

She is receiving special education services at school
and is repeating the first grade due to below average
academic attainment. Psychoeducational testing re-
vealed receptive-expressive language disorder and bor-
derline intellectual functioning with a diagnosis of
social communication disorder. She did not meet cri-
teria for autism spectrum disorder.

Attention-deficit hyperactivity disorder was
diagnosed at 6 years and has responded to methyl-
phenidate. Exome sequencing revealed the SCN8A
variant c.2890G.C (p.Gly964Arg; G964R) which
arose de novo and was not present in either parent.
Gly 964 is located in transmembrane segment 6
of domain II (D2S6) and is highly conserved
through invertebrate and vertebrate evolution
(figure 1, A and C).

Patient 2 is a 10-year-old boy who was born after
a pregnancy complicated by polyhydramnios. Devel-
opment was delayed from birth. Early ataxic gait
resolved with age. Behavioral problems included tem-
per tantrums. Metabolism and brain MRI were nor-
mal. There were no dysmorphic features. Exome
sequencing and analysis of 770 genes identified the
SCN8A variant c. 3652G.A (p.Glu1218Lys;
E1218K) located at the distal terminus of transmem-
brane segment 1 in domain III (D3S1). This residue
is highly conserved through evolution (figure 1, A and
B). The variant was not present in the maternal
genome; the father was not available for testing.

Additional clinical features are detailed in the
table. Both mutations were predicted to be deleterious
by in silico prediction programs. Neither mutation was
previously observed in patients or in the Exome
Aggregation Consortium Database.

Figure 1 Location and evolutionary conservation of SCN8A mutations in
individuals with intellectual disability

(A) Four-domain structure of the voltage-gated sodium channel a subunit. p.Gly964Arg
(G964R) is located in transmembrane segment 6 of domain II. p.Glu1218Lys (E1218K) is
located in transmembrane segment 1 of domain III. (B) Evolutionary conservation of residue
G964 in multiple species. (C) Conservation of residue E1218 in multiple species. a 5 anole;
c 5 chicken; dpara 5 drosophila “paralytic”; f 5 fugu; h 5 human; jscn 5 jellyfish sodium
channel; m 5mouse; z 5 zebrafish. Amino acids are indicated by the single-letter code; dots
represent identity to the human amino acid.
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Electrophysiologic characterization of SCN8A mutations

G964R and E1218K. ND7/23 cells were transfected
with wild-type or mutant cDNAs, and sodium
currents were recorded (figure 2, A and B). The
macroscopic Na current in nontransfected cells was
210.0 6 1.8 pA/pF (n 5 8). Cells transfected with
wild-type Nav1.6 exhibited a robust macroscopic Na
current of 2102 6 12 pA/pF (mean 6 SEM) (n 5

30). The current in cells transfected with mutant
cDNA did not differ from nontransfected cells:
G964R, 25.2 6 0.5 pA/pF (n 5 30) and E1218K,
29.8 6 1.5 pA/pF (n5 27). To confirm the loss of
activity, site-directed mutagenesis was repeated and
a second independent clone with each mutation was
analyzed, with the same result. Both missense var-
iants thus result in a complete loss of channel
activity.

Expression of mutant protein. To evaluate the mecha-
nism for loss of channel activity, we examined protein
abundance in transfected HEK cells. Wild-type
Nav1.6 and G946R cDNAs generated a protein

with the predicted molecular weight of 250 kDa,
which was not present in nontransfected cells (figure
2C). However, repeated transfections of the E1218K
mutant cDNA detected only a low level of protein
(figure 2, C and D), indicating that this mutation
reduces protein stability.

DISCUSSION The patients described exhibited
developmental delay and cognitive impairment but
no history of seizures. Each carried a pathogenic mis-
sense variant of SCN8A that altered a highly con-
served amino acid residue in a transmembrane
segment of the channel, resulting in loss of function.
SCN8A is one of the most conserved genes in the
mammalian genome, with an unusually low rate of
coding variation.6 The low frequency of frameshift
and nonsense mutations among 60,000 individual
exomes was used to calculate the probability of 1.0
that SCN8A is intolerant to haploinsufficiency.7 The
population data support our conclusion that haploin-
sufficiency of SCN8A is responsible for cognitive
impairment in these patients.

Table Clinical features of patients with intellectual disability and SCN8A mutations

Patient 1 Patient 2

Sex Female Male

Age 7 y 10 y

Nucleotide change c.2890G.C c. 3652G.A

Inheritance De novo Unknown (father unavailable)

Protein change G964R E1218K

Channel domain D2S6 D3S1

In silico predictions Deleterious Deleterious

CADD 25 32

PROVEAN 27.4 23.8

Polyphen 2 0.9 1.0

Channel activity
observed

Inactive Inactive

Protein Stable Unstable

Diagnosis Language disorder borderline intellectual function Intellectual disability

IQ 73 56

Social interaction Social communication disorder; minimal interaction with
peers; good eye contact

Temper tantrums

Development Global delay walk, talk at 18 mo Global motor delay, severe speech
delay

EEG Normal Not done

Seizures None None

MRI Not done Normal

Metabolism Not done Normal

Motor development Hypotonia; motor delay improved with time Unstable gait, resolved

Other phenotypes ADHD at 6-y special education, chronic headache,
finger chewing

No other phenotypes

Treatment ADHD responsive to methylphenidate No medication

Abbreviation: ADHD 5 attention-deficit hyperactivity disorder.
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Impaired cognition in the patients is also consis-
tent with the evidence that heterozygous loss-of-
function mutations in mouse Nav1.6 also result in
cognitive and behavioral deficits without spontaneous
seizures. Impaired learning in water maze and eye-
blink conditioning tests8,9 and elevated anxiety in
the open-field test10 have been described.

At the cellular level, complete inactivation of
mouse Scn8a reduces repetitive firing, resurgent cur-
rent and persistent current in cerebellar Purkinje cells,
prefrontal cortical pyramidal cells, and hippocampal
CA1 cells.2 These changes decrease the frequency of
action potentials. Reduced neuronal activity is a likely
consequence of the loss-of-function mutations of
SCN2A and receptors involved in excitatory neuro-
transmission that have also been associated with

intellectual disability. Chronic reduction of neuronal
activity may alter the dynamics of synaptic plasticity
during maturation and lead to aberrant cerebral cir-
cuitry and intellectual disability.

In contrast to the loss-of-function variants
described here, we previously identified 8 gain-of-
function variants resulting in channel hyperactivity
resulting in epileptic encephalopathy (reviewed in ref-
erence 3). We also found loss-of-function missense
variants in 2 patients with seizures,11,12 indicating that
genetic background influences clinical outcome. Both
gain-of-function and loss-of-function variants of the
related sodium channel SCN2A have also been asso-
ciated with seizures.13 A recent analysis of de novo
mutations in more than 7,000 individuals with devel-
opmental disorders identified 5 missense variants of
SCN8A in patients with seizures and 2 missense var-
iants of SCN8A in patients with cognitive impair-
ment but no seizures.14 We would suggest that the
former variants are likely to cause channel hyperac-
tivity and the latter to cause loss of function. Protein
truncation variants of SCN8A are underrepresented
in all populations studied to date, including controls,
patients with intellectual disability, and patients with
seizures. It seems likely that these protein truncations
are associated with distinct disorders not yet subjected
to large-scale exome sequencing, such as neuromus-
cular and movement disorders.

The de novo mutation of SCN8A in patient 1 is
consistent with the growing recognition of the role of
de novo mutations in sporadic intellectual disability.
In 3 earlier studies examining 142 individuals with
intellectual disability, 1 de novo missense mutation of
SCN8A was detected.14–17 Better estimates of the
quantitative contribution of SCN8A mutations to
sporadic and inherited forms of isolated cognitive
impairment will emerge from additional large-scale
screening of patient populations.
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Clinical and experimental studies of a novel
P525R FUS mutation in amyotrophic
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ABSTRACT

Objective: To describe the clinical features of a novel fused in sarcoma (FUS) mutation in a young
adult female amyotrophic lateral sclerosis (ALS) patient with rapid progression of weakness and
to experimentally validate the consequences of the P525R mutation in cellular neuronal models.

Methods: We conducted sequencing of genomic DNA from the index patient and her family mem-
bers. Immunocytochemistry was performed in various cellular models to determine whether the
newly identified P525R mutant FUS protein accumulated in cytoplasmic inclusions. Clinical fea-
tures of the index patient were compared with 19 other patients with ALS carrying the P525L
mutation in the same amino acid position.

Results: A novel mutation c.1574C.G (p.525P.R) in the FUS gene was identified in the index
patient. The clinical symptoms are similar to those in familial ALS patients with the P525L
mutation at the same position. The P525R mutant FUS protein showed cytoplasmic localization
and formed large stress granule–like cytoplasmic inclusions in multiple cellular models.

Conclusions: The clinical features of the patient and the cytoplasmic inclusions of the P525R
mutant FUS protein strengthen the notion that mutations at position 525 of the FUS protein
result in a coherent phenotype characterized by juvenile or young adult onset, rapid progression,
variable positive family history, and female preponderance. Neurol Genet 2017;3:e172; doi:

10.1212/NXG.0000000000000172

GLOSSARY
ALS 5 amyotrophic lateral sclerosis; EGFP 5 enhanced green fluorescent protein; fALS 5 familial amyotrophic lateral
sclerosis; FTD 5 frontotemporal dementia; FUS 5 fused in sarcoma; MND 5 motor neuron disease; NLS 5 nuclear locali-
zation sequence; PBS 5 phosphate-buffered saline; WT 5 wild type.

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease affecting the upper and lower
motor neurons of the brain and spinal cord. It causes progressive paralysis and finally death due
to respiratory failure typically within 3 years of symptom onset. Approximately 10%–15% of
the ALS cases are familial ALS (fALS) and caused by mutations in several different genes.
Recently, mutations in the fused in sarcoma (FUS) gene have been identified in a subset of
patients with fALS.1,2 The FUS gene is located on chromosome 16p11.2 and encodes a multi-
domain protein with 526 amino acids. The FUS protein is predominantly localized in the
nucleus in most tissues, whereas it also has a notable cytoplasmic presence in neurons.3 Most
fALS mutations are located in the C-terminal nuclear localization sequence (NLS),4 causing
accumulation of FUS-containing inclusions in the cytoplasm. The FUS protein binds to RNA/
DNA and is involved in a variety of RNA metabolism pathways, including transcription,5–8

splicing,8–10 nucleocytoplasmic RNA shuttling11 and RNA transport,12 mitochondrial RNA
biogenesis and function,13,14 and DNA repair.15,16

From the Molecular and Cellular Biochemistry (L.K., J.G., H.Z.), Department of Toxicology and Cancer Biology (M.K., A.A., D.S.C., H.Z.), and
Department of Neurology (D.T., E.J.K.), College of Medicine, University of Kentucky, Lexington; Hefei National Laboratory for Physical Sciences
at the Microscale (W.G.), University of Science and Technology of China, Anhui; Department of Neurology (M.B.), University of Louisville; and
Research and Development (E.J.K., H.Z.), Lexington VA Medical Center, KY.

Funding information and disclosures are provided at the end of the article. Go to Neurology.org/ng for full disclosure forms. The Article Processing
Charge was funded by the University of Kentucky.

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.

Neurology.org/ng Copyright © 2017 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology 1

mailto:haining@uky.edu
mailto:edward.kasarskis@uky.edu
http://ng.neurology.org/lookup/doi/10.1212/NXG.0000000000000172
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://neurology.org/ng


In this study, we report a novel mutation
c.1574C.G (p.525P.R) in FUS in a 26-
year-old woman with rapid onset and progres-
sion of weakness. The P525R mutant FUS
protein showed cytoplasmic localization and
formed large stress granule–like cytoplasmic
inclusions in multiple cellular models. The
phenotype is similar to fALS individuals with
the p.525P.L mutation, suggesting that
mutations at position 525 in FUS cause ful-
minant motor neuron disease (MND).

METHODS Patient information. The index patient was

a 26-year-old woman who experienced subacute onset of proxi-

mal upper extremity weakness over 4–6 weeks followed by pro-

gression. By 5 months, she had evidence of acute and chronic

denervation on EMG testing in the upper extremities, lower

extremities, thoracic paraspinous, and sternocleidomastoid mus-

cles. The forced vital capacity was 64% of predicted; the following

were normal/negative: comprehensive metabolic panel, complete

blood count, vitamin B12, hemoglobin A1C, heavy metals, cre-

atine kinase, aldolase, Lyme, rapid plasma reagin, antinuclear

antibody, rheumatoid factor, SSa/SSb, serum protein electro-

phoresis, and HIV. She was evaluated for a second opinion

(M.B.) at 6 months when her ALSFRSr score was 37/48. She was

started on riluzole 50 mg bid.

