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EDITORIAL

OPEN ACCESS

The complex structure of ATXN2 genetic
variation
Stefan M. Pulst, MD, FAAN

Neurol Genet 2018;4:e299. doi:10.1212/NXG.0000000000000299

In this issue, Tojima et al.1 describe the occurrence of a progressive cerebellar ataxia of 1-year
duration in an 81-year-old Japanese woman that was associated with the presence of 31 DNA
CAG repeats in the ATXN2 gene. The pathologic threshold for disease causing spinocerebellar
ataxia type 2 (SCA2) is usually considered to be 33 repeats and above, whereas 31 repeats
would not be considered to be causative for cerebellar neurodegeneration. The twist in this case
report is the fact that the patient carried 2 alleles with 31 repeats, suggesting that the 31-CAG
repeat allele acted in a recessive fashion.
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The gene causing SCA2 was independently identiﬁed by 3 groups using diﬀerent ethnic groups
in 1996.2–4 The mutation is an expansion of a CAG DNA repeat in the coding region of the
ATXN2 gene, encoding a polyglutamine. Although the lower threshold for dominant pathologic alleles was originally thought to be ≥35 repeats, subsequent studies identiﬁed SCA2
patients with ≥33 repeats.5,6 Consistent with dominant inheritance in human pedigrees, the
CAG repeat expansion acts as a gain-of-function mutation. This is also supported by cerebellar
neurodegeneration seen on transgenic overexpression of mutant ATXN27–9 and by absence of
a neurodegenerative phenotype in mice lacking functional Atxn2 alleles.10–12 Gain-of-function
of expanded ATXN2 is also supported by therapeutic responses to antisense oligonucleotides
that lower ATXN2 expression in SCA2 mouse models.13
In most normal individuals, the repeat is once or twice interrupted by a CAA codon, which also
codes for glutamine. In all populations, the 22-repeat allele is the most common, followed by
the 23-repeat allele. The frequency of the 27-repeat allele can be highly variable.
The ATXN2 gene is a good example for the complexities associated with genetic variation in
a given gene and the associated risk for a number of diseases. At least 4 categories of variation can
be distinguished: dominant deterministic alleles leading to SCA2, a multisystem neurologic
disease aﬀecting primarily or initially the cerebellum, repeat alleles that are unstable and although
not disease-causing in the carrier can expand to give rise to disease in the oﬀspring, risk alleles for
other neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS) frontotemporal
dementia (FTD) and ALS/FTD, dominant acting repeat alleles giving rise to noncerebellar
phenotypes, and now also recessively acting alleles causing very late-onset cerebellar disease.

Other phenotypes associated with deterministic
dominant alleles
SCA2 patient phenotypes are dominated by cerebellar Purkinje cell and deep cerebellar nuclei
pathology. Careful clinical and pathologic examination also revealed the involvement of other
neurologic systems.14–17 Several years were needed, however, to appreciate that some of these
“noncerebellar” phenotypes could occur in patients without cerebellar ataxia and that they
could even segregate in families. For example, parkinsonian signs and symptoms and L-dopa
From the Department of Neurology, University of Utah, Salt Lake City, UT.
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responsiveness are seen in many SCA2 patients in the presence of cerebellar signs. In some patients, however, L-dopa–
responsive Parkinson disease without overt cerebellar ﬁndings
has been described and this “restricted” phenotype can even
segregate in families.18–20
The importance of motor neuron degeneration in SCA2
was highlighted initially by molecular studies that identiﬁed
ATXN2 as a protein interacting with TDP-43, a protein
mutated or aggregating in most patients with ALS and in some
with FTD. These molecular insights prompted Elden et al.21
to examine ATXN2 alleles in patients with ALS. They showed
that alleles with ≥27 repeats were a risk factor for ALS. Subsequent meta-analyses in 2 nonoverlapping data sets led to
more precise assessments of risk associated with long normal
alleles indicating that alleles with 27–29 repeats do not increase ALS risk22 and that the 27-repeat allele may actually
be protective.23 For alleles with 30–34 repeats, ALS risk
increases in a length-dependent fashion. Pedigrees segregating an ataxia and an ALS phenotype in separate individuals also exist.24 Of note, the sister of the patient described in
the study by Tojima et al.1 developed ALS, although her
genotype is not known.

Meiotic and mitotic stability
As in other DNA repeat diseases, the ATXN2 CAG repeat is
meiotically and mitotically unstable. Meiotic instability leads
to the phenotypic phenomenon of anticipation. In one study
in Cuban SCA2 pedigrees, the repeat on average increased by
;5 units, when inherited from the father, but only by ;1.5
units when inherited from the mother.25 One-ﬁfth of large
expansions occurred in relatively short mutant alleles with 36
repeats. The risk of expansion in normal alleles is unknown,
although it seems likely that the risk increases with increasing
length of the normal allele and with the lack of interruptions
by CAA repeats. The presence of CAA interruptions may also
inﬂuence phenotypic expression of ATXN2 repeat mutations
in that interrupted repeats are more stable in a lineagedependent fashion during neurogenesis or during DNA repair
in postmitotic cells.

ATXN2 variation in common disease
In addition to CAG repeat expansion, other genetic variation
within or near the ATXN2 gene exists. This genetic variation
has largely been explored through genome-wide association
studies. Common variants in ATXN2 have been associated
with a number of disease traits such as obesity, insulin resistance, or glaucoma (reviewed in references 26 and 27). The
ATXN2 locus is also thought to inﬂuence human longevity.28
The recessive mode of alleles with 31 repeats is not totally
surprising as an eﬀect of normal alleles on age at onset of
SCA2 had been reported. These results, however, were largely
focused on the more common alleles of 23–27 repeats and
2
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showed that CAG repeat length in the normal allele was inversely related to age at onset in SCA2.29
The results of the study by Tojima et al.1 deserve conﬁrmation. Despite the most diligent eﬀorts, phenocopies and
presence of other genetic variants or environmental eﬀects
can never be completely excluded. Although a true causal
relationship between the 31/31 genotype and very late-onset
ataxia is diﬃcult to prove, the rarity of the CAG31 allele and
especially the 31/31 genotype would strengthen a causal relationship. A fertile population to examine the presence of
recessive alleles and the importance of repeat interruptions
exists in the Holguin province, Cuba.25,30
In summary, genetic counseling for individuals with long
normal ATXN2 repeat alleles will require a very nuanced
approach, correct determination of repeat length, and
knowledge of the precise repeat conﬁguration. The instability
of the repeat when transmitted to oﬀspring needs to be discussed as well as the increased relative risk for ALS. Fortunately, long normal ATXN2 repeat alleles are rare in the
general population.
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Abstract
Objective
To assess the eﬀects of dietary vitamin D3 on proinﬂammatory (interleukin-17A [IL-17A] and
IL-6) and anti-inﬂammatory (IL-10) cytokines.
Methods
Our study was conducted on 75 participants who were divided into 3 groups: multiple sclerosis
participants (MSPs, n = 25), ﬁrst-degree relative participants (FDRPs, n = 25), and healthy
participants (HPs, n = 25). All groups received 50,000 IU vitamin D3/wk for 8 weeks. Serum
25-(OH) vitamin D3 levels and messenger RNA (mRNA) expression levels of ILs were determined using electrochemiluminescence assay and real-time PCR, respectively.
Results
Vitamin D3 aﬀected the levels of IL-17A, IL-10, and IL-6 among the 3 groups (p < 0.001 for all).
Levels of IL-17A (MSPs: fold change [FC] = 5.9, p = 0.014; FDRPs: FC = 5.2, p = 0.006; HPs:
FC = 4.2, p = 0.012) and IL-6 (MSPs: FC = 5.6, p = 0.003; FDRPs: FC = 5.5, p = 0.002; HPs:
FC = 5.1, p < 0.001) were downregulated after vitamin D3 treatment. In addition, levels of IL-10
(MSPs: FC = 6.2, p = 0.005; FDRPs: FC = 4.6, p < 0.001; HPs: FC = 5.2, p < 0.001) were
upregulated after 8 weeks.
Conclusions
Although supplementation with vitamin D3 reduced the mRNA expression levels of IL-17A and
IL-6, it increased the mRNA expression level of IL-10 in all groups. However, these eﬀects were
more considerable in the MSP group than in the other groups. Of interest, in a deﬁciency state
of serum vitamin D3, IL-17A expression had a positive feedback eﬀect on the expression of IL-6.
Conversely, in the suﬃcient state, IL-10 expression had a negative feedback eﬀect on the
expression of IL-17A and IL-6.
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Glossary
APC = antigen-presenting cell; BBB = blood-brain barrier; FC = fold change; FDRP = ﬁrst-degree relative participant; HP =
healthy participant; IFN-γ = interferon-γ; IL = interleukin; MS = multiple sclerosis; MSP = multiple sclerosis participant; TGFβ = transforming growth factor-β; Th = T helper; VDR = vitamin D receptor; VDRE = vitamin D response element.

There are 2 theories that attempt to elucidate the process of
inﬂammation in patients with multiple sclerosis (MS). First, it is
proposed that the disease may rely on the dysregulation of antiinﬂammatory cytokines, such as interleukin-10 (IL-10) and
interleukin-4 (IL-4), as well as proinﬂammatory cytokines such
as tumor necrosis factor-α (TNFα), interleukin-2 (IL-2), interferon-γ (IFN-γ), and interleukin-1β (IL-1β). These pro- and
anti-inﬂammatory cytokines are produced by T-helper 1 (Th-1)
and Th-2 cells, respectively.1 Proinﬂammatory cytokines augment the permeability of the blood-brain barrier (BBB), allowing
for the demyelization and neurodegeneration of the CNS,
whereas anti-inﬂammatory cytokines quell the production of
proinﬂammatory cytokines.2,3 Second, besides the incomplete
notion of Th-1/Th-2 disruption, other studies have proposed
that Th-17 cells and IL-17 family members, such as IL-17A and
IL-17F, are involved in the disease process. Specially, IL-17A
plays a signiﬁcant role in the stimulation and secretion of
proinﬂammatory cytokines and in chronic CNS inﬂammation.4,5
The development of MS may begin in individuals who are
genetically susceptible.6 Some studies have revealed that ﬁrstdegree relatives of patients with MS are a 10–256 or 20–407
times more likely to develop MS than the general population.
Hence, in the present study, we have proposed a schematic
model for the ﬂuctuation of pro- and anti-inﬂammatory
cytokines by vitamin D3, referred to as the See-Saw model
(ﬁgure e-1, links.lww.com/NXG/A115). In fact, we assessed
the response of these interleukins to supplementation with
vitamin D3, as well as the stabilization and balance of this
scheme in all 3 groups. Ultimately, our major aim was to ﬁnd
an appropriate way to ameliorate the intensity of MS in
aﬄicted patients and perhaps prevent the disease in 2 other
groups via nutrigenomics, especially in ﬁrst-degree relatives.

Methods
Standard protocol approvals, registrations,
and patient consents
This study was approved by the Ethical Committee of Tabriz
University of Medical Sciences, Iran (ethical code: IR.TBZMED.REC.1395.780) and Iranian Registry of Clinical Trials
(IRCT201703033655N3). Informed consent forms were
obtained from all participants, and they could withdraw from
the study by their own decision.
Study design and intervention
The study started on February 19, 2017, and ended on
June 10, 2017. All randomized participants completed the
2
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trial. Twenty-ﬁve participants were randomized to each
group through simple random sampling. Allocation to each
group was through lottery, and random paper was concealed in draw balls (ﬁgure 1), including multiple sclerosis
participants (MSPs) as the ﬁrst group (n = 25), ﬁrst-degree
relative participants (FDRPs) of patients with MS, such as
son, daughter, sister, or brother as the second group (n =
25), and healthy participants (HPs) as the third group (n =
25). All groups received 50,000 IU of vitamin D3 orally
(Zahravi Pharmaceutical Co, Tabriz, Iran) every Friday
and between lunch meals for 8 weeks. Serum 25-(OH)
vitamin D3 and mRNA expression levels of interleukins
were measured before and after supplementation in all
groups.
Participants and eligibility criteria
The sample size was estimated based on a previous study in
Iran,8 with an odds ratio (OR) of 6, conﬁdence level of 95%,
and power of 80%. It was predicted that 25 persons in each
group would be suﬃcient for the detection of changes in
serum parameters and gene expression, using G-power. MSPs
and FDRPs were selected from the Ardabil MS society. MSPs
were diagnosed by a neurologist, according to the McDonald
criteria. HPs were chosen from Ardabil University of Medical
Sciences. To be included in the study, HPs were at the age of
30 ± 10 years, able to give blood samples, and willing to take
part in the study. Malabsorption, taking medicines that interact with vitamin D3, calcium, and vitamin D3 supplementation in the last 30 days, gestation, and lactation were
considered exclusion criteria. Demographic and disease
characteristics are shown in table 1.
Serum 25-(OH) vitamin D3 assay
Whole-blood samples (10 mL) were obtained from the participants before and after the trial. To separate the sera, 5 mL
of the blood samples was centrifuged at 1,233g for 10 minutes
at 4°C. Serum levels of 25-(OH) vitamin D3 were measured
using electrochemiluminescence assay.
RNA extraction and cDNA synthesis
Five milliliters of blood samples was collected in anticoagulant
EDTA tubes. Total RNA was extracted using the MN kit
(MACHEREY-NAGEL, Germany), according to the manufacturer’s instructions. Concentration, integration, and purity
of RNA samples were determined by spectrometry, NanoDrop (Thermo Scientiﬁc, Waltham, MA), and gel electrophoresis. Five micrograms of total RNA was used for cDNA
synthesis with a random hexamer primer through HyperScript Reverse Transcriptase (GeneAll, South Korea) in 20 μL
total reaction mixture.
Neurology.org/NG

Figure 1 Enrollment and selection of participants allocated to groups by simple random sampling

Real-time PCR analysis
Real-time PCR was performed on a Roche Light cycler 96
(version: 1.1.0.1320, Germany), using primers speciﬁc for IL6, IL-10, and IL-17A, with β-actin as a housekeeping control.
Primer and probe sequences are presented in table 2.9–12
Table 1 Demographic and disease characteristics
Variables

MSP (n = 25)

FDRP (n = 25)

HP (n = 25)

Female

21 (84%)

17 (68%)

20 (80%)

Male

4 (16%)

8 (32%)

5 (20%)

Age (y)b

32.6 ± 6

27.4 ± 6

31.7 ± 4.3

Duration of disease (y)b

8.1 ± 5.8

—

—

5 (20%)

25 (100%)

—

20 (80%)

—

—

Brother

1 (4%)

5 (20%)

—

Sister

3 (12%)

12 (48%)

—

Daughter

1 (4%)

5 (20%)

—

Son

—

3 (12%)

—

Sexa

MS historya
Yes
No
a

MS family

Abbreviations: MSP = multiple sclerosis participant; FDRP = first-degree
relative participant; HP = healthy participant.
Data are presented as frequency (percent) for categorical variables.
b
Data are presented as mean ± SD for numeric normal variables.
a
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Real-time PCR reactions were performed in a total volume of
25 μL containing 4 μL of synthesized cDNA solution, 12.5 μL
of RealQ Plus 2x Master Mix for probe (Ampliqon, Denmark), 500 nM of each forward and reverse primers, and 250
nM of the TaqMan probe. The ampliﬁcation program included a prewarming step (10 minutes at 94°C), denaturation
step (94°C for 15 seconds), and an annealing/extension step
(60°C for 60 seconds).
Outcome measures
The primary outcome of the study was to identify any changes
in the serum levels of 25-(OH) vitamin D3 or in the levels of
IL-17A, IL-10, and IL-6 mRNA expression in all 3 groups after
8 weeks.
Adverse events
Participants were continuously monitored for any side eﬀects
of vitamin D3 consumption from baseline of the study.
However, no particular events were found.
Statistical analysis
Statistical analysis was performed using SPSS version 23.0
software (SPSS Inc, Chicago, IL). Data are presented using
mean ± SD for numeric normal variables and frequency
(percent) for categorical variables. The one-way analysis of
variance (ANOVA), followed by the post hoc Tukey test, was
used for group comparisons. The Paired t test was applied for
within-group comparisons. Relative mRNA expression normalized to β-actin was calculated by the DDCT method,13 and
the fold change (FC) expression of each gene was calculated
by the ratio formula (ratio = 2−DDCT). In all analysis, p < 0.05
were considered statistically signiﬁcant.
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After supplementation
Table 2 Primers and probe sequences used for real-time
PCR
Target

Primer

IL-17A9
Forward

AATCTCCACCGCAATGAGGA

Reverse

ACGTTCCCATCAGCGTTGA

Probe

FAM-CGGCACTTTGCCTCCCAGATCACA

IL-1010
Forward

TGAGAACAGCTGCA CCCACTT

Reverse

GCTGAAGGCATCTCGGAGAT

Probe

FAM- CAGGCAACCTGCCTAACATGCTTCGA

IL-611
Forward

GGTACATCCTCGACGGCATCT

Reverse

GTGCCTCTTTGCTTTCAC

Probe

FAM-TGTTACTCTTGTTACATGTCTCCTTTCTCAGGGCT
12

Beta-actin

Forward

TCACCCACACTGTGCCCATCTACGA

Reverse

CAGCGGAACCGCTCATTGCCAATGG

Probe

FAM-ATGCCCTCCCCCATGCCATC

Data availability
The datasets applied and analyzed during the current study
are available from the corresponding and ﬁrst authors on
reasonable request from any qualiﬁed investigator.

Results
The ﬂow diagram of the study is shown in ﬁgure e-2 (links.
lww.com/NXG/A116). Of 186 participants, 75 participants
(25 per each group) were eligible to be assigned to the study
intervention (ﬁgure 1).
Association between vitamin D3 treatment
and mRNA expression levels of IL-6, IL-17A,
and IL-10
Between-group comparisons
Before supplementation

At baseline, the results of one-way ANOVA showed that there
were diﬀerences in the mRNA expression levels of IL-6, IL-17A,
and IL-10 (p < 0.001 for all) among the groups, but levels of
serum vitamin D3 (p = 0.063) were almost the same in all groups.
The results of the pairwise comparison using the Tukey test also
revealed diﬀerences between each 2 groups in IL-6 (MSPs and
FDRPs: p < 0.001, FDRPs and HPs: p < 0.001, MSPs and HPs:
p < 0.001), IL-17A (MSPs and FDRPs: p = 0.009, FDRPs and
HPs: p = 0.025, MSPs and HPs: p < 0.001), and IL-10 (MSPs
and FDRPs: p < 0.001, FDRPs and HPs: p < 0.001, MSPs and
HPs: p < 0.001) (ﬁgures 2, A, C, and E and table 3).
4
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After 8 weeks of supplementation with vitamin D3, there were
diﬀerences among groups in mRNA expression levels of IL-6
(p < 0.001), IL-17A (p < 0.001), and IL-10 (p < 0.001), as well
as in the levels of serum vitamin D3 (p = 0.004). Pairwise
comparisons indicated that there were diﬀerences between
each 2 groups in IL-6 (MSPs and FDRPs: p < 0.001, FDRPs
and HPs: p < 0.001, MSPs and HPs: p < 0.001), IL-17A
(MSPs and FDRPs: p = 0.022, FDRPs and HPs: p = 0.001,
MSPs and HPs: p < 0.001), IL-10 (MSPs and FDRPs: p =
0.005, FDRPs and HPs: p < 0.001, MSPs and HPs: p < 0.001),
and serum vitamin D3 (MSPs and FDRPs: p = 0.022, FDRPs
and HPs: p = 0.887, MSPs and HPs: p = 0.006). However, no
signiﬁcant diﬀerences were found in the levels of serum vitamin D3 between the FDRP and HP groups (ﬁgures 2, B, D,
and F and table 3).
Within-group comparisons (before–after)

The results of the paired t test analyses revealed that the
production of proinﬂammatory cytokines (i.e., IL-17A and IL6) decreased, whereas secretion of the anti-inﬂammatory cytokine, IL-10, increased in each group after intervention. The
observed FCs in MSPs were −5.9 for IL-17A, (p = 0.014),
−5.6 for IL-6 (p = 0.003), and 6.2 for IL-10 (p = 0.005). The
FCs in FDRPs were −5.2 for IL-17A (p = 0.006), −5.5 for IL-6
(p = 0.002), and 4.6 for IL-10 (p < 0.001). In HPs, the FCs
were −4.2 for IL-17A (p = 0.012), −5.1 for IL-6 (p < 0.001),
and 5.2 for IL-10 (p < 0.001) (ﬁgures 3, A–C and table 3). In
addition, the ratio of pro- to anti-inﬂammatory cytokines,
including the ratio of IL-17A to IL-10 and IL-6 to IL-10, in
each group showed that there were diﬀerences within the
groups (MSPs, p < 0.001; FDRPs, p < 0.001; HPs, p < 0.001,
ﬁgure 3, D and E).

Discussion
With respect to the role of vitamin D3 in the immune system
and gene expression, we proposed a schematic balance for
ﬂuctuations of pro- (IL-17A and IL-6) and anti-inﬂammatory
(IL-10) cytokines by vitamin D3 that we refer to as the SeeSaw model.
In the present trial, 88% of MSPs, 84% of FDRPs, and 80% of
HPs showed a positive response after 8 weeks supplementation with 50,000 IU vitamin D3. There were no diﬀerences in
serum vitamin D3 levels among the groups at baseline. This
ﬁnding is similar to the results of other studies.14,15 However,
our ﬁnding does not conform with that of other studies, which
indicated that serum levels of vitamin D3 in MSPs were lower
than those in HPs.16,17 This contradiction may be justiﬁed by
several reasons, including economic conditions, clothing, inappropriate food habits, and above all, weather conditions and
geographical location (the mountainous weather of Northwest of Iran with higher latitude and lower temperature).
These may all cause lower exposure to sunlight and consequent insuﬃciency of serum vitamin D3. Several studies indicate that vitamin D3 deﬁciency is a common phenomenon
Neurology.org/NG

Figure 2 Between-group comparisons

Effects of vitamin D3 supplementation on serum
levels of proinflammatory and anti-inflammatory
markers (n = 25 per group). (A–F) IL-6, IL-17A, and
IL-10 mRNA expression levels of healthy controls
(HCs), multiple sclerosis participants (MSPs), and
first-degree relative participants (FDRPs). HPs (A),
MSPs (B), and FDRPs (C). One-way analysis of
variance, followed by the post hoc Tukey test, was
used. Data were expressed as mean ± SD, and p <
0.05 was regarded as statistically significant.

among patients with MS with neuroinﬂammatory lesions.18 In
addition, numerous studies have demonstrated the eﬀects of
1, 25-(OH)2 vitamin D3 on antigen-presenting cell (APC)
function and T-cell responses. Vitamin D3 directly increases
the expression level of vitamin D receptor (VDR), especially
after bioactivation on T cells.19 Duan et al.20 reported that
VDR is the active form of vitamin D receptor and is widely
expressed in the brain. Evidence suggests that VDRs and vitamin D are key molecules for the development of the nervous
system, and they can reduce anxiety and increase the production of neurotrophic factors.
1,25-(OH)2 vitamin D3 can take part in the activation or
repression of gene transcription and expression through direct
interaction with VDR/retinoid X receptor (RXR). By this
mechanism, 1,25-(OH)2 vitamin D3 is able to bind directly to
speciﬁc DNA sequences called vitamin D response elements
(VDREs) in target genes.21
Our ﬁndings indicate that administration of vitamin D3 decreased the mRNA expression levels of IL-17A and IL-6 and
Neurology.org/NG

increased the mRNA expression level of IL-10 in all 3 groups.
Of 25 participations in each group, we observed downregulation of IL-17A in 76% of MSPs, 80% of FDRPs, and
80% of HPs; we also observed that downregulation of IL-6 in
80% of MSPs, 80% of FDRPs, and 84% of HPs occurred after
8-week treatment with 50,000 IU vitamin D3. In addition,
80% of MSPs, 88% of FDRPs, and 84% of HPs showed
upregulation of IL-10.
IL-17A is produced by Th17 cells, which have a major function in the progression of immune system disorders including
MS.22 Luchtman et al. demonstrated an increase in the secretion of IL-17 in the periphery and in the CNS of patients
with MS. IL-17 can lead to increased CCL2, IL-6, and IL-8
secretion. In addition, IL-17 production also results in the
formation of reactive oxygen species.23 Upregulation of IL-6
occurs during neuroinﬂammation of the CNS and leads to
neuronal damage, especially in axons.24 Furthermore, the
presence of transforming growth factor-β (TGF-β) and IL-6
stimulates T-cell diﬀerentiation into Th-17 cells, which subsequently increases the level of IL-17A secretion.8,24 IL-6
Neurology: Genetics | Volume 4, Number 6 | December 2018

5

Table 3 Interleukin DCT and vitamin D3 serum levels at baseline and after 8 weeks of supplementation
Variables

MSP (n = 25)

FDRP (n = 25)

HP (n = 25)

Vitamin D3 (mean ± SD), p**

25.94 ± 9.49, BC = 0.067

18.46 ± 12.09, AC = 0.890

19.98 ± 13.07, AB = 0.174

IL-17A (mean ± SD), p**

5.13 ± 1.32, BC = 0.009

6.24 ± 1.28, AC ≤ 0.001

IL-10 (mean ± SD), p**

7.93 ± 1.66, BC ≤ 0.001

IL-6 (mean ± SD), p**

p*

pa

Before supplementation
0.063

—

8.16 ± 1.26, AB ≤ 0.001

<0.001

—

9.82 ± 1.38, AC = 0.025

10.87 ± 1.07, AB ≤ 0.001

<0.001

—

4.73 ± 1.09, BC ≤ 0.001

6.79 ± 1.38, AC ≤ 0.001

8.74 ± 1.04, AB ≤ 0.001

<0.001

—

Vitamin D3 (mean ± SD), p**, p***

62.24 ± 26.07, BC = 0.022,
<0.001

46.33 ± 18.72, AC = 0.887,
<0.001

43.60 ± 15.86, AB = 0.006,
<0.001

0.004

—

IL-17A (mean ± SD), p**, fold
changes,b p***

6.16 ± 1.93, BC = 0.022,
−5.9, 0.014

7.43 ± 1.51, AC = 0.001,
−5.2, 0.006

9.23 ± 1.44, AB ≤ 0.001,
−4.2, 0.012

<0.001

<0.001

IL-10 (mean ± SD), p**, fold changes,
p***

5.97 ± 2.52, BC = 0.016,
6.2, 0.005

7.55 ± 1.70, AC = 0.067,
4.6, <0.001

8.82 ± 1.56, AB ≤ 0.001,
5.2, <0.001

<0.001

<0.001

IL-6 (mean ± SD), p**, fold changes,
p***

5.99 ± 2.00, BC ≤ 0.001,
−5.6, 0.003

8.15 ± 1.17, AC ≤ 0.001,
−5.5, 0.002

10.21 ± 1.40, AB ≤ 0.001,
−5.1, <0.001

<0.001

<0.001

After supplementation

Abbreviations: ANOVA = analysis of variance; IL = interleukin; MSP = multiple sclerosis participant; FDRP = first-degree relative participant; HP, healthy
participant.
Data are presented as mean ± SD. Between-group comparisons were assessed using one-way ANOVA, followed by the post hoc Tukey test. Within-group
comparisons of IL-17A, IL-10, and IL-6 levels were performed using the paired t test.
p*, p**, and p*** indicate differences between the groups, pairwise comparisons (Tukey test), and within-group differences, respectively. A, B, and C show
HPs, MSPs, and FDRPs, respectively.
a
‡p indicates the ratio of pro- to anti-inflammatory analysis. p < 0.05 indicates statistical significance.
b
Indicates the expression levels of ILs, compared with baseline values, based on the ratio formula (2−DDCT).

plays a key role in MS development in 2 ways: by increasing
IL-17 and IL-22 secretion and through the upregulation of
CCR6 expression on activated myelin-speciﬁc T cells.

Therefore, it seems that IL-17A and IL-6 act as agonists
through these pathways.25,26 Da Costa et al.27 reported that
IL-6 and IL-17A levels directly correlated with neurologic

Figure 3 Within-group comparisons (before–after)

Effects of vitamin D3 on serum levels of proinflammatory and anti-inflammatory markers (n = 25 per group) (A–C) and the ratio of pro-to anti-inflammatory
cytokines (D and E). IL-6, IL-17A, and IL-10 mRNA expression levels of healthy participants, patients with MS, and first-degree relatives. Paired t test analysis
was used. Data were expressed as mean ± SD. *p < 0.05 was regarded as statistically significant.
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disabilities in patients with MS. Moreover, 1,25-(OH)2 vitamin D3 decreases the secretion of proinﬂammatory cytokines
in vitro. Naghavi Gargari et al.8 indicated a positive association
between the mRNA expression of IL-6 and IL-17A. Supplementation of 1,25-(OH)2 vitamin D3 inhibits IL-17A production in T cells of patients with MS.28 In fact, vitamin D3
administration can ameliorate MS disease through to downregulation of IL-17A and IL-6. On the other hand, a pivotal
role of anti-inﬂammatory cytokines, especially IL-10, stimulated by vitamin D3, has been established in the suppression of
T-cell activation through macrophages. Therefore, the arrest
of IL-10 production may exacerbate inﬂammation.29,30
Thereby, vitamin D3 supplementation can increase IL-10 by
T cells and reduce the production of IL-6 and IL-17 in both
patient and control groups.31
Nevertheless, in several studies, contradictory results have also
been reported. For instance, Fujita et al. and Niino et al. have
both shown that 1,25-(OH)2 vitamin D3 can downregulate the
production of IL-10.32,33. In addition, studies by Naghavi Gargari et al. and Smolders et al. have demonstrated the upregulation of IL-6 and IL-17A by vitamin D.8,34 Meanwhile, Yao
et al.35 have shown that IL-6 has anti- and pro-inﬂammatory
eﬀects and that it can be secreted from various cell types,
including lymphocytes, macrophages, and monocytes. Multiple
factors, including the variety of cell types studied, duration and
dosage of 1,25(OH)2 vitamin D3 treatment, type of samples,
genetic inheritance of patients, and polymorphisms in VDR
genes, have all been proposed to account for these contradictory
ﬁndings as reported in several studies.8,14,29,36
In this study, we also compared the ratio of pro- to antiinﬂammatory cytokines (IL-17A:IL-10 and IL-6:IL-10). In all
groups, both ratios were improved, but the most signiﬁcant
changes occurred in MSPs. In addition, the changes in the
ratio of IL-6:IL-10 were found to be more important than the
changes in the ratio of IL-17A:IL-10. Therefore, these results
may conﬁrm 2 points: First, vitamin D3 reduces the gene
expression levels of IL-6 and IL-17A. The expression level of
IL-6 decreases subsequent to the reduction in IL-17A expression, which is why the ratio of in IL-6:IL10 was more
tangible. Second, increased expression of IL-10 had a negative
feedback eﬀect on the expression levels of IL-17A and IL-6.
To prove the accuracy of the proposed schematic (See-Saw
model), the sample size should be increased in each group. In
addition, a blank control group (out of the restricted criteria)
should be more deﬁned. In this state, a placebo would be
administered to determine the actual eﬀects of vitamin D3 on
the expression levels of genes. Overall, the results suggest that
long-term supplementation with a lower daily dosage may be
beneﬁcial. Furthermore, participants should be assessed at the
midpoint of the study to determine the temporal eﬀect of
vitamin D3 supplementation. A reliable questionnaire should
also be devised and used for the eﬀect of vitamin D3 supplements on the behavioral and mental performance of the
participants before and after the intervention. The present
Neurology.org/NG

study and many other similar ones only examined the mRNA
expression levels of these cytokines; however, an analysis of
cytokine protein expression would be useful to conﬁrm the
eﬀect of vitamin D3. In addition, epigenetic studies may be
useful to address some of the contradictions presented by
other studies. Epigenetics refers to the modiﬁcation of gene
expression and changes in chromatin structure without alteration of the DNA sequence.37 Recent studies suggest that
interactions between environmental factors and epigenetic
parameters are an underlying cause of MS.
Finally, we determined that upregulation of IL-10 and
downregulation of IL-17A and IL-6 occur at suﬃcient serum
levels of vitamin D3. These features were more noticeable in
MSPs. As mentioned earlier, IL-17A and IL-6 augment the
production of each other. Suﬃcient serum levels of vitamin
D3 result in the production of IL-10 and have a negative
feedback eﬀect on the expression levels of IL-17A and IL-6.
Stabilization and proper balance of the schematic See-Saw
model by suﬃcient levels of vitamin D3 seem to oﬀer a feasible
method for protection from MS by dietary modiﬁcations.
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Bolaños-Jiménez R, Arizmendi-Vargas J, Carrillo-Ruiz J, et al. Multiple sclerosis: an
overview of the disease and current concepts of its pathophysiology. J Neurosci Behav
Health 2010;3:44–50.
Luchtman WD, Ellwardt E, Larochelle C, Zipp F. IL-17 and related cytokines involved
in the pathology and immunotherapy of multiple sclerosis. Curr Future Dev 2014;25:
403–413.
Erta M, Quintana A, Hidalgo J. Interleukin-6, a major cytokine in the central nervous
system. Int J Biol Sci 2012;8:1254.
Kebir H, Ifergan I, Alvarez JI, et al. Preferential recruitment of interferon-gammaexpressing TH17 cells in multiple sclerosis. Ann Neurol 2009;66:390–402.
Ferreira TB, Hygino J, Barros PO, et al. Endogenous interleukin-6 ampliﬁes
interleukin-17 production and corticoid-resistance in peripheral T cells from patients
with multiple sclerosis. Immunology 2014;143:560–568.
da Costa DS, Hygino J, Ferreira B, et al. Vitamin D modulates diﬀerent IL-17secreting T cell subsets in multiple sclerosis patients. J Neuroimmunol 2016;299:
8–18.
Joshi S, Pantalena LC, Liu XK, et al. 1,25-dihydroxyvitamin D(3) ameliorates Th17
autoimmunity via transcriptional modulation of interleukin-17A. Mol Cel Biol 2011;
31:3653–3669.
Korf H, Wenes M, Stijlemans B, et al. 1,25-Dihydroxyvitamin D3 curtails the inﬂammatory and T cell stimulatory capacity of macrophages through an IL-10dependent mechanism. Immunobiology 2012;217:1292–1300.
Farsani ZS, Behmanesh M, Sahraian MA. Interleukin-10 but not transforming growth
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Abstract
Objective
To clinically, genetically, and radiologically characterize a large cohort of SPG7 patients.
Methods
We used data from next-generation sequencing panels for ataxias and hereditary spastic
paraplegia to identify a characteristic phenotype that helped direct genetic testing for variations
in SPG7. We analyzed MRI. We reviewed all published SPG7 mutations for correlations.
Results
We identiﬁed 42 cases with biallelic SPG7 mutations, including 7 novel mutations, including a large
multi-exon deletion, representing one of the largest cohorts so far described. We identiﬁed
a characteristic phenotype comprising cerebellar ataxia with prominent cerebellar dysarthria, mild
lower limb spasticity, and a waddling gait, predominantly from a cohort of idiopathic ataxia. We
report a rare brain MRI ﬁnding of dentate nucleus hyperintensity on T2 sequences with SPG7
mutations. We conﬁrm that the c.1529C>T allele is frequently present in patients with longstanding British ancestry. Based on the ﬁndings of the present study and existing literature, we
conﬁrm that patients with homozygous mutations involving the M41 peptidase domain of SPG7
have a younger age at onset compared to individuals with mutations elsewhere in the gene (14
years diﬀerence, p < 0.034), whereas c.1529C>T compound heterozygous mutations are associated with a younger age at onset compared to homozygous cases (5.4 years diﬀerence, p < 0.022).
Conclusions
Mutant SPG7 is common in sporadic ataxia. In patients with British ancestry, c.1529C>T allele
represents the most frequent mutation. SPG7 mutations can be clinically predicted by the
characteristic hybrid spastic-ataxic phenotype described above, along with T2 hyperintensity of
the dentate nucleus on MRI.

From the Academic Directorate of Neurosciences (C.A.A.H., R.O’.M., M.K.R., S.P., Z.P., S.B., C.J.M., P.J.S., M.H.), Sheffield Teaching Hospitals NHS Foundation Trust, Royal Hallamshire
Hospital; Sheffield Institute for Translational Neuroscience (SITraN) (C.A.A.H., R.S., T.R., C.J.M., P.J.S., M.H.), University of Sheffield; Sheffield Diagnostic Genetics Service (N.J.B., J.M.),
Sheffield Children’s NHS Foundation Trust; Department of Clinical Neurophysiology (G.R., P.S.), Sheffield Teaching Hospitals NHS Foundation Trust, Royal Hallamshire Hospital;
Academic Unit of Radiology (N.H.), University of Sheffield, Royal Hallamshire Hospital; and Sheffield NIHR Biomedical Research Centre for Translational Neuroscience (C.A.A.H., N.H.,
R.S., P.S., S.B., C.J.M., P.J.S., M.H.), United Kingdom.
Funding information and disclosures are provided at the end of the article. Full disclosure form information provided by the authors is available with the full text of this article at
Neurology.org/NG.
The Article Processing Charge was funded by NIHR BRC grant for SITRAN.
All patients consented to genetic testing and reporting of the findings. Study was conducted according to the departmental regulations. REC reference 09/H1310/79, IRAS 26259.
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0 (CC BY), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

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

1

Glossary
DN = dentate nuclei; HCA = hereditary cerebellar ataxias; HSP = hereditary spastic paraplegia; NGS = Next-generation
sequencing; PEO = Progressive external ophthalmoplegia; RN = red nuclei; SARA = Scale for the assessment and rating of ataxia.

Hereditary spastic paraplegia (HSP) and hereditary cerebellar
ataxias (HCA) are heterogeneous groups of progressive
neurodegenerative conditions with considerable overlap.1,2
HSP is complicated when features such as ataxia, neuropathy,
optic atrophy, and weakness are present.3 HCA can also be
associated with spastic paraplegia. There are over 80 diﬀerent
genetic loci associated with HSP and similar number associated with cerebellar ataxias.4–6 This extensive genetic heterogeneity together with the overlapping features of HCA and
complicated HSP often causes diﬃculties in disease classiﬁcation and clinical approach to genetic diagnosis.
Next-generation sequencing (NGS) gene panels are available
for both HSP and HCA patients. However, such panel tests are
expensive and not always readily available. Our objective was to
describe clinical, genetic, and radiologic features of a British
cohort of SPG7 cases where the phenotype may be helpful in
providing guidance to targeted genetic testing. We highlight the
importance of such clinical characterization through our experience of diagnosing a large cohort of patients with mutations
in the SPG7 gene, implicated in both HSP and HCA.7 In
addition, by reviewing all published SPG7 mutation data, we
make important new genotype-phenotype correlations.