By 9 months, she was receiving total care in a nursing home.

Her ALSFRSr score was 24/48. On examination, she had bifacial

weakness, normal tongue contour and power, and extensive

weakness of neck flexion and extension. An obese body habitus

with extremity edema precluded evaluation of muscle atrophy

or fasciculations. She did not have antigravity power in any upper

extremity muscle and profound proximal lower extremity weak-

ness. There was muscle hypotonia in the upper extremities and

increased tone in the lower extremities with elevated tendon re-

flexes and bilateral Babinski signs. She died of respiratory weak-

ness after a 12-month course.

Additional history revealed that her mother was evaluated 12

years back for upper motor neuron predominant ALS (E.J.K.).

By 8 months after the onset of progressive weakness, she had grade

3/5 power in the upper extremities, grade 42/5 power in the lower

extremities, normal bulbar function, and corticospinal tract findings

in extremities and in the bulbar region. Detailed clinical sensory

testing was normal. EMG testing demonstrated fasciculations, few

fibrillations, and large amplitude polyphasic motor unit potentials.

She died at the age of 40 after a 6-year progressive course.

Standard protocol approvals, registrations, and patient
consents. The study was approved by the Institutional Review

Board of the University of Kentucky. Written informed consent

was obtained from all subjects who participated in the study.

Mutation analysis (genomic DNA sequencing). Genomic

DNA was extracted from peripheral blood using the Gentra Pure-

gene Blood Kit (158467; Qiagen, Hilden, Germany). Mutation

analysis on FUS was performed by amplifying the exon encoding

position P525 and its flanking regions, followed by PCR product

sequencing.

Plasmids. The enhanced green fluorescent protein (EGFP)

tagged pEGFP-C3-FUS WT, R521G, P525L, and R495X

plasmids were constructed in previous studies.17,18 The P525R

FUS mutant was amplified using PCR and subcloned into the

pEGFP-C3 (Clontech, Mountain View, CA) vector using the

BglII and KpnI sites.

Cell culture and transfection (N2A, primary cortical
neurons, and human skin fibroblasts). Mouse neuroblas-

toma N2A cells were cultured in Dulbecco’s Modified Eagle

Medium (D5796; Sigma, St. Louis, MO) supplemented with

10% fetal bovine serum, 100 unit/mL penicillin, and 100 mg/

mL streptomycin in a humidified incubator at 37°C under 5%

CO2/95% air. Transient transfection was performed using Lipo-

fectamine 2000 (Invitrogen, Life Technologies, Grand Island, NY).

Mouse primary cortical neuron cultures were prepared as pre-

viously reported.18 Briefly, neonatal mice (strain C57BL/6;

Jackson Laboratory, Bar Harbor, ME) were killed by decapitation

within 24 hours of birth. After the incubation with trypsin, cells

Figure 1 Identification of the P525R mutation and patient pedigree

(A) Sequencing results of amplified patient genomic DNA. The FUS mutation, c.1574C.G
(p.Pro525Arg) was identified in the patient. The antisense strand electropherogram is shown
on the top, and the reading frame depicting the corresponding amino acid substitution is
shown below. The normal genomic DNA was from the unaffected brother of the patient. (B)
The family pedigree of the patient with ALS. Numbers indicate the age at death based on
family history and public records. Predicted protein composition at position 525 of FUS
based on DNA sequencing. ALS 5 amyotrophic lateral sclerosis; FUS 5 fused in sarcoma;
P 5 proline; R 5 arginine.

2 Neurology: Genetics



were dissociated using pipette lavage and cultured in Neurobasal

Medium (21103049; Life Technologies) with B27 supplement

(17504044; Life Technologies), L-glutamine, and penicillin/

streptomycin. After the treatment of 5-fluoro-29-deoxyuridine

(F0503; Sigma-Aldrich) for 4 days to kill glial cells, the primary

neurons were transfected with EGFP-tagged WT or mutant FUS

expression plasmids using Lipofectamine 2000 (11668; Life

Technologies). The primary neurons were fixed for immunoflu-

orescence 48 hours after the transfection.

Human skin fibroblast cell cultures were established as previ-

ously described.19 Briefly, a 3-mm punch skin biopsy was ob-

tained after informed consent from the patient with

symptomatic ALS and family members who were free of neuro-

logic disease. Skin biopsies were washed with phosphate-buffered

saline (PBS), minced into small pieces, and incubated in a fibro-

blast growth medium (MEM [M5650; Sigma-Aldrich]

supplemented with 20% fetal bovine serum, 2 mM L-glutamine,

100 unit/mL penicillin, and 100 mg/mL streptomycin) in tissue

culture plates in a humidified incubator at 37°C under 5% CO2/

95% air. Fibroblast cells grew from tissue fragments and were

maintained under the same conditions as above.

Immunofluorescence microscopy. N2A cells or primary corti-

cal neurons were seeded on gelatin or poly-D-lysine hydrobromide-

coated glass coverslips. Twenty-four hours after the transfection

with EGFP-FUS, cells were rinsed with 13 PBS, fixed with 4%

formaldehyde in 13 PBS, and permeabilized with 0.25% Triton

X-100 in 13 PBS. Primary fibroblast cells were cultured, fixed, and

permeabilized similarly as above. The primary antibodies used in

this study were mouse anti-FUS (sc-47711; Santa Cruz Bio-

technology, Santa Cruz, CA), rabbit anti-G3BP1 (13057-2-AP;

Proteintech), and goat anti-TIA1 (sc-1751; Santa Cruz). The

Figure 2 The P525R mutant FUS is mislocalized in cytoplasmic inclusions in N2A cells

N2A cells were transfected with EGFP-tagged WT or mutant FUS. Cytoplasmic inclusions of mutant FUS were colocalized
with stress granule markers TIA1 and G3BP1 as indicated by arrows. Scale bar, 10 mm. FUS5 fused in sarcoma; WT5wild
type.
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secondary antibodies were Alexa Fluor 488 donkey anti-mouse

(A-21202; Life Technologies), Alexa Fluor 647 donkey anti-

rabbit (A-31573; Life Technologies), and Alexa Fluor 568 don-

key anti-goat (A-11057; Life Technologies). The samples were

mounted using Vectashield Mounting Medium (Vector Labora-

tories, Burlingame, CA). Images were acquired using a Nikon A1

confocal microscope with a 603 objective.

RESULTS P525R mutation in the index patient. Com-
mercial genetic testing of the ALS patient (Prevention
Genetics, Marshfield, WI) revealed 2 normal alleles in
C9orf72 with 5 and 14 GGGGCC repeats. The
patient was heterozygous in the FUS gene at
c.1574C.G (p.Pro525Arg) and heterozygous for
a predicted benign variant in the SQSTM1 gene c.
C350C.T (p.Ala117Val). Sequencing of 18 addi-
tional genes implicated in ALS, frontotemporal
dementia (FTD), and ALS/FTD (i.e., ANG, ARH-
GEF28, CDH13, CHMP2B, GRN, HNRNPA1,
HNRNPA2B1, MAPT, OPTN, PFN1, PSEN1,
PSEN2, SOD1, TARDBP, TREM2, UBQLN2,
VAPB, and VCP) did not reveal any pathologic

variants. Sequencing results confirmed that the
patient was heterozygous in the FUS gene at
c.1574C.G and that her sibling and maternal grand-
mother were homozygous for normal alleles in FUS
(figure 1A). DNA was not available from her mother
who died prior to the study. Examination of the ped-
igree using publicly available records did not identify
any other members with a diagnosis of ALS, MND,
or neurologic impairment (figure 1B).

FUS P525R mutation is mislocalized in cytoplasmic

inclusions in N2A cells and primary cortical neurons.

Because the P525R mutation is located in the NLS
of FUS, we first tested whether this mutation caused
FUS mislocalization in cultured N2A cells com-
pared with other fALS FUS mutants. The wild-
type (WT) FUS was located in the nucleus,
whereas the P525R mutant FUS protein mis-
localized from the nucleus to the cytoplasm and
formed large inclusions (figure 2). The mis-
localization and inclusions are similar to those
observed in P525L and R495X mutations. In
comparison, the R521G mutation also caused
cytoplasmic localization of FUS, but the majority of
the mutant protein was still retained in the nucleus.

In addition, cytoplasmic inclusions of the FUS
P525R mutant colocalized with stress granule
markers G3BP1 and TIA-1 in N2A cells (figure 2).
Similarly, other ALS FUS mutants also showed coloc-
alization of cytoplasmic inclusions and stress granule
markers. The results are consistent with previous
studies that cytoplasmic inclusions of ALS FUS mu-
tants are colocalized with stress granule markers.17,20

We further examined the subcellular localization
of P525R mutant FUS in mouse primary cortical
neurons (figure 3). The P525R mutant FUS protein
was largely localized in the cytoplasm of primary neu-
rons and formed inclusions positive for stress granule
marker G3BP1 in a similar fashion as P525L and
R495X mutants. By contrast, the WT FUS protein
was predominantly in the nucleus. The results from
both N2A and primary neurons consistently indicate
that P525R mutant FUS forms cytoplasmic inclu-
sions reminiscent of stress granules.

Cytoplasmic inclusions of the P525R mutant FUS

protein in human fibroblasts. Skin fibroblast cells derived
from this patient were examined along with fibroblast
cells from patients with fALS carrying the R521G
mutation or healthy controls. Under normal cell cul-
ture conditions, the majority of the mutant FUS pro-
tein was still localized in the nucleus with visible
cytoplasmic distribution. Several cytoplasmic puncta
of mutant FUS were observed colocalizing with the
stress granule marker G3BP1 (figure 4A). The partial
mislocalization in patient-derived primary fibroblasts is
similar to the previously published study.19

Figure 3 The P525R mutant FUS is mislocalized in cytoplasmic inclusions in
mouse primary cortical neurons

Mouse primary cortical neurons were transfected with EGFP-tagged WT or mutant FUS.
Cytoplasmic inclusions of mutant FUS were colocalized with the stress granule marker
G3BP1 as indicated by arrows. Scale bar, 10 mm. FUS 5 fused in sarcoma; WT 5 wild type.
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To determine the response of WT and different
mutant FUS proteins to stress, we treated fibroblasts
with sodium arsenite that induces oxidative stress. All
fibroblasts responded to arsenite treatment and
formed numerous stress granules in the cytoplasm
as marked by the stress granule marker G3BP1 (figure
4B). However, the P525R mutant FUS protein re-
sponded differently from the WT or R521G mutant.
A substantial portion of P525R mutant FUS was
mislocalized into the cytoplasm and colocalized with
G3BP1 in stress granules (figure 4B). By contrast,
WT FUS in healthy control cells and the R521G
mutant FUS in fibroblast cells derived from another

patient with ALS showed little response to the arse-
nite treatment. The result suggests that fibroblasts
carrying the P525R mutation are more vulnerable
to oxidative stress compared with either the WT or
the R521G mutation.

DISCUSSION Here, we report a patient with ALS
carrying a novel heterozygous FUS mutation P525R
(figure 1). Based on the family history, her mother
also died of ALS, and we speculate that she carried the
FUS P525R mutation. The index patient’s grand-
mother is healthy in her 70s and has 2 WT FUS
alleles; thus, we speculate that her mother likely
gained a spontaneous mutation at c.1574C.T. We
identified 19 ALS cases carrying the P525L mutation
in the FUS gene in the literature and summarized
them in table. The literature indicates that approxi-
mately 70% of ALS subjects with the documented
P525L mutation have no family history of ALS
(table), suggesting that either spontaneous mutation
event at this locus is not infrequent and/or that indi-
viduals with ALS do not survive long enough to
reproduce, thus appearing to be sporadic ALS. Pre-
vious studies determined that the C-terminal 32
amino acids of FUS functions as an NLS and is crit-
ical for its nuclear import mediated by transportin
(Trn1).21–23 Indeed, many ALS FUS mutations are
located in the NLS. Mutations on the very end of
the C-terminus appear to cause the most rapidly pro-
gressive phenotype with basophilic cytoplasmic inclu-
sions in motor neurons at autopsy. At the position of
amino acid 525 of FUS, P525L mutation has been
linked to familial ALS and apparently sporadic cases24

(table). Patients with a P525L mutation were found
to have an early disease onset and rapidly progressive
disease with short survival when compared with pa-
tients with other FUS mutations.21,24 In this study,
the patient with the P525R mutation also had an
early onset in her mid-20s and a rapid progression
over a 12-month course to death. The clinical features
are similar to those carrying the truncated R495X
mutation lacking the entire NLS (mean age at onset:
35 6 16 years; average survival: 16.4 6 10 months
from disease onset).25 The novel P525R mutation in
this case strengthens the notion that mutations at
position 525 of FUS are more fulminant as compared
to other FUS mutations. There is a female pre-
ponderance in the reported patients with P525L FUS
occurring in 75% of recorded cases (table). We cur-
rently have no explanation for this phenomenon.