Methods
Patient cohorts
We studied all cases positive for SPG7 mutation in our HSP
and ataxia cohorts, which mainly include patients from the
North of England (cohort study) and analyzed all clinical,
genetic, and neuroimaging data.
Standard protocol approvals, registrations
Patient consent was obtained for genetic testing in accordance
with the departmental regulations. Healthy control cases for
MRI were recruited as per ethics committee approval (REC
reference 09/H1310/79, IRAS 26259). STROBE checklist
for cohort study adhered in reporting the data.
Genetic testing
Libraries of sheared genomic DNA corresponding to panels of
either HCA or HSP genes captured using a SureSelect XT
custom designed probe set (Agilent, Cheadle, UK), and pairend sequenced using a HiSeq 2500 instrument (Illumina) was
used. Raw data were analyzed using the Genome Analysis
ToolKit,8 (Broad Institute, Cambridge, MA) according to
guidelines.9,10 After initial identiﬁcation of 11 patients with
SPG7 mutations using the ataxia and HSP gene panels, we
evaluated the phenotype to identify a triad of spastic paraplegia
(usually mild), cerebellar ataxia (with prominent cerebellar
dysarthria), and waddling gait indicative of proximal muscle
2
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weakness. Thereafter, the majority of patients who presented
who had the above triad were analyzed by bidirectional Sanger
sequencing and dosage analysis (multiplex ligation-dependent
probe ampliﬁcation kit P213-B1 and B2, MRC-Holland) of all
17 exons of the SPG7 gene. The remainder of the cohort were
identiﬁed using either HSP or HCA gene panel testing as before.
Chromatographs were analyzed using Mutation surveyor
v4.0.8 (softgenetics.com). Annotation of mutations was carried out in accordance with Human Genome Variation society
nomenclature (hgvs.org/mutnomen), with nomenclature based
on the reference sequence NM_003119.3. Novel variants in the
SPG7 gene were assessed for pathogenicity using Alamut Visual
version 2.9.0 (Interactive Biosoftware, Rouen, France) and
prediction software (Provean, MutPred, SNPS & GO and
PolyPhen2). Allele frequencies for novel variants in normal
control populations were obtained from the Genome Aggregation Database (gnomAD).11
Neuroimaging
MRIs, available for all patients who underwent MRI, were
analyzed for cerebellar atrophy. Further subanalysis of the
dentate nucleus was undertaken for all patients who underwent brain imaging on the same 3-T MR scanner (Ingenia,
Philips Medical Systems, Eindhoven, The Netherlands) using
the same T2-weighted sequence (avoid machine-related variability) (cases: n = 21 and controls: n = 16). This was compared with age- and sex-matched controls imaged with this
sequence. The axial T2-weighted parameters were as follows:
repetition time 3,000 ms, time to echo 80, echo train length 15,
number of averages was 1 and 4 mm thick, 512 × 512 matrix.
Matching criteria for healthy controls were age within 3 years
and sex. Relative signal intensity of the dentate nucleus was
compared to normal-appearing pontine white matter and red
nucleus. A region of interest (area 20 mm2) in these structures
was placed in the region of the dentate nucleus with the lowest
signal. The dentate nucleus signal was then dichotomized
by whether the ratio of the signals was less than or more
than 1 (i.e., hypointense or hyperintense compared to normalappearing white matter in the pons).
Literature review
Two clinicians independently reviewed clinical and genetic
details of all SPG7 cases thus far reported in the literature
(until September 30, 2017). We searched the following terms
in PubMed, MEDLINE, Web of Science, and Embase: SPG7,
paraplegin, hereditary spastic paraparesis, HSP (mutations),
spastic ataxia, and ataxia, and selected all the articles reporting
SPG7 and/or paraplegin mutations and reviewed the phenotype and genotype data published. We excluded publications
that were not in English or where English translation was not
Neurology.org/NG

available and articles that did not describe clinical features. All
mutations described by us and previously reported are depicted
in a schematic diagram in relation to functionally important
domains (ﬁgure 1) (e-table 1, links.lww.com/NXG/A89).
Statistical analyses
Statistical analysis was performed using Prism GraphPad
V7.0b and SPSS (2015) statistical software programs. Oneway analysis of variance was used for multiple group comparisons, and independent samples t test and χ 2 test were used
to compare 2 groups.
Data availability
All anonymized data can be shared on a collaborative basis.

Results
Characterization of the phenotype
We identiﬁed a total of 42 cases positive for pathogenic mutations in both alleles of the SPG7 gene (table 1). Initially, 11
cases were identiﬁed using ataxia or HSP NGS gene panels (4
patients using ataxia panel and 7 patients using the HSP panel).
On reviewing the phenotype of these 11 cases, we noted that 9
individuals had cerebellar ataxia with prominent slurring of
speech, mild spasticity, and proximal muscle weakness resulting
in a waddling gait.
Direct genetic screening based on
the phenotype
Following the clinical characterization of the initial 11 patients,
we undertook direct testing for mutations in the SPG7 gene in

patients who demonstrated the above phenotype in a cohort of
patients attending the Sheﬃeld Ataxia Centre and HSP clinics.
We identiﬁed a further 27 cases with pathogenic mutations
(table 1). Four other cases were already diagnosed when referred to us (panel tests).
The clinical characteristics of the 42 probands are summarized
in table 2. There was no history of consanguinity. Eighty-three
percent were male. The average age of symptom onset was
41.7 years (SD: ± 11, median age 44 years). Female patients
developed symptoms on average 4 years earlier than male
patients (38.5 vs 42.5 years) (table 2). The mean duration of
disease at the time of diagnosis was 9.6 years (SD: ±5.2, mode
5). Thirty-eight of 42 patients (90%) were of long-standing
British ancestry. Four were UK citizens of Indian, Iranian,
German, and Bulgarian descent.
Ninety-eight percent of cases presented with gait unsteadiness
followed by dysarthric speech (76%). Thirty-two patients
(76%) complained of mild spasticity. Two patients presented
with the typical spastic gait characteristic of HSP (5%) and 7
patients (16%) presented with moderate-to-severe spasticity.
Seventy-six percent (32 of 42) had mildly increased lower
limb tone and 93% had brisk reﬂexes, while the Babinski sign
was positive in 51%.
At baseline, 38 patients (90%) were found to have at least
some evidence of cerebellar ataxia and 33 (79%) were found
to have both mild spasticity and cerebellar ataxia. Despite the
cerebellar features, only 2 cases were nonambulant, with a total
symptomatic disease duration of 399 patient-years. None of the

Figure 1 Schematic diagram of the SPG7 protein with important functional domains and positioning of mutations in the
Sheffield cohort and all the published pathogenic mutations in the SPG7 gene

Mutations described in our cohort of patients are annotated above the SPG7 protein structure, while previously published mutations are below. Allelic
frequency is noted within parenthesis. New mutations detected in our cohort are highlighted in red font. Variations denoted in blue are matching complementary DNA sequence of the reported mutations. Some large exon deletions reported are indicated in the text box. Parentheses from mutations
removed to create space. AAA = ATPases associated with diverse cellular activities; Coil1 and Coil2 = coiled domain; FtsH = filamentation temperaturesensitive mutant in Escherichia coli domain; TM1 and TM2 = transmembrane domain 1 and 2. Reference sequence: NM_003119.3.
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Gender

M

M

M

M

M

M

M

M

F

M

M

M

M

M

M

M

M

M

M

M

Pedigree

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

44

48

29

57

46

37

37

44

30

35

51

24

60

15

56

50

40

30

44

45

Onset
age

10

6

10

4

5

8

18

6

6

6

5

9

5

14

5

6

6

10

5

5

Disease
duration

Direct

Direct

Direct

Direct

Direct

Direct

Direct

Direct

Direct

Direct

Direct

Ataxia

HSP

Direct

HSP

HSP

Direct

HSP

Ataxia

Direct

Direct/
panel
test

HSP—complicated

HSP—complicated

CA with spasticity,
waddling gait

HSP—complicated

CA with spasticity,
waddling gait

CA with spasticity

CA with spasticity,
waddling gait

CA with spasticity,
waddling gait

CA with spasticity

CA with spasticity,
waddling gait

CA with spasticity

CA with spasticity

HSP—pure

CA with spasticity

HSP—complicated

CA with spasticity,
waddling gait

CA with spasticity,
waddling gait

CA with spasticity,
waddling gait

CA with spasticity,
waddling gait

CA with spasticity,
waddling gait

Presenting
phenotype

Table 1 SPG7 gene mutations and clinical features

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.233T>A

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

Allele 1

c.1529C>T

c.1045 G>A

c.1192C>T

c.1529C>T

c.1715C>T

c.861+2dupT

c.233T>A

c.1529C>T

c.1529C>T

c.1192C>T

c.1454_
1462del

c.1904C>T

c.1045 G>A

c.1529C>T

c.1045 G>A

c.1529C>T

c.1454_
1462del

c.1529C>T

c.1937-2A>G

c.1529C>T

Allele 2

Mutation in cDNA1
reference sequence: NM_
003119.3

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Leu78*)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

Allele 1

p.(Ala510Val)

p.(Gly349Ser)

p.(Arg398*)

p.(Ala510Val)

p.(Ala572Val)

p.(Asn288*)

p.(Leu78*)

p.(Ala510Val)

p.(Ala510Val)

p.(Arg398*)

p.(Arg485_
Glu487del)

p.(Ser635Leu)

p.(Gly349Ser)

p.(Ala510Val)

p.(Gly349Ser)

p.(Ala510Val)

p.(Arg485_
Glu487 del)

p.(Ala510Val)

p.?

p.(Ala510Val)

Allele 2

Predicted protein change (in
bold are new mutations
detected)

+

+

+

+

+

+

+

+

+

+

+

+

+

++

+

+

+

+

+

+

+

+

+

+++

−
?

+++

+++

+

++

++

+

+

Spasticity

+

+

+

+

+

+

+

Cerebellar

−

−

+

−

+

+
+

−
−

+

−
+

+

+

−
+

+

+

?

−

−
+

+

−
+

−

−

−

−

−

−

−

−

−

−

−

+

−

−

−

−

−

−

−

−

−

−

−

−
+

−

−

−

−

+

+

−
+

+

−

−

−
+

−

−

−

−

−

−

−

+

−

−

−

?

Optic
atrophy

PEO

Dysarthria

+

+

+

+

+

Prox.
weakness

Continued

−

−

+

?

−

−

+

?

+

+

−

−

+

−

−

−

+

+

+

+

Bladder
disturbance
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Gender

F

M

M

F

M

M

M

M

F

F

M

M

M

M

M

F

M

M

M

Pedigree

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

44

43

40

58

46

42

55

46

30

45

15

36

48

34

31

48

50

55

35

Onset
age

10

16

12

20

3

5

7

6

20

8

20

5

7

10

10

20

7

12

10

Disease
duration

HSP

Direct

Direct

Ataxia

Direct

Direct

Direct

HSP

HSP

Ataxia

Direct

Ataxia

Direct

Direct

Direct

Direct

Direct

HSP

Direct

Direct/
panel
test

HSP—complicated,
ataxia waddling

CA with spasticity and
waddling gait

CA with spasticity,
waddling gait

CA

CA with spasticity,
waddling gait

CA with spasticity

CA with spasticity,
waddling gait

HSP—complicated

HSP—complicated

CA

CA with spasticity,
waddling gait

CA

CA with spasticity,
waddling gait

CA with spasticity,
waddling gait

CA with spasticity,
waddling gait

CA with spasticity,
waddling gait

CA with spasticity,
waddling gait

HSP—pure

CA with spasticity,
waddling gait

Presenting
phenotype

Table 1 SPG7 gene mutations and clinical features (continued)

c.1529C>T

c.233T>A

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1181T>C

c.1529C>T

c.233T>A

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

Allele 1

c.1454_
1462del

c.233T>A

c.754 G>T

c.2083C>G

del (exon
4–-9)

c.1529C>T

c.2096dup

c.1045 G>A

c.1045 G>A

c.233T>A

c.1904C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.1529C>T

c.861+2dupT

c.1053dupC

c.775_
781dup

c.1672A > T

Allele 2

Mutation in cDNA1
reference sequence: NM_
003119.3

p.(Ala510Val)

p.(Leu78*)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Phe394Ser

p.(Ala510Val)

p.(Leu78*)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

Allele 1

p.(Arg485_
Glu487del)

p.(Leu78*)

p.(Gly252*)

p.(Leu695Val)

p.?

p.(Ala510Val)

p.(Met699 fs)

p.(Gly349Ser)

p.(Gly349Ser)

p.(Leu78*)

p.(Ser635Leu)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Ala510Val)

p.(Asn288*)

p.(Gly352 fs)

p.(Thr261 fs)

p.(Lys558*)

Allele 2

Predicted protein change (in
bold are new mutations
detected)

+

+

+

+

+

+

+

+

+

+

+

+

+

?

+

+

++

+

+

N

+

+

+

+

+

+

N

N

+

N

+

+

+

+++

−

+

+

Spasticity

+

Cerebellar

?

−

−

−

−
−

−
−
−
−

−
−

−

−

−

−
−

−
−
−
−

−

+
−

++

+

+

−

−

−

−

+

−

−

−

−

−
+

−

−

+

+

+

+

+

+

+

+

+

+

?

−

−
+

Continued

−

+

+

−

−

+

+

+

+

+

+

−

?

+

−

−

−
+

+

+

Bladder
disturbance

−

−

Optic
atrophy

−

−

−

−

PEO

Dysarthria

+

?

+

+

+

+

+

+

+

+

+

+

+

+

Prox.
weakness

+
−

Although 4 patients were found to have reduced vibration
sense and 3 had reduced pinprick sensation on clinical examination, none of the 19 patients who underwent neurophysiologic assessment had evidence of large ﬁber peripheral
neuropathy or myopathy.

Abbreviations: CA = cerebellar ataxia; HSP = hereditary spastic paraplegia.
+ = mild (or feature present); ++ = moderate severity, +++ = severe; ? = unknown; N = normal; − = reduced (or feature not present).

+
+
+
++
p.(Ala458Val)
p.(Ala510Val)
c.1373C>T
c.1529C>T
HSP
M
42

40

20

HSP—complicated,
ataxia waddling

p.(Ala510Val)

p.(Pro350 fs)
c.1049_
1077del
c.1529C>T
Direct
M
41

48

10

HSP—complicated,
ataxia waddling

p.(Ala510Val)

p.(Tyr100*)
c.300 T>A
c.1529C>T
CA and mild spasticity
but no waddling
Ataxia
12
F
40

45

Sixty-four percent of cases demonstrated the triad of cerebellar ataxia with dysarthria, spasticity, and waddling gait at
presentation, and 9 others developed the full clinical picture
during follow-up (totaling 87%). Progressive external ophthalmoplegia (PEO) was observed only in 1 patient. Another
patient had vertical gaze palsy. Nystagmus was present in 38%
of patients. Optic atrophy was seen in 1 patient. Waddling gait
was seen in 87% of our cases.

−

−
−
+
++
+

+

−

+
−
++
+
++

−

−

Bladder
disturbance
Optic
atrophy
PEO
Dysarthria
Prox.
weakness
Spasticity
Cerebellar
Allele 1
Allele 2
Allele 1
Gender
Pedigree

Onset
age

Disease
duration

Presenting
phenotype

Allele 2

Predicted protein change (in
bold are new mutations
detected)
Mutation in cDNA1
reference sequence: NM_
003119.3

Direct/
panel
test

Table 1 SPG7 gene mutations and clinical features (continued)
6

patients could run, and 78% of the cases were using walking aid.
The severity of the ataxia was less (median scale for the assessment and rating of ataxia [SARA] score 8, range: 3.5–13.5)
when compared to spino cerebellar ataxia 6 (median score
15.0) for the same duration of symptoms.
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Mutation analysis
Fifteen cases (36%) were homozygous for mutations in the
SPG7 gene, while 27 cases (64%) were compound heterozygous. Twelve of the 15 homozygous cases had the common
missense mutation in exon 11, c.1529C>T, p.(Ala510Val),
while the other 3 cases were homozygous for the c.233T>A,
p.(Leu78*) nonsense mutation. Ninety percent of our cases
that carried the common mutation p.(Ala510Val) in at least
one allele were of British ancestry. The 3 patients homozygous for the p. (Leu78*) nonsense mutation were secondgeneration British citizens of Indian, Iranian, or Bulgarian
descent. The fourth case, of German descent, was compound
heterozygous for the c.1181T>C, p.(Phe394Ser) and c.1045
G>A, p.(Gly349Ser) mutations.
The frequency of the c.1529C>T, p.(Ala510Val) mutation in
our cohort was 60% (50 of 84 alleles assessed). The second
most common mutant allele, c.233T>A, p.(Leu78*), was seen
in 3 patients in the homozygous state, while c.1045 G>A,
p.(Gly349Ser) was seen in 5 cases in a compound heterozygous state. p.(Ala510Val) and p.Arg485_Glu487del mutations were observed in two-thirds of the disease alleles (50
of 84). In addition, to the single case with a large deletion,
several small insertions, duplications, deletions, and splice
site mutations were detected on 7 alleles, 5 of which have
been previously described. Most of the pathogenic alleles
were missense mutations (63 of 84) while 21 were nonsense
mutations (table 1).
Novel mutations in SPG7
We discovered 7 novel likely pathogenic mutations in the
SPG7 gene (table 1), of which 5 were null mutations, with 2
frame-shift mutations c.775_781dup p.(Thr261 fs) and
c.2096dup p.(Met699 fs), 2 nonsense mutations c.754G>T,
p.(Gly252*) and c.300T>A, p.(Tyr100*), and a large deletion encompassing at least exons 4 to 9 (c.377−?_1324+?
Neurology.org/NG

Table 2 Phenotypic description of the patients with SPG7
mutations

Table 2 Phenotypic description of the patients with SPG7
mutations (continued)

Features

Index cases (%)

Features

Male:female ratio

35:7

Mean age at onset (SD), y

41.7 (±11)

Normal

33/42 (79%)

Mean age at onset for males (SD), y

46.6 (±10)

Reduced

13/42 (21%)

Mean age at onset for females (SD), y

38.5 (±15)

Mean disease duration at examination (range), y

9.2 (3–20)

Symptoms at presentation

Index cases (%)

Lower limbs

Sensation
Vibration
Normal

31/40 (78%)

Reduced

9/40 (22%)

Impaired balance

41/42 (98%)

Slurred speech

32/42 (76%)

Stiffness

32/42 (76%)

Normal

32/35 (91%)

Leg weakness

10/42 (24%)

Reduced

3/35 (9%)

Other symptoms at presentation

Pin-prick

Joint position sense

Cognitive disturbance

5/42 (12%)

Normal

35/35 (100%)

Deafness

1/42 (2.5%)

Reduced

0/33 (0%)

Bladder disturbance

22/42 (50%)

Tendon reflexes

Muscle weakness

19/42 (48%)

Cranial nerve examination

Upper and lower limbs
Normal or reduced

3/42 (7%)
39/42 (93%)

Nystagmus

15/42 (38%)

Brisk

Vertical gaze palsy

1/42 (2.4%)

Babinski

Horizontal gaze palsy and limited vertical gaze

1/42 (2.4%)

Positive

20/39 (51%)

Optic atrophy

1/42 (2.4%)

Negative

19/39 (49%)

Cerebellar signs

38/42 (90%)

Gait

Dysdiadochokinesia

16/35 (48%)

Spastic ataxia

33/42 (79%)

Finger-nose test impaired

13/35 (39%)

Pure cerebellar gait

5/42 (12%)

Heel-shin test impaired

24/35 (67%)

Spastic waddling gait

4/42 (10%)

Cerebellar dysarthria

32/42 (76%)

Pure spastic gait

2/42 (5%)

Muscle tone
Upper limbs
Normal

27/42 (63%)

Increased tone

5/34 (15%)

Lower limbs
Normal or reduced

3/42 (7%)

Increased tone

39/42 (93%)

Power
Upper limbs
Normal

33/36 (92%)

Reduced

3/36 (8%)

Neurology.org/NG

MRI brain
Cerebellar atrophy

38/40 (95%)

Mild or no atrophy of the vermis

37/38 (98%)

Mild or no atrophy of the cerebellar hemispheres

26/38 (71%)

Severe atrophy

0/38 (0%)

del) was identiﬁed using multiplex ligation-dependent probe
ampliﬁcation. One of the novel missense mutation, c.1373C>T,
p.(Ala458Val), results in substitution of a conserved amino acid,
which is proven to be deleterious using in silico analysis while
found in one allele in gnomAD database supporting pathogenicity. The second missense mutation c.2083C>G,
p.(Leu695Val) resulted in substitution of the same amino
acid as a previously reported pathogenic mutation c.2084T>C,
p.(Leu695Pro).12 Predictions by PROVEAN (deleterious),
PolyPhen2 (probably damaging), and MutPred (actionable
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hypothesis) suggested likely pathogenicity, but this was not
supported by SNPS & GO (neutral). This allele is present in
the East Asian gnomAD normal control population at a frequency of 0.4626%.
MRI brain
MRI brain imaging was available in 40 cases. Cerebellar atrophy
was noted in 95%, mostly mild atrophy of the vermis (table 2;
ﬁgure 2, A and B). T1 sequences of both dentate nuclei (DN)
and the red nuclei (RN) were not distinguishable between
controls and SPG7 cases (ﬁgure 2, A and C). The same T2
sequence on 3-T imaging was available in 21 patients and these
were matched with 17 healthy controls. In the 16 healthy controls, the DN were hypointense compared to normal-appearing
white matter (ﬁgure 2C), and 1 healthy control had DN isointense relative to normal-appearing white matter. The DN were
isointense or hyperintense compared with normal-appearing
white matter (T2 imaging) in 18 of the 21 SPG7-positive cases
(ﬁgure 2D). Both controls and patients showed no diﬀerence in
the appearance of the RN, which were hypointense compared to
normal-appearing white matter in the pons (ﬁgure 2E). The
increase in DN T2 hyperintensity on MRI in SPG7 cases was
signiﬁcant compared to the controls (χ 2 test value 25.76, at p <
0.001) (ﬁgure 2F).
Genotype-phenotype correlation
from current and other studies
We analyzed mutations in the diﬀerent functionally important
domains of SPG7 shown in ﬁgure 1 for any impact on age at
onset of symptoms. Patients who had homozygous mutation in
the M41 peptidase domain had an earlier onset of disease
symptoms (by 12 years) compared to patients with mutations
in a nonfunctionally assigned domain (p < 0.022) (ﬁgure 3A).
Having homozygous, compound heterozygous mutations
or the presence of null alleles did not have an impact on age
at onset. However, we also noted that patients with the
c.1529C>T mutation when in a compound-heterozygote state
developed symptoms 8 years earlier compared to c.1529C>T
homozygous cases (p < 0.019, unpaired t test) (ﬁgure 3B).

Discussion
We describe a large British cohort of 42 unrelated and previously unreported cases with mutations in the SPG7 gene.
The largest other single-center cohort so far reported is
a Dutch cohort of 46 unrelated families.13 We propose that
the phenotype of cerebellar ataxia (with marked dysarthria),
mild lower limb spasticity, and waddling gait is clinically
distinct and should alert clinicians to direct genetic testing
for SPG7. Such an approach identiﬁed 64% of our cohort.
While SPG7 biallelic mutations have historically been associated with HSP, it is now clear that ataxia is the major
clinical presentation, as only 26% of our cohort presented
with an HSP-like phenotype.7,14,15 In another UK-based
study, SPG7 accounted for 18.6% of 70 patients with unexplained ataxia and pyramidal signs.7 SPG7 is the fourth
commonest cause of any genetic ataxia in the United
8
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Kingdom and the second commonest recessive ataxia.16 In
support of this ﬁnding, 90% of our SPG7 cohort demonstrated
gait ataxia with cerebellar dysarthria (table 2).
Only 2 patients were wheelchair-dependent, indicating that
ambulatory loss appears to be rare in SPG7 cases,15 with an
average SARA score of 8 (range: 3.5–14). This favorable
prognostic factor will be useful when counseling SPG7
patients and their families.
A considerable proportion of our cohort was male (83%). Female patients tended to develop symptoms about 4 years earlier.
The median age at onset of symptoms was 44 years, indicating
that SPG7-related disease is a late-onset disease in keeping with
previous reports.13,17 The age at onset, however, did range between 15 and 60 years; therefore, SPG7 can rarely present with
an early-onset ataxia. The recessive inheritance accounts for the
lack of a positive family history. Absence of a family history
should therefore not deter clinicians from SPG7 testing.
PEO was only seen in one of our patients but has been
reported in 11% of SPG7 cases worldwide. A previous report
found that 13% of the patients with PEO have SPG7. PEO was
also reported in 1 of 5 cases in a UK cohort of complex HSP.18
Overall, PEO in SPG7 was also rare in other cohorts, including
a French (2/23),19 a Dutch (2/46),13 and a French Canadian
cohort (none of the 22 individuals).15 A longitudinal study of
SPG7 patients from the United Kingdom reported a median
follow-up duration of 23 years from presentation to detecting
PEO,7 as did a Norwegian group (median follow-up of 24
years).20 Clinicians should be aware that PEO-like features in
SPG7 are rare but can develop late in the disease process.
Optic neuropathy was reported in 9.5% of the worldwide
SPG7 cases, compared to one patient in our cohort. In
a French cohort of SPG7 patients, 44% had evidence of optic
neuropathy based on optical coherence tomography, yet 40%
of the patients with optic neuropathy had normal-appearing
optic discs on funduscopy. It is therefore likely that optic
atrophy is common in SPG7-mutated patients but the clinical
signiﬁcance of this remains unclear.
SPG7 cases have mild cerebellar atrophy and none had severe
atrophy (table 2). The increased T2 signal from the dentate
nucleus in SPG7 cases compared to controls has not been
previously reported. The dentate nucleus is a site of iron
accumulation in normal aging, and this is usually associated
with reduced T2 signal. The high signal noted in SPG7 cases
does not appear to be due to a globally reduced brain iron
accumulation. In support of the MRI ﬁndings are postmortem
data from an SPG7 case, which showed neuronal loss in the
dentate nucleus.21 While the above imaging ﬁnding is not
speciﬁc for SPG7 mutations, yet it is an important characteristic and merits further consideration.22 We propose that
dentate nucleus hyperintensity on MRI T2 sequences, without severe overlying cerebellar atrophy and in the context of
a typical phenotype, aid the diagnosis of mutant SPG7.
Neurology.org/NG

Figure 2 MRI of the brain in SPG7 cases shows T2 hyperintensity of the dentate nucleus

(A) T1 axial image across the dentate nucleus (DN)
of a control case. (B) T1 axial section through the
DN in a patient with c.1529C>T homozygous
mutation. (C) T2-weighted axial image of the
same control and (D) T2 axial section through DN
in the same patient with c.1529C>T homozygous
mutation, which demonstrates hyperintense DN
(solid white arrow) compared to the normalappearing white matter. (E) T2-weighted axial
image of the same patient, which demonstrates
the red nucleus (RN). The RN appears hypointense compared to normal-appearing white
matter in all SPG7 and control cases (solid black
arrow with white border). (F) The observation of
hyperintense T2 signal of the DN was significantly
more frequent in the SPG7 patients compared to
the control cases (p < 0.001, χ2 test value 25.7649).

We also discovered 8 cases heterozygous for SPG7 (SPG7Het) (50% were c.1529C>T). As the pathogenicity of the
SPG7-Het is not well established, we have not included further analysis. However, analysis of the MRI appearances
showed 2 of 8 SPG7-Hets had T2 hyperintensity of the DN
(e-table 2, links.lww.com/NXG/A90).
The association of waddling gait has not been previously
highlighted in relation to SPG7. There are a number of reports
describing muscle weakness over and above the mild pyramidal
Neurology.org/NG

weakness seen in patients with HSP.19 In keeping with our
observations, myopathic features were noted in a PEO cohort.17 Furthermore, two-thirds of the SPG7 cases from the
Dutch cohort were noted to have lower limb muscle weakness.13 This weakness may account for the rationale of performing muscle biopsies in some cases that have, on occasions,
shown evidence of mitochondrial dysfunction.14,19,23,24
More than 242 cases of SPG7 have been described worldwide.
Analysis of the mutations demonstrates unique genotypeNeurology: Genetics | Volume 4, Number 6 | December 2018
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Figure 3 Genotype-phenotype correlation in SPG7 mutations and age at onset of symptoms

(A) Association of the position (by the functionally important regions) of the mutation and the age at onset in homozygous SPG7 cases. N terminal = up to first
140aa; FstH = 141-250aa; AAA ATpase = 306-481aa; M41 peptidase = 544-746aa; the rest = mutations in any other area(s), which is/are not described as above.
We selected homozygous cases because of the uniformity they create by harboring 2 similarly, mutated alleles, to compare the effect of the mutation within
functionally important domains of the SPG7 protein on the age at onset. One-way analysis of variance with multiple comparisons and post hoc Tukey test
showed a significantly (p = 0.034) younger age at onset (14.63 years, SE 5.25, 95% confidence interval: 0.82–28.4) for those with homozygous mutations in the
M41 peptidase domain compared to a mutational position in a functionally undefined domain (“the rest”). (B) The c.1529C>T common mutation when in the
homozygous state is associated with a significantly later age at onset than when in the compound heterozygous state. (C)1529C>T patients provide a degree
of mutational homogeneity, in that at least 1 allele is constant allowing comparison between homozygous and compound heterozygous states. Compound
heterozygotes developed symptoms on average 5.4 years earlier than the c.1529C>T homozygotes (p = 0.022, independent samples t test for equality of mean
values with equal variances assumed).

phenotype correlations in SPG7, wherein mutations in the M41
peptidase domain are associated with younger age at onset and
c.1529C>T homozygous mutations tend to associate with later
onset of disease compared to compound heterozygotes. Further studies are needed to conﬁrm above ﬁndings.
We identiﬁed 7 novel mutations, 70% resulting in premature
truncation of the paraplegin protein. The c.1529C>T mutation was present in at least one allele in all patients with
British ancestry, strongly supporting a previous report of
its association with patients with British heritage.14 We observed that c.1529C>T is the commonest mutant SPG7 allele worldwide, and this allele frequency in our cohort was
60%. The c.1454_1462del mutation is the second most
common mutation (9%).
We have highlighted that SPG7 is a common cause of sporadic
ataxia. We recommend direct genetic testing for SPG7
mutations when cerebellar ataxia with dysarthria is associated
with mild lower limb spasticity and a waddling gait. If the
patient is of long-standing British ancestry, directly testing for
the c.1529C>T mutation is highly likely to be diagnostic. The
MRI feature of relative T2 hyperintensity of the DN is also
strongly supportive of mutant SPG7.
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Abstract
Objective
To characterize all 4 mutations described for CD59 congenital deﬁciency.
Methods
The 4 mutations, p.Cys64Tyr, p.Asp24Val, p.Asp24Valfs*, and p.Ala16Alafs*, were described in
13 individuals with CD59 malfunction. All 13 presented with recurrent Guillain-Barré syndrome or chronic inﬂammatory demyelinating polyneuropathy, recurrent strokes, and chronic
hemolysis. Here, we track the molecular consequences of the 4 mutations and their eﬀects on
CD59 expression, localization, glycosylation, degradation, secretion, and function. Mutants
were cloned and inserted into plasmids to analyze their expression, localization, and
functionality.
Results
Immunolabeling of myc-tagged wild-type (WT) and mutant CD59 proteins revealed cell
surface expression of p.Cys64Tyr and p.Asp24Val detected with the myc antibody, but no
labeling by anti-CD59 antibodies. In contrast, frameshift mutants p.Asp24Valfs* and
p.Ala16Alafs* were detected only intracellularly and did not reach the cell surface. Western blot
analysis showed normal glycosylation but mutant-speciﬁc secretion patterns. All mutants signiﬁcantly increased MAC-dependent cell lysis compared with WT. In contrast to CD59
knockout mice previously used to characterize phenotypic eﬀects of CD59 perturbation, all 4
hCD59 mutations generate CD59 proteins that are expressed and may function intracellularly
(4) or on the cell membrane (2). None of the 4 CD59 mutants are detected by known antiCD59 antibodies, including the 2 variants present on the cell membrane. None of the 4 inhibits
membrane attack complex (MAC) formation.
Conclusions
All 4 mutants generate nonfunctional CD59, 2 are expressed as cell surface proteins that may
function in non–MAC-related interactions and 2 are expressed only intracellularly. Distinct
secretion of soluble CD59 may have also a role in disease pathogenesis.
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Glossary
CIDP = chronic inﬂammatory demyelinating polyradiculoneuropathy; ER = endoplasmic reticulum; GBS = Guillain-Barré
syndrome; MAC = membrane attack complex; PNH = paroxysmal nocturnal hemoglobinuria; SDS-PAGE = sodium dodecyl
sulfate–polyacrylamide gel electrophoresis; WT = wild type.

Complement activation triggers membrane attack complex
(MAC) assembly to form pores in cell membrane lipid bilayers of
susceptible bacteria.1 However, unregulated MAC formation
may cause host tissue damage.2 The glycosyl phosphatidylinositol
(GPI)-anchored cell surface membrane glycoprotein CD59
inhibits the ﬁnal step of MAC formation to protect host cells
from MAC-mediated injury.3
Several mutations in the CD59-coding sequence are known
in human patients (ﬁgure 1A). We and others have previously reported of 13 patients4–11 aged 1–4.5 years who
suﬀered from chronic hemolysis and recurrent episodes of
Guillain-Barré syndrome (GBS)-like disease from early
infancy, suggesting chronic inﬂammatory demyelinating
polyradiculoneuropathy (CIDP), and recurrent strokes
(table e-1, links.lww.com/NXG/A87). The mutations included p.Cys64Tyr, p.Asp24Val, p.Asp24Valfs*, and
p.Ala16Alafs*, all leading to CD59 loss of function. In all
mutations, no surface protein was detected by anti-CD59
antibody staining. We were interested, in the current study,
to verify whether indeed no proteins were produced,
whether any proteins that were produced reached the
membrane, and whether proteins or truncated proteins
exist intracellularly or secreted outside the cells. These
potential diﬀerences may have functional implications and
clinical manifestations.

Methods
Generation of myc-tagged wild-type (WT) and
mutant hCD59 expression plasmids
To verify the membrane and intracellular localization of the
mutated protein, we isolated, myc-tagged, and expressed WT
CD59 and each mutant in mammalian cell lines. Total RNA
was extracted from human white blood cell samples using
TRI Reagent (Sigma, St Louis, MO). cDNAs generated by
SuperScript II Reverse Transcriptase (Life Technologies,
Carlsbad, CA) from RNAs isolated from both a Cys64Tyr
homozygous patient and a healthy individual were used as
templates for PCR reactions (details appear in a supplementary section of Methods links.lww.com/NXG/A88).
Antibodies

To test staining of WT and mutant CD59 by anti-CD59
antibodies, human CD59 antibodies were used in immunoﬂuorescence labeling assays of overexpressing
COS7 cells and detected by ﬂow cytometry and ﬂuorescent microscopy. Details appear in supplementary
section.
2
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Sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blotting and
immunoprecipitation

SDS-PAGE, Western blot, and immunoprecipitation were used
for CD59 detection (details appear in the supplementary section).
Bortezomib (proteasome inhibitor) treatment

To test the eﬀect of ubiquitination on expression, we inhibited
ubiquitination by bortezomib. Forty-eight hours after transfection, culture medium was supplemented with 10 nM bortezomib (Velcade, Cell Signaling) or vehicle-only control. A
mouse antibody against the myc-tag peptide was used for
Western blot analysis.
In vitro cell lysis assay assessing MAC attack in WT and
mutants

To evaluate deposition of MAC and cell lysis, we used in vitro
cell lysis assays. Transfections of Chinese hamster ovary
(CHO) cells were performed using Lipofectamine 2000 reagent. Details appear in the supplementary section. Cells were
harvested 24 hours after transfection, replated on 24-well plates
(3 × 105 cells in 1 mL per well), and left until the plates were
conﬂuent. Cells were then washed twice with serum-free medium and incubated in 0.25 mL complete medium (7.5% FCS
heat inactivated) containing a 1/750 dilution of calcein AM
(Molecular Probes, Eugene, OR, 1 mg/mL stock in dimethyl
sulfoxide) for 1 hour at 37°C. After 1 wash with phosphate
buﬀered saline (PBS), duplicate wells were incubated with 1/5
dilution of normal human serum and 40 μL of rabbit anti-CHO
immunoglobulin G (IgG). After incubation for 1 hour at 37°C,
all ﬂuid was removed from the cells and transferred to 96-well
plates for calcein measurement.
The remaining cells were lysed with 0.25 mL PBS containing
0.1% Triton X-100 during a 15-minute incubation period at
room temperature, and the lysate was removed to 96-well
plates for calcein release measurement. Calcein ﬂuorescence
of supernatants was read in a Cytation 3 Cell Imaging MultiMode Reader (BioTek, Winoosky, VT) with excitation and
emission ﬁlters set at 485 and 530 nm, respectively. Percent
lysis for each well was calculated as calcein release/total calcein loading. Mean values and SDs were determined from
duplicate samples. Analysis of variance (ANOVA) and Student t test were used for statistical analysis.
Structural biology

Pymol (Schrödinger LLC, New York, NY) was used for inspection of structures and ﬁgure generation. Models of the
frameshift peptide sequences were generated using the
I-TASSER server.12–14
Neurology.org/NG

Figure 1 Sequence and structure of CD59 WT and mutants
(A) The sequences of WT CD59, point
mutations Cys64Tyr and Asp24Val, and
frameshift mutations Asp24Valfs* and
Ala16Alafs*: The mature membrane
surface CD59 primary sequence consists of 77 residues after removal of
a 25-residue N-terminal signal sequence and a C-terminal GPI-anchoring signal (not shown). Colored arrows
and boxes represent β-strands and
α-helices, respectively, as observed in
WT CD59 (see B). Point mutations are
marked with an asterisk. The sequence
of the 2 frameshift mutants reveals
significantly shortened proteins that
lack most of the CD59 sequence, in
particular the GPI-anchoring signal. (B)
The structure of CD59 highlights the
vicinity of the point mutations to
known sites of activity and interaction.
The mutated Cys64 and Asp24 positions are highlighted as spheres and
labeled. The 3 characterized interfaces
of CD59 are marked by numbered
crescents: (1) The classic site characterized originally described by Bodian
et al.21 with the central Trp40 residue
shown in sticks, (2) a loop spanning
residues 20–24 that modulates CD59
activity20 (colored in white), and (3) the
edge β-strand that interacts with ILY18
(to the left of the crescent). Disulfide
bridges that stabilize CD59 are shown
in sticks. Two solved structures (2j8b
and 2uwr) are shown, highlighting the
relative flexibility of the C-terminal helix (colored in magenta). (C) The
frameshift mutants contain only
a small part of the original CD59 sequence: The structure of CD59 is
shown, with the region with a sequence
in common with the Ala16Alafs* and
Asp24Valfs* mutants colored in yellow
and yellow-white, respectively. The ITASSER model for the Asp24Valfs* sequence aligns 2 additional β-strands
(colored in green, ending with the
sphere at CD59 position Trp40), before
it diverges, and the remaining part (in
blue) is unique to CD59. GPI = glycosyl phosphatidylinositol; WT = wild type.

Standard protocol approvals, registrations, and
patient consents

Human DNA and tissue samples were obtained in protocols
approved by our institutional review board. All patients or
their families provided informed consent.
Data availability
Study data for the primary analyses presented in this report
are available upon reasonable request from the corresponding
and senior author.