The importance of the C-terminal proline residue
was reported for other NLS in which Pro525 and
Tyr526 are strictly conserved as the signature
PY-NLS.26 Figure 5, which is based on our previously
published structural analysis, shows that P525 plays
a critical role in the binding of FUS-NLS to Trn1

Figure 4 Mislocalization of the P525R mutant FUS in skin fibroblast cells
derived from the patient with ALS

(A) Relatively a small amount of mutant FUS was mislocalized in the cytoplasm and formed
puncta colocalized with G3BP1 (as indicated by arrows) under normal cell culture conditions.
(B) Skin fibroblast cells were treated with 0.5 mM sodium arsenite for 1 hour before fixation.
Under arsenite (oxidative stress) treatment, a notable amount of FUS P525R mutant mislo-
calized in the cytoplasm and formed inclusions colocalized with G3BP1. Scale bar, 10 mm.
ALS 5 amyotrophic lateral sclerosis; FUS 5 fused in sarcoma.
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through the hydrophobic interaction with L419,
I457, and W460 of Trn1.21 In addition, P525 puts
a C-terminal bend in the peptide and positions Y526
to form a hydrogen bond with D384 of Trn1. In the
modeling structure of P525R, the strong charge of
Arg does not match the hydrophobicity of the cave
formed by L419, I457, and W460 of Trn1. More-
over, the side chain of Arg is predicted to be too
large to fit in the small cavity (figure 5). Thus, not
only the hydrophobic interaction formed by P525
would be destroyed but also the relocation of resi-
due 525 would push Y526 away and break the
hydrogen bond between Y526 and D384. The
modeling analysis is consistent with previous re-
ports that the P525L mutation caused dramatic
decrease in the binding affinity of FUS-NLS to
Trn1,21,22 leading to substantial cytoplasmic
accumulation.

ALS-linked FUS mutants form cytoplasmic inclu-
sions that are colocalized with stress granule markers
in various cell models.25,27 Using induced pluripotent
stem cell–derived motor neurons, Lenzi et al.28 also
showed that ALS mutant FUS was recruited into stress
granules. In this study, we showed that cytoplasmic
inclusions of FUS P525R were dominant in N2A cells
(figure 2) and primary cortical neurons (figure 3).
These inclusions were colocalized with stress granule
markers TIA1 and G3BP1, suggesting that this novel
mutant P525R was also recruited into stress granules.
However, the mislocalization and inclusion formation
were less prominent in fibroblast cells derived from
patients with ALS under normal experimental con-
ditions (figure 4A). It is likely that the heterozygous

mutation and the endogenous expression levels of the
mutant FUS protein contribute to the observation
that the majority of the FUS protein remained in
the nucleus. It is also likely that cell type difference
between fibroblast cells and neurons contributes to
the less prominent mislocalization of mutant FUS in
fibroblast cells. Nevertheless, when exposed to oxi-
dative stress by sodium arsenite treatment, FUS
P525R mutant fibroblasts showed stronger response
with substantial mislocalization and inclusion for-
mation in cytoplasm as compared to WT and
R521G mutants (figure 4B). This supports the
hypothesis that the P525R mutant is more suscep-
tible to stress conditions such as arsenite-induced
oxidative stress.

We identified a novel mutation in the FUS gene
that is associated with an early onset and rapid rate of
disease progression. Mechanistically, the P525R
mutation causes a cytoplasmic localization of the
FUS protein that is prominently colocalized with
stress granules, suggesting that a substantial cytoplas-
mic mislocalization and a strong association with
stress granules could be an indicator of the degree
of severity in FUS fALS.
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Figure 5 The binding details of the C-terminus of FUS and Trn1

P525 and Y526 of FUS (cyan) and L419, I457, W460 and D384 of Trn1 are shown in sticks. Trn1 is shown in static electric
surface mode, in which the red, blue, and green represent negative charge, positive charge, and hydrophobicity, respec-
tively. The hydrogen bond between Y526 and D384 is illustrated. (A) WT FUS binding is based on the structure of the
FUS-NLS/Trn1 complex (protein data bank entry 4FQ3). (B) An illustration of the P525R mutant structure. If R525 should
remain in the same position as P525, the side chain of R525 would insert into the surface of Trn1. The steric constrains will
force R525 to adapt a different conformation. Consequently, the Y526 residue (shown in thin sticks) in the P525R mutant
should not keep the same conformation as in the WT structure. FUS 5 fused in sarcoma; NLS 5 nuclear localization
sequence; WT 5 wild type.
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Brain calcifications and PCDH12 variants

ABSTRACT

Objective: To assess the potential connection between PCDH12 and brain calcifications in
a patient carrying a homozygous nonsense variant in PCDH12 and in adult patients with brain
calcifications.

Methods: We performed a CT scan in 1 child with a homozygous PCDH12 nonsense variant. We
screened DNA samples from 53 patients with primary familial brain calcification (PFBC) and 26
patients with brain calcification of unknown cause (BCUC).

Results: We identified brain calcifications in subcortical and perithalamic regions in the patient
with a homozygous PCDH12 nonsense variant. The calcification pattern was different from what
has been observed in PFBC and more similar to what is described in in utero infections. In patients
with PFBC or BCUC, we found no protein-truncating variant and 3 rare (minor allele frequency
,0.001) PCDH12 predicted damaging missense heterozygous variants in 3 unrelated patients,
albeit with no segregation data available.

Conclusions: Brain calcifications should be added to the phenotypic spectrum associated with
PCDH12 biallelic loss of function, in the context of severe cerebral developmental abnormalities.
A putative role for PCDH12 variants remains to be determined in PFBC. Neurol Genet 2017;3:

e166; doi: 10.1212/NXG.0000000000000166

GLOSSARY
BCUC5 brain calcification of unknown cause;ExAC5 ExomeAggregation Consortium;PFBC5 primary familial brain calcification.

A homozygous nonsense PCDH12 variant has recently been reported in consanguineous fam-
ilies, where the affected children had congenital microcephaly, epilepsy, and profound global
developmental disability.1 Fetal MRI and USG showed dysplastic elongated masses in the
midbrain-hypothalamus-optic tract area and hyperechogenic perithalamic foci. PCDH12 enc-
odes a protocadherin associated with membrane physical stability, adhesion, and vasculature
maintenance and has recently been pointed out as a candidate gene for primary familial brain
calcification (PFBC). PFBC is characterized by the presence of calcifications affecting primarily
the basal ganglia, in the absence of secondary cause.2 Clinical manifestations include movement
disorders, cognitive impairment, psychiatric disturbances, and headache, most frequently begin-
ning during adulthood.2,3 Heterozygous variants causing autosomal dominant PFBC in up to
50% of the families were identified in 4 genes: SLC20A2, PDGFRB, PDGFB, and XPR1.4–8 We
previously searched for genes with a cerebral expression pattern similar to the PFBC major
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causative gene SLC20A2 using the Allen Brain
Atlas (brain-map.org/),9,10 observing a higher
SLC20A2 expression in regions affected by
calcifications in PFBC. PCDH12 was singled
out with the highest significant correlation,10

and a follow-up analysis with additional brains
still shows PCDH12 as the most similar pat-
tern to SLC20A2, even when compared with
the other known PFBC causative genes (table
e-1 at Neurology.org/ng).

To evaluate the potential link between
PCDH12 and brain calcifications, (1) we per-
formed a CT scan in a patient reported to carry
a homozygous nonsense PCDH12 variant and
(2) we screened DNA samples from patients
with PFBC or brain calcifications of unknown
cause (BCUC).

METHODS CT imaging in PCDH12 homozygous variant
carriers. In the original report, patients with symmetric intrauterine

growth retardation, severe microcephaly, visual impairment, dysto-

nia, epilepsy, and profound developmental disability were shown

to carry a PCDH12 c.995T.A, p.R839X homozygous variant.1

This variant is considered to be pathogenic when carried at the

homozygous state following the American College of Medical

Genetics and Genomics and the Association for Molecular

Pathology recommendations.11 Brain imaging revealed mid-

brain hypothalamus dysplasia and significant periventricular

and/or periventricular hyperechogenicity. Fetal USG and MRI

did not enable to determine whether these foci are eventually

calcifications. Therefore, we performed a brain CT scan in-

individual III-1, family B from the original pedigree.1

PCDH12 screening in patients with brain calcification.
We included a total of 79 worldwide adult cases with brain calcifi-

cations that were referred to 5 centers of expertise, negatively

screened for the known PFBC causative genes (supplemental data).

Of these, 53 cases matched the clinical inclusion criteria for PFBC

(detailed previously in reference 3). Briefly, these cases exhibited at

least bilateral basal ganglia calcifications and no secondary cause.

The remaining 26 patients were included on a neuropathologic

basis if they presented moderate-to-severe basal ganglia calcifica-

tions. Note that calcifications also involved other brain regions in

almost all cases and that other causes of brain calcifications could

not be excluded in these patients, thereafter referred as having

BCUC. All patients were screened for pathogenic variants by

sequencing all coding exons of PCDH12 (reference transcript:

NM_016085.3). Bioinformatics predictions were performed using

direct access to Polyphen2 HumDiv,12 SIFT,13 and Mutation

Taster14 tools, and the minor allele frequency (MAF) was checked

at the Exome Aggregation Consortium (ExAC) website accessed in

August 2016 (exac.broadinstitute.org/).15 Detailed inclusion crite-

ria and sequencing methods are provided in supplemental data.

Standard protocol approvals, registrations, and patient
consents. All patients provided written informed consent for

genetic analyses.

RESULTS CT of a PCDH12 homozygous variant carrier.

CT is the reference imaging to identify brain calcifica-
tion, so we used it to determine the nature of the
hyperechogenic foci identified in a patient with
a homozygous nonsense p.R839X PCDH12 variant.1

We identified spots of perithalamic calcification
located in the posterior arms of the internal capsules
and in juxtacortical right white matter (figure).

PCDH12 screening in patients with brain calcification.

As we provided evidence that PCDH12 biallelic loss
of function is associated with brain calcification and
given the high level of coexpression with the PFBC
major causative gene SLC20A2, we next screened this
gene in a group of patients with PFBC or BCUC.
Among the 79 patients with PFBC or BCUC, we did
not identify any protein-truncating variant (nonsense,
splice site, or frameshift insertion/deletion). How-
ever, we detected 4 rare (MAF ,0.001 in ExAC)
heterozygous PCDH12 missense variants in 4 unre-
lated patients: c.163C.G, p.(R55G); c.440G.T,
p.(S147I); c.995T.A, p.(I332N); and c.3271G.A,
p.(G1091S) (table 1). Three were predicted damag-
ing by at least 1 in silico tool, while variant p.R55G
was predicted benign by all 3 tools.

The c.440G.T, p.(S147I) variant had an MAF of
2.5e-05 in the ExAC database and was exclusively
found in 3 individuals with the same ancestry as the
patient (classified in ExAC as European non-
Finnish). Two of the 3 in silico tools (Mutation
Taster and Polyphen2 HumDiv, but not SIFT) pre-
dicted a damaging effect for this change to the protein

Figure Brain CT imaging of a patient carrying the PCDH12 c.995T>A, p.R839X
homozygous variant

(A, B) Coronal sections. (C, D) Transversal sections. Spot calcifications affecting perithalamic
regions (white arrows, A–C) and subcortical regions (red arrows, B, D).
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function. DNA from relatives was not available for
segregation analysis. This variant is located in the
second cadherin tandem repeat domain (EC2)
(NCBI accession cd11304) and, therefore, could
affect homophilic adhesive behavior and calcium-
dependent cell adhesion.16

The c.995T.A, p.(I332N) and c.3271G.A,
p.(G1091S) variants are both predicted damaging by
all 3 in silico tools. The p.I332N variant was reported
with an overall MAF of 0.0001 in ExAC, found in 12
individuals of East Asian ancestry (the patient was born
in Southeastern Asia) and 1 individual of European
non-Finnish ancestry. The p.G1091S variant has an
overall MAF of 3.3e-05, found in 1 individual of
European non-Finnish ancestry (same as the patient)
and 3 individuals of South Asian ancestry. DNA from
relatives was not available for segregation analysis of
any variant. Variant p.I332N is also located in a cad-
herin tandem repeat domain, namely EC3. However,
p.G1091S variant is located in a highly conserved site
in the cytoplasmic domain, which has a unique
sequence among the cadherin family. Unlike the other
cadherins, the cytoplasmic domain of PCDH12 does
not interact with catenins, and it is involved in cellular
processes other than cell junction, such as regulation
of gene expression and signaling pathways.17 Clinical
details of all 3 predicted damaging variant carriers are
provided in the supplemental data.