Results
Predicted effect of CD59 mutations on its 3D
protein structure
Figure 1 shows the sequences (ﬁgure 1A) and structures (ﬁgure
1, B and C) of CD59 with residues mutated in the 2 described
point mutations (ﬁgure 1B). The similarities between the 2
frameshift mutants are highlighted (ﬁgure 1C). The mature
membrane surface–expressed CD59 sequence consists of 77
Neurology.org/NG

residues after removal of a 25-residue N-terminal signal sequence and a C-terminal GPI-anchoring signal.15
Inspection of solved structures of CD59,16 pdb IDs 2j8b,
2uwr, 2ux2,17 4bik,18 and 2ofs19 shows that in the p.Cys64Tyr
mutant, a local disulﬁde bridge near the carboxy terminus of
the mature protein is interrupted (Cys64-Cys69) (ﬁgure 1B).
This would probably merely loosen the loop that is followed
by the C-terminal helix, which adopts diﬀerent orientations
depending on the solved structure (e.g., 2j8b vs 2uwr), indicating that it is not strongly stabilized in the WT structure.
As for p.Asp24Val, Asp24 was previously reported to play an
important role in CD59 stability and activity: p.Asp24Ala
strongly destabilizes CD59,20 whereas p.Asp24Arg permits
protein folding and expression, but abolishes CD59 activity.21
Indeed, Asp24 is part of an exposed loop (Ser20-Asp24),
located between the second and third β-strands (ﬁgure 1B),
that is involved in modulating CD59 activity. Single mutations
to alanine in that loop increased, whereas multiple alanine
Neurology: Genetics | Volume 4, Number 6 | December 2018
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substitutions decreased its activity.20 The 2 other mutants,
p.Ala16Alafs and p.Asp24Valfs, contain frameshifts that lead
to premature termination of the protein chain (ﬁgure 1A).
The frameshift mutants result in two 53 residue proteins
with very diﬀerent structure compared with WT CD59, but
their sequences are similar (ﬁgure 1A), including a common
C-terminus that lacks the GPI anchor attachment signal and
thus cannot attach to the membrane. Consequently, neither is
expected to successfully proceed via the Golgi apparatus to
the cell surface. The resulting proteins most probably do not
fold into a stable structure, in particular the Ala16Alafs* mutation (ﬁgure 1C), as estimated by the low quality of the
models predicted by the I-TASSER server12–14 (see
Methods).
Western blot analysis of CD59 mutants
To characterize the expression of CD59 mutants, we performed Western blot analysis. We myc-tagged WT and all 4
CD59 mutants, p.Cys64Tyr, p.Asp24Val, p.Asp24Valfs*, and
p.Ala16Alafs*, as well as GFP as a control, and expressed
each in HEK293T cells. Lysates were separated in SDSPAGE gels and immunoblotted with the anti-myc antibody.
Western blot analysis of whole-cell lysate probed with the
anti-myc antibody revealed similar patterns of the myc

antibody for WT CD59 myc protein and the missense mutant p.Cys64Tyr myc protein. In both, 2 bands were seen, 1
between 20 and 25 kDa and the other between 15 and 20
kDa (ﬁgure 2A). The missense mutant p.Asp24Val myc
protein appeared as bands between 15 and 20 kDa. For
frameshift mutations p.Asp24Valfs* and p.Ala16Alafs*, very
weak bands between 10 and 15 kDa were identiﬁed (ﬁgure
2A). To test whether the 2 bands seen in WT and
p.Cys64Tyr proteins result from N-glycosylation in the
Golgi apparatus, cell lysates were treated with Endo H. The
data showed that the 20-kDa band represents glycosylated
protein, and the Cys64Tyr mutant is glycosylated to the
same extent as the WT protein (ﬁgure 2B).
p.Cys64Tyr reduces the ability of CD59 to be
secreted from the cell
Diﬀerent processes, including cell damage and activation,
induce the release of membrane-anchored proteins from the
cell surface (shedding) or secretion from within the cell.
CD59 can be released into the circulation or the interstitial
ﬂuid in a soluble form (sCD59) and can be detected in various
body ﬂuids including urine, milk, serum, and plasma.22–25
Various studies have designated sCD59 as biomarker for
disease activity. Elevated circulating sCD59 concentrations

Figure 2 Western blot profile

See Methods for details. Anti-myc was used in all assays for detection. (A) Western blot expression pattern of WT and mutants Cys64Tyr, Asp24Val,
Asp24Valfs*, and Ala16Alafs*, as well as GFP. Anti-myc was used for detection (upper panel) and anti-tubulin as a loading control (lower panel). (B) Western
blot expression pattern of WT and Cys64Tyr mutant and GFP after using the Endo H enzyme. (C) Western blot expression pattern of conditioned medium. (D)
Proteosomal degradation profile. Transfected cells treated with bortezomib (Velcade) and lysate sample were separated on 15% polyacrylamide gels. PVDF
membranes were used for protein transfer. Anti-tubulin was used as a loading control (lower panel). PVDF = polyvinylidene difluoride; WT = wild type.
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have been found in acute myocardial infarction, and higher
serum titers of glycated sCD59 have been described in diabetes mellitus.26 To examine whether CD59 is secreted, we
checked the conditioned media of HEK293T cells transfected with all the above myc constructs for the presence of
CD59. Conditioned media from WT, p.Cys64Tyr,
p.Asp24Val, p.Asp24Valfs*, and p.Ala16Alafs* CD59, as well
as GFP-transfected cells, were collected and subjected to
immunoprecipitation using anti-myc antibodies. Western
blot analysis of the precipitated proteins showed a single
band between 15 and 20 kDa (equivalent to the glycosylated
protein) for WT and p.Cys64Tyr and a single band of
slightly lower MW for p.Asp24Val; p.Asp24Valfs* supernatant showed a single major band at ;15 kDa, whereas no
secreted protein was detected for p.Ala16Alafs*. Of note,
much lower levels of secreted protein were detected for
p.Cys64Tyr CD59 myc compared with WTCD59-myc
(ﬁgure 2C). Both frameshift mutants have a signal peptide
but lack the GPI anchor attachment signal and are therefore
expected to be secreted from the cell. Of interest, whereas
p.Asp24Valfs* was indeed secreted, no secretion was seen for
p.Ala16Alafs* (ﬁgure 2C).

Proteosomal degradation profile
We further examined whether the CD59 mutants
p.Cys64Tyr, p.Asp24Val, p.Asp24Valfs*, and p.Ala16Alafs*
are abnormally degraded via the ubiquitin-proteasome
pathway. For this, we treated the lysate of HEK293T
cells transfected with the above myc-tagged mutants
with bortezomib, a proteasome inhibitor. Cell lysates were
separated by SDS-PAGE and immunoblotted with an antimyc antibody (ﬁgure 2D). This experiment revealed that
the p.Cys64Tyr myc and p.Asp24Val myc mutants, similar
to the WT protein, do not accumulate in cells on inhibition
of the proteasome. In contrast, the frameshift mutants,
p.Asp24Valfs* myc and p.Ala16Alafs* myc, do accumulate,
indicating that they are subject to proteasome degradation
(ﬁgure 2D).
Intracellular and membrane localization of
CD59 mutants
To examine CD59 localization, we expressed in COS7 cells
myc-tagged WT CD59 and the 4 mutants of interest, as well as
GFP as a negative control, and detected surface-expressed
proteins by staining with the speciﬁc anti-myc antibody. In cells

Figure 3 Surface and intracellular localization of hCD59 mutants

(A) Characterization of WT and mutant Cys64Tyr, Asp24Val, Asp24Valfs*, and Ala16Alafs* constructs by myc antibody (red) and DAPI (blue). Staining with myc
tag and secondary antibodies was added after fixation without Triton. (B) Characterization of WT and Asp24Valfs* and Ala16Alafs* CD59 mutants by anti-myc
antibodies with or without Triton permeabilization. Differential recognition of WT and the Asp24Valfs* and Ala16Alafs* CD59 mutants by anti-myc. In both
procedures, anti-myc detected the WT constructs with or without Triton, but in the mutant construct, ER staining was seen only with Triton. (C) Characterization of WT and Asp24Valfs* and Ala16Alafs* CD59 mutants by anti-myc and PDI antibodies. Upper panel: myc antibody (red); middle panel: PDI antibody
(green) and DAPI (blue); and lower panel: merge. Cells were treated with methanol for permeabilization. Scale bars = 50 μm. PDI = protein disulfide isomerase;
WT = wild type.

Neurology.org/NG
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expressing WT, p.Cys64Tyr, and p.Asp24Val constructs, cell
surface localization was detected by the myc antibody, whereras
no surface staining was seen in cells expressing p.Asp24Valfs*
and p.Ala16Alafs* constructs (ﬁgure 3A). Because we could not
detect any surface staining in the 2-frameshift mutants, we repeated the immunolabeling procedures on ﬁxed cells, with or
without membrane permeabilization by Triton-X100. When
immunolabeling procedures were performed without Triton,
the myc antibody clearly detected WT CD59 on the cell surface,
but not the frameshift mutants p.Asp24Valfs* and p.Ala16Alafs*
(ﬁgure 3B upper panel). After Triton permeabilization, however, the myc antibody stained the 2 frameshift mutant CD59
proteins intracellularly, presumably in the endoplasmic reticulum (ER) (ﬁgure 3B lower panel). To verify the ER staining
of the frameshift mutations, we double labeled the transfected
COS7 cells with anti-myc and an anti-PDI antibody, an ER
marker. Immunolabeling revealed clear colocalization demonstrating that both frameshift mutants localized to the ER (ﬁgure
3C). To summarize, although both missense mutants
p.Cys64Tyr and p.Asp24Val are expressed on the cell surface,
the frameshift mutants p.Asp24Valfs* and p.Ala16Alafs* fail to
reach the cell surface and remain in the ER.
These results are in agreement with Western blot expression
results (ﬁgure 2, C and D), indicating that the missense
mutants are expressed and stable at the cell surface, whereas
the frameshift mutants are retained in the ER, from which they
are secreted from the cell (in the case of p.Asp24Valfs*) or
sent to proteosomal degradation (both p.Asp24Valfs* and
p.Ala16Alafs*).
CD59 mutants are not detected by antiCD59 antibodies
To investigate whether any of the available anti-CD59
antibodies detect the surface-expressed mutants, patientderived Cys64Tyr-expressing and healthy control lymphoblasts were exposed to 5 diﬀerent hCD59 monoclonal
antibodies representing mapped epitopes MEM43, HC1,
BRIC229, YTH53.1, and A35,21 1 monoclonal antibody with
an unknown epitope, 1.39, and a rabbit polyclonal antiserum
raised against human CD59. By ﬂow cytometry, detection of
CD59 by each of these 7 antibodies occurred only in the
control lymphoblasts and not in lymphoblasts expressing
CD59 mutants (ﬁgure 4A). We further veriﬁed these results
using cells transfected with WT mutant, both missense
mutants p.Cys64Tyr and p.Asp24Val and the 2 frameshift
mutants p.Asp24Valfs* and p.Ala16Alafs* by immunoﬂuorescence. Transfected cells were immunolabeled with each
of the above human CD59 antibodies and, in parallel, with
the anti-myc antibody. Immunolabeling with the monoclonal antibodies, MEM43, BRIC229 (ﬁgure 4B), HC1, 1.39
(ﬁgure e-2) and rabbit polyclonal antibodies (data not
shown) revealed clear cell surface detection of the WT but
not the mutant constructs (ﬁgure 4B). For technical reasons,
A35 and YTH53.1 were not included in the staining. Results
of the immunoﬂuorescence labeling, including the myc antibody, are summarized in table e-2 (links.lww.com/NXG/
6
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A87). Taken together, known anti-CD59 antibodies did not
detect surface expression of CD59 protein in either of the 2
missense mutations. This may suggest that the missense
mutations result in substantial structural changes that abolish the protein’s interaction with various antibodies and may
similarly abolish protein-protein interactions necessary for
its diﬀerent functions.
CD59 p.Cys64Tyr and p.Asp24Val mutants are
nonfunctional in protecting from MAC attack
All 7 patients described with the p.Cys64Tyr mutation, and all
3 patients described with the Asp24Val mutation exhibited
paroxysmal nocturnal hemoglobinuria (PNH)-like RBC hemolysis and a hypercoagulability state6,9 due to increased
MAC formation. We expressed WT and mutant hCD59
constructs in the CHO cells and examined MAC-dependent
lysis of the transfected cells. As shown in ﬁgure 5, WT CD59
transfection protected CHO cells from lysis (p < 0.05,
ANOVA and Student t test); however, all mutants, including
p.Cys64Tyr and p.Asp24Val, showed signiﬁcantly increased
MAC-dependent cell lysis (p < 0.05, ANOVA and Student t
test for frameshift mutants and p.Asp24Val) compared with
the level of MAC-dependent cell lysis in the presence of WT
hCD59. For the p.Cys64Tyr mutant, this measured lysis (p <
0.002, ANOVA and Student t test) even surpassed the lysis of
CHO cells without any additional expression, indicating
perhaps an agonist eﬀect on MAC-dependent lysis that needs
further investigation.
Taken together, we conclude that although both p.Cys64Tyr
and p.Asp24Val mutant CD59 are surface expressed as
demonstrated by myc staining, they are not detected by any of
a panel of anti-CD59 antibodies using ﬂow cytometry or
immunoﬂuorescence labeling and do not protect against
MAC killing. The data indicate that these mutant proteins are
misfolded and, similar to the frameshift mutations, show no
CD59 function in relation to protection against MAC.

Discussion
Secondary CD59 deﬁciency is a common ﬁnding in patients with
PNH. This condition is characterized by clonal expansion of
hematopoietic stem cells that have acquired a somatic mutation
in the PIGA gene (phosphatidylinositol N-acetylglucosaminyltransferase subunit A). PIGA encodes a GPI biosynthesis
protein, phosphatidylinositol N-acetylglucosaminyltransferase
subunit A.27,28 The CD59 protein inhibits the ﬁnal and most
important step of MAC formation. Erythrocytes that are deﬁcient in GPI-anchored membrane proteins, including CD59,
undergo complement-mediated hemolysis.29,30
The relationship of CD59 deﬁciency to the erythrocyte
phenotypes of PNH has been established.31–34 Indeed, in
a murine model, targeted deletion of the CD59 gene resulted
in spontaneous intravascular hemolysis and hemoglobinuria,
ﬁndings characteristic of PNH.35
Neurology.org/NG

Figure 4 Mutant detection by anti-CD59 antibodies using flow cytometry and fluorescent microscopy

(A) A panel of anti-CD59 antibodies in Cys64Tyr and healthy control lymphoblasts: MEM43, HC1, BRIC229, YTH53.1, A35, 1.39, and rabbit polyclonal antibodies,
assayed by flow cytometry. (B) Staining of WT and mutant constructs Cys64Tyr, Asp24Val, Asp24Valfs*, and Ala16Alafs* by BRIC229 or MEM43f (red), DAPI
(blue). Procedures were performed by live staining without fixation and Triton treatment and assayed by fluorescent microscopy. Scale bars = 50 μm.
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Figure 5 Lysis functional assay in hCD59 mutants

WT and mutant constructs Cys64Tyr, Asp24Val,
Asp24Valfs*, and Ala16Alafs* were transfected to
CHO cells. Forty-eight hours after transfection,
cells were marked by calcein AM, and calcein
fluorescence of supernatants was read using the
Cytation 3 Cell Imaging Multi-Mode Reader with
the excitation filter set at 485 nm and emission
filter at 530 nm. Percent lysis for each well was
calculated as calcein release/total calcein loading
(*p < 0.05, **p < 0.002, ANOVA and Student t test).
WT = wild type.

PNH is a rare disease, aﬀecting approximately 1 per million in
Caucasian populations. Primary CD59 deﬁciency caused by
germline mutations is extremely rare, described so far in 13
individuals globally, and characterized by hemolytic anemia
(13/13), recurrent strokes (7/13), and peripheral demyelination (12/13) imitating recurrent GBS or CIDP.6,29,30
The 4 CD59 mutations described so far have similar clinical
manifestations, despite large diﬀerences between the mutant
proteins. The frameshift mutants p.Asp24Valfs* and
p.Ala16Alafs* are predicted to generate truncated proteins
with a distinct C-terminal sequence (common to both
mutants) and as we show here undergo either ubiquitination
or secretion and do not reach the membrane surface. In
contrast, the mutants p.Cys64Tyr and p.Asp24Val do reach
the cell surface but are nonfunctional in protecting the host
from MAC attack; nevertheless, these proteins have the potential capability to perform non–MAC-related functions.
The MAC inhibitory function of CD59 is related to its capacity to bind C8 (within C5b-8) and block recruitment of
C9, essential for MAC formation, accounting for the observed
eﬀect on lytic sensitivity.36,37 The region in CD59 responsible
for interaction with these complement proteins has been
deﬁned by analysis of engineered CD59 mutants, and includes
positions Trp40, Arg53, and Glu56, which colocalize to the
glycosylated, membrane-distal face of its extracellular domain,
and a distal position Asp24.21 Of note, the latter is the position
mutated in the p.Asp24Val point mutation. In another study,
this residue was shown to be part of a loop spanning residues
20–24 that eﬀectively modulates CD59 activity; engineered
mutations in this loop both reduced and increased CD59
activity, highlighting its role in ﬁne-tuning CD59 function.20
A recently solved structure of a complex between the pathogen pore-forming intermedilysin (ILY) and CD59 (PDB ID
8
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4bki)18 revealed another distinct binding site on CD59 that
promotes polymerization of ILY on the cell surface and catalyzes pore formation.18 Cys64 is located in this third interface
(ﬁgure 1B), suggesting that, in addition to a destabilizing effect leading to loss of recognition by antibodies and loss of
MAC regulatory function, the Cys64Tyr mutation could also
speciﬁcally aﬀect other interactions. The fact that hCD59
Cys64Tyr overexpression caused increased MAC-dependent
lysis beyond the control, in marked contrast to the lytic inhibitory eﬀect of WT, may indicate an involvement of this
interface in the regulation of MAC formation. The interface
may also mediate functional interactions with complement or
other players, such as activation of T cells38,39 and Islet cell
secretion of insulin.40
The mutations reported in this study, together with previous
studies on CD59 activity, highlight the versatility of CD59
activity and regulation. CD59 likely acts via at least 3 distinct
interfaces (ﬁgure 1B): (1) The binding site was originally deﬁned21 between the β-sheet and α-helices 1&2; (2) loop 20–24,
which ﬁne tunes activity20; and (3) the β-strand interface
binding to the pathogen intermedilysin.18 The latter 2 are directly aﬀected by the CD59 point mutations described in this
study. In humans, and in contrast to CD59 knockout experiments in mice, the present study shows a much more complex
picture of mutated CD59 expression and mode of action.
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Abstract
Objective
To provide new insights into the FOXG1-related clinical and imaging phenotypes and reﬁne the
phenotype-genotype correlation in FOXG1 syndrome.
Methods
We analyzed the clinical and imaging phenotypes of a cohort of 45 patients with a pathogenic or
likely pathogenic FOXG1 variant and performed phenotype-genotype correlations.
Results
A total of 37 FOXG1 diﬀerent heterozygous mutations were identiﬁed, of which 18 are novel.
We described a broad spectrum of neurodevelopmental phenotypes, characterized by severe
postnatal microcephaly and developmental delay accompanied by a hyperkinetic movement
disorder, stereotypes and sleep disorders, and epileptic seizures. Our data highlighted 3 patterns
of gyration, including frontal pachygyria in younger patients (26.7%), moderate simpliﬁed
gyration (24.4%) and mildly simpliﬁed or normal gyration (48.9%), corpus callosum hypogenesis mostly in its frontal part, combined with moderate-to-severe myelination delay that
improved and normalized with age. Frameshift and nonsense mutations in the N-terminus of
FOXG1, which are the most common mutation types, show the most severe clinical features
and MRI anomalies. However, patients with recurrent frameshift mutations c.460dupG and
c.256dupC had variable clinical and imaging presentations.
Conclusions
These ﬁndings have implications for genetic counseling, providing evidence that N-terminal
mutations and large deletions lead to more severe FOXG1 syndrome, although genotypephenotype correlations are not necessarily straightforward in recurrent mutations. Together,
these analyses support the view that FOXG1 syndrome is a speciﬁc disorder characterized by
frontal pachygyria and delayed myelination in its most severe form and hypogenetic corpus
callosum in its milder form.
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Glossary
FBD = forkhead binding domain.

Mutations in the FOXG1 gene have been shown to cause
a rare neurodevelopmental disorder. Initially described as
a “congenital variant of Rett syndrome,”1,2 subsequent reports
allowed delineation of the FOXG1 syndrome, which is now
considered a distinct clinical entity.3–7
To date, more than 90 individuals with FOXG1 mutations
have been described, mostly within small case series.5,7 The
disorder comprises a complex constellation of clinical features, including severe postnatal microcephaly, deﬁcient social
reciprocity, combined stereotypies and dyskinesias, epilepsy,
poor sleep patterns, and unexplained episodes of crying.3 In
parallel to these clinical criteria, the importance of brain MRI
features has been emphasized.1,3,8 However, the spectrum of
MRI features in FOXG1 syndrome is yet to be fully deﬁned.
FOXG1 encodes a transcription factor containing a highly
conserved domain spanning from the forkhead binding domain (FBD) to the C-terminus and a variable N-terminus.9
FOXG1 mutations include frameshifts, deletions, and point
mutations.7,10 A recent study suggests that more severe phenotypes are associated with truncating FOXG1 variants in the
N-terminus and the FBD and milder phenotypes with missense variants in the FBD. The most signiﬁcant diﬀerences
were related to motor and speech development, while only
borderline diﬀerences were found concerning corpus callosum anomalies, delayed myelination, and microcephaly.7
In light of these recent ﬁndings, the aim of this study was to
provide a comprehensive overview of FOXG1-related clinical
and imaging phenotypes by thorough analysis of a cohort of 45
clinically well-characterized patients with FOXG1 mutation and
reﬁne the phenotype-genotype correlation in FOXG1 syndrome.

Methods
We recruited patients with pathogenic or likely pathogenic
FOXG1 mutations from diﬀerent cohorts through a large national and international network. Genetic testing was performed
by array comparative genomic hybridization (CGH) (5/45),
Sanger sequencing (31/45), targeted panel high-throughput
sequencing (4/45), and whole-exome sequencing (4/45).
Standard protocol approvals, registrations,
and patient consents
The study was approved by the ethics committee of the University Hospital of Necker Enfants Malades, Paris, France and
the relevant local institutional review boards. Parental written
informed consent was obtained for all aﬀected patients.
All patients were personally known to at least 1 of the coauthors and were reexamined for the purpose of the study.
2
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Five patients had been reported previously and were reassessed for the study.8,11,12 Standardized clinical information
was recorded. Movement disorders were characterized in
person by investigators and classiﬁed according to established
criteria.13 Epileptic seizures were classiﬁed according to the
recommendations of the Commission on Classiﬁcation and
Terminology of the International League Against Epilepsy.
In addition, for patients ﬁlmed, we obtained additional authorization for disclosure of any recognizable persons in videos.
The genetic testings were performed in accordance with the
respective national ethics guidelines and approved by the local
authorities in the participating study centers.
MRI studies
As the MRI studies were performed over a period of 10 years
at many diﬀerent imaging centers and on many diﬀerent types
of MR scanners, the imaging techniques that were used
diﬀered substantially, although a majority had at least axial
and sagittal T1-weighted and axial T2-weighted and ﬂuidattenuated inversion recovery (FLAIR) sequences. Imaging
assessment was based on agreement between 2 investigators
(N.B. and N.B.-B.) who reviewed the images. Each made initial
evaluations independently, and any disagreements regarding
the ﬁnal conclusion were resolved by consensus.
Statistical analysis
All statistical analyses were performed in GraphPad Prism
version 6.00. Data are described as mean ± SEM. Diﬀerences
were evaluated using the 2-way analysis of variance with
multiple comparison tests.
The study was approved by the ethics committee of the University Hospital of Necker Enfants Malades, Paris, France and
the relevant local institutional review boards. Parental written
informed consent was obtained for all aﬀected patients.

Results
Our cohort totaled 45 patients with FOXG1 mutations, 22
males and 23 females ranging in age from 19 months to 42
years (median: 5.73 years) at the time of evaluation (table e-1
links.lww.com/NXG/A97).
A total of 37 FOXG1 diﬀerent heterozygous mutations were
identiﬁed, of which 18 are novel. They comprised 32 small
intragenic mutations and 5 large deletions of the whole FOXG1
locus. All mutations were de novo, except 1 reported previously
as a germinal mosaic.12 Point mutations were mostly frameshifts
(14/32; 43.75%) and missense mutations (12/32; 37.5%), with
a small number of nonsense (4/32; 12.5%) and in-frame
Neurology.org/NG

mutations (2/32; 6.25%) (ﬁgure 1, A and B). Three recurrent
mutations, c.460dupG, c.256dupC, and c.256delC, were
identiﬁed.
Clinical presentation in patients with
FOXG1 mutations
Patients ﬁrst came to medical attention at a median age of 3
months (birth to 20 months) because of developmental delay
and microcephaly (15/45; 33.3%) or with lack of eye contact,
or strabismus (16/45; 35.6%). Epileptic seizures or movement disorder were less common (4/45; <10%). In 5 cases
(11.1%), brain anomalies were diagnosed prenatally.
At birth, a majority of patients had normal body measurements and low normal birth head size (38/43; 88.4%). Severe
postnatal microcephaly (−4 to −6 SD) became apparent after
the age of 1 month.
At the age of the last evaluation (median: 5 years; 19 months to
42 years), all patients had profound developmental delay, with
permanent esotropia (38/42; 90.7%) (video 1 links.lww.com/
NXG/A99). Hand use was severely limited to involuntary gross
manipulation (13/44; 29.5%) (video 2 links.lww.com/NXG/
A100). On examination, a complex movement disorder was the
most prominent feature characterized by generalized hyperkinetic and dyskinetic movements that was present at rest and

worsened with attempts to movement (videos 3 and 4 links.
lww.com/NXG/A101 and links.lww.com/NXG/A102), with
orolingual dyskinesias (12/33; 36.4%) (video 5 links.lww.com/
NXG/A103); 34 of 43 patients (79.1%) also showed hand
stereotypies, consisting of hand pressing/wringing or hand
mouthing (videos 6 and 7 links.lww.com/NXG/A104, links.
lww.com/NXG/A105), which are unusual in the context of
dyskinetic movement disorders. Thirty-two of 44 patients (72.
7%) had feeding diﬃculties associated with gastroesophageal
reﬂux (videos 8 and 9 links.lww.com/NXG/A106 and links.
lww.com/NXG/A107). Sleep problems were frequent (27/42;
64.3%) and included multiple nocturnal awakenings or diﬃculties in falling asleep with irritability and inconsolable crying
or inappropriate laughing (25/40; 62.5%). Seizures were
documented in 77.8% (35/45) of patients and occurred at
a mean age of 2.5 years (range: 2 days to 12 years). Generalized
tonic or tonic-clonic seizures were the most frequent seizure
type (21/35; 60%). Of the 35 patients, 17 (48.6%) developed
refractory epilepsy with multiple seizure types and 5 (14.3%)
experienced at least 1 episode of status epilepticus (table 1).
Because, FOXG1 mutations had been previously associated with
congenital Rett variant, we examined the prevalence of congenital Rett-supportive manifestations. Overall, 2 of 21 females
(9.5%) and 1 of 21 males (4.76%) fulﬁlled the diagnostic criteria
for Rett syndrome14 (table e-2 links.lww.com/NXG/A98).

Figure 1 Schematic representation of FOXG1 gene, protein domain structure, and positions of FOXG1 mutations

(A) Schematic representation of FOXG1 gene and (B) FOXG1 protein domain structure and positions of the variations identified: N-terminal domain; FBD
domain (forkhead DNA binding domain, amino acids 181–275), GBD domain (Groucho binding domain, amino acids 307–317), JBD domain (JARID1B binding
domain, amino acids 383–406), and C-terminal domain are indicated. Mutations are located all along the FOXG1 gene, within different protein domains.
Missense mutations are predominantly located in the FBD (91.7%), whereas frameshift mutations are more prominent in the N-terminal domain (57.1%). The
novel variants described in this article are highlighted in bold and the recurrent variants are underlined with the corresponding number of recurrences
indicated in brackets. FBD = forkhead binding domain; GBD = Groucho binding domain; JBD = JARID1B binding domain.
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3y6m

1 y 7 mo

10 y 2 mo

3y

7 y 5 mo

10 y

3y

12 y

5y

9y

Trs1/F

Im11/F

Im05/M

Nan02/F

Bay01/F

Mon01/M

Rou01/M

Ren01/M

Leu01/F

Thi01/F

4 y 10 mo

4 y 6 mo

Tel02/M

Im06/F

Age at last
follow-up

Patient/sex

p.Glu154Glyfs*301

p.Glu154Glyfs*301

p.Glu154Glyfs*301

p.Glu154Glyfs*301

p.Glu136Glyfs*39

p.Gln86Argfs*106

p.Gln86Argfs*106

p.Gln86Aspfs*34

p.Gln86Profs*35

p.Gln86Profs*35

p.Gln86Prosfs*35

p.Gln73dup

Mutation

No

Yes

No

Yes

Yes

Yes

No

Yes

Yes

No

Yes

Yes

Epilepsy

—

—

GTS then seizure free

—

—

2y

1 episode of FS then seizure free

GTS and IS; 1 SE, drug-resistant multifocal
epilepsy with VGB and TPM

6y

1 y 3 mo

IS then myoclonic seizures with
photosensitivity; seizure free from the age of
4

—

—

1y

2 SE then GTS (1/m) with AED with LTG, VPA,
CZP

1 y 6 mo

GTCS (1 each 6 mo) with LTG and CZP

—

—

5 mo

IS then evolved to GTS (1 SE at 2 y 6 m)
followed by GTCS, drug resistant

Brief GTS (every 2 wk) under AED

Seizure history

6 mo

1y

Age at
seizure onset

Table 1 Individual data on epilepsy and MRI pattern on 45 patients with de novo FOXG1 mutations/deletions

1 y 11 mo

9 y 3 mo

5y

12 y 8 mo

34 mo

3 y 6 mo

3 y 2 mo

3y

2 y 8 mo

2 y 6 mo

11 m

2 y 8 mo

Age at
MRI

Continued

Pachygyria, severe myelination delay,
hypogenesis of the CC with absence of
rostrum, and mild cerebellar atrophy

Moderate SIMP with mild cortical atrophy,
mild myelination delay, complete agenesis of
the CC, and cerebellar atrophy

Normal gyral pattern, mild myelination delay,
and normal CC and cerebellum

Mild SIMP gyral pattern with mild cortical
atrophy, normal myelination, hypogenesis of
the CC affecting the rostrum, and cerebellar
atrophy

Pachygyria, severe myelination delay,
hypoplastic CC, and normal cerebellum

Mild SIMP gyral pattern, severe cortical
atrophy, mild myelination delay, complete CC
agenesis, and normal cerebellum

Normal gyral pattern, mild myelination delay,
hypogenesis of the CC affecting the rostrum,
and normal cerebellum

Moderate SIMP with mild cortical atrophy,
severe myelination delay, complete agenesis
of the CC, and normal cerebellum

Moderate SIMP gyral with cortical atrophy,
severe myelination delay, hypogenesis of the
CC affecting the rostrum, and normal
cerebellum

Moderate SIMP, mild myelination delay,
hypogenesis of the CC affecting the rostrum,
and normal cerebellum

Mild SIMP gyral pattern, moderate
myelination delay, hypogenesis of the CC
affecting the rostrum, and normal
cerebellum

Moderate SIMP with cortical atrophy, severe
myelination delay, hypoplastic CC, and
normal cerebellum

MRI Pattern
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7y

20 y

10 y

Ade01/M

Str03/M

Im01/F

6y

Rdb02/M

32 y

4 y 12 mo

Im10/M

Ren03/M

ND

Tou01/M

22 y

11 y

Im04/F

Pit02/M

2y

Ang02/M

2 y 4 mo

6y

Im09/M

Im03/F

Age at last
follow-up

Patient/sex

p.Tyr254Thrfs*72

p.Val242Cysfs*84

p.Tyr208_Ile211del

p.Gln196*

p.Ile194Serfs*19

p.Ser185Glnfs*270

p.Tyr179*

p.Lys162Serfs*51

p.Glu155*

p.Glu155Glyfs*300

p.Glu154Glyfs*301

p.Glu154Glyfs*301

Mutation

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Epilepsy

3y

6 mo

1 y 8 mo

4y

1y

1 y 5 mo

11 mo

2y

10 mo

4 mo

3 mo

4y

Age at
seizure onset

GTCS, FS, under 3 AED

Myoclonic seizures and then GTCS

Recurrent seizures (3/d), then seizure free
with AED

1 SE then occasional GTCS between 4 and 10 y
then seizure free

GTS then seizure free

Focal seizures, with secondary generalization
then seizure free with AED

Focal seizures, with secondary generalization
refractory

Occasional GTCS with VPA

Drug-resistant multifocal epilepsy (Lennox
Gastaut like)

Myoclonic seizures treated with VPA, then
seizure free from the age of 4 y

Focal motor seizures (4/mo)

Occasional GTCS (1/y) with VPA (normal EEG)

Seizure history

Table 1 Individual data on epilepsy and MRI pattern on 45 patients with de novo FOXG1 mutations/deletions (continued)

7 y 4 mo

8 mo

2 y 7 mo

7 mo

ND

Continued

Moderate SIMP with cortical atrophy, mild
myelination delay, hypoplastic CC affecting
the rostrum, and normal cerebellum

Pachygyria, moderate myelination delay,
hypoplastic CC, and normal cerebellum

Mild SIMP with mild cortical atrophy, absence
of myelination delay, hypogenesis of the CC
affecting the rostrum, and normal
cerebellum

Partial agenesis of the CC and normal
cerebellum

Mild SIMP gyral pattern, myelination delay,
hypoplastic CC with hypoplastic rostrum

Mild SIMP gyral pattern with mild cortical
atrophy, moderate myelination delay,
extremely hypoplastic CC, and normal
cerebellum

Pachygyria with moderate cortical atrophy,
severe myelination delay, partial agenesis of
the CC, and normal cerebellum

2 y 3 mo

2y

Moderate SIMP gyral pattern with cortical
atrophy, severe myelination delay, partial
agenesis of the CC, and normal cerebellum

Pachygyria, severe myelination delay,
hypoplastic CC, and normal cerebellum

Mild SIMP gyral pattern, severe myelination
delay, hypogenesis of the CC affecting the
rostrum, and normal cerebellum

Mild SIMP gyral pattern with moderate
cortical atrophy, severe myelination delay,
hypogenesis of the CC affecting the rostrum,
and normal cerebellum

Mild SIMP, mild myelination delay,
hypogenesis of the CC affecting the rostrum,
and normal cerebellum

MRI Pattern

4y

2 y 6 mo

1 y 10 mo

1 y 3 mo

3 y 3 mo

Age at
MRI
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10 y

8y

2y

22 mo

42 y

4y

2 y 7 mo

2 y 4 mo

9y

4y

17 y

Ren02/F

Rdb01/M

Lau01/M

Im08/M

Pit01/F

Mar01/F

Im12/F

Ang01/M

Str02/F

Lyo01/M

Nan03/F

7 y 1 mo

3 y 6 mo

Tel01/M

Nan01/F

Age at last
follow-up

Patient/sex

p.Asn408Ile

p.Leu257Pro

p.Trp255Arg

p.Gly252Val

p.Arg230His

p.Gly224Ser

p.Phe215Leu

p.Leu204Phe

p.Arg195Pro

p.Asn187Lys

p.Asn187Asp

p.Pro182Leu

p.Ile266Tyrfs*189

Mutation

Yes

No

Yes

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Epilepsy

9y

Atypical absences with VPA

—

—

—

—

ND

—

—

1y

IS then seizure free under LTG, CZP from 2 y

GTCS, seizure free with VPA

GTCS then seizure free

GTS (10/d every 6 mo) with VPA and CZP

IS then multifocal drug-resistant epilepsy

IS then multifocal drug-resistant epilepsy

6 mo

10 y

8y

8 mo

12 mo

1 y 6 mo

Atypical absence, GTCS; drug resistant

FS once

—

9 mo

Seizure history

Age at
seizure onset

Table 1 Individual data on epilepsy and MRI pattern on 45 patients with de novo FOXG1 mutations/deletions (continued)

13 y

4y

2 y 2 mo

19 mo

1 y 11 mo

2 y 6 mo

3y

39 y

2 y 2 mo

2 y 5 mo

18 mo

1y

11 mo

Age at
MRI

Normal

Normal cortex; anterior part CC
nonmyelinated

Continued

Mild SIMP gyral pattern, mild myelination
delay, CC hypogenesis, and normal
cerebellum

Pachygyria, severe myelination delay,
hypoplastic CC, and normal cerebellum

Pachygyria, moderate myelination delay,
hypoplastic CC affecting the rostrum and
normal cerebellum

Normal gyral pattern, mild myelination delay,
hypoplastic CC, and normal cerebellum

Normal gyral pattern with mild cortical
atrophy, moderate myelination delay,
hypoplastic CC affecting the rostrum, and
normal cerebellum

Mild SIMP with mild cortical atrophy, mild
white matter loss, hypoplastic CC affecting
the rostrum, and cerebellar atrophy

Moderate SIMP gyral pattern with moderate
cortical atrophy, moderate myelination delay,
hypoplastic CC, and normal cerebellum

Moderate SIMP with cortical atrophy, severe
myelination delay, hypoplastic CC, and
normal cerebellum

Pachygyria, severe myelination delay,
hypoplastic CC affecting the rostrum, and
normal cerebellum

Pachygyria, moderate myelination delay,
hypoplastic CC affecting the rostrum, and
normal cerebellum

Moderate SIMP, mild myelination delay,
hypoplastic CC, and normal cerebellum

MRI Pattern
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del14q12 (18,798,641–19,484,013)

del14q12q13.1

del14q12 (26,415,516–29,677,148)

del14q12 (29,222,002–29,258,618)

c.-715delinsTACCAAAA

p.Tyr400*

p.Ser326Glufs*129

Mutation

Yes

No

Yes

Yes

Yes

No

Yes

Epilepsy

FS (<1/mo)

—

—

2 d of life

GTS then seizure free during 2 mo, drug
resistant (seizure frequency 1/w)

IS, seizure free under VGB

1 y 3 mo

1 y 4 mo

GTCS then seizure free under VPA (3 ys);
currently no treatment (11 y)

—

—
1 y 6 mo

IS treated with VGB and steroids, then seizure
free

Seizure history

1y

Age at
seizure onset

2y

5 mo

9 mo

8 mo

15 y 11 mo

7 y 11 mo

1 y 1 mo

Age at
MRI

Mild SIMP gyral pattern with moderate
cortical atrophy, moderate myelination delay,
hypoplastic CC, and normal cerebellum

Moderate SIMP gyral pattern, moderate
myelination delay, complete agenesis of the
CC, and normal cerebellum

Mild SIMP gyral pattern, moderate
myelination delay, hypogenesis of the CC
affecting the rostrum and the genu, and
normal cerebellum

Mild SIMP gyral pattern, mild myelination
delay, hypogenesis of the CC affecting the
rostrum, and normal cerebellum

Mild SIMP gyral pattern with mild cortical
atrophy, absence of myelination delay,
hypogenesis of the CC affecting the rostrum,
and cerebellar atrophy

Normal

Moderate SIMP with mild cortical atrophy,
moderate myelination delay, hypogenesis of
the CC affecting the rostrum, and normal
cerebellum

MRI Pattern

Abbreviations: AED = antiepileptic drugs; CBZ = carbamazepine, CC = corpus callosum; CZP = clonazepam; FS = focal seizures; GTCS = generalized tonic-clonic seizures; GTS: generalized tonic seizures; IS = infantile/epileptic
spasms; LEV = levetiracetam; LTG = lamotrigine; SE = status epilepticus; SIMP = simplified gyration; TPM = topiramate; VGB = vigabatrin; VPA = valproic acid.