DISCUSSION We show here that a homozygous
nonsense PCDH12 variant, detected in patients with
severe developmental delay and microcephaly,1 is
associated with brain calcifications. This feature
should therefore be added to the phenotypic spec-
trum of this rare disorder. The pattern of calcifica-
tions is, however, different from the typical findings
in PFBC, where calcifications always affect at least
both pallidum,3 and resembled to those observed in
various neuroinfectious prenatal conditions, such as
TORCH infections.18 Brain calcification is a highly
informative feature on brain imaging of children with
neurodevelopmental disorders.18 Although CT is the

reference imaging tool for detecting and assessing cal-
cifications, MRI is the primary imaging tool for the
detection of all other brain abnormalities in the
absence of radiation. T2* or susceptibility-weighted
images increase the diagnostic performance of MRI
for calcification compared with the other sequences.
However, they can sometimes miss small calcifica-
tions, and they are still complementary with CT to
describe precise shape and intensity and to definitely
conclude on the differential identification with iron
deposits.19,20 In our patient, neither T2* nor
susceptibility-weighted images were available.

In the original report, the efficiency of nonsense-
mediated decay has been measured as 84%, suggesting
a strong loss of function. The patients carrying the non-
sense PCDH12 variant in a homozygous state may still
express little amount of the truncated protein, but no
full-length PCDH12. This supports the hypothesis that
loss of function of PCDH12 is the mechanism leading
to the patient’s phenotype, including brain calcification.

In a candidate gene approach, we searched for rare
PCDH12 variants in PFBC and BCUC patients and
found no protein-truncating variants. Three hetero-
zygous missense variants, predicted damaging by at
least one of the tools, were identified in 2 patients
with PFBC and 1 patient with BCUC. Given the fact
that biallelic loss of PCDH12 function leads to
a severe neurodevelopmental phenotype, it is unlikely
that these variants have a dominant-negative effect.
However, as they are missense variants, their putative
effect on protein function is hard to predict, and it
remains possible that they are responsible for loss of
function, gain of function, or have a neutral effect on
protein function. The frequencies of theses variants in
the patients’ respective populations as estimated in
ExAC are not inconsistent with a causative effect, as
they are in the same frequency ranges as other disease-
causing variants in SLC20A2.8 Because neither segrega-
tion nor functional data are available, it is not possible
to conclude about their pathogenicity at this stage.

Besides PFBC, brain calcifications can be detected
in other numerous distinct conditions, such as

Table 1 Rare PCDH12 variants identified in a series of 79 patients with PFBC or BCUC

Location (Ghrc37) cDNA changea
Protein
changea

ExAC
frequencyb

SIFT
prediction

Polyphen2 HumDiv
prediction

Mutation Taster
prediction PhyloP

chr5:141337254 c.163C.G p.(R55G) 6.1e-04 Tolerated Benign Polymorphism 21.01

chr5:141336977 c.440G.T p.(S147I) 2.5e-05 Tolerated Possibly damagingc Disease causingc 2.14c

chr5:141336422 c.995T.A p.(I332N) 1e-04 Deleteriousc Probably damagingc Disease causingc 4.48c

chr5:141325230 c.3271G.A p.(G1091S) 3.3e-05 Deleteriousc Probably damagingc Disease causingc 4.81c

Abbreviations: BCUC 5 brain calcification of unknown cause; cDNA 5 complementary DNA; ExAC 5 Exome Aggregation Consortium; PFBC 5 primary
familial brain calcification.
a Accession number: NM_016085.3.
bExAC minor allele frequency assessed in August 2016.15
cValues are above each threshold.
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systemic phosphocalcic metabolism disorders of in-
herited or acquired cause, in utero or postnatal infec-
tions, interferonopathies, inborn errors of metabolism,
and other rare inherited diseases.21 Calcifications are
believed to be related to increased type-I interferon
response in both in utero viral infections and interfero-
nopathies.22 Several of these clinical presentations,
including TORCH in utero infections and typical
Aicardi-Goutières syndrome, are similar to the ones
observed in the PCDH12 homozygous carriers. In other
conditions, mutations in OCLN and JAM3 genes, en-
coding endothelial cell adhesion proteins, result inmicro-
angiopathy associated with calcifications.18,23,24 Given the
known function of PCDH12, we postulate that similar
mechanisms could be associated with the calcifications
observed in the PCDH12 homozygous loss-of-function
carriers.

PCDH12 is a protocadherin associated with
membrane physical stability and adhesion.25 A
Pcdh12 knockout mouse model revealed several
age-independent vessel impairments, such as rami-
fications of medial elastic lamellae and increased
inner diameter and circumferential mid-wall
stress.26 PCDH12 has been widely studied as
a key-player cadherin involved in placental mainte-
nance and also a preeclampsia biomarker; however,
little is known about its involvement in brain phys-
iology. It is conceivable that mutations in PCDH12
and SLC20A2, which share similar expression pat-
terns in the brain, might lead to similar phenotypes.
Of interest, Slc20a2 knockout mice developed not
only brain calcifications but also fetal growth
restriction, lower birth viability, and placental cal-
cification associated with thickened basement
membranes.27 In both mouse models, the placental
phenotype and the vascular impairment are addi-
tional putative links between SLC20A2 and
PCDH12, which deserve additional studies on
mouse models.

PCDH12 biallelic loss of function causes a severe
neurodevelopmental phenotype associated with brain
calcifications. Rare predicted damaging heterozygous
PCDH12 variants were identified in patients with
PFBC or BCUC here, but whether they are associated
with brain calcification or not remains to be deter-
mined. To address this question, follow-up studies
will be necessary including screening other series, as-
sessing the segregation of rare variants and functional
consequences.
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UNC5C variants are associated with
cerebral amyloid angiopathy

ABSTRACT

Objective: To determine whether common genetic variants in UNC5C, a recently identified late-
onset Alzheimer disease (LOAD) dementia susceptibility gene, are associated with AD suscepti-
bility or AD-related clinical/pathologic phenotypes.

Methods: We used data from deceased individuals of European descent who participated in the
Religious Orders Study or the Rush Memory and Aging Project (n5 1,288). We examined whether
there were associations between single nucleotide polymorphisms (SNPs) within 6100 kb of the
UNC5C gene and a diagnosis of AD dementia, global cognitive decline, a pathologic diagnosis of
AD, b-amyloid load, neuritic plaque count, diffuse plaque count, paired helical filament tau den-
sity, neurofibrillary tangle count, and cerebral amyloid angiopathy (CAA) score. We also evaluated
the relation of the CAA-associated variant and dorsolateral prefrontal cortex (DLPFC) UNC5C
RNA expression. Secondary analyses were performed to examine the interaction of the CAA-
associated SNP and known genetic risk factors of CAA as well as the association of the SNP with
other cerebrovascular pathologies.

Results: A set of UNC5C SNPs tagged by rs28660566T was associated with a higher CAA score
(p 5 2.3 3 1026): each additional rs28660566T allele was associated with a 0.60 point higher
CAA score, which is equivalent to approximately 75% of the higher CAA score associated with
each allele of APOE e4. rs28660566T was weakly associated with lower UNC5C expression in
the human DLPFC (p5 0.036). Moreover, rs28660566T had a synergistic interaction with APOE
e4 on their association with higher CAA severity (p 5 0.027) and was associated with more
severe arteriolosclerosis (p 5 0.0065).

Conclusions: Targeted analysis of the UNC5C region uncovered a set of SNPs associated with
CAA. Neurol Genet 2017;3:e176; doi: 10.1212/NXG.0000000000000176

GLOSSARY
AD 5 Alzheimer disease; CAA 5 cerebral amyloid angiopathy; CI 5 confidence interval; DLPFC 5 dorsolateral prefrontal
cortex; LD 5 linkage disequilibrium; LOAD 5 late-onset Alzheimer disease; MAF 5 minor allele frequency; MAP 5 Rush
Memory and Aging Project; OR 5 odds ratio; PHFtau 5 paired helical filament tau; QC 5 quality control; RNA-Seq 5 RNA-
sequencing; ROS 5 Religious Orders Study; SNP 5 single nucleotide polymorphism.

A recent study reported the association of UNC5C T835M (rs137875858A), a rare coding
variant in this netrin receptor implicated in axon guidance during development,1 with late-
onset Alzheimer disease (LOAD).2 As we have shown in our study of the TREM locus,3 multiple
genetic variants in the same locus can have independent effects on disease susceptibility and
could affect specific features of the disease. We, therefore, assessed whether common UNC5C
variants influence AD-related cognitive and pathologic phenotypes in 2 large clinical pathologic
cohort studies of aging and dementia. We found a set of UNC5C single nucleotide
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polymorphisms (SNPs) in a single linkage dis-
equilibrium (LD) block linked to the severity
of cerebral amyloid angiopathy (CAA), a dis-
ease of small cerebral arterioles caused by
b-amyloid accumulation.4

METHODS Subjects, standard protocol approvals,
registrations, and patient consents. Our subjects were from 2

large community-based cohort studies of older adults, the Reli-

gious Orders Study (ROS) and the Rush Memory and Aging

Project (MAP).5,6 Both studies enroll older adults without known

dementia, and each participant signed written informed consent

and Anatomical Gift Act. All study steps were done in compliance

with the protocol approved by the Rush University Medical

Center Institutional Review Board. Overall follow-up rate and

autopsy rate for deceased individuals were greater than 85%. Of

note, these 2 cohorts were designed to be used in combined

analyses: ROS and MAP were designed and managed by the same

team of investigators at the Rush Alzheimer’s Disease Center and

captured shared phenotypic measures. We limited our analyses to

deceased European-descent individuals with quality-controlled

genome-wide genotyping data and completed autopsy (February

2016 Data Freeze, total n 5 1,288).

Cognitive and pathologic phenotypes. Nine AD-related

cognitive and pathologic variables (diagnosis of AD dementia,

global cognitive decline, pathologic diagnosis of AD, b-amyloid

load, neuritic plaque count, diffuse plaque count, paired helical

filament tau [PHFtau] density, neurofibrillary tangle count, and

the CAA score) were defined as previously described.3,5–7 Square-

root transformed values were used for analyses of continuous

pathologic variables (b-amyloid load, neuritic plaque count, dif-

fuse plaque count, PHFtau density, and neurofibrillary tangle

count) to account for their positively skew deviation, as previously

described.3 CAA was graded on a 5-point scale (0–4) in 4 neo-

cortical regions (dorsolateral prefrontal cortex [DLPFC], angular

gyrus, inferior temporal gyrus, and calcarine cortex) and averaged to

derive a CAA score (0–4).7 Of note, among the 1,288 subjects in

this study, numbers of subjects with measured values for each

phenotype, who were included in each analysis, were as follows:

diagnosis of AD dementia (n 5 1,257), global cognitive decline

(n 5 1,193), pathologic diagnosis of AD (n 5 1,140), b-amyloid

load (n 5 1,095), neuritic plaque count (n 5 1,132), diffuse

plaque count (n 5 1,132), PHFtau density (n 5 1,088), neuro-

fibrillary tangle count, (n 5 1,132), and CAA score (n 5 1,107).

For secondary analyses, atherosclerosis, arteriolosclerosis,

gross infarcts, and microinfarcts are measured as previously

described.8 In brief, atherosclerosis was assessed by visual inspec-

tion at the circle of Willis, and the severity was semiquantitatively

graded (scale from 0 to 6), which was collapsed into 4 levels

(none/possible, mild, moderate, and severe) for analysis. Arterio-

losclerosis was microscopically evaluated in anterior basal ganglia

with a semiquantitative scale (0–7), which was collapsed into 4

levels (none, mild, moderate, and severe) for analysis. Gross in-

farcts and microinfarcts were recorded as present vs absent.

Among the 1,288 subjects in this study, numbers of subjects with

measured values for each phenotype, who were included in each

analysis, were as follows: atherosclerosis (n 5 1,141), arteriolo-

sclerosis (n 5 1,130), gross infarcts (n 5 1,136), and micro-

infarcts (n 5 1,136).

Genotyping and RNA-Seq data acquisition and processing.
Genome-wide genotyping (on either Affymetrix GeneChip 6.0 or Il-

lumina OmniQuad Express), quality control (QC), and imputation

were performed as previously described.3 Genotype QC was done

with PLINK software version 1.08,9 and the metrics included a geno-

type success rate of .95%, Hardy-Weinberg p . 0.001, and

amisshap test of,13 1029. Closely related individuals are removed

with Pihat method using PLINK. EIGENSTRAT (default setting)10

was used to generate a genotype covariance matrix, and population

outliers were removed. Then, genotype imputation was done with

BEAGLE software (version 3.3.2)11 on a reference map from 1,000

Genomes Project Consortium interim phase I haplotypes (2010–

2011 data freeze). Imputed genotypes with a minor allele frequency

(MAF) of .0.01 and an INFO score of .0.3 were used in this

analysis. We defined the UNC5C region as the chromosomal seg-

ment containing the transcribed elements of UNC5C and6100 kb

of flanking DNA (chr4: 95,983,655-96,570,361 on hg19 build),

which contained 2,269 1000 Genomes Project reference SNPs. Of

note, APOE genotypes were measured through a separate sequencing

procedure as previously described,5,6 and APOE e2 and e4 allele

counts were used in this study. RNA was extracted from frozen

postmortem DLPFC from a subset of participants and was quanti-

fied using next-generation quantitative RNA-sequencing (RNA-

Seq). QC and quantile normalization of RNA-Seq Fragments Per

Kilobase of transcript per Million fragments mapped (FPKM) values

forUNC5C were done as previously described,12 and 494 subjects in

our study had nonmissing values.

Statistical analyses. Statistical analyses were performed with R

3.2.1 (r-project.org), and we combined ROS and MAP in all our

analyses, unless otherwise specified. To derive the number of

independent genetic markers tested in this study, we used LD-

based SNP pruning (with an r2 threshold of 0.2, a window of 50

SNPs, and a step of 5 SNPs), done with PLINK, as previously

published.3 This procedure yielded 391 independent LD blocks

within the UNC5C region. As we tested for 9 traits, Bonferroni-

adjusted a for the primary analysis was a 5 1.4 3 1025 (0.05 ÷

[391 3 9]). Assuming additive genetic effects, logistic regression

models were used for dichotomous outcome variables (AD

dementia and pathologic AD), and linear regression models were

used for others, with covariates including age at death, sex, cohort

(ROS vs MAP), and the first 3 principal components from the

genotype covariance matrix derived with EIGENSTRAT. Years

of education was also included as a covariate in the analyses of

phenotypes affected by cognitive performance (AD dementia and

global cognitive decline). Results from 2 genotyping platforms

were calculated separately and meta-analyzed with PLINK, and

the consistencies across genotyping platforms were examined with

meta-analyses I2 values.13 The results were plotted using

LocusZoom,14 with chromatin state tracks predicted by the

ChromHMM core 15-chromatin state model15 from the Road-

map Epigenomics Project.16

For SNPs associated with a trait (CAA), we looked up the LD

r2 values between the lead SNP and all other identified SNPs in

the HaploReg database17 and also analyzed each of the other

SNPs in a same linear model with the lead SNP to examine

whether they represent a different LD block or not. The popu-

lation variance explained by the lead SNP was derived from

a sequential adjusted R-squared analysis with linear models: We

first calculated the adjusted R-squared from a linear model to

explain the trait of interest with age at death, sex, study cohort,

genotyping platform, and first 3 principal components from the

genotype covariance matrix. Then, we included the lead

SNP’s minor allele dosage in the model and calculated the incre-

ment of the adjusted R-squared. The population variance ex-

plained by the SNP was then compared with that of APOE e4.
To further evaluate the functional significance of the LD

block associated with increased CAA severity, we examined the
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predicted chromatin state (per the ChromHMM core 15-

chromatin state model from the Roadmap Epigenomics Pro-

ject15,16) of each SNP associated with CAA severity. Then, the

lead SNP was tested for the association with the UNC5C RNA

level in a linear model, controlling for age at death, sex, study

cohort, genotyping platform, first 3 principal components from

the genotype covariance matrix, and technical covariates (RNA

integrity score, log2(total aligned reads), postmortem interval,

and number of ribosomal bases). Then, the UNC5C RNA level

was tested for its association with CAA severity, controlling for

the same set of covariates.

In addition, to test whether the association between the iden-

tified UNC5C variant and CAA is independent of known genetic

risk factors for CAA (APOE e4, e2, and CR1 rs6656401A),18 each
of the previously reported genetic risk factors was added to the

linear model testing association between the UNC5C variant and

the CAA score. Interaction between the UNC5C variant and

a previously reported genetic risk factor was checked using the

product term in the linear regression model, if the association of

theUNC5C variant and the CAA score attenuated after including

that known genetic risk factor in the model. After the statistical

interaction was found, stratified analysis was done to further test

the relationship between 2 genetic risk factors. Of note, we

assumed an additive effect of CAA severity by APOE e4, e2, or
CR1 rs6656401A in our models.

Further exploratory analyses were performed to interrogate

the association of the identified UNC5C CAA variant and cere-

brovascular pathology. Ordinal logistic regression models were

used for the ordered categorical variables (atherosclerosis and

arteriolosclerosis), and logistic regression models were used for

the binary variables (gross infarct and microinfarct). Age at death,

sex, study cohort, genotyping platform, and first 3 principal com-

ponents from the genotype covariance matrix were included as

covariates for each analysis. p values were Bonferroni adjusted for
multiple comparisons (number of testing 5 4 for these targeted

exploratory analyses).

Finally, the sample size required to reproduce our result was

calculated with the Genetic Power Calculator, assuming an addi-

tive model and a similar effect size.19

RESULTS Demographic characteristics of the sub-
jects are summarized in table 1. The total number
of subjects analyzed in this study was n 5 1,288.
Among the subjects, 1,114 were genotyped with

Affymetrix GeneChip 6.0, and 174 were genotyped
with Illumina OmniQuad Express. In our primary
analyses using additive models, 10 UNC5C intronic
SNPs were associated with a higher CAA score (p ,
1.4 3 1025) (figure 1 and table 2). All 10 SNPs were
imputed SNPs with good imputation quality (INFO
score .0.89; table e-1 at Neurology.org/ng), and the
association was consistent across genotyping plat-
forms, shown by meta-analysis I2 5 0 for all 10 SNPs.
No other associations are found between UNC5C
variants and other tested AD-related traits (p . 5.
03 1024 for all other trait-SNP pairs, well above the
threshold type I error rate of this study; figure e-1).

The top CAA risk allele rs28660566T (MAF 5

3.6%) was in LD with the other 9 identified SNPs
(r2 $ 0.36, D9 $ 0.93; table 2). To rule out their
effect independent of rs28660566T, each of the 9
SNP dosages was tested in a same linear additive
model with rs28660566T, and none were associated
with the CAA score when adjusted for rs28660566T

(p . 0.05). Thus, rs28660566T tags all other SNPs
associated with a higher CAA score, and this LD
block defines a chromosomal segment containing sev-
eral UNC5C exons (figure 1). In the linear model, the
presence of an rs28660566T allele corresponded to
a 0.60-point higher CAA score, which is approxi-
mately 75% of the effect size of an APOE e4 allele
on this trait (estimated effect 0.80, p5 1.53 10238).
The UNC5C variant therefore has a large effect,
but rs28660566T (MAF 3.6%) explained approxi-
mately only 1.9% of the population variance given
its low MAF, whereas APOE e4 (MAF 13.8%) ex-
plained approximately 13.1% of the population
variance. Of note, rs28660566T dosage was not
associated with parenchymal b-amyloid load
(p 5 0.80).

The predicted chromatin state of a given chro-
mosomal segment (table 2 and figure 1) can be help-
ful in inferring its functional implications
(e.g., enhancer, promoter, etc.). The lead SNP
rs28660566T was within a chromosomal region
identified as an enhancer in multiple brain regions,
suggesting that this region may have a regulatory
role. None of the other identified SNPs were in
the regulatory chromosomal region in the DLPFC.
Of interest, rs28660566T dosage was nominally
associated with decreased UNC5C mRNA expres-
sion in the DLPFC (estimated effect 20.097, 95%
confidence interval [CI] 20.19 to 20.0063, p 5

0.036), but the DLPFC UNC5C mRNA expression
level was not associated with the CAA score (p 5

0.75).
APOE e4, e2, and CR1 rs6656401A have been

previously reported to be associated with higher odds
and/or severity of CAA.18 The association between
rs28660566T and the CAA score was attenuated by

Table 1 Demographic characteristics of the subjects

ROS MAP Combined Nonmissing

Cohort size, n 614 674 1,288 NA

Age at death, mean (SD) 87.8 (6.9) 89.8 (6.0) 88.9 (6.5) 1,288

Sex, female, n (%) 383 (62.4) 456 (67.7) 839 (65.1) 1,288

Education, y (SD) 18.2 (3.4) 14.4 (2.8) 16.3 (3.64) 1,287

Diagnosis of AD dementia, n (%) 261 (43.4) 246 (37.5) 507 (40.3) 1,257

Pathologic diagnosis of AD, n (%) 361 (62.7) 360 (63.8) 721 (63.2) 1,140

CAA, median (IQR) 0.75 (1.5) 0.75 (1.5) 0.75 (1.5) 1,107

Abbreviations: AD 5 Alzheimer disease; CAA 5 cerebral amyloid angiopathy; IQR 5 inter-
quartile range; MAP 5 Rush Memory and Aging Project; NA 5 not applicable; ROS 5 Reli-
gious Orders Study.
Nonmissing indicates number of participants with measured values in the combined cohort,
who are included in the genetic association study for each trait.

Neurology: Genetics 3

http://ng.neurology.org/lookup/doi/10.1212/NXG.0000000000000176


approximately 13% when the APOE e4 allele count
was included in the model (estimated effect 0.52,
95% CI 0.29–0.75, p 5 1.2 3 1025). In fact, a sta-
tistical interaction between APOE e4 allele count and
rs28660566T dosage on the CAA score was present,
suggesting a synergistic effect modification between
these 2 genetic risk factors (estimated effect 0.44,
95% CI 0.049–0.84, p5 0.027). In a stratified anal-
ysis, the association between rs28660566T dosage and
the CAA score was weaker in a subgroup with no
APOE e4 allele (n 5 822, estimated effect 0.38,
95% CI 0.12–0.64, p 5 0.0046) compared with
the association in a subgroup with 1 or 2 APOE e4
alleles (n5 285, estimated effect 1.00, 95% CI 0.50–
1.50, p 5 1.2 3 1024). By contrast, the association
between rs28660566T and the CAA score did not
change by adding APOE e2 or CR1 rs6656401A in
the model (with APOE e2: estimated effect 0.60;
95% CI 0.35–0.85; p 5 2.0 3 1026, with
rs6656401A: estimated effect 0.60; 95% CI 0.35–
0.85; p 5 2.3 3 1026).

In an additional exploratory analysis to test
whether rs28660566T alters the relationship
between parenchymal b-amyloid load and the
CAA score, we found no statistically significant
interaction between rs28660566T and parenchymal
b-amyloid load on their associations with the CAA
score (p 5 0.42). Then, we also explored whether
rs28660566T was associated with other cerebrovas-
cular pathologies (Bonferroni-corrected p value
threshold 0.0125): rs28660566T was associated with
increased odds of more severe arteriolosclerosis
(odds ratio [OR] 1.8; 95% CI 1.2–2.8; p 5

0.0065) but not with atherosclerosis (OR 1.6;
95% CI 1.1–2.4; p 5 0.023), gross infarcts (p 5

0.54), or microinfarcts (p 5 0.69).
Finally, we calculated the sample size required

to replicate our result with the Genetic Power Calcu-
lator,19 assuming a similar effect size. Assuming an
additive model with 4% of MAF, 389 subjects are
needed to detect 2% of total population variance with
a type I error rate of 0.05 and power of 80%.

Figure 1 Regional association plot of the CAA score in the UNC5C region

Regional association plots of CAA in UNC5C 6100 kb. X-axis denotes chromosomal location on chromosome 4, and Y-axis
denotes negative log of the p value of the association between the SNP and the CAA score, adjusting for age at death, sex,
study cohort, and first 3 principal components from the genetic covariancematrix. Each point corresponds to each SNP, and
the color of each point indicates linkage disequilibrium r2 value between each SNP of interest and rs28660566T. Blue line in
the graph represents recombination rate in cM/Mb. The color-coded tracks below the association plot show predicted
functional chromatin states in inferior temporal cortex (Inf Temp), DLPFC, and angular gyrus cortex (angular), derived from
the Roadmap Epigenomics project. CAA 5 cerebral amyloid angiopathy; DLPFC 5 dorsolateral prefrontal cortex; TSS 5

transcription start site; ZNF5 zinc finger. The track below the predicted chromatin states shows the location of genes: the
thick line is exon, and the thin line is intron.

4 Neurology: Genetics



DISCUSSION Targeted analysis of the chromosomal
region of UNC5C, a recently identified AD suscepti-
bility gene, uncovered a possible new risk locus asso-
ciated with CAA severity, which comprises a single
LD block captured by rs28660566T. Of interest,
rs28660566T synergistically interacts with APOE e4
to increase CAA severity, suggesting a possibility of
a common downstream pathway.