7y

Aix01/M

1 y 6 mo

Lyo02/F

2y

18 y 2 mo

Dij01/F

Im07/F

18 y

Cle01/F

3 y 9 mo

4 y 9 mo

Im02/M

Lyo03/F

Age at last
follow-up

Patient/sex

Table 1 Individual data on epilepsy and MRI pattern on 45 patients with de novo FOXG1 mutations/deletions (continued)

Brain images
Patients with FOXG1 syndrome showed a variable degree of
gyration, moderate-to-severe myelination delay or white
matter loss (64.4%), and abnormal corpus callosum (95.6%).
From our detailed review of these imaging studies, we were
able to delineate 3 groups of severity of gyration defect that
are most easily appreciated with multiple views in several
planes, as shown in ﬁgures 2, A-L and 3, A-H.
The ﬁrst gyral pattern, the most severe, consisted of pachygyria, with thickened cortex with frontal lobe predominance
(12/45; 26.7%). This pattern was seen in the youngest
patients (mean age 1.8 years) and was accentuated by the
underdevelopment of the frontal lobes and the reduced volume of the subcortical white matter. In this group, myelination delay was prominent, ranging from severe (7/11; 63.6%)
to moderately delayed (4/11; 36.4%). The most common
corpus callosum anomaly was anterior hypogenesis, mostly
aﬀecting the genu and the rostrum (6/11; 54.5%) (ﬁgure 2,
A-L). Sequential MRI performed during the ﬁrst years of life
showed that this pachygyric appearance can be overestimated

between the ages of 12 and 24 months because of the immature myelination (ﬁgure 3, A-H). Delayed myelination
improved with age, and no case of hypomyelination or dysmyelination was observed after the age of 5 years.
The second gyral pattern of intermediate severity met the
subjective criteria of moderately simpliﬁed gyral pattern.15
This pattern was observed in 24.4% (11/45) of patients with
mean age of 3.1 years. In this group, myelination was moderately to severely delayed. The corpus callosum showed
a wide range of anomalies, including complete agenesis (5/11;
45.5%), global hypoplasia (3/11; 27.3%), and anterior
hypogenesis (3/11; 27.3%).
The third gyral pattern, the least severe, consisted of mildly
simpliﬁed to normal gyral pattern. These patients (22/45;
48.9%) were older than the 2 previous groups (mean age 6.1
years). White matter anomalies were mostly mild or absent
(14/22; 63.6%), and the corpus callosum was hypogenetic in
its anterior part in the majority of cases (14/22; 63.6%)
(ﬁgure e-1 links.lww.com/NXG/A91).

Figure 2 Representative MRI of pachygyric frontal cortex in FOXG1 patients

Representative images at the level of centrum semiovale in axial T1-weighted (A, E, I) and T2-weighted (B, F, J) MRI, at the level of lateral ventricles (third
column) and midline sagittal (right column). Each row shows images from the same patient respectively: (A–D) Str02 aged 19 months; (E–H) Ang01 aged 23
months; (I–L) Rou01, aged 34 months. The cortex appears mildly thick with a clear predominance in the frontal lobes. The appearance of pachygyria is
accentuated by the underdevelopment of frontal lobes. T2-weighted (C, G, K) MRI at the level of the internal capsule showing associated myelination delay,
with mature myelin only visible in both internal capsules (G and K). T1-weighted midline sagittal sections showing the wide range of appearance of the corpus
callosum, from hypoplastic and thin (D, L) to thick with underdevelopment of the genu (H).
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Figure 3 Changing appearance of the frontal cortex with age associated with increasing myelination

Representative images from 2 patients: Im11 p.Gln86Profs*35 (A–D) and Im09 p.Glu154Glyfs*301 (E–H). (A and B) Images obtained when the patient was 6
months old. T2-weighted image (A) shows normal thickness of both frontal lobes but delayed myelination. T1-weighted image (B) shows a pachygyric cortex in
the same region. (C and D) Images obtained when the patient was 2 years 6 months. T2-weighted image (C) of the frontal lobe shows mildly thickened cortex,
probably because of the poor myelination of the subcortical white matter. (E and F) Images obtained when the patient was 1 year 8 months. In the frontal lobe,
T2-weighted (E) and T1-weighted (F) images show the same pattern of pachygyric cortex and severely delayed myelination (E). (G and H) At 3 years, the T2weighted image (G) shows significant improvement of myelination, although still delayed in the frontal subcortical region: the T1-weighted image (H) shows
mildly simplified gyral pattern, with no pachygyria.

Genotype-phenotype relationships
To assess genotype-phenotype associations in FOXG1 syndrome, we investigated the correlation between the score of
selected FOXG1 criteria in the whole cohort and 5 genetic
subgroups (e-results) (table 2).
Patients with N-terminal mutations and FOXG1 deletions
showed the highest global severity scores, while those with
FBD frameshift and nonsense mutations showed the lowest
global severity scores (p < 0.05). Patients with FBD missense
and C-terminal domain mutations tended to have lower global
severity scores, although the diﬀerences were not signiﬁcant
because of the small size of these groups (ﬁgure e-2A links.lww.
com/NXG/A92).
When covariance analysis was performed in the whole cohort,
we found signiﬁcant positive covariance of gyral and myelination pattern scores, suggesting that whatever the type of FOXG1
mutation, the most severe cortical anomaly (i.e., pachygyria) is
correlated with the most severe myelination delay, further
reinforcing the fact that this cortical anomaly may be overestimated because of the abnormal myelination of the subcortical ﬁbers. Further analyses showed signiﬁcant and distinct
Neurology.org/NG

covariance relationships in which the MRI pattern appeared the
most relevant criteria in distinguishing the genetic groups
(ﬁgures e-3 links.lww.com/NXG/A93 and e-4 links.lww.com/
NXG/A94).
Interesting data also came from the analysis of patients with
recurrent frameshift mutations c.460dupG and c.256dupC.
Remarkably, among the patients with c.460dupG, we found
signiﬁcant diﬀerences in clinical and imaging presentations,
demonstrating that genotype-phenotype correlation is not
straightforward in FOXG1 syndrome. On MRI, this mutation
resulted in a spectrum of corpus callosum anomalies, from
complete agenesis to global hypoplasia (ﬁgure e-5 links.lww.
com/NXG/A96). By contrast, the 3 patients with the c.
256dupC had a more consistent phenotype.

Discussion
Foxg1 is a transcription factor that plays nonredundant roles in
brain development, such that loss of a single copy of the gene
severely aﬀects brain formation, and knock-out mice cannot
survive after birth.9,16 Consequently, it is not surprising that all
mutations identiﬁed in humans are heterozygous and result in
Neurology: Genetics | Volume 4, Number 6 | December 2018
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10/9
4.8

Sex, M/F

Median age at last follow-up (y)

39.7
4/17
3/17

Mean gestation at delivery (GW)/n

Neonatal issues

Feeding difficulties at birth

0/17
1/18

Weight < 22SD

HC < 22SD

1/14
4/17
18/19
14/19

Height < 22SD

Weight < 22SD

HC < 22SD

HC < 24SD

13/18

2 = Severe postnatal microcephaly, 24 to 26 SD
1/18

3/18

1 = Postnatal microcephaly

3 = Congenital and postnatal microcephaly

1/18

0 = Normal at birth and at last evaluation

Microcephaly score

4.7

Median age (y)/n

Body measurements at last evaluation

0/16

Length < 22SD

Body measurements at birth

0/17

Problems in pregnancy/scans

Pregnancy and neonatal period

19

Cases number, n (%)

5.7%

72.2%

16.7%

5.6%

73.7%

94.7%

23.5%

7.1%

18

5.6%

0%

0%

17.6%

23.7%

18

0%

52.6%/47.4%

39.5%

N-terminal
domain variants

0/5

3/5

1/5

1/5

3/5

5/5

1/3

1/3

6.6

0/5

0/5

0/5

1/4

1/4

38.2

2/4

15

4/2

6

0%

60%

20%

20%

60%

100%

33.3%

33.3%

5

0%

0%

0%

25%

25%

6

50%

66.7%/33.3%

13.3%

Forkhead domain frameshift
and nonsense variants

Table 2 Clinical and neuroimaging features related to the FOXG1 genotype groups

3/11

3/11

3/11

2/11

4/10

8/10

4/11

3/9

7.5

3/12

0/11

1/10

1/11

2/11

39.1

4/11

5.5

6/6

12

27.3%

27.3%

27.3%

18.2%

40%

80%

36.4%

33.3%

12

25%

0%

10%

9.1%

18.20%

11

36.4%

50%/50%

25.60%

Forkhead domain
missense variants

0/3

1/3

2/3

0/3

1/3

3/3

1/3

0/2

7.1

0/3

0/3

0/3

1/3

1/3

39.2

0/3

7.1

1/2

3

0%

33.3%

66.7%

0%

33.3%

100%

33.3%

0%

3

0%

0%

0%

33.3%

33.3%

3

0%

33.3%/66.7%

7%

C-terminal domain
variants

0/5

4/5

1/5

0/5

4/5

5/5

3/5

2/5

3.8

0/5

0/5

0/5

2/5

4/5

38.9

2/5

3.8

1/4

5

Continued

0%

80%

20%

0%

80%

100%

60%

40%

5

0%

0%

0%

40%

80%

5

40%

20%/80%

11.6%

Large deletions

Neurology.org/NG
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6/19
0/19
10/19
1/17

Sit with support

Walked independently

Hand use

Speech (at least bisyllabisms)

13/19

Feeding difficulties

6/19
8/19
0/18
2/19
2/19
3/19

Strabismus/poor eye contact/abnormal ocular pursuit

Developmental Delay

Corpus callosum abnormalities

Seizures

Movement disorders

A period of regression

8/18
18/19
13/19

Dysmorphic features

Axial hypotonia

Hypertonia/spasticity

Clinical examination

7/19

Microcephaly

What were the first concerns?

Median age at first concerns (mo)/n

3.7

11/18

Impaired sleep pattern

First concern and disease course

9/15

Inappropriate laughing/crying/screaming spells

Sleep and behavior disturbances

10/15

Social interactions (eye contact and smiling intentionally)

Motor and speech development

68.4%

94.7%

44.4%

15.8%

10.5%

10.5%

0%

42.1%

31.6%

36.8%

18

68.4%

61.1%

60%

5.9%

52.6%

0%

31.6%

66.7%

N-terminal
domain variants

5/6

5/6

2/5

2/5

0/6

0/6

0/6

4/6

2/6

1/6

3.5

3/6

4/5

3/5

0/6

3/5

0/6

2/6

3/3

83.3%

83.3%

40%

40%

0%

0%

0%

66.7%

33.3%

50%

6

50%

80%

60%

0%

60%

0%

40%

100%

Forkhead domain frameshift
and nonsense variants

Table 2 Clinical and neuroimaging features related to the FOXG1 genotype groups (continued)

8/12

11/11

3/11

2/12

2/12

2/12

1/12

4/12

6/12

4/12

3

9/12

6/11

7/12

1/12

4/12

1/12

7/12

8/11

66.7%

100%

27.3%

16.7%

16.7%

16.7%

8.3%

33.3%

50%

33.3%

11

75%

54.5%

58.3%

8.3%

33.3%

8.3%

58.3%

72.7%

Forkhead domain
missense variants

1/3

3/3

1/3

2/3

1/3

0/3

0/3

2/3

0/3

1/3

6

2/3

2/3

3/3

1/3

1/3

2/3

2/3

3/3

33.3%

100%

33.3%

66.7%

33.3%

0%

0%

66.7%

0%

33.3%

3

66.7%

66.7%

100%

33.3%

33.3%

66.7%

66.7%

100%

C-terminal domain
variants

3/5

5/5

1/5

1/5

1/5

0/5

2/5

1/5

2/5

2/5

0

5/5

4/5

2/5

0/5

1/5

0/5

1/5

3/5

Continued

60%

100%

20%

20%

20%

0%

40%

20%

40%

40%

5

100%

80%

40%

0%

20%

0%

20%

60%

Large deletions
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15/19
16/18
5/19

Stereotypic movements

Strabismus

Scoliosis

1

Median age at seizure onset (y)

2/15
6/15
5/15

2 = Seizure onset >2 y and seizure free with AE

3 = Seizure onset <2 y and continuing seizures with AE

4 = Severe infantile spasms or seizure onset <6 mo

6/19

Severe and pseudopachygyric cortex

2/19
11/19

Severe myelination delay or white matter loss

6/19

Moderate myelination delay

Absent to mild myelination delay

Myelination delay

12/19

5/19

Moderate SIMP gyral pattern

Cortical atrophy

8/19

Normal or mild SIMP gyral pattern

Cortical anomalies

Median age at examination (y)

3.4

2/15

1 = Seizure onset >2 y and seizure free after withdrawal AE

MRI pattern

4/19

0 = No seizures

Severity of epilepsy

15/19

Seizure occurrence

Epilepsy

19/19

Movement disorders

57.9%

10.5%

31.6%

63.2%

31.6%

26.3%

41.7%

33.3%

40%

13.3%

13.3%

21%

78.9%

26.3%

88.9%

78.9%

100%

N-terminal
domain variants

1/4

1/4

2/4

3/4

1/5

2/5

2/5

2.3

0/5

2/5

2/5

1/5

1/6

1.4

5/6

1/5

4/4

3/4

6/6

25%

25%

50%

75%

20%

40%

40%

0%

40%

40%

16.7%

16.7%

80%

20%

100%

75%

100%

Forkhead domain frameshift
and nonsense variants
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2/10

5/10

3/10

7/11

4/11

2/11

5/11

5.6

3/9

3/9

2/9

1/9

3/12

1

9/12

1/11

10/12

8/12

12/12

20%

50%

30%

63.6%

36.4%

18.2%

45.5%

33.3%

33.3%

22.2%

11.1%

25%

75%

9.1%

81.8%

63.6%

100%

Forkhead domain
missense variants

0/3

1/3

2/3

1/3

0/3

1/3

2/3

7.9

1/2

1/2

0/2

0/2

1/3

5

2/3

1/3

3/3

3/3

3/3

0%

33.3%

66.7%

33.3%

0%

33.3%

66.7%

50%

50%

0%

0%

33.3%

66.7%

33.3%

100%

100%

100%

C-terminal domain
variants

0/5

3/5

2/5

2/5

0/5

1/5

4/5

3.95

2/4

1/4

1/4

0/4

1/5

1.3

4/5

1/5

5/5

5/5

5/5

Continued

0%

60%

40%

20%

0%

20%

80%

50%

25%

25%

0%

20%

80%

20%

100%

100%

100%

Large deletions

20%
1/5
0/3
Abbreviations: AE = antiepileptic drug; CC = corpus callosum; SE = status epilepticus; SIMP = simplified gyration.

Cerebellar atrophy

0/5

0%
15.8%
3/19

1/11

9.1%

0%

20%
1/5
0/3
Partial or complete agenesis

2/6

33.3%
26.3%
5/19

2/11

18.2%

0%

20%
1/5
0/3
Hypogenetic with absent rostrum

2/6

33.3%
52.6%
10/19

6/11

54.5%

0%

60%
3/5
1/3
Hypoplasic but complete

2/6

33.3%
15.8%
3/19

3/11

27.30%

66.7%
2/3
Normal

Corpus callosum aspect

0%
0/6
5.3%
1/19

0/11

0%

33.3%

0/5

0%

Large deletions
C-terminal domain
variants
Forkhead domain
missense variants
Forkhead domain frameshift
and nonsense variants
N-terminal
domain variants
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noticeable changes in brain size and mental development early
in childhood. To date, FOXG1 has been linked to a wide range
of human congenital brain disorders.1–7,17–19 In this study, we
describe detailed clinical and neuroradiological data on 45
patients with pathogenic single nucleotide variants and copy
number variations aﬀecting FOXG1. This is one of the largest
cohort of patients with FOXG1 syndrome and focuses on
FOXG1 point mutations, which aﬀect both sexes equally. The
aim of this study was to reﬁne the phenotypic spectrum of
FOXG1 syndrome and its natural history and to further investigate genotype-phenotype correlations. In keeping with
previously published FOXG1-associated clinical features, we
found FOXG1 syndrome to be associated with severe postnatal
microcephaly (−4 to −6 SD), dyskinetic-hyperkinetic movement
disorders, visual impairment, epilepsy, stereotypies, abnormal
sleep patterns, and unexplained episodes of crying.1,3,5–8,18,20–23
Our data clearly conﬁrm that head circumference is usually
normal to borderline small at birth and evolves during infancy
to severe microcephaly below −3 SD, with normal somatic
growth. Although no longitudinal data on head circumference
are available from our series, it is interesting to note that
microcephaly was the ﬁrst concern in one-third of the cohort
at the mean age of 3.47 months, suggesting that the slowdown
in head growth occurs earlier than previously described. Of
note, FOXG1-related postnatal microcephaly is characterized
by underdevelopment of the frontal lobes, a unique pattern
that does not occur in other causes of progressive microcephaly.24 This underdevelopment of frontal lobes can be
associated with a mildly to moderately simpliﬁed gyral pattern
and reduced white matter or in the youngest patients with
a pachygyric appearance. We observed this pattern on T2weighted images in infants who showed mild gyral simpliﬁcation later in childhood. The clue to the cause of the 2
patterns came from studying serial MRI of patients Im09 and
Im11. Frontal pachygyria, which was observed at 6 months of
age, changed into mild gyral simpliﬁcation at 2.5 years of age.
This ﬁnding suggested that the 2 cortical patterns did not
represent diﬀerences of morphology but instead, diﬀerences
in the maturity of the subcortical white matter. It is noteworthy that this changing appearance has been observed
previously in polymicrogyria.25,26
Another imaging hallmark of FOXG1 disorder is the delayed
myelination. While delayed myelination has a similar appearance to hypomyelination on a single MRI, especially if
done at an early age, sequential studies can distinguish between them by demonstrating increasing myelin content in
delayed myelination.27 This evolution of delayed myelination
toward normalization in childhood is not speciﬁc to FOXG1
syndrome, as it has been observed in other developmental
disorders, such as MCT8 deﬁciency and Xq28 duplication
involving MECP2 or SPTAN1 encephalopathy.27–29
Taken together with the published literature, we suggest that
FOXG1 syndrome is a disorder in which hypogenetic corpus
callosum is the most frequent ﬁnding. More speciﬁcally, corpus
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callosum malformations in FOXG1 syndrome are frontal predominant, similar to the gyral abnormality, suggesting that the
same pathogenic mechanism operates for both the frontal
cortical abnormalities and the callosal abnormalities. Complete
agenesis occurs occasionally and is likely to represent the most
severe end of the spectrum of pathogenic mechanisms underlying hypoplasia. This also illustrates that hypoplasia and
agenesis are related to a similar mechanism and that genetic
modiﬁers inﬂuence the severity of the callosal phenotype.30 Of
interest, the severity of corpus callosum anomaly does not
correlate with the degree of microcephaly, the degree of myelination abnormality, or the degree of gyral abnormalities. This
contrasts with data from congenital microcephaly that showed
a correlation between the degree of microcephaly and the severity of the associated callosal anomaly.31
Hyperkinetic movement disorders have been recognized to be
a key feature in FOXG1 syndrome since its original
description.6,18 Our data show that movement disorder is
rarely the presenting feature of FOXG1 syndrome; this has
not been stressed previously. It is important that the combination of hand stereotypes, mostly hand to mouth, with
generalized dyskinesia is one of the key characteristics of
FOXG1 syndrome that distinguishes it from other monogenic
hyperkinetic movement disorders or neurodegenerative
diseases.6,32 The hyperkinetic movement disorder, although
aﬀecting quality of life, was stable over time, never evolved
into status dystonicus, and did not lead to any of the complications of severe dystonia that can observed in other developmental or degenerative neurologic disorders.6,32

14

The number of reported FOXG1 mutations is now large
enough to search for genotype-phenotype correlations in
FOXG1 syndrome. We observed that patients carrying mutations in the N-terminal domain and large deletion of FOXG1,
which are the most common mutation types, show the most
severe presentation and MRI anomalies, while those carrying
mutations in the FBD or C-terminal domain were less severely
aﬀected. In previous series, a milder phenotype was observed in
patients with missense variants in the FBD conserved site.7
However, the diﬀerences were found in items related to sitting,
walking, and functional hand use, which are commonly severely
impaired in all FOXG1 mutation patients.7 Using covariance
and cluster analyses, we highlighted relationships between
gyral and myelination patterns in patients with FOXG1
disorder. However, identical hotspot mutations c.256dupC
and c.406dupG can be associated with highly variable features, such as variable epilepsy severity or degree of corpus
callosum anomalies, underlining the importance of being cautious about predicting phenotype on the basis of genotype in the
context of genetic counseling. This suggests that factors beyond
the primary mutation can inﬂuence disease severity, including
genetic modiﬁers and epigenetic and environmental factors.
The complexity and the poor reproducibility of genotypephenotype relationships in FOXG1 syndrome probably reﬂects
the pleiotropic and nonredundant roles of Foxg1 in vertebrate
brain development.

A previous report suggested that FOXG1 syndrome could be
classiﬁed as an epileptic-dyskinetic encephalopathy18 like
ARX- and STXBP1-related encephalopathies. Our data show
that epilepsy is not a consistent feature, unlike dyskinetichyperkinetic movements. Although epilepsy aﬀected 79% of
patients reported here, which is within the range of previous
reports (from 57%7 to 86%5), it did not show a particular
seizure pattern that could help the clinician to deﬁne a speciﬁc
epilepsy syndrome.

This study, one of the largest to date, provides evidence that
FOXG1 mutations are responsible for a speciﬁc and recognizable neurodevelopmental disorder with a high degree of variability. We have expanded the phenotypic spectrum by deﬁning
3 key brain imaging features of FOXG1 syndrome, noting that
the degree of cortical abnormality is not correlated with the
severity of the corpus callosum malformation. Moreover, our
data conﬁrm that mutations leading to the loss of the FBD
domain, lead to the most severe clinical presentation of FOXG1
syndrome. The pathophysiology of such complex genotypephenotype relationships reﬂects the pleiotropic and nonredundant roles of Foxg1 during development.

Since the ﬁrst report that FOXG1 mutations can be responsible for congenital Rett variant, a number of publications
have emphasized the diﬀerences between these disorders.33
Here, by applying the congenital Rett variant criteria,14 we
conﬁrm that the majority of patients with the FOXG1 syndrome do not meet the criteria for congenital Rett variant. At
all ages, FOXG1 syndrome is more severe with respect to
ambulation, reciprocity, and receptive language and has more
disordered sleep, compared with Rett syndrome, as well as
lacking the regression observed in Rett syndrome. These
ﬁndings further reinforce that FOXG1 disorder is clinically
separable from Rett syndrome, with distinct clinical presentation and natural history. It is important that patients with
FOXG1 disorder receive appropriate counseling about medical comorbidities and natural history related to their disorder,
avoiding the confusion with Rett syndrome.
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(E.S.), Hôpitaux Universitaires de Strasbourg, IGMA, France;
Pediatric Neurology (T.L.-S.), Wolfson Medical Center, Tel
Aviv, Israël; Wolfson Molecular Genetics Laboratory (D.L.),
Wolfson Medical Center, Tel Aviv, Israël; Neurometabolism
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Anomalies du Développement (S.M., A.M.), CHU Dijon,
France; South Australian Clinical Genetics Service (E.H.),
SA Pathology (at Royal Adelaide Hospital), and School of
Medicine, University of Adelaide, Australia; Service de
Génétique Médicale (B.I., M.N., M.V., B.C.), CHU Nantes,
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Abstract
Objective
To report a new SYT2 missense mutation causing distal hereditary motor neuropathy and
presynaptic neuromuscular junction (NMJ) transmission dysfunction.
Methods
We report a multigenerational family with a new missense mutation, c. 1112T>A (p. Ile371Lys), in the C2B domain of SYT2, describe the clinical and electrophysiologic phenotype
associated with this variant, and validate its pathogenicity in a Drosophila model.
Results
Both proband and her mother present a similar clinical phenotype characterized by a slowly
progressive, predominantly motor neuropathy and clear evidence of presynaptic NMJ dysfunction on nerve conduction studies. Validation of this new variant was accomplished by
characterization of the mutation homologous to the human c. 1112T>A variant in Drosophila,
conﬁrming its dominant-negative eﬀect on neurotransmitter release.
Conclusions
This report provides further conﬁrmation of the role of SYT2 in human disease and corroborates the resultant unique clinical phenotype consistent with heriditary distal motor neuropathy. SYT2-related motor neuropathy is a rare disease but should be suspected in patients
presenting with a combination of presynaptic NMJ dysfunction (resembling Lambert-Eaton
myasthenic syndrome) and a predominantly motor neuropathy, especially in the context of
a positive family history.
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Glossary
ADM = abductor digiti minimi; AH = abductor hallucis; ANOVA = analysis of variance; APB = abductor pollicis brevis; CMT =
Charcot-Marie-Tooth; CMTNS = Charcot-Marie-Tooth Neuropathy Score; dHMN = Hereditary distal motor neuropathy;
eEJC = excitatory evoked junctional current; NMJ = neuromuscular junction; RNS = repetitive nerve stimulation; WT = wildtype.

Hereditary distal motor neuropathies (dHMNs) are a group
of rare diseases that share the common feature of a lengthdependent predominantly motor neuropathy.1,2 A particular
type of dHMN associated with presynaptic neuromuscular
junction (NMJ) dysfunction has been recently reported in 2
families harboring autosomal dominant pathogenic mutations
in synaptotagmin 2 (SYT2).3,4 Here, we describe a new variant
in SYT2 causing this same phenotype in a multigenerational
family and present functional validation of a dominant-negative
eﬀect of the mutation on synaptic transmission in a Drosophila
model.

Methods
Standard protocol approvals, registrations,
and patient consents
Research-related activities were only performed after informed consent was obtained, as part of a University of Miami
Institutional Review Board-approved project.
Clinical evaluation
The proband was evaluated at the Charcot-Marie-Tooth clinic
at the University of Miami. Her initial assessment included a full
history and physical examination. Disease severity was assessed
using the Charcot-Marie-Tooth Neuropathy Score (CMTNS)
version 2.5 Subsequent evaluation included electrophysiologic
studies performed on a Cadwell Sierra Wave EMG machine,
following standard protocols. Exercise facilitation was examined
by performing a 10-second sustained contraction that was applied to the right abductor pollicis brevis (APB), abductor digiti
minimi (ADM), and abductor hallucis (AH) muscles followed
by stimulation over their respective motor nerves. Repetitive
nerve stimulation (RNS) was performed on the right ulnar
nerve recording at the ADM muscle. Ten supramaximal stimuli
were applied at 3 Hz, with percentage increment or decrement
calculated between the ﬁrst and fourth response.
Amplification of SYT2 exons and
Sanger sequencing
SYT2 sequence was obtained from University of California Santa
Cruz genome browser to design ampliﬁcation primers. Primers
ﬂanking each SYT2 exon were designed using Primer3 software.
SYT2 exons were ampliﬁed from the proband’s and her mother’s
genomic DNA by PCR with Platinum Taq polymerase (ThermoFisher). Ampliﬁcations were carried out in a thermal cycler
(Applied Biosystem). PCR products were puriﬁed using Qiagen
PCR puriﬁcation kit. Each puriﬁed PCR product, corresponding
to an exon, was submitted with corresponding sequencing primers to Euroﬁns for Sanger sequencing. Sequence traces were
analyzed using Sequencher (Gene Codes, Ann Arbor, MI).
2
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Following are the primers used for PCR and Sanger sequencing: SYT2-Ex1F: CTTGGTCTCCTCCCCTCACT;
SYT2-Ex1R: CCAACCCTACTCACCTCTCG; SYT2-Ex2F:
GGCTGACTGTGTACTAATTGGATG; SYT2-Ex2R: CCC
AGCCTGAAATCTAAGCA; SYT2-Ex3F: CTCACCCA
TTTTTCCCAATG; SYT2-Ex3R: TTAAGGAGGGGAG
CAGGTTT; SYT2-Ex4F: GTTCCCACCACACACAGC
TC; SYT2-Ex4R: GAGCTATAGGCCCTGCAGTTT;
SYT2-Ex5F: CATTTCCCTGCCCCAACT; SYT2-Ex5R:
GCCATTGTTCCAGGCTGAG; SYT2-Ex6F: TTTGTC
TGTCTCGGCACACT; SYT2-Ex6R: AGGTCGTCTG
CCTCCAAAG; SYT2-Ex7F: ACCTTCTCGGCCATCA
CATA; SYT2-Ex7R: GGCAGCAAAGTGTTCCTCTT;
SYT2-Ex8F: TGGTCTCAGCGGAGTGAAG; SYT2-Ex8R:
ACCCAGGCACCATTAGACCT; SYT2-Ex9F: TGGAGCAGAGATGAAACCAA; SYT2-Ex9R: CAGAGCCAGGCTTC
TCTTTC.
Genetic screen and Drosophila stocks
Drosophila melanogaster was cultured on standard medium at
22°C. Transgenic strains were generated using standard microinjection into white (w−/−) embryos performed by BestGene
Inc. UAS-syt1 transgenes were expressed using a GAL4 driver
under the control of the pan-neuronal elav promoter, as previously described.6 DNA for rescue with individual point
mutants was generated using the QuikChange multisitedirected mutagenesis kit (Stratagene, Santa Clare, CA) with
the following primer sets: I426K-5’oligo: GGCACCTCCG
AACCCAaaGGCCGCTGCATACTTG and I426K-3’oligo:
CAAGTATGCAGCGGCCttTGGGTTCGGAGGTGCC.
Wild-type and mutant complementary DNAs were subcloned
into a modiﬁed pValum construct with an N-terminal myc tag
to allow tracking of protein localization in overexpressed
animals containing endogenous synaptotagmin 1 (SYT1).
These constructs were injected into a yv; attP third chromosome docking strain by BestGene Inc. (Chino Hills, CA).
All constructs allowed use of the Gal4/UAS expression system to express the transgenic proteins. UAS-Syt1 transgenes
were expressed using a GAL4 driver under the control of the
pan-neuronal C155 elav promoter in either control white or
syt1 null (syt1−/−) backgrounds. Null mutants lacking endogenous SYT1 were generated by crossing Syt1N13, an intragenic Syt1 deﬁciency,7 with Syt1AD4, which truncates
SYT1 before the transmembrane domain.8
Western blot analysis
and immunocytochemistry
Western blotting of whole adult head lysates (1 head/lane)
was performed using standard laboratory procedures with
Neurology.org/NG

anti-SYT1 (1:1,000, kindly provided by Noreen Reist) or antisyntaxin (1:1,000, Developmental Studies Hybridoma Bank,
Iowa City, IA). Visualization and quantiﬁcation were done
using a LI-COR Odyssey Imaging System (LI-COR Biosciences, Lincoln, MA). Immunostaining was performed on 3rd
instar larvae at wandering stage larvae as described previously.9
Rabbit myc antibody (1:1,000; Genetex) and anti-horseradish
peroxidase (1:1,000; Jackson ImmunoResearch, West Grove,
PA) were used for immunostaining. Confocal stacks of muscle 6
and 7 NMJs containing immunoreactive proteins were captured
on a Zeiss Pascal Confocal with PASCAL software (Carl Zeiss
MicroImaging, Inc.) using a 63 × numerical aperture 1.3 Plan
Neoﬂuar oil immersion lens (Carl Zeiss, Inc) and ﬂuorescent
secondary antibodies (Molecular Probes, Carlsbad, CA).
Electrophysiology
Postsynaptic currents from third instar male larvae at the
wandering stage from the indicated genotypes were recorded
at muscle ﬁber 6 of segment A3 using 2-electrode voltage
clamp with a −80 mV holding potential in hemolymph-like
(HL) 3.1 saline solution as previously described.6,10 Final
calcium concentration was adjusted to 2 mM. For evoked and
mini analysis, n refers to the number of NMJs analyzed, with
no more than 2 NMJs analyzed per animal, and with animals
derived from at least 3 independent experiments. Data acquisition and analysis was performed using Axoscope 9.0 and
Clampﬁt 9.0 software (Molecular Devices, Sunnyvale, CA).
Motor nerves innervating the musculature were severed and
placed into a suction electrode, so action potential stimulation
could be applied at the indicated frequencies using a programmable stimulator (Master8; AMPI, Jerusalem, Israel).
Data analysis and statistics
Electrophysiology analysis was performed using Clampﬁt 10
software (Axon Instruments, Foster City, CA), as previously
described.6 Statistical analysis and graphs were performed using
Origin Software (OriginLab Corporation, Northampton, MA).
Statistical signiﬁcance was determined using 1-way analysis of
variance (ANOVA) (nonparametric) with post hoc Sidak
multiple comparisons test. The p values associated with 1-way
ANOVA tests were adjusted p values obtained from a post hoc
Sidak multiple comparisons test. Appropriate sample size was
determined using GraphPad Statmate. In all ﬁgures, the data
are presented as mean ± SEM. Statistical comparisons are with
control, unless noted. The results were all shown: N.S. = no
signiﬁcant change (p > 0.05), *p < 0.05, **p < 0.005, ***p <
0.001, and ****p < 0.0001. All error bars are SEM.
Data availability
Data, methods, and materials used to conduct this research
are documented in detail in the Methods section.

Results
Clinical evaluation
The Proband is a 50-year-old woman who was referred to the
University of Miami Comprehensive CMT clinic for evaluation
Neurology.org/NG

of suspected CMT because of gradually progressive weakness
of her extremities. She had normal developmental milestones
but was found to have bilateral high arched feet and hammertoes and occasional falls around the age of 8 years. She
developed progressive leg weakness, worsening bilateral hand
cramping, weak handgrip, and only mild paresthesia on distal
extremities. The proband’s family history is remarkable for
similar symptoms reported by her mother, maternal grandfather, 2 maternal uncles, 1 maternal aunt, a younger sister, and
a nephew (ﬁgure 1A). Initial physical examination revealed
bilateral pes cavus and hammer toes (ﬁgure 1B), inability to
walk on heels or toes, severe, nonfatigable, distal lower extremity weakness, limited range of motion on ankles bilaterally because of ankle fusions, nonspeciﬁc sensory changes
in lower extremities, and diﬀuse hyporreﬂexia with postexercise normalization. Her initial CMTNS was 9. Her mother,
a 68-year-old woman, was also evaluated. She has had a history
of high-arched feet and hammertoes since childhood. Examination showed bilateral pes cavus and hammer toes (ﬁgure 1B).
Strength testing revealed intrinsic hand muscle and plantarﬂexion weakness. Deep tendon reﬂexes were absent initially,
with postexercise facilitation noted. Sensory examination was
essentially normal for touch, pinprick, vibration, and proprioception. Her CMTNS was 4.
Clinical neurophysiology testing
The proband underwent electrodiagnostic testing to further
evaluate for a hereditary peripheral neuropathy. Sensory nerve
conduction studies were normal. However, compound muscle action potential amplitudes were signiﬁcantly reduced
throughout all tested motor nerves. Examination of each
motor nerve incidentally showed decreasing amplitudes with
successive stimulations. For this reason, a 10-second sustained
contraction was applied at the right abductor digiti minimi
(ADM), APB, tibialis anterior, and AH, and their respective
motor nerves were stimulated afterward. This resulted in
signiﬁcant incremental responses (ﬁgure 1C). RNS was subsequently performed on the right ulnar nerve recording at the
right ADM and revealed a 42% decremental response and
a 125% postexercise facilitation (ﬁgure 1, C and D). Needle
EMG examination revealed evidence of ongoing denervation
in the form of positive waves and ﬁbrillation potentials and of
chronic reinnervation in the form of reduced recruitment in
the medial gastrocnemius muscles. The proband’s mother
also underwent a limited nerve conduction studies and RNS
examination with similar ﬁndings, including normal sural
sensory response, 17.6% decremental response and an 86%
postexercise facilitation on repetitive stimulation study (ﬁgure
1C). To rule out paraneoplastic Lambert-Eaton syndrome,
the proband was investigated further and antibodies against
voltage-gated calcium channel were negative, and a chest CT
did not show evidence of lung carcinoma.
Genetic analysis
Sanger sequencing of the SYT2 gene revealed a heterozygous
1112T>A missense mutation in both the proband and her
mother (ﬁgure 1E). This mutation causes an isoleucine (I) to
Neurology: Genetics | Volume 4, Number 6 | December 2018
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Figure 1 Clinical and genetic features of a family with Ile371Lys SYT2

(A) Family pedigree reveals multiple affected family members supporting autosomal dominant inheritance. Filled symbols are clinically affected individuals,
arrow denotes the proband. (B) Both the proband and her mother presented long-standing pes cavus and hammer toes. (C) Table summarizing electrophysiologic findings for the proband and her mother. Main findings were significant postexercise facilitation in compound muscle action potential amplitudes, significant decremental response to 3 Hz repetitive stimulation, and normal sural sensory responses. (D) Graph summary of the proband’s repetitive
stimulation study demonstrating both decremental response to 3 Hz repetitive stimulation and significant postexercise increment. (E) Sanger sequencing
revealed a 1112T>A substitution in both the proband and her mother, resulting in an isoleucine (I) to lysine (K) change at residue 371. (F) This residue is highly
conserved across species. ADM = abductor digiti minimi; amp = Amplitude; dCMAP = distal compound muscle action potential; N/A = not applicable; Rep. stim. =
repetitive nerve stimulation; SNAP = sensory nerve action potential.
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lysine (K) change at residue 371 (I371K). The I371K residue
is located within the C2B domain of SYT2, which spans residues 271 to 406. This variant was not found in the Genome
Aggregation Database (gnomAD). Further variant analysis
using the PROVEAN (−6.243), SIFT (0.0), PolyPhen-2
(1.000), and Align-GVGD (Grantham variation [GV]: 0,
Grantham deviation [GD]: 101.61, class: C65) scores predicted this variant to be disease causing. PhyloP (+4.83) and
PhastCons (0.99) scores showed this variant to be highly
conserved throughout diﬀerent species (ﬁgure 1F).
Functional validation of the new I371K SYT2
variant in Drosophila
To examine how the I371K mutation aﬀects synaptic transmission directly, we generated transgenic Drosophila expressing
the mutant gene using the GAL4-UAS expression system.
Drosophila has a single homolog (DSYT1) of the mammalian
synaptic vesicle SYT subfamily that includes SYT1, SYT2, and
SYT9. DSYT1 and human SYT2 share strong homology with
conservation of the key residues that form the C2B calcium
binding pocket, including I371 (corresponding to I426 in
Drosophila) and 2 previous C2B residues that were found
mutated in patients (D307 and P308, ﬁgure 2A). We generated
wildtype (WT) and I371K UAS-DSyt1 transgenic lines and
expressed the transgenes in syt1−/− null mutants with the panneuronal GAL4 driver elavC155. Drosophila Syt1−/− null mutants
show a reduction in viability during larval development (50%
survival to the 3rd instar stage) because of defective synaptic
transmission. In contrast to the ability of WT SYT1 to rescue
lethality (100% survival), SYT1 I426K not only failed to rescue
but also caused a dramatic reduction in viability (2.9%) compared to null mutants alone (50%) (ﬁgure 2B). Western blot
analysis indicated that the I426K SYT1 protein was expressed at
similar levels to WT (ﬁgure 2C). Immunocytochemistry
demonstrated that the protein also localized normally at NMJ
synapses (ﬁgure 2D), suggesting the dominant eﬀects on viability are secondary to aberrant function of SYT1 I426K versus
degradation or abnormal localization. To analyze neurotransmitter release in Syt1 nulls that were rescued with either WT or
I426K SYT1, we performed current recordings of postsynaptic
responses in voltage-clamp at 3rd instar NMJs. As observed in
the behavioral viability assays, I426K rescued animals displayed
synaptic transmission defects that were worse than the Syt1 null
mutant. I426K synapses displayed severely defective synchronous neurotransmitter release (ﬁgure 2, E–G), a large increase
in failure rate following stimulation (ﬁgure 2H) and enhancement of the slower asynchronous phase of release (ﬁgure 2I).
I426K also failed to rescue the elevated rate of spontaneous
fusion observed in Syt1 null mutants. These results indicate that
the SYT1 I426K mutation eliminates the ability of the protein
to drive calcium-triggered neurotransmitter release and acts
dominantly to reduce the residual release that is normally observed in the absence of SYT1.
To model the dominant phenotype observed in patients that
have one endogenous copy of WT SYT2, we characterized the
eﬀects of overexpressing I426K on synaptic transmission in
Neurology.org/NG

the presence of endogenous DSYT1. Two independent
transgenic insertions (I426K#1 and 1426K#2) were overexpressed using the elavC155 driver. Compared to overexpression of WT SYT1, both I426K lines resulted in a strong
dominant-negative eﬀect on action potential evoked release,
decreasing the excitatory evoked junctional current (eEJC) by
68.5% and 64.8%, respectively (ﬁgure 3, A and B). In addition,
both I426K transgenic overexpression lines showed facilitation of the eEJC during 10 Hz stimulation compared to the
synaptic depression observed in controls (ﬁgure 3, C and D),
consistent with a reduction in the initial release probability
caused by SYT1 I426K. These ﬁndings indicate that SYT
I426K lacks normal function for promoting synaptic vesicle
fusion and exerts a strong dominant-negative eﬀect on synaptic transmission even in the presence of WT SYT1.

Discussion
Gain-of-function mutations in SYT2 have been recently associated with an autosomal dominant presynaptic congenital myasthenic syndrome in 2 families. SYT2 is an integral membrane
protein of synaptic vesicles and serves as a calcium sensor for
neurotransmitter release, with calcium binding to its C2B domain activating vesicle fusion.11–13 Of interest, the clinical presentation varied between families and family members, ranging
from a presynaptic myasthenic disorder resembling LambertEaton syndrome and a distal motor neuropathy, or even
a combination of both. Here, we studied a multigenerational
family with a new SYT2 mutation presenting with clear evidence
of both presynaptic neuromuscular transmission impairment as
well as a distal motor neuropathy, both clinically and electrophysiologically. This report therefore reinforces the link between SYT2 mutations and distal hereditary motor neuropathy.
Synaptotagmins 1 and 2 have been shown to have several major
roles in regulating synaptic vesicle fusion. Their major function
is as calcium sensors for driving fast synchronous fusion of
synaptic vesicles at synapses. However, they also function to
suppress the slower asynchronous fusion pathway, ensuring
that release is tightly linked to the action potential. As such, in
the absence of synaptotagmin 1, increased asynchronous release is observed because of loss of this suppression function.
The I426K mutant disrupts the normal function of synaptotagmin 1, including its role in driving fast synchronous fusion,
as well as its role in suppressing asynchronous release.
Synaptotagmin 1 null mutants die throughout development,
with many dying during the larval stage. However, when
placed directly on food where little movement is required, the
animals can occasionally survive to adulthood, although they
show severe motor defects. Similar to other species, including
mammals, synaptotagmin 1 mutants still have residual slow
neurotransmitter release. Although the identity of the residual
“asynchronous” calcium sensor is still being debated, recent
studies suggest that another member of the synaptotagmin
family—synaptotagmin 7—may play this role.14,15 This
explains the 50% survival observed in SYT null mutants.
Neurology: Genetics | Volume 4, Number 6 | December 2018
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Figure 2 I426K DSYT1 fails to rescue neurotransmitter release in synaptotagmin null mutants

(A) Stereoview of residues found to be mutated in human synaptotagmin 2 patients (Asp307 [orange], Pro308 [yellow], and Ile371 [red]) modeled on the
rodent synaptotagmin 1 C2B crystal structure. The 5 essential calcium binding residues are highlighted in green and calcium ions in red. (B) The ability of
transgenes to rescue the lethality of Syt1 null mutants are shown. Larvae were collected at the 1st instar larval stage and placed into food vials. The number of
animals surviving to the 3rd instar wandering larval stage was quantified. Quantification of average rescue ratio (%) for the indicated genotypes (Syt1−/− null,
50.5 ± 6.9, n = 3; elavC155-GAL4; Syt1−/−; UAS-SYT1, 100 ± 0, n = 3; elavC155-GAL4; Syt1−/−; UAS-SYT1 I426K, 2.9 ± 2.9, n = 3). (C) Western blot with anti-MYC (top
panel) or anti-syntaxin (SYX–control) antisera from head extracts of control or transgenic Drosophila: WT (control), WT DSYT or I426K DSYT induction by
elavC155-GAL4. (D) Representative larval NMJs stained with anti-MYC antisera (green) for animals with MYC-tagged WT or I426K SYT1. The axon is stained with
the neuronal marker anti-HRP (blue). The boxed area is magnified in the bottom panel. Mutant SYT1 targets normally to presynaptic terminals. Scale bar—20
μM—top panels; 5 μM—bottom panels. (E) Representative eEJCs recorded in 2 mM external calcium in Syt1−/− null larvae (red) and null mutants rescued with
WT DSYT1 (blue) or I426K DSYT1 (green). (F) Quantification of mean eEJC amplitudes in the indicated genotypes: Syt1−/− null, 3.6 ± 0.5 nA, n = 15; elavC155-GAL4;
Syt1−/−; UAS-SYT1, 62.3 ± 10.6 nA, n = 15; elavC155-GAL4; Syt1−/−; UAS-SYT1 I426K, 1.0 ± 0.2 nA, n = 15. (G) Expanded vertical axis scale of the data shown in (F).
(H) Failure rates (%) as calculated by counting trials with no detectable eEJCs within 10 ms during 30 consecutive stimuli given at 0.5 Hz for the indicated
genotypes: Syt1−/− null, 11.3 ± 3.4, n = 15; elavC155-GAL4; Syt1−/−; UAS-SYT1, 0 ± 0, n = 15; elavC155-GAL4; Syt1−/−; UAS-SYT1 I426K, 33.5 ± 4.0, n = 15. (I) Cumulative
vesicle release defined by charge transfer normalized for the maximum in 2.0 mM calcium for each genotype (same color code as in E). Each trace was
adjusted to a double exponential fit. Both the null and I426K rescued animals display a prominent increase in the slow asynchronous phase of release. (J)
Quantification of mini frequency in the indicated genotypes: Syt1−/− null, 3.7 ± 0.3 Hz, n = 14; elavC155-GAL4; Syt1−/−; UAS-SYT1, 1.7 ± 0.2 Hz, n = 14; elavC155GAL4; Syt1−/−; UAS-SYT1 I426K, 3.5 ± 0.5 Hz, n = 14. Statistical significance was determined using 1-way analysis of variance (nonparametric) with post hoc Sidak
multiple comparisons test. N.S. = no significant change (p > 0.05), *p < 0.05, **p < 0.005, ***p < 0.001, and ****p < 0.0001. All error bars are SEM. eEJC =
excitatory junctional current; HRP = horseradish peroxidase; NMJ = neuromuscular junction; WT = wildtype.
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Figure 3 Overexpression of I426K DSYT1 dominantly disrupts neurotransmitter release

(A) Representative eEJCs recorded in 2 mM extracellular calcium at 3rd instar larval muscle 6 NMJs for the indicated genotypes (control, overexpression of WT
or I426K DSYT1 with elavC155-GAL4). (B) Quantification of mean eEJC amplitude in the indicated genotypes: control elavC155-GAL4, 293.3 ± 34.2 nA, n = 10;
elavC155-GAL4; UAS-SYT1, 223.9 ± 11.7 nA, n = 12; elavC155-GAL4; UAS-SYT1 I426K#1, 92.4 ± 15.9 nA, n = 9; elavC155-GAL4; UAS-SYT1 I426K#2, 103.2 ± 12.2 nA, n =
10). (C) Representative eEJCs during a 10 Hz tetanic nerve stimulation in 2 mM external calcium for the indicated genotypes. (D) The average eEJC for the first
10 responses normalized to the amplitude of the first response during a 10-Hz tetanus is shown for control (black), elavC155-GAL4; UAS-WT DSYT 1 (blue),
elavC155-GAL4; UAS-DSYT1 I426K #1 (green) and elavC155-GAL4; and UAS-DSYT1 I426K #2 (magenta). Statistical significance was determined using 1-way
analysis of variance (nonparametric) with post hoc Sidak multiple comparisons test. N.S. = no significant change (p > 0.05), ***p < 0.001, ****p < 0.0001. All
error bars are SEM. eEJC = excitatory junctional current; NMJ = neuromuscular junction.

There is no known eﬀect on localization of WT synaptotagmin 1 when the I426K mutant is co-expressed. Our work
and others have indicated that multimerization of synaptotagmin 1 into oligomeric complexes is required for neurotransmitter release.6 Our current data indicate that the mutant
I426K version forms mixed oligomers with WT synaptotagmin 1, and the loss of normal calcium binding by I426K
poisons the multimeric complex that includes WT synaptotagmin, thus dramatically reducing neurotransmitter release
and leading to the autosomal dominant phenotypes.
The role of NMJ impairment in the pathophysiology of
inherited peripheral neuropathies has been the focus of several recent studies. NMJ transmission dysfunction is now
well documented in several types of inherited neuropathies,
Neurology.org/NG

including Congenital Hypomyelinating Neuropathy (PMP22
point mutations),16 CMT1B (MPZ),17 CMT2D (GARS),18–20
and CMT2O (DYNC1H1).21 Findings include reduced size,
branching, and complexity of NMJs by immunostaining studies, altered growth and maturation of the NMJs, reduced
amplitudes of nerve-evoked muscle endplate potentials, and
NMJ transmission failure during sustained nerve stimulation.
In 2 diﬀerent mouse models of CMT2D (GarsP278KY and
GarsC201R), the NMJ deﬁcits correlated with disease severity
and progressed with age.20 These recent studies demonstrated
that dysfunction and degeneration of NMJs are often an early
pathologic ﬁnding even in primarily demyelinating inherited
neuropathies and precede impairments in axonal conduction.
Nevertheless, it is likely that, in this context, NMJ impairment is
secondary to the distal, length-dependent axonal degeneration
Neurology: Genetics | Volume 4, Number 6 | December 2018
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process characteristic of most types of inherited neuropathies
and not directly linked to speciﬁc presynaptic transmission
dysfunction. Of note, no electrophysiologic evidence of presynaptic NMJ transmission has been previously reported in
patients with CMT.

the Charcot-Marie-Tooth Association. Full disclosure form
information provided by the authors is available with the full
text of this article at Neurology.org/NG.

This concept was challenged recently by the identiﬁcation of
mutations in the presynaptic choline transporter SLC5A7 as
a cause of distal hereditary motor neuropathy type VII
(dHMN VII).22 SLC5A7 is a Na+/Cl−-dependent highaﬃnity transporter that mediates uptake of choline for acetylcholine synthesis and therefore is a critical determinant of
synaptic acetylcholine synthesis and release at the NMJ. Of
interest, as is the case for SYT2 mutations, patients with
dHMN VII do not present the hallmark clinical features of
a congenital myasthenic syndrome, namely, ophthalmoparesis, ptosis, bulbar weakness, and respiratory fatigable
weakness. Nonetheless, the role of these 2 presynaptic NMJ
proteins in the etiology of hereditary motor neuropathies
provides a new framework to investigate the connections
between NMJ transmission and axonal biology and function.
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Abstract
Objective
To ascertain the genetic cause of a consanguineous family from Syria suﬀering from a sterile
brain inﬂammation mimicking a mild nonprogressive form of MS.
Methods
We used homozygosity mapping and next-generation sequencing to detect the disease-causing
gene in the aﬀected siblings. In addition, we performed RNA and protein expression studies,
enzymatic activity assays, immunohistochemistry, and targeted sequencing of further MS cases
from Austria, Germany, Canada and Jordan.
Results
In this study, we describe the identiﬁcation of a homozygous missense mutation (c.82T>G,
p.Cys28Gly) in the tripeptidyl peptidase II (TPP2) gene in all 3 aﬀected siblings of the family.
Sequencing of all TPP2-coding exons in 826 MS cases identiﬁed one further homozygous
missense variant (c.2027C>T, p.Thr676Ile) in a Jordanian MS patient. TPP2 protein expression in whole blood was reduced in the aﬀected siblings. In contrast, TPP2 protein expression in
postmortem brain tissue from MS patients without TPP2 mutations was highly upregulated.
Conclusions
The homozygous TPP2 mutation (p.Cys28Gly) is likely responsible for the inﬂammation phenotype in this family. TPP2 is an ubiquitously expressed serine peptidase that removes tripeptides from
the N-terminal end of longer peptides. TPP2 is involved in various biological processes including the
destruction of major histocompatibility complex Class I epitopes. Recessive loss-of-function
mutations in TPP2 were described in patients with Evans syndrome, a rare autoimmune disease
aﬀecting the hematopoietic system. Based on the gene expression results in our MS autopsy brain
samples, we further suggest that TPP2 may play a broader role in the inﬂammatory process in MS.
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Glossary
ERCC5 = excision repair cross-complementation group 5; ExAC = exome aggregation consoritum; LoF = loss of function;
MAF = minor allele frequency; MHC = major histocompatibility complex; NAWM = normal-appearing white matter; PBMC =
peripheral blood mononuclear cell; TPP2 = tripeptidyl peptidase II; TRIANGLE = TPP2-related immunodeﬁciency,
autoimmunity and neurodevelopmental delay with impaired glycolysis and lysosomal expansion.

Evans syndrome (ES) is a rare autoimmune disorder, which
is deﬁned by a combination of direct Coombs test positive
hemolytic anemia and immune thrombocytopenia.1 Although most cases have no obvious underlying etiology,
rare monogenic forms have been identiﬁed in the last years.2
ES can aﬀect diﬀerent organs, manifesting with hepatomegaly,
splenomegaly,3–5 and lymphocytic inﬁltration of nonlymphoid
organs, including the brain.6,7 A case report from 2013 described
a patient who had ES in addition to a sterile brain inﬂammation, which, from a clinical perspective, was indistinguishable from MS.8
Recessive loss-of-function (LoF) mutations in the tripeptidyl
peptidase II (TPP2) gene were found to cause a speciﬁc form
of ES in patients, manifesting with neurodevelopmental
delay and impaired glycolysis.9,10 TPP2 is a cytosolic protease;
its main activity is the removal of tripeptides from the
N-terminus of longer peptides, to generate free amino
acids for protein synthesis and energy production.11 This
TPP2-linked phenotype was proposed to be designated as
“TPP2-related immunodeﬁciency, autoimmunity and neurodevelopmental delay with impaired glycolysis and lysosomal
expansion” (TRIANGLE) disease.9 Here, we report on
a family with 3 aﬀected siblings initially diagnosed with a mild
and nonprogressive form of MS. We identiﬁed a homozygous
missense mutation in TPP2 as a likely cause for the disease in
this family.

Methods
Study participants
We clinically evaluated a consanguineous family from Syria
with 3 siblings diagnosed with MS and a suggestive pattern of
autosomal recessive inheritance. In brief, the disease course
observed in the siblings is consistent with a benign relapsingremitting MS even 27 (II.1) and 24 (II.2) years after the onset
of clinical symptoms. The female sibling (II.3) had a single
neurologic episode of demyelination and no further clinical
relapses over the following 14 years. The Expanded Disability
Status Scale was not more than 1.5 in any of the siblings. All of
them reported to have had frequent infections of the upper
respiratory tract during their childhood and adulthood. All 3
siblings showed low but normal lymphocyte count between 1
and 1.3 × 103/μL (normal range is between 1.0 and 4 × 103/
μL) as tested several times between 2008 and 2017. However,
they have never experienced other clinical signs typical for ES,
such as thrombocytopenia or hemolytic anemia. A detailed
clinical description in form of a timetable and magnetic
2
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resonance tomography images are provided in ﬁgure e-1
(links.lww.com/NXG/A108), ﬁgure e-2 (links.lww.com/NXG/
A109; legends links.lww.com/NXG/A130), and in the supplementary information (links.lww.com/NXG/A110).
For the targeted sequence analysis, we ascertained 382 MS
patients from Europe (Austria and Germany) and 183 MS
cases from Jordan. In addition, we surveyed exome data from
261 MS patients from Canada for mutations in the TPP2
gene, which were collected through the longitudinal Canadian
Collaborative Project on the Genetic Susceptibility to MS12
(table 1). All patients were diagnosed with MS according to
published criteria.13–15
Standard protocol approvals, registrations,
and patient consents
Written informed consent was obtained from all study participants; the study was approved by the local ethics committee (EK.535/2004/20179 for the neuropathologic part
and EK Nr:2195/2016 for MS patients).
Homozygosity mapping and exome sequencing
Homozygous regions shared between all 3 siblings were
mapped using Aﬀymetrix GenomeWideSNP 6 data from the
aﬀected siblings and their healthy parents with the online
Homozygosity Mapper tool (homozygositymapper.org).
Whole exome data were generated from individuals II.1 and
II.2. Exomes were enriched with SureSelect Human All Exon
50 Mb kit (AgilentTechnologies, Santa Clara, CA). Sequencing
of postenrichment libraries was carried out on the Illumina
HiSeq 2000 sequencing instrument (Illumina, San Diego, CA)
as 2 × 100 bp paired-end runs. Variants were ﬁltered for homozygosity and a minor allele frequency (MAF) smaller than 2%
in our in-house data set of approximately 10,000 control exomes
from patients with other unrelated diseases and exomes and in
public available databases (exome aggregation consoritum
[ExAC] database and 1000 Genomes).
Exome sequencing of the Canadian patients was done on an
Ion Proton sequencer (Life Technologies, Carlsbad, CA).
Exome data were analyzed as previously described.16
Targeted capture sequencing, singlenucleotide polymorphism genotyping, and in
silico prediction
Illumina TruSeq Custom Amplicon Kit was used to target all
exonic and ﬂanking intronic regions of TPP2 and excision
repair cross-complementation group 5 (ERCC5) in 382
Neurology.org/NG

Table 1 Additional MS cases and controls for targeted sequence and genotyping analysis
Cases

Male

Female

Aao

Positive family history/
recessivea

Austria

352

150

202

29

56/9

Germany

30

10

20

30

20/20

Jordan

183

63

120

29

14/8

Canada

261

78

183

32

173/18

Jordan MS cases

233

82

151

29

10/3

Jordan controls

452

289

163

40

Site
Targeted sequence analysis (TruSeq) of the TPP2 and ERCC5 gene in MS cases

Targeted mutation screening of TPP2, Cys28Gly; and TPP2, Thr676Ile in Jordanian
cases and controls

Abbreviations: Aao = age at onset; ERCC5 = excision repair cross-complementation group 5; TPP2 = tripeptidyl peptidase II.
Recessive: the number of cases who have a recessive mode of inheritance, which is here defined by at least one other affected sibling with both parents
being healthy or with no second-degree relative affected.
a

European and 183 Jordanian MS patients. Fast-QC ﬁles
were subsequently analyzed with an in-house pipeline. All
identiﬁed variants were subsequently validated with Sanger
sequencing. Homozygous variants in TPP2 (p.Cys28Gly,
p.Thr676Ile) and ERCC5 (p.S1078A) were genotyped with
custom TaqMan single-nucleotide polymorphism genotyping assays.
TPP2 protein expression in MS and control
brain tissue
Expression of TPP2 was assessed in formaldehyde-ﬁxed and
paraﬃn-embedded autopsy tissues from 13 MS patients and
16 controls archived at the Center for Brain Research of the
Medical University of Vienna (detailed clinical characteristics
in supplementary information, links.lww.com/NXG/A110).
Expression of TPP2 was analyzed in the normal-appearing
white matter (NAWM); initial, early active, late active, and
inactive lesion sites in the white matter of MS patients; and in
the normal white matter of controls. Lesion stages were deﬁned as described in detail before.17
TPP2 RNA Western blot analysis
Using a TaqMan gene expression assay, TPP2 whole blood
mRNA expression was quantitatively assessed for all individuals
of the index family, 7 randomly chosen individuals aﬀected with
MS and 3 healthy controls (GAPDH, Hs03929097_g1). Immunoblotting was performed with peripheral blood mononuclear cell (PBMC) lysates from the index patient (II.1), his
aﬀected brother (II.2), and 3 control individuals. Primary
antibodies for TPP2 (1:500, 14981S; Cell Signaling) and endogenous control beta-actin were used.
TPP2 enzymatic activity
Blood samples from index patient II.1 and 2 healthy controls
were prepared according to the partial lysis method (wch.sa.gov.
au/services/az/divisions/labs/geneticmed/nrl_methods.html).
Enzymatic activity was measured as described previously.18
Neurology.org/NG

Results
Identification of a homozygous mutation in the
TPP2 gene as a likely cause for a sterile brain
inflammation in a consanguineous
Syrian family
To identify the responsible gene of a benign brain inﬂammation, mimicking a nonprogressive form of MS, in
a consanguineous family with 3 aﬀected siblings, we performed homozygosity mapping and whole exome sequencing.
After ﬁltering variants for allele frequency (MAF < 2%) and
homozygosity, only 2 novel autosomal homozygous missense
variants were left to be shared by all siblings. We identiﬁed
a c.82T>G, p.Cys28Gly variation in the TPP2 gene, a serine
peptidase that removes tripeptides from the N-terminus of
longer peptides and a c.3232T>G, p.Ser1078Ala variation in
the ERCC5 gene, known to be involved in DNA repair. These
2 variants were conﬁrmed in heterozygous state in the healthy
parents. None of the 2 variants is present in any publicly
available databases. The 2 genes are in close vicinity, located
on chromosome 13q33.1 and map to the only homozygous
region shared by all 3 aﬀected siblings (ﬁgure 1, A–C).
Identification of a second rare homozygous
variant in the TPP2 gene in a Jordanian
MS patient
As the phenotype of the family was almost indistinguishable
from a benign form of MS, we wondered whether other
patients diagnosed with MS might carry biallelic variants in
either of the 2 genes. Sequencing of both genes in additional
382 unrelated MS cases from Europe and 183 MS patients
from Jordan identiﬁed one further homozygous variation in
TPP2 (c.2027C>G, p.Thr676Ile, rs760347832), in a Jordanian patient (table 2). This variant was also present in heterozygous state in 2 additional MS patients from Jordan
(ﬁgure 1D, clinical details in supplementary information,
links.lww.com/NXG/A110). We did not ﬁnd any rare
Neurology: Genetics | Volume 4, Number 6 | December 2018
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Figure 1 Mutation identification and Western blot

(A) Exome sequencing alignment data of the homozygous TPP2 mutation in II.1 and II.2 visualized with the IGV tool. (B) Pedigree of consanguineous Syrian
family (MS01) affected with MS. Sanger chromatograms of heterozygous parents and homozygous siblings are depicted below their respective symbol.
Arrow, position of mutation. (C) Homozygosity plot from Syrian family. Red bars, regions of homozygosity; arrow, homozygous block shared by all 3 siblings
containing TPP2 and ERCC5. (D) Chromatograms of homozygous and heterozygous p. Thr676Ile TPP2 mutation carrier of confirmatory sequencing cohort. (E)
Western blot of TPP2 in PBMCs from II.1, II.2, and 3 healthy control individuals. Black filled symbols = affected; ERCC5 = excision repair cross-complementation
group 5; IGV = integrated genome viewer; mt/mt = homozygous for the mutation; open symbols = unaffected; PBMC = peripheral blood mononuclear cell;
TPP2 = tripeptidyl peptidase II; wt/mt = heterozygous for the mutation.

homozygous or compound heterozygous variants in the
ERCC5 gene in the additionally sequenced MS cases. Inspection of the ExAC database reveals TPP2 as highly constraint (missense: Z score = 3.07, LoF: pLI = 1.00) and less
tolerant to variation than ERCC5 (missense: Z score −0.61,
pLI = 0.00). In fact, considering the evidence for both genes,
TPP2 appeared to be the stronger candidate because of the
greater inherent biological plausibility.
In total, we identiﬁed 4 novel or known rare missense variants
(MAF < 2%) in TPP2. Apart from p.Thr676Ile, all other
variations (p.Ile551Val, p.Glu1012Gly, p.Gln1141Pro) occurred in heterozygous form (table 2). We further assessed
exome data of 261 MS cases from Canada but did not identify
any rare homozygous or compound heterozygous variants in
either gene. Subsequently, we genotyped all 3 homozygous
variations (TPP2: p.Gly28Cys, p.Thr676Ile and ERCC5:
p.S1078A) in an additional cohort of 233 Jordanian MS cases
and 452 ethnically matched Jordanian controls and identiﬁed
one further Jordanian MS patient carrying the TPP2-p.Thr676Ile
4
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variant in heterozygous state. Of note, the variant was not
found in any of the 452 Jordanian controls. However, TPP2p.Thr676Ile is present in heterozygous form in 6 individuals
in the ExAC database. Although, there is no deﬁnite evidence
for TPP2 as a putative high-penetrant variant in other MS
patients, the TPP2-Thr676Ile is an interesting candidate
variant, worth to be followed up in more probands.
TPP2 protein levels are reduced in patients of
the Syrian MS family
Next, we investigated whether TPP2 mRNA and protein
levels diﬀered in patients and controls. Whole blood mRNA
levels did not show any diﬀerence between TPP2 homozygous mutation carriers, heterozygous parents, and controls
(data not shown). However, Western blot analysis showed
a marked reduction in TPP2 protein amount in PBMCs from
the 2 aﬀected brothers, when compared with sex- and agematched control individuals (ﬁgure 1, E). Unfortunately, no
blood was available from the aﬀected sister for further
analysis.
Neurology.org/NG

Table 2 Missense variants identified in the index family and follow-up cases
Unrelated
European/
Canadian MS
cases

Unrelated
Jordanian MS
cases

Unrelated
Jordanian
controls

ExAc counts
ethnicity
mixed

Position
(hg19)

Nucleotide
change

Amino
acid
change

TPP2

chr13:
103249470

c.82T>G

p.C28G

18.4

0/643

0/416

0/452

Not present

TPP2

chr13:
103288715

c.1651A>G

p.I551V

21.4

1/643

0/183

n.a.

Not present

TPP2

chr13:
103295578

c.2027C>T

p. T676I

23.3

rs760347832

0/643

1x hom, 3x
het/416

0/452

6 x het/
59.292

TPP2

chr13:
103298652

c.2402G>A

p.S801N

23.5

rs140329690

1/643

0/183

n.a.

8 x het/
58.580

TPP2

chr13:
103309488

c.3035A>G

p.E1012G

23.4

rs199569052

1/643

0/183

n.a.

15 x het/
60.493

TPP2

chr13:
103326722

c.3422A>C

p.Q1141P

5.4

rs199702252

1/643

0/183

n.a.

14 x het/
66.692

ERCC5

chr13:
103527924

c.3232T>G

p.S1078A

11

0/643

0/416

0/452

14 x het/
60.629

Gene

CADD

dbSNP ID

Abbreviations: CADD = Combined Annotation Dependent Depletion; dbSNP = database of Single Nucleotide Polymorphisms; ERCC5 = excision repair crosscomplementation group 5; het = heterozygote; hom = homozygote; TPP2 = tripeptidyl peptidase II.

To assess a possible eﬀect of the mutation on TPP2 enzymatic
activity, we used lysates from erythrocytes and leukocytes
from patient II.1 and 2 healthy control individuals. The
activity in erythrocytes from 3 samples per person was 0·42 ±
0·10 and 0·50 ± 0·15 nmol·min·−1·mg−1 protein for the patient and the controls, respectively. In leukocyte lysates, the
activity was 8·8 ± 1·3 and 7·1 ± 1·1 nmol·min·−1·mg−1 for the
patient and the controls, respectively. The measured activity is
inhibited to >95% with the speciﬁc TPP2 inhibitor butabindide,19 thus demonstrating that the activity is indeed dependent on TPP2 and not because of a contaminating or
compensatory activity. TPP2 in lysates from erythrocytes
from both, the patient and the controls, form the normal size
complex, as determined by size exclusion chromatography
(data not shown). In conclusion, these data show that, although the mutation goes along with reduced protein levels,
no signiﬁcant reduction in enzyme activity is observed in the
patients at least in peripheral blood erythrocytes and
leukocytes.
TPP2 protein and mRNA levels are increased at
sites of active inflammatory demyelination
To ﬁnd out whether TPP2 also plays a role in MS disease
process in nonmutation carriers, we performed immunohistochemistry analysis in brain autopsy samples of 13 MS
patients and 16 controls. We found a constitutive expression
of TPP2 in neurons and astrocytes. Expression in these cells
was similar between controls and MS patients. However, we
found a highly selective expression of TPP2 in microglia
within and around active MS lesions. While expression was
sparse or absent in the NAWM of MS and control brain tissue,
increased expression was seen in the periplaque white matter
(ﬁgure 2, A–C). In particular, microglia nodules, which are
abundant in this area close to active lesions, showed
Neurology.org/NG

pronounced staining. The highest expression of TPP2 was
seen in initial stages of MS lesions, characterized by profound
microglia activation, oligodendrocyte apoptosis, and initial
myelin damage. In the demyelinated portion of the lesions,
the expression of TPP2 in microglia decreased from the lesion
edge toward the lesion center and was largely absent in
microglia in the inactive lesion center. The pattern of
microglia TPP2 expression was similar in classic active lesions
seen in acute and relapsing MS and in slowly expanding
lesions, which are the dominant active lesions in progressive
MS. Double staining conﬁrmed that TPP2 expression was
present in macrophages/microglia, expressing the
phagocytosis-associated marker CD68 and major histocompatibility complex (MHC) Class I and Class II molecules
(ﬁgure 2, B). In addition, some lymphocytes in perivascular
inﬂammatory inﬁltrates also expressed TPP2.
In addition, we surveyed the gene expression omnibus proﬁle
(GEO Proﬁle) database for TPP2 expression linked to MS. In
line with our experiment, a microarray analysis performed in
brain samples of MS patients revealed a signiﬁcant upregulation of TPP2 mRNA in MS brain lesions compared with
control individuals (ﬁgure 2, D).20

Discussion
Our study shows the identiﬁcation of a causative mutation in
a consanguineous family with a suggestive recessive inheritance pattern presenting with a sterile brain inﬂammation,
mimicking MS. The family members presented clinically
characteristic attacks of MS and typical MRI lesions fulﬁlling
diagnostic criteria for MS. Two siblings were positive for
oligoclonal bands in their CSF. However, the exceptionally
Neurology: Genetics | Volume 4, Number 6 | December 2018
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Figure 2 TPP2 expressions in MS

(A) No expression in NAWM, while increased expression was seen in the PPWM with staining of some microglia nodules. The highest expression of TPP2 was
seen in initial stages (Initial) of MS lesions, where most of the activated microglia expressed TPP2. TPP2 expression decreased from the lesion edge toward the
lesion center. (B) Double staining confirmed that TPP2 expression was present in macrophages/microglia, expressing the phagocytosis-associated marker
CD68 and MHC Class I and Class II molecules. (C) Quantification of TPP2-positive cell counts. Box plots displaying the number of microglia per mm2 in regions
of interest. Significantly more TPP2 expression was found in MS NAWM, inactive MS lesions, PPWM, initial lesions and in EA or LA lesions of MS patients
compared with control white matter. ***p < 0·001, **p < 0·01, Wilcoxon test and Mann-Whitney U test. (D) TPP2 mRNA expression in brain lesions of MS
patients and controls. Figure is derived from the data set GDS4218 deposited in the GEO Profile database. EA = early active; GEO Profile = gene expression
omnibus profile; LA = late active; MHC = major histocompatibility complex; NAWM = normal-appearing white matter; PPWM = periplaque white matter; TPP2 =
tripeptidyl peptidase II.

benign disease course, with almost no progression in over 20
years, even in the absence of any therapy in one of the siblings
let us doubt on the diagnosis of typical MS.
In line with our anticipated inheritance pattern, we identiﬁed
the homozygous missense mutation (p.Cys28Gly) in the
TPP2 gene in all 3 siblings. Homozygosity mapping and
exome sequence ﬁltering identiﬁed the genomic location
around TPP2 and ERCC5 as the only region within in the
6
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entire genome shared by all 3 aﬀected siblings. Moreover, the
TPP2 p.Cys28Gly mutation is absent in all publicly available
databases (including >60,000 individuals from the ExAC database and 10,000 in house controls). TPP2 LoF mutations
were found in patients with ES; those patients present among
other severe symptoms, respiratory tract infections.9 Notably,
all 3 siblings suﬀered from frequent upper respiratory tract
infections in their childhood and adulthood. In addition, they
all showed marginally low lymphocytic counts. We think, this
Neurology.org/NG

possibly reﬂects subthreshold signs for ES and supports that
the TPP2 variant is phenotypically eﬀective.
As we assume recessively inherited TPP2 variations to be
linked with the disease, we were interested in how frequently
control individuals carry biallelic rare variants. We surveyed
our in-house exome database, including more than 10,000
control individuals for TPP2 variants. Notably, no single individual was found to carry 2 rare TPP2 variants (MAF < 2%).
These data indicate that rare variants in the TPP2 gene, particularly when occurring on both alleles, are not well tolerated
in healthy individuals.
Because of the close phenotypic resemblance of our family to
MS, we wondered whether recessive TPP2 mutations might
also be found in typical MS cases. We sequenced a large MS
cohort from Austria, Germany, Canada, and Jordan and identiﬁed
1 MS case from Jordan, with a homozygous TPP2 variant,
p.Thr676Ile. However, as this variant also occurs in heterozygous
form in other MS cases and in 6 ExAC control individuals, it
remains questionable whether this variant is pathogenic.
It was found that TPP2 has a major role in maintaining the
cellular homeostasis of amino acids. An increase in lysosomal
function and, as a consequence, an inability of immune cells to
mobilize aerobic glycolysis was seen in patients with TPP2
LoF mutation.9 Like other cytosolic peptidases, TPP2 inﬂuences the MHC Class I metabolism, usually through the destruction of MHC Class I epitopes.21,22 Furthermore,
increased MHC Class I and Class II expression has been
shown in TPP2-deﬁcient mice.23,24 The familial mutation,
p.Cys28Gly, results in reduced protein expression in the
patients, as seen in the Western blot experiments. However, it
does not seem to drastically aﬀect the activity of TPP2 in the
patients at least in peripheral blood leukocytes. One can only
speculate on possible reasons. TPP2 is a low abundant protein
involved in immunologic processes; any circumstances affecting the immune status of a person might also aﬀect protein
levels. It might also be that the sensitivity of the enzymatic test
is not suﬃcient to capture small diﬀerences. The reduced
protein expression in the patients, however, might reﬂect instability in the complex formed by active TPP2.18 For example, dissociated TPP2 is more sensitive to proteolytic
degradation.25
Given the previously reported defect in aerobic glycolysis
because of impairment of lysosmal function in TPP2-deﬁcient
patients, one could anticipate a similar pathogenic mechanism
in our TPP2-mutant patients.9 The aerobic glycolysis pathway
is used in situations of high-energy demand. Speciﬁcally, tumor cells and immune cells when activated are known to
switch their metabolism towards aerobic glycolysis.26 Particularly, induction and suppressive function of regulatory
T cells have been shown to be critically dependent on this
pathway.27–30 Intriguingly, it was shown that regulatory
T cells from relapsing-remitting MS patients have an impaired
capacity to induce aerobic glycolysis.29
Neurology.org/NG

Our work shows a marked upregulation of TPP2 at sites of
active inﬂammatory demyelination in MS autopsy brain
samples without TPP2 mutations and a reduced TPP2 blood
expression in mutation carriers. Why TPP2 is upregulated in
MS brains and downregulated in TPP2 mutation carriers with
an MS phenotype cannot be answered here. Is TPP2 upregulation in brain secondary to MS onset and follows as a kind
of compensatory mechanism to “defend” the inﬂammation
process? Such a mechanism seems not unreasonable, regarding its role in aerobic glycolysis for immune cell function.
This speculation attributes TPP2 a rather protective role in
the MS process, which in TPP2 mutation carriers is no longer
fulﬁlled but instead leads to long-lasting impairment of aerobic glycolysis and consequently to MS.
The pronounced and highly selective expression of TPP2 in
cells with high MHC Class I and Class II expression (ﬁgure 2,
B) suggests an alternative disease mechanism. As mentioned
before, TPP2 appears to play a role in peptide trimming and in
the destruction of MHC Class I epitopes. Notably, the few
known TPP2 processed epitopes include the Epstein-Barr
virus–derived antigen latent membrane protein 1.31 In case of
a reduced eﬃciency or changed speciﬁcity of this process
because of the TPP2 mutation, one can expect the escape of
self-peptides, which may then be recognized by autoreactive
T cells in a process that ampliﬁes the inﬂammatory process.
We argue that the homozygous p.Cys28Gly mutation in the
TPP2 gene is likely responsible for the MS-like phenotype in
the present family broadening the phenotypic spectrum of
TRIANGLE disease. We therefore consider it as an intriguing
possibility that other cases of TPP2-linked brain inﬂammations might be covered under a diagnosis of MS. The strong
increase of TPP2 expression in MS brain lesions in nonmutation carriers suggests a broader role in MS physiopathology. The mechanisms by which TPP2 mutations
contribute to disease pathogenesis cannot be answered in our
work. Previous studies claim aerobic glycolysis, lymphocytic
immunosenescence, or MHC peptide trimming as candidate
mechanisms in disease development. Further functional
studies on MS patients with TPP2 mutations in these particular directions will help to elucidate this question.
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Abstract
Objective
To identify genetic variation inﬂuencing late-onset Alzheimer disease (LOAD), we used a large
data set of non-Hispanic white (NHW) extended families multiply-aﬀected by LOAD by
performing whole genome sequencing (WGS).
Methods
As part of the Alzheimer Disease Sequencing Project, WGS data were generated for 197 NHW
participants from 42 families (aﬀected individuals and unaﬀected, elderly relatives). A twopronged approach was taken. First, variants were prioritized using heterogeneity logarithm of
the odds (HLOD) and family-speciﬁc LOD scores as well as annotations based on function,
frequency, and segregation with disease. Second, known Alzheimer disease (AD) candidate
genes were assessed for rare variation using a family-based association test.
Results
We identiﬁed 41 rare, predicted-damaging variants that segregated with disease in the families
that contributed to the HLOD or family-speciﬁc LOD regions. These included a variant in
nitric oxide synthase 1 adaptor protein that segregates with disease in a family with 7 individuals
with AD, as well as variants in RP11-433J8, ABCA1, and FISP2. Rare-variant association
identiﬁed 2 LOAD candidate genes associated with disease in these families: FERMT2 (p-values
= 0.001) and SLC24A4 (p-value = 0.009). These genes still showed association while controlling for common index variants, indicating the rare-variant signal is distinct from common
variation that initially identiﬁed the genes as candidates.
Conclusions
We identiﬁed multiple genes with putative damaging rare variants that segregate with disease in
multiplex AD families and showed that rare variation may inﬂuence AD risk at AD candidate
genes. These results identify novel AD candidate genes and show a role for rare variation in
LOAD etiology, even at genes previously identiﬁed by common variation.
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Glossary
ADSP = Alzheimer Disease Sequencing Project; CH = Caribbean Hispanic; HLOD = heterogeneity logarithm of the odds;
LOAD = late-onset Alzheimer disease; LOD = logarithm of the odds; LRP1 = LDL-receptor-related protein 1; MAF = Minor
allele frequency; NHGRI = National Human Genome Research Institute; NHW = non-Hispanic white; NOS1AP = nitric oxide
synthase 1 adaptor protein; QC = quality control; SNP = single nucleotide polymorphism; WES = whole exome sequencing;
WGS = whole genome sequencing.