In a recent study reporting the association of a rare
UNC5C coding variant rs137875858A (UNC5C
T835M) with LOAD, the authors showed that
UNC5C T835M exerts its effect through increased
neuronal vulnerability rather than increased amyloid
or tau production.2 Consistent with this report, no
common UNC5C variant was associated with paren-
chymal b-amyloid or PHFtau accumulation in our
study. Thus, the association of UNC5C
rs28660566T with CAA is more likely to be mediated
by ineffective perivascular b-amyloid drainage rather
than increased neuronal b-amyloid production. Of
interest, rs28660566T was also associated with arterio-
losclerosis, a disease of small deep cerebral arterioles,
suggesting an implication of UNC5C in arteriolar sus-
ceptibility to pathologic changes, not only limited to
vascular b-amyloid deposition. In fact, a previous
study reported thatUNC5C is expressed in endothelial
cells, and inhibition of UNC5C attenuated netrin-1
effect on in vitro endothelial cell migration,20 suggest-
ing a potential role ofUNC5C in vascular development
and maintenance.

The functional mechanism of the UNC5C CAA
severity risk locus remains to be determined. The lead
SNP, rs28660566T, is located within a predicted
enhancer chromosomal locus in multiple brain re-
gions,15,16 and in our study, it was a weak eQTL
associated with lower UNC5C mRNA expression in
the DLPFC. However, the DLPFC UNC5C mRNA
level was not associated with CAA severity. Nonethe-
less, our DLPFC RNA-Seq data lack cell-type specific
information and might not capture differential
expression limited to certain tissue types such as arte-
rioles. As CAA is a disease primarily of small cortical
and leptomeningeal arterioles,4 gene expression pro-
files from isolated leptomeningeal and cortical arterio-
les might be necessary to further dissect the
mechanisms of UNC5C in CAA progression.

Of note, the previously reported UNC5C T835M
variant (chromosome 4, position 96,091,431) is
34.3 kb away from rs28660566T, and it is not included
in the chromosomal segment defined by the LD block
captured by rs28660566T. UNC5C T835M might be
on a same haplotype with rs28660566T, given the low
recombination frequency between the 2 loci (figure 1),
but we cannot confirm this in ROS-MAP participants
because the sequencing of the UNC5C region is not
yet available. However, given the rarity of T835M
(MAF ,0.1%), it is very unlikely that the observed
association is driven byUNC5CT835M in our subject
population (n5 1,107 for the CAA analysis). We also
note that rs28660566T is not in LD with rs3846455G

Table 2 SNPs associated with the severity of CAA

SNP Chr4 POS MAF LD (r2)
Estimated effect
(95% CI) p Value

Chromatin state

Inf temp DLPFC Angular

rs28660566T 96,125,762 0.036 NA 0.60 (0.35–0.85) 2.3 3 1026 Enh Enh Enh

rs11941383T 96,151,958 0.042 0.76 0.52 (0.30–0.74) 4.1 3 1026 TxWk TXWk TxWk

rs140160653A 96,116,350 0.017 0.36 0.78 (0.44–1.13) 8.8 3 1026 Enh TxWk EnhG

rs77321857T 96,130,211 0.022 0.52 0.69 (0.38–1.00) 9.8 3 1026 Quies TxWk TxWk

rs74590670G 96,163,984 0.022 0.52 0.69 (0.38–1.00) 1.1 3 1025 Tx Tx TxWk

rs139069750G 96,148,504 0.022 0.52 0.69 (0.38–1.00) 1.2 3 1025 TxWk TxWk TxWk

rs138877862C 96,136,118 0.022 0.46 0.69 (0.38–0.99) 1.2 3 1026 TxWk TxWk TxWk

rs75985930A 96,142,169 0.022 0.46 0.69 (0.38–0.99) 1.2 3 1026 Enh TxWk TxWk

rs75083968A 96,127,609 0.022 0.52 0.69 (0.38–0.99) 1.2 3 1025 Quies TxWk TxWk

rs147682457A 96,139,245 0.022 0.52 0.68 (0.38–0.99) 1.3 3 1025 TxWk TxWk TxWk

Abbreviations: Angular 5 angular gyrus; CAA 5 cerebral amyloid angiopathy; CI 5 confidence interval; DLPFC 5 dorso-
lateral prefrontal cortex; Enh 5 enhancers; EnhG 5 genic enhancers; Inf Temp 5 inferior temporal cortex; LD 5 linkage
disequilibrium; MAF 5 minor allele frequency; MAP 5 Rush Memory and Aging Project; Quies 5 Quiescent/low; ROS 5 the
Religious Orders Study; SNP 5 single nucleotide polymorphism; Tx 5 strong transcription; TxWk 5 weak transcription.
In the combined ROS-MAP cohort, linear regression model was used to assess the association of each genotype with the CAA
score, adjusting for age at death, sex, study cohort, and first 3 principal components from the population covariance matrix.
Estimated effect indicates estimated CAA score increase per each minor allele of the SNP of interest. Chr4 POS shows
chromosomal position of each SNP per hg19 reference map. Chromatin state shows predicted chromatin state in 3 cortical
regions available from the Roadmap Epigenomics data set and ChromHMM algorithm (core 15-state model), in the chromosomal
region where the SNP is located. LD(D9) 5 1 and meta-analyses I2 5 0 across genotyping platforms for all SNPs in this table.
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(237.3 kb apart from rs28660566T), an UNC5C allele
that we have recently reported to be associated with
worse late-life cognition, when adjusted for the burden
of multiple neuropathologies (including CAA) and
demographics.21 Thus, there are both allelic and phe-
notypic heterogeneity within the UNC5C locus, sim-
ilar to our previous findings in the TREM locus.3

The study is methodologically robust. The analyses
are performed on more than 1,100 participants from 2
community-based cohort studies, with a semiquantitative
assessment of CAA severity in multiple cortical regions.
We performed a targeted gene analysis of UNC5C,
and a set of UNC5C variants showed significant
association with the CAA severity after rigorously
correcting for the number of hypotheses tested.
Moreover, the result was consistent across 2 geno-
typing platforms. Validation efforts with indepen-
dent data sets are essential to extend the evaluation
of this risk locus, and close to 400 subjects with
pathologic assessment of CAA in multiple cortical
areas are required to replicate our findings with type
1 error rate of 0.05 and power of 80%. In addition,
experimental studies would be essential to under-
stand the underlying biological mechanisms. In con-
clusion, we found an UNC5C variant to be
associated with CAA severity, and additional studies
are required to clarify the role of UNC5C in CAA
pathogenesis.

AUTHOR CONTRIBUTIONS
Hyun-Sik Yang and Charles C. White: drafting/revising the manuscript

for content, study concept or design, statistical analysis, and analysis or

interpretation of data. Lori B. Chibnik: drafting/revising the manuscript

for content, study concept or design, and analysis or interpretation of

data. Hans-Ulrich Klein: drafting/revising the manuscript for content

and analysis or interpretation of data. Julie A. Schneider and David A.

Bennett: drafting/revising the manuscript for content, analysis or inter-

pretation of data, acquisition of data, and obtaining funding. Philip L.

De Jager: drafting/revising the manuscript for content, study concept

or design, analysis or interpretation of data, acquisition of data, study

supervision, and obtaining funding.

ACKNOWLEDGMENT
The authors thank the study participants. More information regarding ob-

taining (ROS/MAP/ROS and MAP) data for research use can be found at

the RADC Research Resource Sharing Hub (radc.rush.edu).

STUDY FUNDING
The study was funded by NIH grants P30AG10161, R01AG17917,

R01AG036836, RF1AG15819, and U01AG046152.

DISCLOSURE
H.-S. Yang has received research support from Alzheimer’s Associa-

tion Clinical Fellowship. C.C. White reports no disclosures. L.B.

Chibnik has received research support from NIH/NIA. H.-U. Klein

reports no disclosures. J.A. Schneider has served on scientific advi-

sory boards for Alzheimer’s Association, Fondation Plan Alzheimer

(France), the Dutch CAA Foundation, University of Washington/

Group Health Alzheimer’s Disease Patient Registry/Adult Changes

in Thought study, New York University, AVID Radiopharmaceut-

icals, Genentech, Grifols, and Eli Lilly; has served on the editorial

boards of the Journal of Histochemistry & Cytochemistry and the

Journal of Neuropathology & Experimental Neurology; has been a con-

sultant for AVID Radiopharmaceuticals, Navidea Biopharmaceuticals

Inc., the Michael J. Fox Foundation, National Football League, and

National Hockey League; has received research support from AVID

Radiopharmaceuticals, NIH, and NIA; and has taken part in legal

proceedings involving National Football League, National Hockey

League, and World Wrestling Entertainment. D.A. Bennett has served

on scientific advisory boards for Vigorous Minds, Takeda Pharmaceut-

icals, and AbbVie; has served on the editorial boards of Neurology,

Current Alzheimer Research, and Neuroepidemiology; and has received

research support from NIH. P.L. De Jager has served on scientific

advisory boards for TEVA Neuroscience, Genzyme/Sanofi, and Celgene;

has received speaker honoraria from Biogen Idec, Source Health care Ana-

lytics, Pfizer Inc., and TEVA; has served on the editorial boards of the

Journal of Neuroimmunology, Neuroepigenetics, andMultiple Sclerosis; and has

received research support from Biogen, Eisai, UCB, Pfizer, Sanofi/Gen-

zyme, NIH, NIA, and the National MS Society. Go to Neurology.org/

ng for full disclosure forms.

Received March 21, 2017. Accepted in final form June 6, 2017.

REFERENCES
1. Leonardo ED, Hinck L, Masu M, Keino-Masu K, Acker-

man SL, Tessier-Lavigne M. Vertebrate homologues of C.

elegans UNC-5 are candidate netrin receptors. Nature

1997;386:833–838.

2. Wetzel-smith MK, Hunkapiller J, Bhangale TR, et al. A

rare mutation in UNC5C predisposes to late-onset Alz-

heimer’s disease and increases neuronal cell death. Nat

Med 2014;20:1452–1457.

3. Replogle JM, Chan G, White CC, et al. A TREM1 variant

alters the accumulation of Alzheimer-related amyloid

pathology. Ann Neurol 2015;77:469–477.

4. Charidimou A, Gang Q, Werring DJ. Sporadic cerebral

amyloid angiopathy revisited: recent insights into patho-

physiology and clinical spectrum. J Neurol Neurosurg

Psychiatry 2012;83:124–137.

5. Bennett DA, Schneider JA, Arvanitakis Z, Wilson RS.

Overview and findings from the Religious Orders Study.

Curr Alzheimer Res 2012;9:628–645.

6. Bennett DA, Schneider JA, Buchman AS, Barnes LL,

Boyle PA, Wilson RS. Overview and findings from the

rush Memory and aging project. Curr Alzheimer Res

2012;9:646–663.

7. Boyle PA, Yu L, Nag S, et al. Cerebral amyloid angiopathy

and cognitive outcomes in community-based older per-

sons. Neurology 2015;85:1930–1936.

8. Arvanitakis Z, Capuano AW, Leurgans SE, Buchman AS,

Bennett DA, Schneider JA. The relationship of cerebral

vessel pathology to brain microinfarcts. Brain Pathol 2017;

27:77–85.

9. Purcell S, Neale B, Todd-Brown K, et al. PLINK:

a tool set for whole-genome association and

population-based linkage analyses. Am J Hum Genet

2007;81:559–575.

10. Price AL, Patterson NJ, Plenge RM, Weinblatt ME,

Shadick NA, Reich D. Principal components analysis cor-

rects for stratification in genome-wide association studies.

Nat Genet 2006;38:904–909.

11. Browning BL, Browning SR. A unified approach to geno-

type imputation and haplotype-phase inference for large

data sets of trios and unrelated individuals. Am J Hum

Genet 2009;84:210–223.

12. Chan G, White CC, Winn PA, et al. CD33 modulates

TREM2: convergence of Alzheimer loci. Nat Neurosci

2015;18:1556–1558.

6 Neurology: Genetics

http://www.radc.rush.edu
http://ng.neurology.org/lookup/doi/10.1212/NXG.0000000000000176
http://ng.neurology.org/lookup/doi/10.1212/NXG.0000000000000176


13. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Mea-

suring inconsistency in meta-analyses. BMJ 2003;327:

557–560.

14. Pruim RJ, Welch RP, Sanna S, et al. LocusZoom: regional

visualization of genome-wide association scan results. Bio-

informatics 2010;26:2336–2337.

15. Ernst J, Kellis M. ChromHMM: automating chromatin-

state discovery and characterization. Nat Methods 2012;9:

215–216.

16. Roadmap Epigenomics C, Kundaje A, Meuleman W, et al.

Integrative analysis of 111 reference human epigenomes.

Nature 2015;518:317–330.

17. Ward LD, Kellis M. HaploReg: a resource for exploring

chromatin states, conservation, and regulatory motif alter-

ations within sets of genetically linked variants. Nucleic

Acids Res 2012;40:D930–D934.

18. Biffi A, Shulman JM, Jagiella JM, et al. Genetic variation

at CR1 increases risk of cerebral amyloid angiopathy. Neu-

rology 2012;78:334–341.

19. Purcell S, Cherny SS, Sham PC. Genetic Power

Calculator: design of linkage and association genetic

mapping studies of complex traits. Bioinformatics

2003;19:149–150.

20. Lejmi E, Leconte L, Pedron-Mazoyer S, et al. Netrin-4

inhibits angiogenesis via binding to neogenin and recruit-

ment of Unc5B. Proc Natl Acad Sci USA 2008;105:

12491–12496.

21. White CC, Yang HS, Yu L, et al. Identification of genes

associated with dissociation of cognitive performance and

neuropathological burden: Multistep analysis of genetic,

epigenetic, and transcriptional data. PLoS Med 2017;14:

e1002287.

Neurology: Genetics 7



Clinical/Scientific
Notes

Corina Anastasaki, PhD
Lu Q. Le, MD, PhD
Robert A. Kesterson, PhD
David H. Gutmann, MD,

PhD

Neurol Genet
2017;3:e169; doi: 10.1212/
NXG.0000000000000169

Supplemental data at
Neurology.org/ng

UPDATED NOMENCLATURE FOR HUMAN AND
MOUSE NEUROFIBROMATOSIS TYPE 1 GENES

Neurofibromatosis type 1 (NF1; OMIM 162200) is
one of the most common neurogenetic conditions,
affecting 1 in 3,000 people worldwide. Characterized
by a propensity to develop nervous system tumors,
learning and behavioral deficits, and pigmentary
abnormalities, NF1 is caused by a germline sequence
alteration in the NF1 gene (OMIM: 613113; chro-
mosome 17q11.2). In addition, somatic NF1
sequence changes have been reported in numerous
other cancers,1 extending their importance to malig-
nancies occurring in the general population.

The NF1 gene, comprising 57 exons, was initially
identified, and its complete coding sequence was assem-
bled over 25 years ago.2 In the ensuing decades, 4 alter-
natively spliced exons (9a, 10a-2, 23a, and 48a) were
discovered and added to a large number of exons with
temporary numerical assignments (e.g., 10a2 or 23.2).
This has led to considerable confusion and inconsisten-
cies in clinical and scientific publications, which also has
critical implications for NF1 DNA sequence alteration
reporting as part of patient management, genotype-
phenotype correlations, and the interpretation of small
animal models engineered with patient-specific
sequence changes. To provide a unified annotation sys-
tem for the NF1 gene, the mouse and human genes
were aligned and assembled using published sequences
for sequential numbering and comparison.

The full-length cDNA sequences of NF1 (8457
nucleotides; figure e-1 at Neurology.org/ng) and Nf1
(8463 nucleotides; figure e-2) genes were initially
aligned using Nucleotide Basic Local Alignment
Search Tool (BLAST) (NIH) optimized for mega-
blast, revealing 92% sequence identity with 0.08%
mismatches (figure e-2). Excluding the alternatively
spliced exons, the ubiquitously expressed 57 exons
were consecutively numbered (figure 1 and tables
e1–e3). As such, the full-length human NF1 tran-
script, NF1-002 (ENST00000356175.7), contains
57 exons and encodes 2818 amino acids, while the
corresponding full-length mouse Nf1 transcript, Nf1-
003 (ENSMUST00000108251.8), comprises 57
exons and encodes 2,820 amino acids, with 2 addi-
tional amino acids encoded by exon 17. Alignment of

the predicted amino acid sequences of the human
(RefSeq NM_000267; UniProt P21359) and mouse
(UniProt Q04690) full-length transcripts using
protein BLAST revealed 98% amino acid sequence
identity (figure e-3).

Next, we examined the previously published alter-
natively spliced exons: exon 9a contains a 30-
nucleotide sequence encoding 10 amino acids and is
predominantly expressed in postmitotic brain neu-
rons,3 whereas the muscle-specific exon 48a contains
54 nucleotides that encode 18 amino acids at the
carboxyl terminus of the protein.4 The 63-
nucleotide exon 23a encodes 21 amino acids that
are inserted within the RAS-GTPase-activating pro-
tein (GAP)-related domain of the NF1 protein (neu-
rofibromin), resulting in diminished RAS-GAP
activity.4 The most recently described alternatively
spliced exon, exon 10a-2, contains 45 nucleotides
and encodes 15 amino acids, is located at the amino
terminus of neurofibromin, and this sequence has
been hypothesized to direct intracellular membrane
targeting by virtue of its predicted transmembrane
domain.5 Using published alternatively spliced exon
sequences (figure e-1), BLAST searches were per-
formed, and these alternatively spliced exons were
renumbered and named according to their location
(figure 1)—between exons 11–12 (11alt12; formerly
9a), exons 12–13 (12alt13; formerly 10a-2), exons
30–31 (30alt31; formerly 23a), and exons 56–57
(56alt57; formerly 48a). In this regard, we propose
that the nucleotides (and the encoded amino acids) of
these alternatively spliced exons be numbered
11alt12_1–30 (1–10), 12alt13_1–45 (1–15),
30alt31_1–63 (1–21), and 56alt57_1–54 (1–18).
Possible new alternatively spliced exons should be
similarly named based on their location.

11alt12 is 100% identical to both the cDNA and
amino acid sequences of the predicted Mus musculus
transcript variant X7 (mRNA XM_006532442.3),
while 30alt31 is 98.4% identical to the cDNA and
95.2% identical to the amino acid sequence (contain-
ing a single conservative lysine-to-arginine change) of
Mus musculus Nf1 (ENSMUST00000071325.8)
(figures e-4 and e-5). Notably, the 12alt13 and
56alt57 human sequences were not found in either
mouse transcriptome or genome databases following
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megablast, discontinuous megablast, or BLASTN

searches (figures e-4 and e-5). Based on the absence of

12alt13 and 56alt57 sequences in the mouse, further

studies will be required to define their roles in neuro-

fibromin function. It should be noted that neither

12alt13 nor 56alt57 has been reported in other reference

model organisms (rat or zebrafish; data not shown).
Taken together, we assembled and updated the

human NF1 and mouse Nf1 sequences to facilitate

greater consistency in both clinical reporting and

basic research studies on NF1. The clarification of

the nomenclature for the NF1 gene is a necessary step

to enable standardization of exon, nucleotide, and

amino acid numbering, which is particularly impor-

tant for reporting patient-specific DNA sequence var-

iants. In addition, implementation of this proposed

numbering system will provide better calibration of
human genetic testing results with Nf1 preclinical

precision medicine models developed using geneti-

cally engineered mice6 and induced pluripotent stem

cells.7
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Figure 1 Proposed nomenclature for human NF1 and mouse Nf1 genes

(A) Schematic diagram illustrating the 57 exons of the human (top panel) and mouse (bottom panel) full-length transcripts, as well as the positions of the alternatively
spliced exons (11alt12, 12alt13, 30alt31, and 56alt57). The proposed numbering system is denoted in each exon, while the prior numbering system is indicated below
each exon. TheRAS-GTPase-activating protein and theCRAL-TRIOdomains are highlighted in gray. (B) Table detailing the nucleotides and amino acids spanning eachof
the 57 exons in human NF1 and mouse Nf1 genes. CRAl-TRIO domain 5 cellular retinaldehyde-binding protein and TRIO guanine exchange factor structural domain.
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HOMOZYGOUS MUTATION IN HSPB1 CAUSING
DISTAL VACUOLAR MYOPATHY AND MOTOR
NEUROPATHY

Case report. A 57-year-old woman, born to parents
of Gujarati Indian descent (figure, A), presented at
age 19 with pain and stiffness in her calves and a ten-
dency to trip. In her 20s, a formal neurologic exam-
ination demonstrated predominantly distal lower
limb weakness and normal upper limb muscle
strength.1 Motor and sensory nerve conduction stud-
ies were normal with the exception that no motor
response was elicited from the extensor digitorum
brevis. Fibrillations and polyphasic action potentials
were present on EMG. The creatine kinase (CK) level
was 1,452 IU/L. A quadriceps muscle biopsy was
performed at age 27 from which images were available
in the records.1 At that time, muscle fiber diameters
were large ranging from 50 to 80 mm. Many of the
fibers contained single or multiple unrimmed va-
cuoles that appeared empty in the modified Gomori
trichrome preparation (figure, B.a). There was no
increase in endomysial connective tissue or evidence
of inflammation, necrosis, or regeneration. There was
no evidence of glycogen, increased lipid, or acid phos-
phatase staining in the vacuoles (figure, B.b). The
ATPase at pH 9.5 demonstrated that most of the
vacuolated fibers were of type 2, and electron micros-
copy showed electron-dense material within vacuoles
(figure, B.c and d).1 The overall appearances were
those of a vacuolar myopathy without any features
suggesting neurogenic change, and she was diagnosed
with a distal myopathy.1

She re-presented at age 57 following the develop-
ment of slowly progressive severe upper and lower
limb weaknesses. On examination at age 57, there
was evidence of distal more than proximal upper
limb weakness affecting wrist extension (Medical
Research Council [MRC] grade 41/5), finger
extension (4 1 5), first dorsal interossei (1/5),
abductor pollicis brevis (3/5 right and 4/5 left),
and abductor digiti minimi (3/5 right and 4/5 left).
In the lower limbs, she had severe proximal weak-
ness (grade 2/3) with no movement at the ankles.
Sensory modalities were preserved except for
reduced vibration sense at the ankles. She was

areflexic. Her CK level was 404 IU/L. Neurophys-
iologic studies suggested an axonal motor neurop-
athy. Sensory nerve action potentials were,
nevertheless, at the lower limit of normal for ampli-
tude in the lower limbs (right sural 6 mV, right
superficial peroneal 7 mV, and normal range .5 mV),
and distal lower limb motor responses were absent.
Needle EMG showed prominent chronic neuro-
genic changes with large motor units recruiting in
reduced numbers but at increased firing rates to
a reduced interference pattern. This EMG pattern
was most pronounced distally but evident proxi-
mally in the upper and lower limbs. No low ampli-
tude or brief polyphasic motor units were seen on
any occasion at re-presentation. Muscle MRI was
performed, showing widespread severe muscle fatty
replacement (figure, C).

There was no relevant family history. Her mother
has diabetes and her father a right above knee ampu-
tation for peripheral vascular disease. Neither had
neurologic complaints. However, clinical examina-
tion of both in their 80s revealed mild distal weakness
(MRC grade 4/5) in the upper and lower limbs with
areflexia. Pinprick sensation was reduced to the mid-
forearm and foot in her mother. Her father had
reduced vibration sense to the left ankle. Neurophys-
iologic testing was not possible in either.

Targeted exome sequencing of the proband’s
DNA using the Agilent Focused Exome kit identified
a homozygous variant (c.418C.G, p.Arg140Gly) in
HSPB1, which was confirmed by Sanger sequencing.
Both parents were heterozygous. We have reported
this variant previously in heterozygous form in indi-
viduals from 5 Indian Gujarati families with distal
motor neuropathy.2

Discussion. Our patient presented at age 19 with
clinical and biopsy features consistent with a distal
myopathy. Prominent vacuoles in type 2 fibers con-
tained granular, electron-dense material (figure, B)
that was interpreted to represent the product of myo-
fibrillar degeneration.1 At presentation, neurophysio-
logic studies did show fibrillations and polyphasic
action potentials. However, nerve conduction studies
were normal with the exception of 1 absent motor
nerve response, and overall, the clinical image was felt
to represent a distal myopathy at this time. Subsequent
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neurophysiologic studies performed at age 57 follow-
ing progressive limb weakness revealed an axonal
motor neuropathy. Although chronic end-stage
myopathy may have neurophysiologic features that
can appear neurogenic, in this case, even the less
affected proximal limb muscles failed to demonstrate
any myopathic motor units or myopathic recruitment.