Late-onset Alzheimer disease (LOAD) is a neurodegenerative
disease, characterized by progressive dementia, and pathologic
changes include neuronal loss, neuroﬁbrillary tangles, and
amyloid-beta deposits.1 LOAD is highly heritable (60%–80%),
but most of this heritability remains unexplained, despite the
identiﬁcation of genetic factors that inﬂuence LOAD.2 These
factors include the APOE gene, as well as other genes identiﬁed
through genome-wide association studies (GWAS) and a limited number of studies of rare genetic variation.3–9 While these
factors have replicable association with LOAD, few of the underlying causal variants have been deﬁnitively identiﬁed.

Institute on Aging Late Onset of Alzheimer’s Disease family
study, the National Cell Repository for Alzheimer’s Disease,
and families contributed by investigators from Columbia
University, University of Miami, University of Washington,
University of Pennsylvania, Case Western Reserve University,
and Erasmus University. Families analyzed here were of
NHW (CH descent families analyzed elsewhere)12 and were
required to have multiple members with LOAD, available
genomic DNA, and available APOE genotypes. We excluded
families known to carry mendelian AD mutations or were
pathologically conﬁrmed non-Alzheimer dementia.

To identify additional genes inﬂuencing LOAD and to better
understand known LOAD genes, the Alzheimer Disease Sequencing Project (ADSP) was established.10 A key component
of the ADSP is inclusion of whole genome sequencing (WGS) in
large, multiply-aﬀected LOAD families of non-Hispanic white
(NHW) and Caribbean Hispanic (CH) ancestry. This familybased design enriches the study for risk variation, making it ideal
to identify novel risk variants.11 Family structure facilitates the
prioritization of risk variation through linkage and segregationbased approaches. In this study, we report on analyses of the
NHW families. Two primary approaches were taken: examination of linkage regions segregating with disease in these families
to identify novel genes and a gene-based association analysis to
rare variation at known Alzheimer disease (AD) candidate genes.
Results indicate that rare variants play a role in LOAD multiplex
families, both at novel genes identiﬁed through linkage and
through rare variation at AD candidate genes.

Families meeting initial criteria were prioritized and chosen
based on the number of aﬀected individuals, number of
generations aﬀected, age at onset of clinical symptoms, and
presence of APOE e4 risk alleles (table 1). Details of criteria
and selection process are described elsewhere.10 No e4/e4
individuals were included. Cognitively intact participants were
selected if available and informative for phasing.

Methods
The Alzheimer Disease Sequencing Project
Families were assembled as part of the ADSP. The ADSP is
a collaboration of the LOAD genetics research community, the
National Institutes on Aging, and the National Human Genome
Research Institute (NHGRI). The full design is described elsewhere.11 The ADSP includes contributors from the Alzheimer
Disease Genetics Consortium, the neurology working group of
the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE), as well as 3 NHGRI sequencing centers at
Baylor University, the Broad Institute, and Washington University. Data are available through dbGaP (phs000572).
Family selection and design
Approximately 1,400 multiplex LOAD families were reviewed
for inclusion. Families were derived from the National
2
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All cases met National Institute of Neurological DiseasesAlzheimer’s NINCDS-ADRDA criteria for possible, probable
or deﬁnite AD.13 Unaﬀected individuals were free of clinical
AD at the most recent cognitive assessment. In total, 42 NHW
families were included. These families included 208 aﬀected
individuals and 185 unaﬀected individuals with array data
available, of which 164 aﬀected individuals and 33 unaﬀected
individuals were included in the sequencing experiment.
Standard protocol approvals, registrations,
and patient consents
All individuals (or caregivers) provided written informed
consent for genomic studies, including broad data sharing,
and were assessed with the approval of the relevant institutional review boards.
NGS sequencing
WGS was performed at the NHGRI sequencing centers at the
Broad Institute (Boston, MA), Baylor College of Medicine
(Houston, TX), and Washington University (St. Louis, MS).
Samples were sequenced using Illumina instruments to
a minimum average 30× depth. Details of the sequencing
experiments are described elsewhere.14
NGS calling and quality control
Raw NGS data were aligned to hg19 using BWA.15 Genotype
calling was performed using Atlas (v2).16 Extensive variantlevel quality control (QC) was performed (appendix e-1,
Neurology.org/NG

Table 1 Priority variants from consensus linkage regions
Chrm

Position

1

RS ID

Family

Gene

Alleles

Consequence

CADD

MAF (1kGP)

162,167,769

LD0254F

NOS1AP

C/T

Intron variant

1.2

NA

1

162,207,390

LD0254F

NOS1AP

A/T

Intron variant

0.2

NA

1

162,223,640

LD0254F

NOS1AP

A/G

Intron variant

13.6

NA

1

162,479,200

UM0464F

UHMK1

T/G

Intron variant

0.4

0

1

162,564,187

LD1223F

UAP1

A/G

Intron variant

8.7

0.008

1

162,564,187

LD1223F

UAP1

A/G

Intron variant

8.7

0.008

1

162,700,025

UM0464F

DDR2

A/C

Intron variant

0.5

0.009

1

162,735,057

UM0464F

DDR2

G/A

Intron variant

0.7

0.009

1

162,739,064

UM0464F

DDR2

G/A

Intron variant

5.4

0.009

1

162,742,651

LD0254F

DDR2

G/A

Intron variant

0.1

0.001

1

162,751,967

LD0254F

DDR2

T/A

3ʹ UTR variant

6.6

0.009

1

162,757,273

LD1223F

DDR2

T/C

Upstream gene variant

2.2

0.009

1

162,928,238

UM0464F

G/A

Intergenic variant

0.9

0.002

1

163,032,461

LD0254F

T/A

Intergenic variant

1.9

0.002

1

163,202,875

UM0464F

G/A

Intron variant

8.3

0.002

1

163,578,427

UM0464F

C/A

Intergenic variant

4.7

0.003

1

163,749,571

LD0949F

A/G

Intergenic variant

7.2

0.002

1

163,841,625

UM0464F

C/T

Intergenic variant

7.1

0.010

1

164,034,469

UM0464F

A/G

Intergenic variant

19.6

NA

1

164,448,463

UM0464F

G/A

Intergenic variant

3.2

0.003

1

164,622,647

LD0949F

G/A

Intron variant

1.2

0.006

1

164,887,661

UM0464F

C/T

Downstream gene variant

8.2

0.005

1

165,253,949

LD0254F

C/T

Intron variant

14.7

0.002

1

165,342,593

UM0464F

G/A

Intergenic variant

5.9

0.010

1

165,532,785

LD1223F

LRRC52

G/A

Synonymous variant

18.3

0.004

14

95,913,507

LD0949F

SYNE3

G/A

Intron variant

0.7

0.008

14

95,923,822

UM0464F

SYNE3

C/T

Intron variant

3.5

0.008

14

96,449,175

UM0464F

C/A

Intergenic variant

0.8

NA

14

96,568,984

UM0464F

C/A

Regulatory region variant

1.5

NA

14

96,923,339

LD0254F

AK7

C/T

Noncoding transcript exon variant

0.1

0.008

14

97,029,358

UM0464F

PAPOLA

C/G

Intron variant

10.4

NA

14

97,228,875

LD0949F

RP11-433J8.2

A/G

Intron variant

12.3

0.003

rs187504850

rs191535004

RGS5

PBX1

LMX1A

Abbreviations: CADD = Combined Annotation Dependent Depletion score; Chrm = chromosome; MAF (1kGP) = Minor Allele Frequency among the European
samples in the 1,000 Genomes Project data; UTR = untranslated region.

links.lww.com/NXG/A117). Principal components analysis
was used to assess population substructure, using the
EIGENSTRAT.17 Array data were compared with WGS data
to assess and conﬁrm the pedigree structure for all individuals.
Additional details of QC are reported elsewhere.14
Neurology.org/NG

Linkage analyses
MERLIN v1.1.2 software18 was used to perform parametric
and nonparametric multipoint linkage analyses on the array
data available for the entire family. Nonparametric analyses
are described in detail elsewhere.19 For parametric multipoint
Neurology: Genetics | Volume 4, Number 6 | December 2018
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analyses, we ﬁrst pruned markers to minimize linkage disequilibrium (r2 < 0.01) using PLINK v1.07 software.20 Using
this pruned grid of markers, parametric multipoint linkage
analyses were performed using a rare disease allele frequency
(0.0001) and a dominant model with incomplete penetrance
(noncarrier 0.01 and carrier 0.90). Consensus linkage regions
(i.e., consistent across multiple families) were deﬁned as peak
HLOD ≥ 3.3 per Lander and Kruglyak.21 Any family with
peak family-speciﬁc LOD >0.58 in the consensus region was
considered a contributor to the consensus signal. Familyspeciﬁc linkage regions were deﬁned as regions with a parametric family-speciﬁc LOD >2.
Annotations
Variants were annotated for location, gene (if applicable), putative function (missense, nonsense, splice site, etc.), combined
annotation dependent depletion (CADD) score (a quantitative
summary of putative function and conservation),22 contextual
analysis of transcription factor occupancy (CATO) scores23 for
intergenic variation, and allele frequency in the NHW families
and in the 1,000 Genomes Project European-ancestry populations.24 As a QC measure, we used BLAST to interrogate the
genome for similar sequence as the high-priority variants, to
ensure uniqueness of the relevant sequence.25
Variant filtering and prioritization
Variants were ﬁltered based on complete segregation among
aﬀected individuals (and absent from unaﬀected individuals)
and rarity (minor allele frequency [MAF] < 0.05 in our data
set, <0.01 in 1,000 Genomes Project data). Additional prioritization was applied to variants with high CADD scores,
were observed in multiple families, had CATO predictions,
had multiple ﬁltered variants in the same gene, or showed
nominal association in the ADSP case-control analyses.

genetics studies, mostly from GWAS of LOAD or known
early-onset AD genes.4–9
Data availability
Anonymized data are available by request from qualiﬁed
investigators through dbGaP (phs000572.v1.p1) and through
the National Institute on Aging Genetics of Alzheimer Disease Data Storage Site (www.niagads.org).

Results
Consensus linkage regions
Linkage scans identiﬁed 2 primary “consensus” linkage regions
(peak HLOD ≥ 3.3)21: a parametric multipoint peak on chromosome 1q23 (peak HLOD = 3.58; 162.2–165.8 Mb; ﬁgure 1A)
and a nonparametric multipoint peak on chromosome 14q32
(LOD = 4.18; 98.9–99.6 Mb; ﬁgure 1B). The 1q23 region was
supported (LOD > 0.58) by 8 families (LD0241F, LD0254F,
LD0856F, LD1223F, LD1260F, UM0196F, UM0463F, and
UM0464F), while the 14q32 region was supported by 4 families
(LD0223F, LD0949F, LD1223F, and UP0004F).19
In total, there were 86 rare (MAF <0.01 1kGP) variants that
segregated with disease in sequenced aﬀected individuals in at
least 1 of the 8 families that supported the chromosome 1 peak.
Of the 86 variants, 43 were genic (50%) and 43 were intergenic
(50%). This initial set of 86 segregating variants was further
reﬁned by requiring variants to also be absent from unaﬀected
individuals in the family (if available), have moderate-to-high

Figure Summary of consensus linkage regions on chromosomes 1 and 14

Validation genotyping
High-priority genotypes were validated using Sanger sequencing
of whole genome sequenced family members to conﬁrm carrier/
noncarrier status. Sequencing was performed using standard
protocol on genomic DNA (;50 ng). Details of validation
typing are in appendix e-1 (links.lww.com/NXG/A117).
Gene-based association tests
Gene-based association tests were performed using the FSKAT
v1 software.26 A cutoﬀ of MAF <0.02 was used among the nonFinnish European ancestry populations in the 1,000 Genomes
Project data (1kGP)24. Variants were analyzed in 2 sets: (1)
damaging rare variants (loss-of-function variants, nonsense,
stop-loss, etc and those predicted to be damaging) and (2)
damaging variants plus all nonsynonymous variants. Genes
with only a single variant were excluded. FSKAT was applied to
the remaining genes using 2 models: one adjusted for age, sex,
and the top 10 principal components and the other unadjusted.
Candidate gene list
Candidate genes (appendix e-1, links.lww.com/NXG/A117)
were selected from replicable population and family AD
4
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(A) Peak LOD region on chromosome 1. X-axis denotes positions in centimorgans. Y-axis denotes the LOD score at the corresponding position. (B) Peak
LOD region on chromosome 14. X-axis denotes positions in centimorgans. Y-axis
denotes the LOD score at the corresponding position.
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CADD (CADD > 10), CATO predictions, or be seen in
multiple families. Of the 86 variants, 24 matched these criteria
and were considered “high priority.” At the 14q32 locus, we
identiﬁed 23 rare variants segregating with disease among affected individuals in at least 1 of the 4 families supported the
linkage signal. Of this set, there were 7 variants absent from the
unaﬀected individuals, had high CADD predictions, or were
seen in multiple families. In total, 31 variants in the consensus
linkage regions were prioritized; of these, 29 variants were
validated using Sanger sequencing, 1 was a false positive, and 1
could not have a reliable assay developed.
A number of interesting results come out of this set of 29 conﬁrmed variants (table 1). In the 1q23 region, a variant (chr1:
162,223,640 A/G) in nitric oxide synthase 1 adaptor protein
(NOS1AP) segregates with disease in family UM0464F with 7
individuals with AD (family-speciﬁc LOD = 2.62; ﬁgure e-1, links.
lww.com/NXG/A119); while the variant is intronic, it has
a moderate CADD score (13.6) and is completely absent in the
1kGP reference data set. Other variants in NOS1AP (chr1:
162,167,769 C/T; chr1:162,207,390 A/T) segregate with disease
in family LD0254F (ﬁgure e-2, links.lww.com/NXG/A120). In
the 14q32 region, an intronic variant in ncRNA RP11-433J8
segregates with disease in family LD1223F (6 AD family members; family-speciﬁc LOD = 1.45); the variant was also present in
a second family (LD0307F) although it was not present in all AD
individuals. The variant is rare in 1kGP (MAF = 0.003) and has
a moderate CADD score (CADD = 12.2).
Family-specific linkage regions
In addition to the consensus linkage regions, there were 10
family-speciﬁc regions identiﬁed using parametric multipoint
linkage (table 2). These regions showed family-speciﬁc LOD
scores >2. Among the 10 regions, there were 647 variants that
were rare (MAF <0.01 1kGP) and segregated among the

aﬀected individuals in family with the LOD score >2. The 647
variants were further prioritized based on absence in unaﬀected family members with WGS, high CADD predictions,
as well as presence in multiple families, identifying 13 additional variants as high priority (table 3). Twelve of these 13
variants were validated using an orthogonal technology (the
last could not have a reliable assay developed).
Among the family-speciﬁc regions, a missense variant
(rs137854495) in the chromosome 9 ABCA1 (ATP binding
cassette subfamily A member 1) gene segregated with disease
in a family with 4 individuals aﬀected with AD (family-speciﬁc
LOD = 2.04). The variant was absent in the 1kGP reference
data set and had a high CADD score (CADD = 34). Two
missense variants in FSIP2 (ﬁbrous sheath interacting protein
2) segregates with disease in a single family with 7 AD family
members (family-speciﬁc LOD = 2.07). Both variants were
rare in 1kGP (MAF < 0.001) and had high CADD scores
(CADD = 25.2 and 22.6). This analysis also identiﬁed a missense variant with high CADD (CADD = 32) in TTC3, from
family UM0146F. This variant was previously identiﬁed
through whole exome sequencing (WES) in the same family
and is described elsewhere.27
Candidate genes
FSKAT, a family-based kernel test for association of sets of
variants, was used to perform gene-based association in the
families27 (Table 4). A list of 31 candidate genes (identiﬁed
from GWAS and studies of familial AD) was tested for association with LOAD. Two genes showed association with LOAD in
the unadjusted analysis that included nonsynonymous variants:
FERMT2 (p-value = 0.001) and SLC24A4 (p-value=0.009). The
association in FERMT2 survives a Bonferroni correction for 31
genes tested (p-value = 0.05/31 = 0.0016). Both genes still
showed association after adjusting for age, sex, and the top 10

Table 2 Family-specific linkage regions
Family ID

Chrm

cM (start)

cM (end)

BP (start)

BP (end)

Peak LOD

UM0458F

12

0.18

41.96

0.38

20.56

2.95

UM0458F

14

6.03

15.44

21.64

24.64

2.7

UM0146F

21

41.07

49

36.55

40.37

2.63

UM0146F

19

76.43

85.05

48.55

51.38

2.23

UP0005F

1

131.84

144.67

103.72

115.74

2.07

UP0005F

2

188.73

210.97

183.63

213.07

2.07

UP0005F

16

78.58

91.44

58.51

73.81

2.07

UM0463F

5

138.9

146.8

131.38

141.03

2.06

UP0001F

9

106.1

116.2

104.11

112.23

2.04

UP0001F

9

95.12

105.57

92.41

103.64

2.04

Abbreviations: BP (start) and BP (end) = position of the region in megabases; Chrm = Chromosome; cM (start) and cM (end) = position of the region in
centimorgans; LOD = logarithm of the odds.
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Table 3 Priority variants from family-specific linkage regions
Chrm

Position

Gene

Alleles

Family

Consequence

CADD

MAF (1kGP)

2

186,611,520

FSIP2

C/T

UP0005F

Missense variant

25.2

0.001

2

186,611,521

FSIP2

G/T

UP0005F

Missense variant

22.6

0.001

2

199,347,563

PLCL1

A/G

UP0005F

Intron variant

17.7

0.010

2

208,614,446

CCNYL1

C/G

UP0005F

Intron variant

20.1

0.001

9

100,819,143

NANS

C/T

UP0001F

Missense variant

22.5

0.001

9

107,584,795

ABCA1

G/A

UP0001F

Missense variant

34.0

NA

12

16,342,622

SLC15A5

G/A

UM0458F

Missense variant

24.0

0.008

12

17,149,860

T/A

UM0458F

Downstream gene variant

16.4

0.010

12

18,891,317

CAPZA3

C/T

UM0458F

Missense variant

21.4

0.005

16

61,999,830

CDH8

A/C

UP0005F

Intron variant

15.5

0.007

16

70,546,287

COG4

C/T

UP0005F

Missense variant

23.9

NA

16

73,127,644

HCCAT5

A/G

UP0005F

Noncoding transcript exon variant

16.3

0.002

21

38,534,308

TTC3

C/G

UM0146F

Missense variant

32.0

NA

Abbreviations: CADD = Combined Annotation Dependent Depletion score; Chrm = chromosome; MAF (1kGP) = minor allele frequency among European
samples in the 1,000 Genomes Project data.

principal components (FERMT2 p-value = 0.002; SLC24A4
p-value = 0.023). The PICALM gene also showed nominal
association after adjusting for age, sex, and principal components (p-value = 0.032; unadjusted p-value = 0.111).
SLC24A4 also showed nominal association in the damaging
variant–only analysis (p-value = 0.026). Because these 3 genes
were all initially identiﬁed using GWAS, we also performed the
association analysis with the genotyped GWAS index single
nucleotide polymorphisms (SNPs) as covariates in the FSKAT
model (rs17125944 for FERMT2, rs10498633 for SLC24A4,
and rs10792832 for PICALM). Each gene still showed evidence
of association after including index SNP genotypes as covariates (FERMT2 p-value = 0.002, SLC24A4 p-value = 0.015,
PICALM p-value = 0.021).
Because the gene of interest for a particular associated locus
may not be the gene physically closest to the index SNP, as
a secondary analysis, we expanded the list of 31 candidate
genes to include genes near the GWAS index SNPs
(±1,000,000 bp). In this analysis, an additional 586 genes
were tested using FSKAT. Near the FERMT2 locus (within
100 kb downstream), the genes STYX, PSMC6, and
GNPNAT1 all showed association in the analysis including
nonsynonymous variants (p-values = 0.0011, 0.0012, and
0.0016, respectively). STYX, in particular, also showed nominal association in a large case-control WES study conducted
by the ADSP (p-value = 0.00119).28 As with FERMT2, the
p-values did not appreciably change when adjusting for age,
sex, and principal components (p-values = 0.0013, 0.0016, and
0.0024, respectively). Additional genes showed association in
the nonsynonymous analysis include MGC45922 (p-value =
0.0030; near CD33), TAP2 (p-value = 0.0043; near HLA6
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DRB1/DRB5; p-value = 0.0047 in the ADSP WES analysis),
and FAM210B (p-value = 0.0084; near CASS4), when
adjusting for age, sex, and principal components. In the
analysis of damaging variants, the CPSF2 gene was associated
in the adjusted analysis (p-value = 0.000498), which would
survive a Bonferroni multiple testing correction for 586 genes.
This gene is located near the SLC24A4 gene and was also
nominally associated in the ADSP WES analyses (p-value =
0.034). The FIS1 gene also showed evidence of association in
the unadjusted analysis (p-value = 0.00748, near ZCWPW1;
unadjusted analysis p-value = 0.0147) and was also nominally
associated in the ADSP WES analyses (p-value = 0.034).

Discussion
To identify rare variation inﬂuencing LOAD, we performed
analyses of WGS data in NHW families multiply aﬀected for
LOAD. A two-pronged approach was taken: examination of
linkage regions identiﬁed through analysis of genome-wide
genotyping array data and a gene-based association analysis of
rare coding variants, focusing on AD candidate loci identiﬁed
in GWAS. These results indicate a potential role for rare
variants in LOAD etiology. Numerous rare, predicted damaging rare variants were identiﬁed that segregate with disease
in multiplex LOAD families and were validated with independent technologies. Additionally, rare variation in LOAD
candidate genes was associated with AD in these multiplex
families. This association persisted even when the common
variant index SNPs were included in the models, indicating
the rare variant association is likely distinct from the common
variants that initially implicated the genes.
Neurology.org/NG

Table 4 Gene-based association test results at known AD candidate genes
Putative damaging + nonsynonomous

Putative damaging

Gene

p-Value (unadj)

p-Value (adj)

p-Value (unadj)

p-Value (adj)

ABCA7

0.534

0.414

0.782

0.657

AKAP9

0.226

0.167

0.115

0.145

APOE

0.334

0.228

—

—

APP

0.802

0.651

—

—

BIN1

0.422

0.339

—

—

CASS4

0.159

0.164

0.527

0.732

CD2AP

0.939

0.892

0.110

0.216

CD33

0.321

0.250

0.111

0.122

CELF1

0.353

0.223

—

—

CLU

0.608

0.475

0.465

0.631

CR1

0.349

0.182

0.403

0.629

EPHA1

0.481

0.459

0.842

0.896

FERMT2

0.001

0.002

—

—

GRN

0.310

0.453

—

—

HLA-DRB1

0.262

0.166

—

—

INPP5D

0.140

0.200

—

—

MAPT

0.673

0.668

0.596

0.677

MEF2C

0.266

0.323

—

—

MS4A6A

0.264

0.287

0.751

0.555

NME8

0.228

0.127

—

—

PICALM

0.111

0.032

—

—

PLD3

0.169

0.146

0.348

0.305

PSEN1

0.755

0.418

0.154

0.089

PSEN2

0.725

0.444

0.080

0.173

PTK2B

0.653

0.489

0.622

0.447

RIN3

0.419

0.341

0.935

0.958

SLC24A4

0.009

0.023

0.026

0.076

SORL1

0.642

0.438

0.263

0.172

TREM2

0.678

0.575

0.394

0.358

TREML2

0.381

0.300

0.208

0.143

ZCWPW1

0.560

0.478

—

—

Bold indicates p-values < 0.05.

Rare variation in NOS1AP was identiﬁed. NOS1AP lies under
one of the HLOD linkage peaks, is expressed in the brain,29 and
is known to interact with the LDL-receptor-related protein 1
(LRP1). LRP1 is an APOE receptor that helps bring APOE
into neurons30,31 and APP. In addition, LRP has been associated with AD in the ADSP WES experiment (p = 0.00018).28
Neurology.org/NG

NOS1AP also interacts with nNOS,32 encoded by NOS1, which
has been linked to AD33 as well as other neurologic diseases.
A missense variant (rs137854495) in ATP binding cassette
subfamily A member 1 (ABCA1) was found to segregate with
disease in one family under a family-speciﬁc linkage peak on
Neurology: Genetics | Volume 4, Number 6 | December 2018
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chromosome 9. The variant was rare, with a very high CADD
score (CADD = 34). ABCA1 is expressed in brain (though not
exclusively; ABCA7 is expressed in many tissues) and is involved in lipid removal pathways.29 Variants in ABCA1 have
been associated with HDL deﬁciency, familial hypercholesterolemia, and APOA deﬁciency.34–37 The rs137854495 variant, in particular, has been noted in a family with Tangier
disease as part of a compound heterozygote.38 Dyslipidemias
and lipid pathways have long been linked to LOAD,39 starting
with the APOE gene,3 and more recently CLU, ABCA7,
etc,4,22 although exact mechanisms remain unclear. Tangier
disease, in particular, has also been proposed as having links to
AD, primarily through amyloid-β pathways, although evidence supporting this is mixed.40–44 The ADSP WES project
identiﬁed nominal association with 2 additional apolipoproteins (APOA2, p = 0.000636; APOA5, p = 0.0413).28
Gene-based association tests implicated fermitin family
member 2 (FERMT2) and surrounding genes STYX, PSMC6,
and GNPNAT, all with similar levels of signiﬁcance (p =
0.0010–0.0016). FERMT2 is involved in cell adhesion, is
expressed in brain, and is near an SNP with strong association
to AD.4 STYX is likely involved in phosphatase activity and
has been associated with diabetes mellitus type 1.45 PSMC6 is
likely involved in hydrolase activity; GNPNAT is involved in
sugar metabolism. SLC24A4 has been associated with AD
through a genome-wide meta-analysis,4 and brain methylation
in SLC24A4 region has been associated with AD risk.46 Although FERMT2 and SLC24A4 were initially identiﬁed using
common variant approaches, the association observed at these
2 genes was not greatly aﬀected by including the GWAS index
SNPs as covariates in the model. If common variants were
solely responsible for the association, then we would expect to
fail to reject the null hypothesis at the rare variants. This
implies the rare variation associated with disease in these
families is distinct from the common variant index SNPs
initially used to identify the genes.
There are limitations to this study. The sample size was
modest relative to GWAS approaches. This of course limits
power, particularly for the association-based approaches.
However, the use of familial data and linkage and segregationbased approaches mitigates some of these power concerns.
Increasing sample sizes and number of multiplex families is an
ongoing eﬀort for future studies. Additional limitations include the use of in silico predictions of function (e.g., CADD).
While useful as a ﬁrst pass, these predictions should be seen as
a putative,47 and function will need to be validated by functional genetic approaches.
These results imply a role for rare variation in familial LOAD.
The linkage analysis identiﬁed 41 high-priority variants, including
variants in NOS1AP and ABCA1, both with plausible roles in AD
and AD-related pathways. The analysis of LOAD candidate
genes identiﬁed several genes with rare variation associated with
AD. The tests were still signiﬁcant while controlling for the
common index SNPs, implying a role for rare variation even at
8
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GWAS-identiﬁed loci. Future directions include a thorough
analysis on noncoding variation, particularly the role of
enhancers and other regulatory elements in the etiology of AD.
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Tampere Tuberculosis Foundation; Yrjö Jahnsson Foundation; Signe and Ane Gyllenberg Foundation; and Diabetes
Research Foundation of Finnish Diabetes Association. The
three LSACs are the Human Genome Sequencing Center at
the Baylor College of Medicine (U54 HG003273), the Broad
Institute Genome Center (U54HG003067), and the Washington University Genome Institute (U54HG003079).
Study funding
Supported by the NIH, primarily the National Institute on
Aging (NIA), the National Heart, Lung, and Blood Institute,
and the National Human Genome Research Institute. Primary support includes the Alzheimer’s Disease Genetics
Consortium funded by NIA (U01 AG032984), and the
Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) funded by NIA (R01 AG033193), the
Human Genome Sequencing Center at the Baylor College
of Medicine (U54 HG003273), the Broad Institute Genome Center (U54HG003067), and the Washington
University Genome Institute (U54HG003079). Additional
funding of contributing sites is noted below in the
acknowledgements.
Disclosure
G. Beecham has received research support from the NIH and
the Department of Defense. B. Vardarajan reports no disclosures. E. Blue has received research support from the NIH
and the Cystic Fibrosis Foundation and has been a grant reviewer for the NIH. W. Bush has served on the editorial board
for BMC Biodata Mining and PLoS One and has received
research support from the USDA, the Foundation for Food
and Agriculture, NIDDK, and the National Institute on Aging
(NIA). J. Jaworski, S. Barral, and A. DeStefano report no
disclosures. K. Hamilton-Nelson has received research support from the NIH. B. Kunkle reports no disclosures. E.
Martin serves on the editorial board of Frontiers in Statistical
Genetics and Methodology; and holds a patent for Test for
Linkage and Association in General Pedigrees: The Pedigree
Disequilibrium Test. A. Naj, F. Rajabli, and C. Reitz report no
disclosures. T. Thornton has received research support from
the NIH. C. van Duijn reports no disclosures. A. Goate has
served on the scientiﬁc advisory boards of Denali Therapeutics, Pﬁzer, and DZNE; has received travel funding/speaker
honoraria from the Rainwater Foundation, the Indiana University ADRC advisory board, and Wellcome Trust; serves on
the editorial board of eLife; holds patents for PSEN mutations
in AD, Tau mutations in FTD, and TDP43 mutations in
10

Neurology: Genetics | Volume 4, Number 6 | December 2018

ALS\FTD; has been a consultant for Cognition Therapeutics,
AbbVie, and Biogen; has received research support from F
Prime, NIA, Rainwater Charitable Foundation, and JPB
Foundation; and receives royalty payments from Taconic
Industries for tau mutation patent, and from Athena Diagnostics for TDP43 mutation testing. S. Seshadri serves on the
editorial boards of the Journal of Alzheimer’s Disease, Stroke,
and Neurology and has received research support from NIA
and NINDS. L. Farrer serves on the editorial boards of the
American Journal of Alzheimer’s Disease & Other Dementias,
Clinical Genetics, and the Journal of Clinical Medicine; holds
a patent (pending) for Use of PLXNA4 as a drug target and
biomarker for Alzheimer disease; has been a consultant for
Novartis Pharmaceuticals, Gerson Lerman, and Guidepoint
Global; has received research support from the NIH, the
Fidelity Foundation, and the Thome Memorial Foundation;
and was a consultant for legal proceedings involving Finnegan
& Associates, LLP. E. Boerwinkle has received travel funding
and speaker honoraria from the Harvard School of Public
Health and the Metabolomics Forum in Cambridge, United
Kingdom; serves on the editorial board of Annals of Epidemiology; is a scientiﬁc oﬃcer at Codiﬁed Genomics, LLC; and
has received research support from the NIH. G. Schellenberg
has served on scientiﬁc advisory boards for the Alzheimer’s
Association, the Society of Progressive Supranuclear Palsy,
the United Kingdom Parkinson Disease Center, University
College London, the Alzheimer’s Disease Sequence Project
(co-chair), Structural Variant Work Group, the Alzheimer’s
Disease Sequence Project, Mayo Clinic Rochester Udall
Center, University of Miami Udall Center, Discovery Assessment Panel, and the Oxford Parkinson’s Disease Centre;
has received travel funding/speaker honoraria from Alzheimer’s Disease Center, CurePSP, the University of California San Diego, Keystone Symposia, Southern California
Alzheimer’s Disease Research Conference, University of
California Institute for Memory Impairment and Neurological Disorders, NIH, Novartis, McKnight Brain Institute,
University of Florida, Keep Memory Alive Event Center,
Cleveland Clinic, Accelerated Medicines Program, PSP/Lewy
Body Disease Think-Tank, Alzheimer’s Disease Center,
American Association of Neuropathologists, Fusion Conferences, Center for Public Health Genomics, Columbia University, PSP Genetics Consortium, Tetra Institute,
Rockefeller University, Blechman Foundation, Niigata University, Xuan Wu Hospital (Capital Medical University),
Genetics of Dementia Summit (United Kingdom), Icahn
School of Medicine Mount Sinai, and Biogen; has served on
the editorial boards of the Journal of Neural Transmission,
American Journal of Alzheimer’s Disease and Other Dementias,
Alzheimer’s Research, Neurodegenerative Diseases, Current Alzheimer Research, and Pathology and Laboratory Medicine International; is employed by the University of Pennsylvania;
has been a consultant for Biogen; and has received research
support from the NIH, CurePSP, and CBD Solutions. J.
Haines has served on the editorial boards of Neurogenetics,
Current Protocols in Human Genetics, and Human Molecular
Genetics; receives publishing royalties from John Wiley &
Neurology.org/NG

Sons; and has received research support from the NIH. E.
Wijsman has served on the editorial boards of BMC Proceedings and Faculty of 1000 and has received research support
from the NIH and the Metropolitan Life Foundation.

R. Mayeux has received research support from the NIH. R.
Pericak-Vance reports no disclosures. Full disclosure form
information provided by the authors is available with the full
text of this article at Neurology.org/NG.

APPENDIX 1 Co-investigators
Affiliation

Full Name

Contributions

Baylor College of Medicine

Adam English

Baylor College of Medicine site contributed expertise to the study design, sequencing of samples,
bioinformatics analyses, quality control, data management, structural variation working group, as
well as input into both case-control and family study working groups

Divya Kalra
Donna Muzny
Evette Skinner
Harsha
Doddapeneni
Huyen Dinh
Jianhong Hu
Jireh Santibanez
Joy Jayaseelan
Kim Worley
Michelle Bellair
Richard A. Gibbs
Sandra Lee
Shannon DuganPerez
Simon White
Viktoriya
Korchina
Waleed Nasser
William Salerno
Xiuping Liu
Yi Han
Yiming Zhu
Yue Liu
Ziad Khan
Boston University

Adrienne
Cupples

The Boston University site contributed expertise to the study design, bioinformatics analyses,
quality control, data management, structural variation working group, case-control working group,
family study working group, as well as significant sample contributions

Alexa Beiser
Anita DeStefano*
Ching Ti Liu
Chloe Sarnowski
Claudia Satizabal
Dan Lancour
Devanshi Patel
Continued

Neurology.org/NG

Neurology: Genetics | Volume 4, Number 6 | December 2018

11

APPENDIX 1 Co-investigators (continued)
Affiliation

Full Name

Contributions

Fangui Jenny Sun
Honghuang Lin
Jaeyoon Chung
John Farrell
Josee Dupuis
Kathy Lunetta
Lindsay Farrer*
Sudha Seshadri*
Xiaoling Zhang
Yiyi Ma
Yuning Chen
Broad Institute

Eric Banks

The Broad Institute site contributed expertise to the study design, sequencing of samples,
bioinformatics analyses, quality control, and data management working group

Namrata Gupta
Seung Hoan Choi
Stacey Gabriel
Case Western Reserve
University

Jonathan
Haines*

The Case Western Reserve University site contributed expertise to the study design, bioinformatics
analyses, quality control, data management, structural variation working group, case-control
working group, family study working group, annotation working group, as well as sample
contributions

Mariusz
Butkiewicz
Sandra Smieszek
Will Bush*
Yeunjoo Song
Columbia University

Badri
Vardarajan*

The Columbia University site contributed expertise to the study design, bioinformatics analyses,
quality control, data management, structural variation working group, case-control working group,
family study working group, annotation working group, as well as sample contributions

Christiane Reitz*
Dolly Reyes
Giuseppe Tosto
Phillip L De Jager
Richard Mayeux*
Sandra Barral*
Erasmus Medical University/
Rotterdam

Ashley
Vanderspek

The Erasmus Medical University site contributed expertise to the study design, the family study
working group, as well as sample contributions

Cornelia van
Duijn*
M Afran Ikram
Najaf Amin
Shahzad Amad
Sven van der Lee
Continued

12

Neurology: Genetics | Volume 4, Number 6 | December 2018

Neurology.org/NG

APPENDIX 1 Co-investigators (continued)
Affiliation

Full Name

Contributions

Indiana University

Kelley Faber

The Indiana University site contributed expertise to the study design, data and sample collection
and management, participated in the family and case-control working groups

Tatiana Foroud
Medical University Graz,
Austria

Helena Schmidt

Medical University Grace contributed data and samples to the study

Reinhold
Schmidt
Mount Sinai School of
Medicine

Alan Renton

The Mount Sinai site contributed samples as well as expertise to the design of the study, the family
and case-control working groups, and the protective variant working group

Alison Goate*
Edoardo
Marcora
Manav Kapoor
National Center for
Biotechnology Information

Adam Stine

National Center for Biotechnology Information site contributed expertise to data management

Michael Feolo
National Institutes of Aging

Lenore J. Launer

National Institute on Aging site contributed expertise to data and study management

Rush University

David A Bennett

Rush University site contributed samples and data to the study

Stanford University

Li Charlie Xia

The Stanford University site contributed expertise to the structural variation working group

University of Miami

Brian Kunkle*

The University of Miami site contributed expertise to the study design, bioinformatics analyses,
quality control, data management, structural variation working group, case-control working group,
family study working group, as well as significant sample contributions

Eden Martin*
Farid Rajabli*
Gary Beecham*
James Jaworski*
Kara HamiltonNelson*
Margaret
Pericak-Vance*
Michael Schmidt
University of Mississippi

Thomas H.
Mosley

The University of Mississippi site contributed samples and data to the study

University of Pennsylvania

Amanda Kuzma

The University of Pennsylvania site contributed expertise to the study design, bioinformatics
analyses, quality control, data management, structural variation working group, case-control
working group, and family study working groups

Han-Jen Lin
Liming Qu
Li-San Wang
Micah Childress
Otto Valladares
Prabhakaran
Gangadharan
Rebecca Cweibel
Yi Zhao
Yi-Fan Chou
Continued

Neurology.org/NG

Neurology: Genetics | Volume 4, Number 6 | December 2018

13

APPENDIX 1 Co-investigators (continued)
Affiliation

Full Name

Contributions

Adam Naj*
Elisabeth
Mlynarski
Gerard
Schellenberg*
John Malamon
Laura Cantwell
Nancy Zhang
Weixin Wang
Yuk Yee Leung
University of Texas Houston

Eric Boerwinkle*

The University of Texas Houston site contributed expertise to the study design, sequencing of
samples, bioinformatics analyses, quality control, data management, structural variation working
group, as well as both case-control and family study working groups

Jan Bressler
Jennifer E. Below
Myriam Fornage
Xiaoming Liu
Xueqiu Jian
University of Washington

Alejandro Q Nato
Jr.

The University of Washington site contributed expertise to the bioinformatics analyses, quality
control, data management, structural variation working group, case-control working group, and
family study working group

Andrea R
Horimoto
Bowen Wang
Bruce Psaty
Daniela Witten
Debby Tsuang
Elizabeth Blue*
Ellen Wijsman*
Harkirat Sohi
Hiep Nguyen
Joshua C. Bis
Kenneth Rice
Lisa Brown
Michael
Dorschner
Mohamad Saad
Pat Navas
Rafael Nafikov
Timothy
Thornton*
Tyler Day
Continued

14

Neurology: Genetics | Volume 4, Number 6 | December 2018

Neurology.org/NG

APPENDIX 1 Co-investigators (continued)
Affiliation

Full Name

Contributions

Washington University St.
Louis

Carlos Cruchaga

The Washington University St. Louis site contributed expertise to the study design, sequencing of
samples, bioinformatics analyses, quality control, data management, structural variation working
group, as well as both case-control and family study working groups

Daniel C. Koboldt
David E. Larson
Elizabeth
Appelbaum
Jason Waligorski
Lucinda
Antonacci-Fulton
Richard K. Wilson
Robert S. Fulton
Asterisks (*) indicate coinvestigators whose contributions were sufficient for authorship.