HSPB1 is a small heat-shock protein highly ex-
pressed in striated muscle with an important role in
maintaining myofibrillar structure during stress
conditions.3

Mutations in HSPB1, HSPB3, and HSPB8 are
classically associated with motor neuropathy.4 HSPB5
(CRYAB) has been associated with a wide spectrum of
clinical manifestations including desmin-related myo-
fibrillar myopathy. The protein position of the
Arg140Gly HSPB1 mutation in our case corresponds
to the Arg120 HSPB5 residue mutated in this myop-
athy (figure, D).4 Heterozygous mutations in HSPB8
have recently been reported causing neuropathy and
distal myopathy with rimmed vacuoles and fibrillar
aggregates in 2 families.5 Subsequently, distal

myopathy and neuronopathy have been attributed
to an HSPB1 mutation in 1 family.6 We describe
a patient with a homozygous HSPB1 mutation also
presenting with a distal vacuolar myopathy, motor
neuropathy, and minimal sensory involvement, sup-
porting the association of HSPB1mutations with this
phenotype. This expands the genetic testing indicated
in distal vacuolar myopathy.
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Figure Clinical-pathologic features of patient homozygous for the HSPB1 p.Arg140Gly mutation and protein conservation between species

(A) Family pedigree: an arrow indicates the proband; half-filled indicates distal weakness in parents who were heterozygous for p.Arg140Gly mutation. (B)
Biopsy of the quadriceps muscle performed at age 27; (B.a) modified Gomori trichrome staining shows variation in fiber diameter and prominent vacuoles
within many muscle fibers, arrows; (B.b) Periodic acid–Schiff preparation showed no evidence of glycogen accumulation within vacuoles (arrows); (B.c)
ATPase pH 9.5 demonstrates that vacuoles are predominantly in darkly stained type 2 fibers, arrows; and (B.d) ultrastructural examination of the muscle
revealed electron-dense material within vacuoles (arrows). (C) Muscle MRI demonstrating severe widespread fatty infiltration of pelvic, thigh, and calf
muscles with relative sparing of the adductor longus (red arrows). (D) Conservation of HSPB1 and HSPB5 (CRYAB) amino acid sequence between species.
The Arg140 residue in HSPB1 is well conserved and corresponds to the position of Arg120 in the CRYAB gene.
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NOVEL FUKUTIN MUTATIONS IN LIMB-GIRDLE
MUSCULAR DYSTROPHY TYPE 2M WITH
CHILDHOOD ONSET

Limb-girdle muscular dystrophies (LGMDs) are
a heterogeneous group of childhood- or adult-
onset inherited neuromuscular disorders, which are
characterized by weakness and wasting of proximal limb
and axial muscles. LGMDs are divided into 8
autosomal-dominant (LGMD1)1 and 25 autosomal-
recessive (LGMD2) forms (omim.org/phenotypicSeries/
PS253600). One autosomal-recessive form is the
LGMD2M (new nomenclature: Muscular Dystrophy-
Dystroglycanopathy, type C, 4, MDDGC4, MIM
#611588), which is caused by homozygous or com-
pound heterozygous mutations in the fukutin gene
(FKTN; MIM #607440) on chromosome 9q31.2.
The LGMD2M, as the clinical mild end of fukutin-
related muscle dystrophy without mental retardation, is
rare worldwide and described mostly in individuals of
non-Japanese descent (table e-1 at Neurology.org/ng).2–5

Here, we report the second German case with an
LGMD2M phenotype and describe 2 previously
unreported mutations in the FKTN gene in a German
female patient.

Clinical case presentation. A 32-year-old female
patient was admitted to our Neuromuscular Center.
Written consent was obtained for the use of all clin-
ical and diagnostic data. The patient was born to
healthy nonconsanguineous parents. At the age of
7 years, cramping muscle pain, especially in the
thighs, started and was accompanied by creatine
kinase (CK) elevation. A muscle biopsy record
described a chronic myopathic pattern and marked
inflammation. The patient was treated with a corti-
costeroid, which profoundly reduced the CK level.
In the following years, the patient developed a slowly
progressive muscle weakness of both legs. At the age
of 16 years, problems in climbing stairs and lifting
heavy objects were noted. At the time of admission,
the patient started to use a wheelchair for outdoor
activities.

Neurologic examination revealed normal intellec-
tual status, cranial nerve function, and sensorium.
Inspection showed scapular winging, calf muscle
enlargement, toe walking, and lumbar hyperlordosis

(figure, A and D). We observed muscular atrophy with
accentuation of the proximal lower extremities and
reduced muscle strength. Gower and Trendelenburg
signs were positive. Deep tendon reflexes were dimin-
ished. The patient also suffered from mild dysphagia
and respiratory distress. EMG showed myopathic
changes. Muscular MRI revealed a pronounced lipo-
dystrophy of proximal upper and lower limb and limb-
girdle muscles (figure, B, C, E, G, and H).

A multigene panel for LGMDs by next-generation
sequencing (NGS) on genomic DNA isolated from
a blood sample of our patient was performed. Coding
and flanking sequences of all relevant genes were en-
riched using Agilent SureSelect technology. Massively
parallel sequencing was performed using the HiSeq
2500 Sequencing platform from Illumina. Sanger
sequencing was used for badly covered regions and
validation of potentially pathogenic mutations.

In our patient, 2 novel missense mutations
c.895A.C; p.Ser299Arg and c.1325A.G;
p.Asn442Ser of the FKTN gene (NM_001079802.1)
were found by NGS analysis and confirmed by Sanger
sequencing. Both mutations disturb highly conserved
positions in the fukutin protein. Several in silico pre-
diction programs (MutationTaster, PolyPhen-2, SIFT)
indicated that these mutations are most likely damag-
ing. In Exome Aggregation Consortium (ExAC) and
in Exome Server Browser, the variant c.895A.C was
detected in heterozygous state only in one person,
whereas the variant c.1325A.G had not been
observed before.

With only one mutation c.1325A.G present in
the father, a compound heterozygosity of the 2 mu-
tations in our patient is strongly implied. Based on all
information, we predict these 2 mutations as causa-
tive for the patients’ disease.

Discussion. Mutations in FKTN cause a wide clinical
spectrum of myopathies: from severe congenital forms
of muscular dystrophy with additional extramuscular
symptoms to a milder form of LGMD2M, which is
normally not associated with cognitive impairment.2 In
the phenotypical spectrum of FKTN mutations, the
classification from congenital muscular dystrophy
(CMD) to LGMD2M was defined according to the
onset of weakness.2 In practice, patients might display
a phenotype well in between CMD and LGMD,2,6
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pointing to an inherent difficulty of a strict classifica-
tion. The phenotype of our patient is characterized by
childhood onset, hypertrophy of calves, normal intel-
ligence, and initial responsiveness to steroids.

The reduced ability of our patient to walk in her
teens is in line with previous reports.7 In addition,
we can provide clinical data of our patient until the
age of 32 years. Our patient initially responded to
steroid therapy, which might be explained by the
profound inflammation in the muscle biopsy, com-
parable with the positive effect of steroids in
Duchenne muscular dystrophy.

We show a rare case of LGMD2M and provide
further insight into heterogeneity of phenotypes
caused by mutations in FKTN and underline the
importance of broad genetic assessment to provide
correct diagnosis and to facilitate individual treatment
in the future.
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Figure Clinical presentation and imaging findings in the patient

Clinical presentation: atrophy of the proximal muscles in the upper extremities. Note the scapula alata (A) and the characteristic symmetric hypertrophy of
gastrocnemius muscles (D). Imaging findings: MRI of the upper extremity demonstrates a moderate atrophy of the rotator cuff and the deltoid muscle
(B and C). MRI of the lower extremity shows a severe symmetric atrophy with fatty degeneration of musculature of both tights (E and F). The less atrophied
sartorius and gracilis muscles depict a pronounced edema (G) and a strong gadolinium enhancement representing acute disease activity (H and I). B, C, E,
and F: transverse T1-weighted images, G: coronal STIR sequence; H and I: transverse fat-saturated T1-weighted images postcontrast.
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BRAINSTEM PHENOTYPE OF CATHEPSIN A–
RELATED ARTERIOPATHY WITH STROKES AND
LEUKOENCEPHALOPATHY

Cathepsin A–related arteriopathy with strokes and
leukoencephalopathy (CARASAL) is a recently
identified cause of adult-onset cerebral leukodystro-
phy due to CTSA gene mutations described in 3
Dutch and British families.1,2 The clinical phenotype
of CARASAL continues to be defined. Here, we
report a British patient with CARASAL with brain-
stem dysfunction as a leading clinical issue.

Case description. A 48-year-old Caucasian woman
(British CARASAL case2) presented with 5 years of
deteriorating concentration and behavioral disinhi-
bition. Recently, she had developed alternating
right- or left-sided facial pain of fluctuating inten-
sity, which was ameliorated with carbamazepine.
She also reported prominent, nonpositional vertigo,
difficulty following conversations in noisy environ-
ments, hyperacusis, tinnitus, and hoarseness. Her
sleep was disturbed by vivid nightmares and fre-
quent intrusive leg movements. Medical history
included migraine, hypertension, sinusitis, asthma,
and depression. In the family history, her father died
at age 60 years after a stroke, and several paternal
relatives reportedly had young onset cognitive
decline, although no details were available. Her
Folstein Mini-Mental State Examination score was
27/30, losing points for orientation and generation
of a novel sentence, and there was bedside evidence
of executive dysfunction and cognitive slowing,
despite preserved memory and perceptual functions,
corroborated on neuropsychometry. The general
neurologic examination was unremarkable.

Brain MRI (figure, A–D) revealed diffuse, conflu-
ent T2-weighted hyperintensity of supratentorial white
matter, basal ganglia, and thalamus with extensive
involvement of midbrain, pons, and medulla, includ-
ing auditory pathways. Pure tone audiometry revealed
sensorineural hearing loss with a “cookie-bite” profile
most marked for midfrequencies and transient otoa-
coustic emissions, consistent with mild genetic
cochlear dysfunction (figure, E; table e-1 at Neurol-
ogy.org/ng). Auditory evoked brainstem responses at

6 kHz showed delayed wave V (figure, F; table e-2):
this was not attributable to cochlear dysfunction
(given the normal wave I latency and 6–8 kHz tone
detection; figure, E, tables e-1 and e-2). Furthermore,
a test of spatial noise perception3 showed abnormal
binaural interaction (table e-3), indicating (together
with the brainstem evoked responses) superior olivary
nuclei involvement. Peripheral vestibular assessment
with electronystagmography and caloric tests revealed
subtle smooth pursuit deficits, consistent with a brain-
stem localization. Polysomnography revealed moderate
periodic limb movements of sleep and (although
there was no dream enactment) loss of REM atonia,
suggestive of REM sleep behavior disorder.

Extensive investigations for metabolic and genetic
causes of leukodystrophy proved unrevealing until the
patient was ultimately shown to have a pathogenic
c.973C.T, p.R325C missense mutation in the
CTSA gene, confirming the diagnosis of CARASAL.1

The patient was found to share allele 123 at marker
D20S838, indicating a common genetic ancestry
with previously reported Dutch cases.1

Discussion. Initial descriptions of CARASAL have
emphasized stroke as a dominant clinical feature
and relatively indolent cognitive decline, although
most patients have had memory complaints at presen-
tation.1 In the series reported by Bugiani et al.,1

symptoms of lower cranial nerve dysfunction (includ-
ing vertigo, dysphagia, dry mouth, dry eyes, central
facial paresis, or dysarthria) occurred in approximately
70% of cases, and refractory hypertension was a fur-
ther clinical hallmark. MRI changes commonly
involve brainstem white matter with additional
involvement of the thalami and other gray matter
nuclei,1 as in our case (figure, A–D). The audioves-
tibular test profile here indicated a brainstem lesion,
in addition to mild cochlear dysfunction of uncertain
provenance. Considered collectively, the available evi-
dence suggests a potential brainstem substrate for the
symptom complex of facial pain, vertigo, hearing al-
terations, hoarseness, and sleep disorder exhibited by
our patient and similar symptoms described in pre-
vious cases of CARASAL. The potential value of
brainstem involvement in the differential diagnosis
of CARASAL and related entities has not been pre-
viously emphasized.
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At present, clinical differentiation of the cerebral
arteriopathies exemplified by CARASAL, CARASIL,
and CADASIL remains challenging.4 Although radio-
logic involvement of brainstem white matter tracts is
frequently observed, neuro-otologic and other symp-
toms referable to brainstem structures are relatively
uncommon in adult-onset leukodystrophies.5 In
CADASIL, such symptoms are generally less salient
than cognitive and psychiatric decline.6 Based on the
clinical evidence of the present case, we propose that
CARASAL should be considered in patients with
adult-onset leukoencephalopathy and prominent
early symptoms implicating a brainstem origin. This
proposal carries the caveat that clinical experience
with CARASAL remains limited (at present, a single
genetic variant1). Although the true prevalence and
mechanism remain speculative, pending further stud-
ies in larger cohorts with neuropathologic correlation,
brainstem features in CARASAL could reflect dual
effects of dystrophic white matter tracts and impaired
perfusion of cranial nerve nuclei due to perforant
arteriopathy: a mechanism previously proposed to
underpin selective brainstem damage in CADASIL.7
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