Received February 6, 2018. Accepted in ﬁnal form October 3, 2018.

21.

References

22.

1.
2.

3.

4.

5.

6.
7.
8.
9.
10.
11.
12.

13.

14.

15.
16.
17.

18.
19.

20.

Lane CA, Hardy J, Schott JM. Alzheimer’s disease. Eur J Neurol 2018;25:59–70.
Gatz M, Pedersen NL, Berg S, et al. Heritability for Alzheimer’s disease: the
study of dementia in Swedish twins. J Gerontol A Biol Sci Med Sci 1997;52:
M117–M125.
Corder EH, Saunders AM, Strittmatter WJ, et al. Gene dose of apolipoprotein E type 4
allele and the risk of Alzheimer’s disease in late onset families. Science 1993;261:
921–923.
Lambert JC, Ibrahim-Verbaas CA, Harold D, et al. Meta-analysis of 74,046 individuals
identiﬁes 11 new susceptibility loci for Alzheimer’s disease. Nat Genet 2013;45:
1452–1458.
Naj AC, Jun G, Beecham GW, et al. Common variants at MS4A4/MS4A6E, CD2AP,
CD33 and EPHA1 are associated with late-onset Alzheimer’s disease. Nat Genet
2011;43:436–441.
Guerreiro R, Wojtas A, Bras J, et al. TREM2 variants in Alzheimer’s disease. N Engl J
Med 2013;368:117–127.
Reitz C, Mayeux R. Alzheimer’s Disease Genetics C. TREM2 and neurodegenerative
disease. N Engl J Med 2013;369:1564–1565.
Le Guennec K, Nicolas G, Quenez O, et al. ABCA7 rare variants and Alzheimer
disease risk. Neurology 2016;86:2134–2137.
Vardarajan BN, Zhang Y, Lee JH, et al. Coding mutations in SORL1 and Alzheimer
disease. Ann Neurol 2015;77:215–227.
Beecham GW, Bis JC, Martin ER, et al. The Alzheimer’s disease sequencing project:
study design and sample selection. Neurol Genet 2017;3:e194.
Preston MD, Dudbridge F. Utilising family-based designs for detecting rare variant
disease associations. Ann Hum Genet 2014;78:129–140.
Vardarajan BN, Barral S, Jaworski J, et al. Whole genome sequence analysis of caribbean hispanic families with late-onset Alzheimer’s disease. Ann Clin Transl Neurol
2018;5:406–417.
McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadian EM. Clinical
diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA work group under
the auspices of department of Health and human services task force on Alzheimer’s
disease. Neurology 1984;34:939–944.
Naj AC, Lin H, Vardarajan BN, et al. Quality control and integration of genotypes
from two calling pipelines for whole genome sequence data in the Alzheimer’s disease
sequencing project. Genomics Epub 2018 May 29.
Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinformatics 2009;25:1754–1760.
Challis D, Yu J, Evani US, et al. An integrative variant analysis suite for whole exome
next-generation sequencing data. BMC Bioinformatics 2012;13:8.
Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D. Principal
components analysis corrects for stratiﬁcation in genome-wide association studies.
Nat Genet 2006;38:904–909.
Abecasis GR, Cherny SS, Cookson WO, Cardon LR. Merlin—rapid analysis of dense
genetic maps using sparse gene ﬂow trees. Nat Genet 2002;30:97–101.
Kunkle BW, Jaworski J, Barral S, et al. Genome-wide linkage analyses of non-Hispanic
white families identify novel loci for familial late-onset Alzheimer’s disease. Alzheimers Dement 2016;12:2–10.
Purcell S, Neale B, Todd-Brown K, et al. PLINK: a toolset for whole-genome association and population-based linkage analysis. Am J Hum Genet 2007;81:559–575.

Neurology.org/NG

23.
24.
25.
26.

27.

28.

29.
30.

31.

32.

33.
34.

35.

36.

37.
38.
39.
40.

Lander E, Kruglyak L. Genetic dissection of complex traits: guidelines for interpreting
and reporting linkage results. Nat Genet 1995;11:241–247.
Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM, Shendure J. A general
framework for estimating the relative pathogenicity of human genetic variants. Nat
Genet 2014;46:310–315.
Maurano MT, Haugen E, Sandstrom R, et al. Large-scale identiﬁcation of sequence variants
inﬂuencing human transcription factor occupancy. Nat Genet 2015;47:1393–1400.
The 1000 Genomes Project Consortium. A global reference for human genetic variation. Nature 2015;526:68–74.
Butkiewicz M, Blue E, Leung F, et al. Functional annotation of genomic variants in
studies of Late-onset Alzheimer’s disease. Bioinformatics 2018;34:2724–2731.
Yan Q, Tiwari HK, Yi N, et al. A sequence kernel association test for dichotomous
traits in family samples under a generalized linear mixed model. Hum Hered 2015;79:
60–68.
Kholi MA, Cukier HN, Hamilton-Nelson KL, et al. Segregation of a rare TTC3
variant in an extended family with late-onset Alzheimer disease. Neurol Genet
2016;2:e41.
Bis JC, Jian X, Kunkle BW, et al. Whole exome sequencing study identiﬁes novel rare
and common Alzheimer’s-Associated variants involved in immune response and
transcriptional regulation. Mol Psychiatry Epub 2018 Aug 14.
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Abstract
Objective
To identify the genetic cause of hypomyelinating leukodystrophy in 2 consanguineous families.
Methods
Homozygosity mapping combined with whole-exome sequencing of consanguineous families
was performed. Mutation consequences were determined by studying the structural change of
the protein and by the RNA analysis of patients’ ﬁbroblasts.
Results
We identiﬁed a biallelic mutation in a gene coding for a Pol III–speciﬁc subunit, POLR3K
(c.121C>T/p.Arg41Trp), that cosegregates with the disease in 2 unrelated patients. Patients
expressed neurologic and extraneurologic signs found in POLR3A- and POLR3B-related leukodystrophies with a peculiar severe digestive dysfunction. The mutation impaired the
POLR3K-POLR3B interactions resulting in zebraﬁsh in abnormal gut development. Functional
studies in the 2 patients’ ﬁbroblasts revealed a severe decrease (60%–80%) in the expression of
5S and 7S ribosomal RNAs in comparison with control.
Conclusions
These analyses underlined the key role of ribosomal RNA regulation in the development and
maintenance of the white matter and the cerebellum as already reported for diseases related to
genes involved in transfer RNA or translation initiation factors.
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Glossary
HLD = hypomyelinating leukodystrophy.

RNA polymerase III (Pol III) mutations have been implicated in autosomal recessive hypomyelinating leukodystrophies (HLD7 [MIM 607694] and HLD8 [MIM 614381]).
HLDs are characterized by a normal T1 abnormal hyper T2/
ﬂuid-attenuated inversion recovery (FLAIR) signal of the
white matter on magnetic resonance imaging (MRI).1,2 The
clinical presentation is variable from infantile to juvenile/
adult-onset forms with motor decline manifest as progressive
cerebellar dysfunction and mild cognitive regression. Other
features may include hypo/oligodontia, myopia, dysmorphia,
and hypogonadotropic hypogonadism.
Pol III, composed of 17 subunits, is the largest eukaryotic
RNA polymerase. It transcribes small untranslated RNAs involved in cellular processes including the regulation of transcription (7SK RNA; Alu RNA), RNA processing (U6 RNA;
H1 RNA), and translation (tRNA; 5S RNA).3 Promoters
driving transcription of these genes have been identiﬁed, cloned,
and characterized.4,5 Mutations causing HLD have been reported ﬁrst in the POLR3A1 (MIM 614258) and POLR3B2,6
(MIM 614366) genes. More recently, mutations in the
POLR1C gene (MIM 616494) encoding a subunit shared by
Pol I and Pol III complexes have been reported as HLD11.7
In addition, a homozygous mutation of POLR1A (NM_
616404) encoding the largest subunit of Pol I, RPA194, has
been described in a family aﬀected by a demyelinating form
of leukodystrophy.8
Here, we report a homozygous mutation of POLR3K (NM_
606007) in 2 unrelated HLD-aﬀected patients. POLR3K encodes the RPC11 subunit of Pol III, which has been implicated in
the processes of transcription termination and reinitiation.9,10
We demonstrate that the mutation aﬀected the POLR3KPOLR3B interactions and decreased the 5S and 7SL RNA levels.

Methods
Standard protocol approvals, registrations,
and patient consents
Consent was obtained from patients and their parents
according to the LEUKOFRANCE research program for
undetermined leukodystrophies (authorization CPP AU788;
CNIL 1406552; AFSSAPS B90298-60).
Patients
Patients were referred to the French reference center for
leukodystrophies, LEUKOFRANCE, for diagnosis and
follow-up. DNA was extracted from white blood cells of the
aﬀected patients and unaﬀected family members. Fibroblasts
were obtained from skin biopsy according to our previously
reported protocol.11
2
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DNA analysis
We performed homozygosity mapping in all family members using GeneChip Human Mapping 250K Nsp Array,
and whole-exome sequencing (IntegraGen, Evry, France)
using the SureSelect V4 capture kit (Agilent, Massy,
France) and the HighSeq2000 sequencer (Illumina, San
Diego, CA).12
Structural model
To get insight on the mutation eﬀect on POLR3K protein
(UniProtKB: Q9Y2Y1) structure, we performed a molecular
modeling analysis. The Protein Data Bank (PDB) ﬁles and 2D
structures were predicted using the PSIPRED server (bioinf.
cs.ucl.ac.uk/psipred/).13
To predict the interaction between POLR3K and POLR3B,
we used Phyre 2 (sbg.bio.ic.ac.uk/phyre2) to have the PDB
ﬁle of POLR3B (UniProtKB: Q9NW08), and we performed the protein-protein docking with ClusPro server
(cluspro.org).14–16
Fibroblasts analysis
Cell culture

Cell lines were grown in Dulbecco Modiﬁed Eagle Medium
supplemented with 15% fetal bovine serum (Invitrogen, Illkirch, France), 1% minimum essential medium nonessential
amino acid solution (Sigma, Saint-Quentin-Fallavier, France),
100 U/ml penicillin, and 100 μg/mL streptomycin (Invitrogen). Cell lines were maintained at 37°C in a humidiﬁed
5% CO2 atmosphere. All extracts were made from subconﬂuent cells in the exponential phase of growth.
RNA extraction

After several passages (<8) under tissue culture conditions,
total RNA was extracted using TRIzol reagent (Invitrogen,
Illkirch, France), according to the manufacturer’s protocol.
Genomic DNA was removed using the turboDNA free kit
(Ambion). RNA concentrations were determined using
a NanoDrop spectrophotometer (Nanodrop Technologies,
Wilmington, DE). RNAs integrity was determined with an
Agilent 2100 bioanalyzer (Palo Alto, CA). RNA measurements are automatically submitted to an algorithm that allows
standardized control of RNA quality and the calculation of an
RNA integrity number.17
Quantitative RT-PCR

For each sample, 2 μg of total RNA was reverse transcribed
using Scientiﬁc Maxima Reverse transcriptase (Fisher Scientiﬁc,
Illkirch, France) and random hexamer primers (Fermentas,
Fisher Scientiﬁc, Illkirch, France). Expression of POLR3D RNA,
POLR3K RNA, and U2 RNA, and that of RNA polymerase
Neurology.org/NG

III–transcribed genes were quantiﬁed by reverse transcription
and real-time PCR using the SsoAdvancedTM Universal SYBR®
Green Supermix (Bio-Rad, Marnes-la-coquette, France) with
gene-speciﬁc primers (table e-1, links.lww.com/NXG/A122).
Real-time PCRs were run on CFX96 Real-Time PCR Detection System (Bio-Rad). Cycle conditions were 95°C for 30
seconds, followed by 40 cycles with 95°C, 5 seconds, and 60°C
for 10 seconds. RNA levels were normalized with β-actin and
peptidylprolyl isomerase A (PPIA) RNA, using a comparative
2DDCt method, and controls were arbitrarily set at 1. RNA
extractions and RT-qPCR analyses were performed with at
least 3 biological replicates. Each of these biological replicates
was analyzed by at least 3 technical replicates.

according to standard procedures. Oligonucleotides (SigmaAldrich, Saint-Quentin, Fallavier) were labeled at the 59 end by
phosphorylation with [γ-32P] adenosine triphosphate (Perkin
Elmer, Villebon-sur-Yvette, France) and then puriﬁed with
a microspin G-25 column (GE Health care). Membranes were
incubated with, respectively, 5.8S, 5S, and U2 RNA 59-32Pradiolabeled probes (table e-1, links.lww.com/NXG/A122) in
1X Church buﬀer (0.25 M NaH2PO4; 1 mM EDTA; 7% SDS;
20 mg/mL salmon sperm DNA; 0.5% bovine serum albumin)
at 28°C overnight in hybridization oven. After 2 washes, one in
2× saline sodium citrate (SSC), 0.1% SDS, and the other in 1×
SSC, 1% SDS, blots were analyzed by the phosphoimager and
quantiﬁed using ImageQuant software (GE Health care).

Northern blot

Statistical analyses

One microgram of total RNA was resolved on 8% denaturing
polyacrylamide gels in 1 × tris-borate-EDTA and blotted onto
a Hybond-XL nylon membrane (GE Health care, Buc, France)

Quantitative data were described and presented graphically as
mean values and SDs. Group comparisons were performed
using SPSS software with one-way analysis of variance and the

Figure 1 POLR3K mutated families, structural model of POLR3K and of POLR3K-POLR3B interactions

(A) Pedigree and electropherograms of family G1979 (patient 1) and family G404 (patient 2). (B) Amino acid (AA) sequence and 2-dimensional structure of the
mutated and wild-type POLR3K. The sheets, loops, and α-helix motifs are colored in blue, green, and red, respectively. The loop (AA 34–55), α-helix (AA 56–59),
and loop (AA60–63) motifs of the wild-type protein are replaced by a unique loop (34–63) in the mutated protein. (C) Three-dimensional structure of the wildtype (in green) and mutated (in pink) POLR3K. The AAs at position 41 (arginine in the wild type and tryptophan in the mutant) are in red. The residues located
within 4 Å around the Arg41, responsible for the stability of the protein (Asn40, Lys42, and Tyr43), are colored in blue. The Trp41 change induces a modification
in the interactions of Tyr43 with Asn40 and Lys42 decreasing protein stability. (D) Three-dimensional structure of POLR3K (in green) and POLR3B (in blue)
interactions. The mutated residue 41 colored in red is important in POLR3K-POLR3B interactions: the N-terminal part (1–41) of POLR3K interacting with the Cterminal part (1079–1133) of POLR3B.

Neurology.org/NG
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Table 1 Clinical features of the POLR3K mutated patients
Patient 1

Patient 2

Age, y

12

18

Sex

M

M

Age at onset

3 mo

12 mo

Best motor acquisition, (age)

Sitting with support (18 mo)

Walking with support (12 mo)

Language acquisition (age)

No

Isolated words (2 y)

First neurologic signs (age)

Nystagmus (6 mo)

Nystagmus (18 mo)

Nystagmus

Yes

Yes

Myopia

No

NA

−3 SD

−3 SD

Cerebellar

Yes (6 mo)

Yes (2 y)

Dystonia

Yes (6 y)

Yes (6 y)

Pyramidal

Yes (2 y)

Yes (4 y)

Peripheral neuropathy

No

No

Yes

Yes

Ocular signs

OFC
Neurologic signs (age at onset)

Motor decline
Acquisition lost (age)

Sitting position (5 y)

Independent walking (6 y)

Holding head (6 y)

Sitting position (9 y)
Holding head (12 y)

Cognitive decline

NE

Acquisition lost (age)

Yes
Language (6 y)

Gonadic involvement (signs)

Yes (cryptorchidia)

Yes (cryptorchidia); (Pubertal delay, HH)

Growth impairment

Yes (h −6 SD; w −4 SD)

Yes (h −6 SD; w −4 SD)

Dysmorphia

No

No

Dental abnormalities

Yes (hypodontia)

No

Digestive problems

Yes

No

Yes (2 y)

Yes (18 y)

Of optic radiations

No (4 y; 10 y)

No (6 y)

Of internal capsules

No (4 y; 10 y)

No (6 y)

No (4 y; 10 y)

No (6 y)

Cerebellar

+ (4 y); ++ (10 y)

+ (6 y)

Corpus callosum

++ (4 y); +++ (10 y)

++ (6 y)

Gastrostomia (age)
WM myelin signal MRI performed at (age)

Ventrolateral thalamus
Relative hypo T2 intensity
Atrophy MRI performed at (age)

Abbreviations: HH = hypogonadotropic hypogonadism; NA = not available; NE = not evaluable; OFC = occipitofrontal head circumference; WM = white matter;
+ mild; ++ severe; +++ very severe.
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Turkey test. A diﬀerence was considered to be statistically
signiﬁcant when the p value was less than 0.05 (graphically: *
for p < 0.05, ** for p < 0.01, and *** for p < 0.001).
Data availability statement
The data sets analyzed during the current study are available
from the corresponding author on reasonable request.

Results
Clinical characteristics
The aﬀected patients were born from 2 distinct consanguineous families of Berber origin from Algeria (ﬁgure 1, A).
Table 1 summarizes the clinical characteristics of patients.
Patient 1 presents severe feeding diﬃculties with recurrent
vomiting associated with constipation starting during the
ﬁrst months of life leading to failure to thrive (height and
weight <−3SD) despite nutrition through gastrostomia at
age 2 years and absence of hormones deﬁciency. Abnormal motor acquisitions with hypotonia leading only to sitting position with support at age 18 months were associated
with the progression of neurologic signs. Acute episodes of
vomiting with hypoglycemia and ketosis were observed
during banal infections up to age 2–3 years, whereas transitory comas with hypothermia induced by emotions were
frequent after age 10 years. At 10 years, episodic seizures,
dystonia, quadriparesis, optic atrophy, and pseudobulbar
signs were observed with persistence of communication
with the mother.

In patient 2, walking capacities with support were acquired at
12 months when a nystagmus started. Progressive ataxia impaired further motor acquisitions, whereas isolated dysarthric
words were obtained between ages 2 and 3 years. Cognitive
capacities remained poor. Progressive spasticity, athetosis, and
dyskinesia were noticed after age 6 years when walking
capacities were lost and subsequently sitting position (9 years)
and head control (12 years). Swallowing diﬃculties with recurrent respiratory infections leading to gastrostomia occurred
at age 12 years. Failure to thrive was noticed at 18 months,
leading to growth hormone treatment between ages 4 and 6
years without eﬃcacy (height −6 SD, weight −4 SD). Bilateral
cryptorchidia was treated by surgery at age 6 years. Delay in
puberty with hypogonadotropic hypogonadism was reported.
He suddenly died at age 18 years, a few days after he returned
from Algeria, because of an acute gastrointestinal infection.
In both cases, a diﬀuse hypomyelinating aspect of the white
matter was observed on MRI excepted in the early ﬁrst myelinated area of the brainstem, associated with atrophy of the
corpus callosum and cerebellum (ﬁgure 2, and table 1). In
patient 1, subsequent MRI performed between ages 4 and 10
years demonstrated a progressive atrophy with a loss of 20%
of the cerebellum volume. In the corpus callosum, atrophy
was more pronounced in the posterior (35%) than in the
anterior part (20%). The decrease in the N-acetylaspartate
(NAA)/creatine associated with decreased in choline/
creatine and increased myoInositol/creatine content was
observed on magnetic resonance spectroscopy, conﬁrming
the severity of the brain dysfunction. Sanger sequencing and

Figure 2 MRI progression in patient 1

The diffuse hypomyelinating aspect of the white
matter characterized by an isosignal T1, hypersignal T2, and flair of the white matter in comparison with the gray matter did not change
during the 8 years of evolution (MRI performed at
age 2, 4, and 10 years) despite the clinical progression of the disease observed after age 4
years. In contrast, a progressive atrophy is observed in the supratentorial and subtentorial
structures between ages 4 and 10 years: deeper
cortical sulci, increased subarachnoid spaces,
frontal ventricular dilatation and white matter
atrophy, corpus callosum atrophy (18% loss in
the anterior part and 35% in the posterior part),
and cerebellar atrophy (20% loss of the vermis
and cerebellar hemispheres).

Neurology.org/NG
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gene panel next generation sequencing analysis of POLR3A,
POLR3B exons did not reveal abnormalities.
Whole-exome sequencing identified a new
POLR3K mutation
Whole-exome sequencing combined with homozygosity mapping revealed only 1 homozygous variant in POLR3K (NM_
016310.4): c.121C>T/p.Arg41Trp common to the 2 patients.
Sanger sequencing conﬁrmed that the variant segregated in the
2 families in consistence with autosomal recessive inheritance
(ﬁgure 1, A). This mutation was (1) predicted to be deleterious
by SIFT (score 0.00) and align Grantham variation and Grantham deviation (C35), disease causing by MutationTaster (p =
1.00), benign by PolyPhen-2 (score 0.143); (2) aﬀecting
a nucleotide highly conserved among species; (3) not found
in the dbSNP, 1000 Genomes Project, or Exome Aggregation Consortium databases; and (4) not detected in 500
ethnically (North African Berbers) matched control chromosomes in neither a homozygous nor a heterozygous state.
Structural model of POLR3KPOLR3B interactions
In silico protein analysis shown structural diﬀerences between
wild-type and mutated POLR3K. The positively charged and
hydrophilic arginine was replaced by a neutral and hydrophobic

tryptophan. The 2D and 3D structure analyses (ﬁgure 1, B and
C) demonstrate that the loop (34–55), α-helix (56–59), and
loop (60–63) motifs of the wild-type protein are replaced by
a unique loop (34–63) in the mutated protein. The residues
located within 4 Å around the Arg41, responsible for the stability of the protein, are Asn40, Lys42, and Tyr43. The Trp41
change induces a modiﬁcation in the interactions of Tyr43 with
Asn40 and Lys42 decreasing protein stability (ﬁgure 1, C).
In addition, the protein-protein docking analysis (ﬁgure 1, D)
showed that the residue 41 is important in POLR3K-POLR3B
interactions: the N-terminal part (1–41) of POLR3K interacting with the C-terminal part (1079–1133) of POLR3B.
Certain Pol III RNAs involved in translational
control are decreased in the POLR3K
mutated fibroblasts
To determine whether the expression of RNA polymerase
III–transcribed genes is altered in individuals carrying the
POLR3K mutation, we compared the relative RNA level of the
skin ﬁbroblasts from the 2 aﬀected patients in comparison to
those derived from control individuals using PPIA and β-actin
expression levels as standard. We found that expression levels
of 3 of the 4 distinct tRNAs analyzed are not signiﬁcantly
aﬀected by the POLR3K mutation (ﬁgure 3A). In contrast,

Figure 3 RNA levels determined by RT-qPCR analysis

Total RNAs were isolated from healthy (control cells) or
POLR3K mutated (disease cells) patients’ fibroblasts.
Relative gene expression levels were normalized with
β-actin and PPIA genes as an internal control and
compared with control cells. Each bar represents the
mean ± SD of at least 3 independent experiments.
*Indicated a significant difference of disease cells
compared with healthy cells. *p < 0.05, **p < 0.01, ***p
< 0.001. (A) POLR3K and POLR3D mRNA expression
levels. (B) Expression of RNA polymerase III–
transcribed genes.
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Table 2 Clinical manifestations of published patients with POLR3 or POLR1 mutations
POLR3A22

POLR3B22

POLR3A6

POLR3B6

POLR1C7

POLR1A8

No. of patients

43

62

1

3

8

2

Age (mean)

3–40 y (20 y)

1–40 y (16 y)

17 y

16–30 y (24 y)

2–33 y (13.5 y)

6.5–11 y (8.75 y)

Sex

20M/23F

32M/30F

1M

1M/2F

4M/4F

2M

Age at onset (mean)

1–13 y (7 y)

1–19 y (10 y)

4y

2–3 y (2.5 y)

1–4 y (2.25 y)

1–5 y (3 y)

Delayed in the motor development of the first 2 y

9%

24%

0%

0%

12,50%

0%

100%

100%

75%

100%

99%

100%

100%

100%

100%

Nystagmus

99%

0%

67%

0%

0%

Vertical gaze

20%

0%

100%

0%

100%

Pyramidal signs

0%

0%

0%

33%

37%

100%

Dystonic signs

Few patients

0%

0%

0%

0%

0%

Epilepsy

19%

0%

0%

50%

50% 6 y

0%

Peripheral nerve involvement

No

No

No

No

?

Wheelchair user (age)

100% (1–33 y)

40% (1–16 y)

100%

0%

75% (3–10 y)

100% (9.5 y)

Intellectual disabilities
Cerebellar syndrome

No to learning difficulties

Ocular signs

Swallowing deterioration

na

0%

33%

0%

No

Precipitation by infections

53%

NA

NA

50%

0%

0%

0%

0%

0%

Death (age)

50% (6–35 y)

1% (10 y)

Non-neurologic signs
Myopia

87%

100%

76%

37%

0%

Cataract

3%

0%

0%

0%

0%

Dental abnormalities

87%

0%

0%

37%

0%

0%

67%

0%

0%

NA

NA

NA

100%

Delayed puberty

81%

Short stature

69%
51%

WM myelin signal
Hypomyelination

100%

100%

100%

100%

100%

100%

Demyelination

0%

0%

0%

0%

0%

100%

Of optic radiations

65%

95%

100%

100%

100%

100%

Of internal capsules

13%

70%

0%

67%

62%

0%

80%

95%

100%

33%

100%

0%

Cerebellar

75%

90%

100%

100%

62%

100%

Corpus callosum

90%

55%

100%

100%

100%

100%

Ventrolateral thalamus
Relative hypo T2 intensity
Atrophy

Abbreviation: NA = not available.

tRNAimet, 7SK, and H1 RNA expression was signiﬁcantly reduced in patient 1 and tRNAimet expression only in patient 2
ﬁbroblasts. Most strikingly, the expression of 5S rRNA and 7SL
Neurology.org/NG

RNA genes was strongly reduced (60%–80%) in ﬁbroblasts of
the 2 patients with leukodystrophy (ﬁgure 3A). We veriﬁed that
the reduced 5S and 7SL RNA expression was not due to an
Neurology: Genetics | Volume 4, Number 6 | December 2018
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impaired expression of Pol III subunits by quantifying in parallel POLR3K and POLR3D mRNA expression levels (ﬁgure
3B). To verify the decrease in Pol III RNA expression levels by
an independent method, we performed Northern blot analyses.
By comparing 5.8S rRNA with U2 snRNA levels, we observed
a relative increase in U2 snRNA levels, indicating that the
overall levels of 5.8S rRNA were slightly lower in patients with
leukodystrophy than in controls (ﬁgure e-1A, links.lww.com/
NXG/A121). Comparing 5S rRNA levels with U2 snRNA
levels conﬁrmed signiﬁcantly lower expression of 5S rRNA in
patient ﬁbroblasts compared with control ﬁbroblasts (ﬁgure
e-1B). These results clearly indicate that the (p.Arg41Trp)
POLR3K mutation reduces 5S and 7SL RNA levels, potentially
contributing to the development of the disease.

Discussion
In this article, we reported a novel homozygous missense variant
in the POLR3K gene in 2 HLD-aﬀected patients from 2 consanguineous families using whole exome sequencing and functional analysis. Following the latest the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology guidelines,18 this variant has 1 strong (functional analysis), at least 2 moderate (highly conserved and very
low allele frequency), and 2 supporting (bioinformatics and
segregation analysis) criteria of pathogenicity. The variant is not
found in polymorphisms databases and in controls of the same
Berber ethnic background. The p.Arg41Trp substitution found
is located within domain II of the POLR3K protein, a highly
conserved region from yeast to human.9 Docking analysis of the
POLR3K missense substitution p.Arg41Trp suggested less stability in the interactions of the RPC128 subunits encoded by
POLR3B and RPC11 encoded by POLR3K. Of interest, a mutation of the POLR3B gene has been reported in zebraﬁsh with
impaired proliferation of digestive organs. The zebraﬁsh mutation reduced RPC11 association with Pol III and the transcription of tRNA and 7SL genes. Overexpression of RPC11 in
this model system could rescue some of these defects.19
Our patients expressed neurologic signs classically found in
patients mutated for POLR3A, POLR3B, or POLR1C (table 2)
as early hypotonia, nystagmus, ataxia associated with hypomyelinated white matter, and cerebellar/corpus callosum atrophy. Extraneurologic signs such as dental abnormalities, short
stature, and hypogonadism are also frequently reported. Disease progression for both patients appeared in the most severe
range of Pol III–related leukodystrophies in terms of age at
onset (<18 months) and death (<20 years) and motor and
cognitive development (no independent walking) and degradation (age 4–6 years). However, the progressivity of the microcephaly and the severe spasticity and dystonia observed
before age 10 years, particularly in patient 1 with low NAA,
reﬂect the severity of the neurodegenerative process. In addition, the severity of the upper and lower digestive dysfunctions
leading to early gastrostomia or cachexia has not yet been
reported in POLR3A, POLR3B, and POLR1C mutated patients
but could be related to the impaired proliferation of digestive
8
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organs reported in the zebraﬁsh POLR3B mutant aﬀecting the
RPC128-RPC11 interaction.
To determine the eﬀects of the variant on Pol III transcriptional
activity, we compared the expression levels of some Pol III–
transcribed RNAs in patient and control ﬁbroblasts: transcription of both 5S rRNA and 7SL RNA was most severely
reduced. 5S rRNA is a component of the large subunit of the
ribosome and therefore important for ribosomal functioning.
7SL RNA is part of the signal recognition particle required for
associating the ribosome nascent peptide chain with the endoplasmic reticulum. Of interest, a reduction in 7SL RNA was
also reported in zebraﬁsh with a POLR3B mutation aﬀecting
the RPB128-RPC11 interaction.19 Disruption in ribosomal
regulation of mRNA translation may contribute to white matter
developmental abnormalities observed in our patients. 7SL
RNA seems to play a role in the expression of myelin basic
protein, which is tightly needed for myelin development and
stability.20 Abnormal RNA regulation has also been reported in
leukodystrophies related to mutations in the mitochondrial or
cytoplasmic tRNA synthetases21 and in the 5 subunits of the
eukaryotic initiation factor EIF2B (childhood ataxia with central nervous system hypomyelination/vanishing white matter).11 Stress-induced acute neurologic distress has particularly
been reported in this latter form of leukodystrophy, whereas
neurologic degradation has been also reported after infections
in 50% of patients with POLR3A, POLR3B, and POLR1C
mutations (table 2), suggesting that altered tRNA and rRNA
synthesis associated common dysfunctional pathways.
Here, we demonstrated the involvement of a hitherto unknown RNA polymerase III mutation of the POLR3K gene in
the development of HLD, supporting the evidence that RNA
polymerase III plays a crucial role in white matter and cerebellar integrity.
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Abstract
Objective
To study the in vivo binding properties of 18F-AV-1451 (tau-PET) and Pittsburgh compound B
(PiB-PET) in a unique kindred with a familial prion disorder known to produce amyloid
plaques composed of prion protein alongside Alzheimer disease (AD)–like tau tangles.
Methods
A case series of 4 symptomatic family members with the 12-octapeptide repeat insertion in the
PRNP gene were imaged with 3T MRI, PiB-PET, and tau-PET in their fourth decade of life.
Results
There was signiﬁcant neocortical uptake of the tau-PET tracer in all 4 familial prion cases.
However, PiB-PET images did not demonstrate abnormally elevated signal in neocortical or
cerebellar regions for any of the patients.
Conclusions
In vivo detection of molecular hallmarks of neurodegenerative diseases will be a prerequisite to
well-conducted therapeutic trials. Understanding the in vivo behavior of these PET biomarkers
in the setting of various neurodegenerative processes is imperative to their proper use in such
trials and for research studies focused on the basic neurobiology of neurodegeneration. This
study supports the high speciﬁcity of neocortical 18F-AV-1451 binding to AD-like tau and the
lack of PiB binding to PrP plaques. It is uncertain how early in the disease course tau pathology
appears in the brains of individuals who carry this PRNP gene mutation or how it evolves
throughout the disease course, but future longitudinal 18F-AV-1451 imaging of symptomatic
and asymptomatic individuals in this kindred will help address these uncertainties.
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Glossary
AD = Alzheimer disease; FTD = frontotemporal dementia; NFT = neuroﬁbrillary tangles; PiB = Pittsburgh compound B.

Familial prion diseases are associated with prion protein
(PrP) deposits and genetic mutations in the PRNP gene. In
addition to the PrP deposits seen in all subtypes, other
characteristic pathologies include the following: spongiform
changes in familial Creutzfeldt-Jakob disease, PrP amyloid
plaques in the cerebellum in Gerstmann-Straussler-Scheinker
syndrome, and thalamic neuronal loss seen in fatal familial
insomnia.1 We have reported on a familial prion kindred with
a 12-octapeptide repeat insertion in the PRNP gene characterized by a frontotemporal dementia (FTD)-like presentation with mixed pathologic features.2 These cases were
pathologically characterized by cerebellar plaques that were
negative for Aβ40 and Aβ42 but positive for PrP. The neocortical pathology consisted of Alzheimer disease (AD)-like
neuroﬁbrillary tangles (NFT) that were present in addition to
the PrP pathology. The tau pathology found in these cases is
unusual for sporadic prion disease, but it has been reported in
other familial prion cases,3–5 where it was composed of the
same AD-like tau isoforms. We have recently shown that ex
vivo6 and in vivo7 binding of 18F-AV-1451 (tau-PET)8 is
speciﬁc for AD-like tau isoforms and that the regional distribution is distinct for AD dementia relative to familial FTD
with mutations in the MAPT gene.7
Pittsburgh compound B (PiB) is a derivative of thioﬂavin.9
Therefore, it is possible that PiB-PET could bind PrP plaques
in this prion kindred. The cerebellar predominance of PrP
plaques is distinct from the neocortical NFTs, allowing these
aggregates to be diﬀerentiated spatially in vivo. In this study,
we report the tau-PET and PiB-PET binding patterns in this
kindred that has both tau aggregates and PrP plaques.

Data availability
The datasets analyzed in the current study are not publicly
available due to restricted access, but further information
about the datasets are available from the corresponding author on reasonable request.

Results
There was signiﬁcant neocortical uptake of the tau-PET tracer
in all 4 familial prion cases (ﬁgure 1, left). However, PiB-PET
images did not demonstrate abnormally elevated signal in
neocortical regions for any of the patients (ﬁgure 1, right).
There was no abnormally elevated signal in the cerebellum on
either PET modality. The global distribution of the elevated
tau-PET signal (ﬁgure 2A) matched the known distribution of
NFT in AD (ﬁgure 2B) in that the homotypic isocortex was
severely aﬀected with a stark sparing of the idiotypic cortex.
However, there did seem to be relatively greater involvement
of the frontal lobe compared with the precuneus in the familial
prion participant.

Methods

Discussion

Standard protocol approvals, registrations,
and patient consents
All participants or their designees provided written informed
consent with approval of the Mayo Clinic Foundation and
Olmsted Medical Center Institutional Review boards.

This study demonstrates 2 important properties of these
widely used molecular PET ligands: (1) in vivo neocortical
tau-PET binding can detect AD-like NFT in the setting of
familial prion disease and (2) PiB-PET did not detect amyloid plaques composed of prion protein in this kindred.
This has important implications for the use of these ligands
in the study of AD. These ﬁndings also indicate that the tauPET is a promising tool for investigating the molecular
basis of neurodegeneration in this familial prion kindred and
other hereditary prion diseases with coexisting AD-like NFT
pathology.2–5

Participants and imaging
Participants were part of the Mayo Clinic AD Research
Center in Rochester, Minnesota. Four symptomatic family
members of the 12-octapeptide repeat insertion kindred were
imaged with 3T MRI, amyloid-PET with (PiB-PET),9 and
AV-1451 (tau-PET)8 in their fourth decade of life. These
patients were all symptomatic for 1–6 years and had a behavioral variant FTD-like presentation with minimal parkinsonism. Case 1 also had a prominent nonﬂuent aphasia.
Detailed demographic information is not relevant to the objective of this study and may allow for patient identiﬁcation.
Therefore, we do not report additional metadata that can be
2

linked to the cases. One patient with young-onset AD was also
evaluated for comparison purposes. Given the potential for
on-target PET tracer uptake in the cerebellum, which is
commonly used as a reference region for quantiﬁcation, we
used visual assessment as the gold standard without normalizing signal intensity to a reference region. Once we veriﬁed
that there was no regional cerebellar signal on either PET
modality, we created intensity-normalized images using the
gray matter in the cerebellar crus for display purposes only.
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Four members of the 12-octapeptide repeat insertion in the
PRNP gene kindred did not have any abnormally elevated
PiB-PET signal. The fact that no elevated in vivo PiB-PET
signal was seen in a kindred known to harbor amyloid plaques composed of PrP suggests that PiB-PET may be speciﬁc
for amyloid plaques composed of beta-amyloid. In the
Neurology.org/NG

Figure 1 Tau-PET and PiB-PET in 4 members of the familial prion kindred

Each row displays 3 orthogonal slices of the participant’s tau-PET image (left) and the same 3 orthogonal slices of the participant’s PiB-PET image (right). The
standard uptake value ratio magnitude is encoded in the color map and associated color bar. The clinical dementia rating scale sum of boxes (CDR-SOB) score
for each patient is displayed on the far left of each row. PiB = Pittsburgh compound B.

absence of pathologic conﬁrmation, an alternative explanation would be that no PrP amyloid plaques were present at
this stage of the disease. This seems unlikely because all 4
cases were clearly symptomatic, including 1 patient who was
more than 6 years into the disease course when molecular
imaging was obtained.
These PiB-PET ﬁndings stand in stark contrast to the intense
uptake on tau-PET imaging, with the global spatial distribution mirroring that seen in AD (ﬁgure 2). This distribution
does not follow the known distribution of the PrP plaques
and, therefore, this does not represent oﬀ-target binding of
PrP plaques. The magnitude seen in these familial prion cases
is similar to that seen in individuals with young-onset AD
dementia, which supports the possibility that the tau-PET
binding seen in these cases is related to the known NFT
pathology that occurs in this family. Although, this would
need to be conﬁrmed by future pathologic evaluations, the
Neurology.org/NG

ﬁnding suggests good sensitivity and speciﬁcity for AD-like
tau aggregations.
In vivo detection of molecular hallmarks of neurodegenerative
diseases will be a prerequisite to well-conducted therapeutic
trials. Not only will such biomarkers be able to assess whether
the pathology of interest is actually present, but these molecular
PET biomarkers also have the potential to objectively index
disease severity and response to therapeutic intervention. Understanding the in vivo behavior of these PET biomarkers
under various neurodegenerative circumstances is imperative
to their proper use in clinical trials and research studies on the
basic neurobiology of neurodegeneration.
This study demonstrates neocortical AV-1451 binding of
presumed AD-like NFT and the lack of PiB binding to PrP
plaques in this kindred. Although the spatiotemporal dynamics of how this pathology evolves across the neocortex in
Neurology: Genetics | Volume 4, Number 6 | December 2018
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Figure 2 Global tau-PET distribution in familial prion disease mirrors the distribution seen in Alzheimer disease

The tau-PET signal intensity is overlaid on
the patient’s own brain MRI rendering using MRIcroGL (nitrc.org/projects/mricrogl). (A) The tau-PET imaging data from
the familial prion participant in the bottom
row of figure 1 is displayed. (B) The tau-PET
imaging data from a patient with youngonset Alzheimer disease is displayed for
comparison purposes.

this kindred remains unknown, future longitudinal tau-PET
studies of symptomatic and asymptomatic individuals will be
able to address this question directly.
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Abstract
Objective
To evaluate the role of the copy number loss in SFMBT1 in a Caucasian population.
Methods
Five hundred sixty-seven Finnish and 377 Norwegian patients with idiopathic normal pressure
hydrocephalus (iNPH) were genotyped and compared with 508 Finnish elderly, neurologically
healthy controls. The copy number loss in intron 2 of SFMBT1 was determined using quantitative PCR.
Results
The copy number loss in intron 2 of SFMBT1 was detected in 10% of Finnish (odds ratio [OR]
= 1.9, p = 0.0078) and in 21% of Norwegian (OR = 4.7, p < 0.0001) patients with iNPH
compared with 5.4% in Finnish controls. No copy number gains in SFMBT1 were detected in
patients with iNPH or healthy controls. The carrier status did not provide any prognostic value
for the eﬀect of shunt surgery in either population. Moreover, no diﬀerence was detected in the
prevalence of hypertension or T2DM between SFMBT1 copy number loss carriers and
noncarriers.
Conclusions
This is the largest and the ﬁrst multinational study reporting the increased prevalence of the
copy number loss in intron 2 of SFMBT1 among patients with iNPH, providing further
evidence of its role in iNPH. The pathogenic role still remains unclear, requiring further study.
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Glossary
CI = conﬁdence interval; iNPH = idiopathic normal pressure hydrocephalus; OR = odds ratio.

Idiopathic normal pressure hydrocephalus (iNPH) is a lateonset progressive neurologic disease presenting typically with
gait diﬃculties together with enlarged ventricles and tightened parasagittal cortical sulci, whereas other symptoms such
as cognitive impairment and urinary incontinence are often
present.1,2 Recently, the 2 available diagnostic guidelines1,2
have been criticized, and urgent revision and/or uniﬁcation of
the diagnostic manual have been requested.3–5
Patients with iNPH are characterized by abnormal CSF
circulation and evidence of delayed cerebral clearance, as
recently shown in an MRI CSF tracer study.6 Although
there are no biomarkers to aid in the diagnostics, and the
etiology of iNPH remains unclear, there is an increasing
amount of proof indicating a potential genetic component
in iNPH.7–12 The prevalence of familial iNPH, i.e., at least
2 patients with iNPH, in the ﬁrst-degree relatives has
been reported to range from 4.8% to 7%.10,11 Data also
contain a pair of identical twins having iNPH11 and a family
in which an autosomal dominant inheritance pattern is
observed.9
A segmental copy number loss in the SFMBT1 gene was
reported in Japan to be present in 50% of patients, who
present concomitantly with clinical features of iNPH and
enlarged ventricles,13 and in 26% of patients with iNPH, who
experienced a positive shunt response.14 These results have
previously not been conﬁrmed outside of Japan and with
suﬃciently large cohorts. Our aim was to evaluate the prevalence of the copy number loss of SFMBT1 in patients with
iNPH of Caucasian origin.

Methods
Standard protocol approvals, registrations,
and patient consents
This study was conducted in the Department of Neurosurgery
in Kuopio University Hospital, the Brain Research Unit of the
University of Eastern Finland, and the Department of Neurosurgery, Oslo University Hospital, Rikshospitalet, Oslo,
Norway, according to the Declaration of Helsinki. Kuopio
University Hospital Research Ethics Board approved the
study (5/2008 and 276/2016). In Norway, the study was
approved by the Regional Committee for Medical and Health
Research Ethics (REK) of Health Region South-East, Norway
(2015/1313), and the Institutional Review Board of Oslo
University Hospital (2015/8128).

possible iNPH. All patients and controls provided their written
informed consent.
All Finnish and Norwegian patients suspected of having iNPH
have been clinically evaluated by a neurologist and a neurosurgeon. The patients were referred to a neurosurgeon by
a neurologist if the patients were observed to have at least
one of the core symptoms associated with iNPH, which
include gait diﬃculties, cognitive impairment, and urinary
incontinence together with enlarged ventricles (Evans Index
>0.30)15 disproportionate to the size of the sulci of the cerebral convexities in MRI or CT imaging scans. In addition,
most Finnish and Norwegian patients have undergone, as
a prognostic test for shunt beneﬁt, a 24-hour intraventricular
pressure monitoring, spinal tap, extended lumbar drainage,
or lumbar infusion test.
The Norwegian patients were diagnosed, and the decision
to perform the shunt surgery was done following a previously published protocol,16 which included a clinical
judgment of the severity of iNPH symptoms using a Oslo
iNPH Grading Scale (ranging from 3 to 15),16 MRI or CT
imaging scans for the evaluation of the ventriculomegaly,
evaluation of comorbidities, and ﬁnally a diagnostic overnight ICP monitoring.
All the Finnish and Norwegian patients fulﬁlled the clinical
diagnostic criteria for possible iNPH.1,2 The control group
consisted of 508 (mean age 70 years; SD 5.1; male: n = 207)
Finnish subjects acquired for neurogenetic studies. All
subjects have undergone clinical and neuropsychological

Table 1 Clinical characteristics of the Finnish iNPH cohort
Variables

Mean or no. of cases

SD or %

Cases

567

Sex (female)

312

54.9

High arterial blood pressure

339/564

59.7

Diabetes

169/565

29.8

Age at shunta

71

7.9

Positive subjective shunt
responseb

458/528

86.8

Positive objective shunt responsec

97/203

49

Comorbidities

a

The study consisted of 567 Finnish (mean age 70 years; SD
8.3; men: n = 254; table 1) and 377 Norwegian (mean age
68 years; SD 11; men: n = 190 (50%); table 2) patients with
2

Neurology: Genetics | Volume 4, Number 6 | December 2018

Available for 551 patients.
Clinical evaluation at 3-month follow-up.
c
Calculated using the modified 12-point Kubo scale, in which 1-point decrease is considered to be clinically important.
b
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SD or %

Data availability statement
According to Finnish law, the full individual clinical data set
cannot be shared publicly. However, the data set can/will be
shared by academic collaboration agreement upon request.

187/377

49.6

Results

297/377

78.8

Arterial hypertension

156/377

41.4

Diabetes

58/377

15.4

Age at shunt

69

9.9

Positive shunt responsea

258/297

86.95

No shunt response

39/297

13.1

Lost to follow-up

7/297

2.4

Table 2 Clinical characteristics of the Norwegian iNPH
cohort
Variables

Mean or no. of cases

Cases

377

Sex (female)
Shunt
Comorbidities

Abbreviation: iNPH = idiopathic normal pressure hydrocephalus.
Clinical evaluation at 6–12 months after surgery. Calculated using the Oslo
NPH scale.16
a

testing lead by an experienced neurologist specialized in
neurodegenerative conditions to exclude any signs of
cognitive impairment (table 3).
Genomic DNA was extracted from venous blood samples
using QIAamp DNA blood mini extraction kit (QIAGEN).
The copy number loss/gain in the intron 2 region of SFMBT1
was detected using quantitative PCR (qPCR) and the deltadelta method as previously described.14 Our collaborator (T.
Kato) provided a positive control sample, and a commercial
negative control was used.
All statistical analyses were performed using SPSS statistic
version 23 (IBM corp. USA). The χ 2 test was used for categorical dichotomous variables for groups >2. The Fisher exact
test was used for pairwise comparison. p < 0.05 was considered statistically signiﬁcant.
Power calculations were completed before the execution of
the research and were based on the results of the study by Sato
et al.14 in which the expected prevalence was divided by
a factor of 2 (26/2% = 13%). With a power of 0.85, p = 0.05,
the sample size was determined to be n ≥ 362. Both the
Finnish and Norwegian iNPH cohorts and Finnish controls
fulﬁll this requirement.

Table 3 Finnish control characteristics
Variables

Mean or no. of cases

Controls

508

Sex (female)

301

59.3

Age at inclusion

69.8

5.1

Neurology.org/NG

SD or %

The copy number loss in SFMBT1 was detected in 9.9% of
the Finnish patients with iNPH, in 21% of the Norwegian
patients with iNPH, and in 5.4% of the Finnish controls
(ﬁgures 1 and 2). Statistically signiﬁcant diﬀerence was
detected between Finnish and Norwegian patients with
iNPH (p < 0.0001). No copy number gains in SFMBT1 were
detected in Finnish or Norwegian patients with iNPH or
healthy controls. In the Finnish iNPH cohort, 9/71 suspected familial patients, who are carriers for the copy number loss, were detected, and therefore, no aggregation of the
copy number loss variant was observed in familial iNPH
(12.1% vs 10%, p = 0.5). There was no signiﬁcant diﬀerence
in age at onset, sex, shunting prevalence, or shunt response
between Finnish and Norwegian patients. In addition, no
diﬀerence was detected in the prevalence of hypertension or
T2DM between SFMBT1 copy number loss carriers and
noncarriers (table 4) or in the frequency of the genetic variant between shunt-responsive and nonresponsive patients in
either Finnish (odds ratio [OR] = 1.0, conﬁdence interval [CI]
95% 0.44–2.4, p = 0.93) or Norwegian (OR = 0.68, CI 95%
0.31–1.5, p = 0.33) cohort.

Discussion
This is the ﬁrst study on the prevalence of the copy number
loss in SFMBT1 among patients with iNPH of non-Asian
origin. Although there are studies describing familial aggregation11 and even in some rare cases autosomal dominant
inheritance pattern,9 SFMBT1 is the ﬁrst gene to be associated
with iNPH. Our ﬁndings are principally in line with the Japanese results providing compelling further evidence on the
role of the copy number loss in SFMBT1 in iNPH.
The copy number loss in SFMBT1 is detected only in
10%–20% of the patients with iNPH, which would suggest that
iNPH has both a polygenetic and multifactorial origin. Ethnicity seems to modify the prevalence of this genetic variant
between Finnish and Norwegian iNPH patients but surprisingly is similar between selected Norwegian and Japanese
populations. In addition, a small percentage of cognitively intact controls carry the genetic variant providing further evidence on the copy number loss in SFMBT1 of being only
a possible risk-increasing genotype. In the Japanese study,
a small percentage of patients and controls were found to carry
a copy number gain variant, but no statistically signiﬁcant difference between patients with iNPH and controls was detected.14 Of interest, in the Nordic cohorts, no copy number gain
variants were detected in either patients with iNPH or healthy
controls. Therefore, it appears that the copy number loss in
Neurology: Genetics | Volume 4, Number 6 | December 2018
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Figure 1 Flowchart of the study cohort

Flowchart showing the Finnish and
Norwegian cohorts. No difference was
detected between the frequency of the
genetic variant between shunt-responsive and nonresponsive patients
in either Finnish (OR = 1.0, CI 95%
0.44–2.4, p = 0.93) or Norwegian (OR =
0.68, CI 95% 0.31–1.5, p = 0.33) cohort.
a
Lost to follow-up (n = 7). bLost to follow-up response (n = 63). CI = confidence interval; OR = odds ratio.

SFMBT1 is associated with iNPH, and the results are not
inﬂuenced by genomic instability in the SFMBT1 intron region.
Hypertension, T2DM, schizophrenia, and Alzheimer disease
are common among patients with iNPH.17–22 The present
results could reﬂect a higher occurrence of hypertension and

Figure 2 The prevalence of the copy number loss in the
SFMBT1 among Finnish and Norwegian patients
with iNPH

The prevalence of the copy number loss in SFMBT1 among Norwegian iNPH
patients is 21% (n = 79/377), 9.9% (n = 56/567) among Finnish iNPH patients,
and 5.4% (n = 27/508) among Finnish controls. Statistical significance was observed; Norwegian iNPH patients vs Finnish controls (OR = 4.7, CI 95% 3.0–7.5,
p < 0.001), Finnish iNPH patients vs Finnish controls (OR = 1.9, CI 95% 1.2–3.1, p =
0.0078), and Norwegian iNPH patients vs Finnish iNPH patients (OR = 2.5,
CI 95% 1.7–3.6, p < 0.001). p < 0.05 was considered statistically significant. The
Fisher exact test was used for pairwise comparisons. CI = confidence interval;
iNPH = idiopathic normal pressure hydrocephalus; OR = odds ratio.
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T2DM in iNPH, as previously demonstrated. However, in
this study cohort, we found no statistically signiﬁcant diﬀerence in the prevalence of hypertension or T2DM between
SFMBT1 copy number loss carriers and noncarriers, further
validating its independent association with iNPH.
In the present study, both shunt-responsive and nonresponsive
patients were included, and no diﬀerence was observed between
these groups regarding the carrier status of the copy number loss
in SFMBT1. The original discovery was done in subjects with
enlarged brain ventricles,13 and the Japanese study on copy
number loss in SFMBT114 included only shunt-responsive iNPH
patients, and therefore, the prevalence of the copy number loss in
SFMBT1 among patients who are nonresponsive to shunt surgery is unknown in the Japanese population.14 Because of the
similar prevalence between both shunt-responsive and nonresponsive patient groups, SFMBT1 seems to be linked with
enlargement of brain ventricles but not with shunt response.
The diagnosis of iNPH is presently based on typical clinical
characteristics and radiologic presentation. In addition, diﬀerent
prognostic tests are used to evaluate the potential shunt beneﬁt,
but no biomarkers have been found to help in the diﬀerential
diagnostics. The current vague diagnostic criteria of iNPH1,2
should be noted in the interpretation of the current results and
further genetic studies on iNPH. These include the deﬁnition of
the diagnosis, heterogeneity of the disease course and variable
radiologic features, and common comorbid neurodegenerative
diseases.4 This poses a challenge for the diﬀerential diagnostics
of iNPH, and both false and missed diagnoses are likely to be
common. Potentially, the genetic information could, in the future, be included in diﬀerent risk calculators (e.g., reference 23)
to provide clinician tools that help decide referrals concerning
these types of uncommon diseases.
Neurology.org/NG

Table 4 Prevalence of hypertension and diabetes
Finnish iNPH patients

Norwegian iNPH patients

SFMBT1
carrier, n (%)

SFMBT1 noncarrier,
n (%)

p Value
(CI 95%)

SFMBT1
carrier, n (%)

SFMBT1 noncarrier,
n (%)

p Value
(CI 95%)

Yes

29 (52)

309 (61)

NS (0.4–1.2)

31 (39)

125 (42)

NS (0.5–1.5)

No

27 (48)

198 (39)

48 (61)

173 (58)

Yes

12 (21)

156 (31)

10 (13)

48 (16)

No

43 (77)

356 (69)

69 (87)

250 (84)

Hypertensiona

Diabetesb
NS (0.3–1.2)

NS (0.4–1.6)

Abbreviations: CI = confidence interval; iNPH = idiopathic normal pressure hydrocephalus.
NS: nonsignificant p > 0.05.
p values are calculated using the Fisher exact test without correction for multiple testing.
a
Data missing from 4 Finnish patients.
b
Data missing from 3 Finnish patients.

The SFMBT1 locus has been previously identiﬁed to be involved in elevated serum urate levels, fasting glucose, and high
blood pressure.24–26 The physiologic role of the SFMBT1
protein is poorly understood but relates to histone binding and
is involved in diﬀerent transcription corepressor activities.27,28
However, the SFMBT1 protein seems to be present in anatomical structures involved with CSF development and circulation such as the choroid plexus, the ependymal cell lining of
the ventricles, and the smooth muscle and endothelial cells
of the arteries.13 A CSF tracer study has revealed disturbed
CSF circulation and delayed CSF tracer clearance within
the brains of patients with iNPH.6 An increasing body of
evidence links the pathophysiology behind iNPH to processes taking place at the glia-vascular interface. It has been
shown that patients with iNPH showed evidence of alterations in the brain capillary ultrastructure, including alterations in pericytes and endothelial cells.29 Furthermore, the
perivascular expression of the water channel aquaporin-4
(AQP4) was reduced in iNPH.30
Our study has considerable strengths including a wellcharacterized large multinational cohort consisting of both
shunted and nonshunted patients. The most substantial
limitation in the current study is that no healthy Norwegian
control individuals were available and that no internal
validation was used. The prevalence of the copy number
variant could be diﬀerent among neurologically healthy
population. In addition, in the current study, asymptomatic
ventriculomegaly was not routinely evaluated from the
healthy Finnish controls. Therefore, it is possible that the
some of the healthy controls that are carriers for the copy
number loss variant in SFMBT1 have enlarged ventricles
but are asymptomatic. This might skew the current result,
and the association between iNPH and the copy number
loss in SFMBT1 could be even stronger than reported. Although a strong association between the copy number loss in
SFMBT1 and iNPH was found in both the Japanese and the
Neurology.org/NG

Caucasian cohorts, there are still limitations to the studies
concentrating on the copy number loss in SFMBT1 and iNPH.
First, no nationwide data exist on the prevalence of the copy
number loss in SFMBT1, and therefore, the controls used
provide only a rough estimation of the prevalence in the normal
population. Second, the role of the SFMBT1 gene in the development of cardiovascular diseases needs to be investigated
in depth. In addition, the role of SFMBT1 should be studied in
other neurodegenerative diseases to ﬁnd whether the genetic
variation in SFMBT1 is unique to iNPH. Third, the present
results need still to be conﬁrmed in larger multinational cohorts
both in cross-sectional and prospective study settings.
Normal pressure hydrocephalus is divided into 3 diﬀerent
groups: idiopathic, where the etiology is unclear, secondary
when there is a predisposing factor to be found, and most
recently detected familial type, where iNPH is seen also in the
ﬁrst-degree relatives.9,11 So far, no diﬀerence in the phenotype
has been observed between iNPH and familial NPH. Because
copy number variation of SFMBT1 was not enriched in familial iNPH, it does not seem to explain familial aggregation
of iNPH, and therefore, other genetic variations are expected
to associate with iNPH. The eﬀect of the copy number loss in
SFMBT1 to the clinical phenotype should be described. This
might shed light into the diﬀerent forms of iNPH with so far
undistinguishable phenotypes.
It has been reported that some of the asymptomatic people
with ventriculomegaly are carriers for the copy number loss in
SFMBT1.13 Ventriculomegaly is a key radiologic ﬁnding in
iNPH, and Evans Index >0.3 is included as a requirement in the
diagnostic criteria of iNPH,1,2 although it has been recently
suggested that the cutoﬀ value for ventricular enlargement
should be age and sex dependent and the pathologic lower limit
of Evan’s Index increased to >0.32.31 It has been suggested that
people who are asymptomatic with enlarged ventricles are at an
increased risk of developing iNPH, and it has been reported
Neurology: Genetics | Volume 4, Number 6 | December 2018
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that in the Japanese population, 25% of people with asymptomatic ventriculomegaly will eventually develop iNPH.32
However, the cohort sizes have been limited in the studies in
which the connection between AVIM and iNPH has been
proposed. Therefore, no universal consensus on this matter
exists.
The prevalence of the copy number loss in SFMBT1 could be
increased among the families in which iNPH is frequently
observed, and therefore, ﬁrst-degree relatives of patients with
iNPH should be included in future genetic studies. It might be
that the copy number loss in SFMBT1 is a risk gene for iNPH
but requires other unknown triggering risk factors to result in
clinical disease.
Future studies are still urgently needed to elucidate the genetics of iNPH. Understanding even some of the pathologic
processes causing iNPH provides possibilities to develop
targeted or even preventive therapies in the future. This study
encourages functional studies on SFMBT1 to clarify the role
in the disease process of iNPH.
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Abstract
Objective
To characterize the genetic and clinical features of patients with autosomal dominant adultonset demyelinating leukodystrophy (ADLD) carrying duplication and deletion upstream of
lamin B1 (LMNB1).
Methods
Ninety-three patients with adult-onset leukoencephalopathy of unknown etiology were genetically analyzed for copy numbers of LMNB1 and its upstream genes. We examined LMNB1
expression by reverse transcription-qPCR using total RNA extracted from peripheral leukocytes. Clinical and MRI features of the patients with ADLD were retrospectively analyzed.
Results
We identiﬁed 4 patients from 3 families with LMNB1 duplication. The duplicated genomic
regions were diﬀerent from those previously reported. The mRNA expression level of LMNB1
in patients with duplication was signiﬁcantly increased. The clinical features of our patients with
LMNB1 duplication were similar to those reported previously, except for the high frequency of
cognitive impairment in our patients. We found 2 patients from 1 family carrying a 249-kb
genomic deletion upstream of LMNB1. Patients with the deletion exhibited relatively earlier
onset, more prominent cognitive impairment, and fewer autonomic symptoms than patients
with duplication. The presence of cerebellar symptoms and lesions may be characteristic in our
patients with the deletion compared with the previously reported family with the deletion.
Magnetic resonance images of patients with the deletion exhibited a widespread distribution of
white matter lesions including the anterior temporal region.
Conclusions
We identiﬁed 4 Japanese families with ADLD carrying duplication or deletion upstream of
LMNB1. There are diﬀerences in clinical and MRI features between the patients with the
duplication and those with the deletion upstream of LMNB1.
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Glossary
ADC = apparent diﬀusion coeﬃcient; ADLD = adult-onset demyelinating leukodystrophy; ALDH7A1 = aldehyde
dehydrogenase 7 family member A1; CSF1R = colony-stimulating factor 1 receptor; CNV = copy number variation; DWI =
diﬀusion-weighted imaging; FLAIR = ﬂuid-attenuated inversion recovery; GRAMD3 = GRAM domain containing 3;
LMNB1 = lamin B1; MCP = middle cerebellar peduncle; PHAX = phosphorylated adaptor for RNA export; RIN = RNA
integrity number; T1WI = T1-weighted imaging; VWMD = vanishing white matter disease.

Autosomal dominant adult-onset demyelinating leukodystrophy (ADLD; OMIM #169500) is a slowly progressive
adult-onset leukoencephalopathy that predominantly aﬀects
the cerebral white matter. The onset of ADLD is typically in
the fourth and ﬁfth decade of life.1 Patients with ADLD are
clinically characterized by early development of autonomic
symptoms such as bladder and/or bowel impairment and
orthostatic hypotension. Autonomic symptoms usually precede or occur together with other accompanying clinical
features such as pyramidal signs and cerebellar ataxia. Cognitive impairment is observed in some patients.2,3 Characteristic MR images include diﬀuse and symmetrical lesions in
the cerebral white matter and cerebellar peduncles. The
periventricular rim adjacent to the lateral ventricle in the cerebral white matter is spared or less aﬀected.1
Duplication of lamin B1 (LMNB1) encoding lamin B1 has
been identiﬁed as a cause of ADLD.4 To date, 26 pedigrees
with ADLD carrying LMNB1 duplication have been reported
from diﬀerent ethnic backgrounds.3,5,6 The regions of duplication commonly include the entire LMNB1, but diﬀered in
size among the pedigrees, ranging from 128 to 475 kb.7 In
2015, it was reported that a deletion of 660 kb in the region
upstream of LMNB1 was identiﬁed as the cause of ADLD in
an Italian pedigree.8 In both mutations, i.e., duplication and
deletion upstream of LMNB1, the expression mRNA level
of LMNB1 was elevated.4,7,8 The key mechanism involved
in the ADLD pathogenesis seems to be lamin B1 overproduction; however, it has not been fully understood how
lamin B1 overproduction causes demyelination, leading to
ADLD.
In this study, we analyzed the copy number variation (CNV)
of LMNB1 and the upstream genes to identify LMNB1related ADLD in families with adult-onset leukoencephalopathies of unknown etiology. By this analysis, we identiﬁed
4 ADLD pedigrees including 3 families with LMNB1 duplication and 1 family with the upstream deletion of LMNB1. We
here report the genetic and clinical characteristics of Japanese
families with LMNB1-related ADLD.

Methods
Standard protocol approvals, registrations,
and patient consents
This study was conducted in accordance with the Helsinki
declaration and approved by the Institutional Review Board of
2
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Niigata University. Written informed consent was obtained
from the patients or their caregivers.
Patients
One-hundred ten patients clinically suspected of having an
adult-onset leukoencephalopathy, whose etiologies have not
been determined, were referred to our institute for genetic
analysis between September 2015 and April 2017. Genetic
analysis was performed by PCR-based Sanger sequencing analysis of genes including colony-stimulating factor 1
receptor (CSF1R), AARS2, NOTCH3, and SNORD118. By
this analysis, 11 patients who were found to harbor CSF1R
mutations, 2 patients with AARS2 mutations, 2 patients with
NOTCH3 mutations, 1 patient with SNORD118 mutations,
and 1 patient with neuronal intranuclear inclusion disease
were excluded. The remaining 93 patients were included in
this study.
Genetic analysis
Genomic DNA was extracted from peripheral leukocytes using a QIAamp DNA Blood Maxi kit (QIAGEN, Hilden,
Germany). CNV was analyzed by real-time PCR assay using
TaqMan probes (Thermo Fischer Scientiﬁc, Waltham, MA)
designed for exons 3 (Hs02537023_cn), 6 (Hs00696436_
cn), and 10 (Hs00579415_cn) of LMNB1. TaqMan probes
were also designed for exon 5 of phosphorylated adaptor
for RNA export (PHAX) (Hs0092512_cn), exon 8 of aldehyde dehydrogenase 7 family member A1 (ALDH7A1)
(Hs00222439_cn), and exon 2 of GRAM domain containing
3 (GRAMD3) (Hs01106540_cn) to examine the CNV of the
upstream genomic region of LMNB1. The amount of a PCR
product was calculated on the basis of the threshold cycle
(Ct), namely, the cycle in which ﬂuorescence was detected
above the baseline on an ABI PRISM 7900HT instrument
(Applied Biosystems, Waltham, MA). We analyzed the results
using CopyCaller Software v2.0 (Applied Biosystems). The
control DNA CEPH 1347-02 was used as a reference genomic
DNA sample, and the endogenous control was calculated by
TaqMan copy number reference assay. The range of genomic
CNVs around LMNB1 was examined by microarray-based
copy number proﬁling using an Aﬀymetrix CytoScan HD
array (Thermo Fischer Scientiﬁc).
LMNB1 expression assay
Total RNA was extracted from patients with LMNB1-related
ADLD using a PAXgene blood RNA kit (QIAGEN). RNA
integrity number (RIN) was determined using Bioanalyzer
2100. Complementary DNA was synthesized by SuperScript
Neurology.org/NG

IV VILO Master Mix (Thermo Fischer Scientiﬁc) using RNA
showing a RIN score of 7 or higher. mRNA expression level
was analyzed by real-time PCR assay using 2 TaqMan probes
(Hs01059207_m1, Hs01059210_m1) (Thermo Fischer
Scientiﬁc) designed for LMNB1. The expression of LMNB1
was normalized to that of ACTB (Hs99999903_m1) or TBP
(Hs99999910_m1). The amount of the PCR product was
calculated on the basis of Ct, the cycle where ﬂuorescence was
detected above the baseline on an ABI PRISM 7900HT instrument (Applied Biosystems). We analyzed the result by
a comparative Ct method, in which the average of 7 control
subjects (age, 53.1 ± 17.8 years, mean ± SD) was set to 1. Data
are presented as median ± SD. Statistical analysis was performed with the Mann–Whitney U test.
Clinical assessment
We retrospectively analyzed the clinical characteristics of 6
patients from 4 families with LMNB1-related ADLD. We
examined their sex, ages at onset and examination, initial
symptoms, and the presence or absence of clinical symptoms
including autonomic nervous dysfunction, pyramidal tract
signs, and cerebellar ataxia using medical records. Cognitive

functions were evaluated by Mini-Mental State Examination
or Montreal Cognitive Assessment. Brain MRI with T1weighted imaging (T1WI), T2-weighted imaging, ﬂuidattenuated inversion recovery (FLAIR), diﬀusion-weighted
imaging (DWI), and apparent diﬀusion coeﬃcient (ADC)
was performed on the 6 patients with ADLD.

Results
LMNB1 duplication
We examined the CNV of LMNB1 in 93 patients with adultonset leukoencephalopathy of unknown etiology by TaqManbased real-time PCR assay. The gene dosage of LMNB1 was
increased approximately by 1.5-fold in 4 patients from 3
families (pedigrees I–III, ﬁgure 1A). This suggests that these
patients were heterozygous for LMNB1 duplication.
Next, we determined the genomic region of the duplication by
microarray-based copy number proﬁling using an Aﬀymetrix
CytoScan HD array. Consistent with the results of quantitative real-time PCR assay, the gene dosage of the entire region
of LMNB1 was increased (ﬁgure 1C). In addition to LMNB1,

Figure 1 Analysis of CNVs of LMNB1 and its upstream region

(A) Gene dosages for exons 3, 6, and 10 of LMNB1 were determined by TaqMan-based real-time PCR assay. The copy numbers of 3 exons of LMNB1 in patients
1–4 were increased by approximately 1.5-fold compared with control subjects, suggesting the presence of duplication of LMNB1 in these patients. (B) The copy
number variations of regions upstream of LMNB1 including GRAMD3, ALDH7A1, and PHAX were determined by TaqMan-based real-time PCR assay. The copy
numbers of ALDH7A1 and PHAX were decreased approximately by half in patients 5 and 6, suggesting the presence of the upstream deletion of LMNB1. (C) The
genomic regions of duplication (blue) and deletion (red) were analyzed using an Affymetrix CytoScan HD array and are shown on the basis of information
obtained from the UCSC genome browser (assembly GRCh37/hg19). The regions of duplication were 153 kb in pedigree I, 220 kb in pedigree II, and 221 kb in
pedigree III. The deletion upstream of LMNB1 in a previous report is shown by a dotted line.8 The positions of original enhancer A (Enh-A) and alternative
enhancer B (Enh-B) for LMNB1 are indicated by arrowheads. ALDH7A1 = aldehyde dehydrogenase 7 family member A1; CNV = copy number variation;
GRAMD3 = GRAM domain containing 3; LMNB1 = lamin B1; PHAX = phosphorylated adaptor for RNA export.
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the gene dosage of the partial region of MARCH3 was also
increased. The regions of duplication were 153 kb (hg19 chr5:
126,086,500–126,239,452) in pedigree I, 220 kb
(126,012,578–126,232,143) in pedigree II, and 221 kb
(126,012,161–126,233,043) in pedigree III.
Deletion upstream of LMNB1
A previous study showed a 660-kb deletion upstream of
LMNB1 as a plausible cause of ADLD in an Italian family.8
Thus, we examined the CNV of GRAMD3, ALDH7A1, and
PHAX, which are located upstream of LMNB1 in 93 patients.
By this analysis, we identiﬁed the deletion upstream of LMNB1 in
2 patients in pedigree IV (ﬁgure 1B). The range of deletion was
determined to be 249 kb (hg19 chr5: 125,855,011-126,103,996),
which includes PHAX and ALDH7A1 (ﬁgure 1C).
mRNA expression of LMNB1 in blood of patients
To ascertain whether duplication and deletion upstream of
LMNB1 found in this study result in alternation of mRNA
expression of LMNB1, we performed quantitative real-time
reverse transcription-PCR assay using RNA extracted from
peripheral leukocytes of the patients. We analyzed 2 amplicons detecting the LMNB1 transcript using 2 control transcripts of ACTB and TBP. The relative expression levels of
LMNB1 mRNA in 4 patients with LMNB1 duplication were
signiﬁcantly increased in comparison with those of controls
(ﬁgure 2). The LMNB1 mRNA expression level in the blood
of patient 5 with the deletion was comparable to those of
control subjects and his unaﬀected mother (data not shown).
Clinical characteristics
Details of clinical presentations of the patients with LMNB1related ADLD are summarized in table 1. Familial occurrence
was observed in 3 pedigrees (ﬁgure e-1, links.lww.com/NXG/
A126). Patient 1 was apparently sporadic. Her father who died
at the age of 71 years and mother at the age of 85 years did not
develop ADLD. The mean age at onset of the patients with
LMNB1 duplication was 50.3 years, ranging from 44 to 55 years.

The most frequent initial symptom was gait disturbance. Subsequently, pyramidal signs, ataxia, and autonomic symptoms
such as orthostatic hypotension, dysuria, and constipation were
observed in all the patients with LMNB1 duplication. Notably,
cognitive impairment was recognized in all the patients with the
duplication. Reversible exacerbation with exposure to hot water
bath or high fever was observed in patients 1, 2, 4, and 5.
The ages at onset in patients with the deletion upstream of
LMNB1 were 43 and 34 years. These patients showed pyramidal signs, ataxia, and prominent cognitive impairment. In
contrast to the patients with duplication, patients with the
deletion did not show apparent autonomic symptoms.
MRI characteristics
MR images of each patient are shown in ﬁgure 3 and ﬁgure e-2
(links.lww.com/NXG/A126). All the patients showed bilateral hyperintensities in the cerebral white matter and
middle cerebellar peduncles (MCP) visualized by FLAIR
(ﬁgure 3). As previously described, the periventricular white
matter was spared or less aﬀected.1,9 T1WI and FLAIR
showed that the aﬀected cerebral white matter appeared to
be replaced by ﬂuid (ﬁgure 3, left and middle panels). The
lesions of the cerebral and superior cerebellar peduncles were
detectable by FLAIR in patient 1. Patients with the deletion
showed a more widespread distribution of white matter lesions
extending to the anterior temporal region than patients with
the duplication (ﬁgure 3B). DWI showed hyperintensity signals in the white matter and MCP, particularly in patients with
the duplication (ﬁgure 3, A and B, right panel). ADC values
were increased or normal in aﬀected lesions of the cerebral
white matter (ﬁgure e-3).

Discussion
We here report Japanese families with LMNB1-related ADLD
carrying duplication or deletion upstream of LMNB1. The

Figure 2 LMNB1 mRNA expression

The relative mRNA expression level of LMNB1 in patients with LMNB1 duplication (n = 4) and control subjects (n = 7) was determined using RNA extracted from
peripheral blood by quantitative RT-PCR assay. qRT-PCR was performed using primer pairs spanning exons 6 and 7 (A and B) or exons 9 and 10 (C and D) of
LMNB1. mRNA expression level of LMNB1 was normalized to those of ACTB (A and C) and TBP (B and D). The average value of control subjects was set to 1. Error
bars indicate standard deviation. The statistical significance of difference was examined by the Mann–Whitney U test. LMNB1 = lamin B1; RT = reverse
transcription.
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Table 1 Clinical features of patients with LMNB1-related ADLD
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duplicated genomic regions in these Japanese patients were
diﬀerent from those of the reported families with duplication including the Japanese K4975 family.4,7,10 The genomic
regions of duplication in pedigrees II and III were similar,
suggesting that they may share a common founder of the
duplication. We showed that the LMNB1 mRNA expression
level was signiﬁcantly elevated, as determined by the analysis using RNA extracted from peripheral blood leukocytes
from the patients with LMNB1 duplication (ﬁgure 2).
Consistent with our results, previous reports have shown
that the levels of lamin B1 protein were increased in leukocytes or brains of patients with LMNB1 duplication.4,7,9,11,12
Thus, lamin B1 overproduction seems to be a key mechanism
underlying the pathogenesis of ADLD. However, the pathomechanism by which LMNB1 mRNA overexpression causes ADLD has not been fully elucidated.
Lamin B1 is a component of nuclear lamina and ubiquitously
expressed in all cells with nuclei. Lamin B1 plays a role in
regulating gene expression during DNA replication.13 It has
been demonstrated that transgenic mice overexpressing
LMNB1 showed age-dependent demyelination similar to
ADLD.14,15 Comprehensive mRNA expression analysis in
these mice revealed decreased mRNA expression levels of
genes involved in the synthesis of lipid and cholesterol, which
are the major components of myelin.14 This suggests that
maintenance and repair of myelin may be impaired by lamin
B1 overproduction, leading to the development of ADLD.
Previous studies have shown that autonomic symptoms
precede or occur together with gait disturbance and motor
symptoms in patients with LMNB1 duplication.1,16–19 The
most frequent initial symptom was gait disturbance in our
patients with duplication. Thus, it should be noted that
patients with ADLD may initially show motor symptoms.
Cognitive impairment was observed in all the patients with
the duplication in this study, although the frequency of
cognitive impairment was reported to be 63% in patients
with the duplication.2,3
The characteristics of MR images in previous reports
showed changes in the cerebral white matter and middle
cerebellar peduncles, which were similarly observed in our
patients with the duplication.1,9 T1WI and FLAIR revealed
the white matter degeneration, which is replaced by ﬂuid in
our patients (ﬁgure 3). These ﬁndings are similarly observed
in patients with vanishing white matter disease (VWMD).20
Patients 5 and 6 were initially suspected as having VWMD,
and genetic testing of eIF2B was performed with negative
results. Thus, diﬀerential diagnosis between ADLD and
VWMD may be required in patients with such MRI ﬁndings.
We identiﬁed new patients with ADLD in pedigree IV
carrying the deletion upstream of LMNB1. The region of
the deletion in this study was 249 kb, which was narrower
than that of the 660-kb deletion found in the previous
Italian family (ﬁgure 1C).8 It was demonstrated that the
Neurology: Genetics | Volume 4, Number 6 | December 2018
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Figure 3 MRI findings in patients with ADLD with duplication and those with deletion upstream of LMNB1

(A) Findings of MRI with T1WI (left panel), FLAIR (middle panel), and DWI (right panel) of patient 1 with LMNB1 duplication at the age of 56 years. Arrows point to
the MCP lesion. (B) Findings of MRI with T1WI (left panel), FLAIR (middle panel), and DWI (right panel) of patient 5 with the upstream deletion of LMNB1 at the
age of 50 years. ADLD = adult-onset demyelinating leukodystrophy; DWI = diffusion-weighted imaging; FLAIR = fluid-attenuated inversion recovery; MCP =
middle cerebellar peduncle; LMNB1 = lamin B1.

LMNB1 mRNA expression level was increased in brains of
patients with the deletion.8 The deletion in the Italian pedigree contains a putative enhancer region (Enh-A) regulating
LMNB1 expression and the insulator between PHAX and
ALDH7A1 (ﬁgure 1C). They speculated that another upstream enhancer (Enh-B) may alternatively work and enhance
LMNB1 expression if the Enh-A and the insulator are deleted.
Findings in our patients with the deletion supported this
notion because the 188-kb deleted region shared by our
patients and the previously reported patients commonly included the insulator and Enh-A. However, the mRNA expression level of LMNB1 derived from peripheral leukocytes
did not increase in our patient with the deletion. The reason
why the mRNA expression level was not apparently altered in
our patient may be explained by the diﬀerence in tissues used
for mRNA examination. The alternative enhancer (Enh-B)
was reported to work in a forebrain-speciﬁc manner8; thus, its
deletion may not cause the overexpression of LMNB1 in
peripheral blood in patients. The mRNA expression level of
LMNB1 may be altered in brain tissues, especially in oligodendrocytes. It would be important to analyze the LMNB1
mRNA expression level in brains of patients with the deletion
when the autopsied brain samples become available.
In previous reports, the patients with the deletion were
clinically characterized by later age at onset (age at onset:
6
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47.2 ± 6.4 years) and the absence of autonomic symptoms at
onset and cerebellar ataxia, as compared with the patients with
duplication.21,22 Similarly, our patients with the deletion also
lacked autonomic symptoms. In contrast to a previous report,22 our patients with the deletion showed relatively severe
cognitive decline and the presence of cerebellar ataxia (table
e-1, links.lww.com/NXG/A126). Cerebellar lesions were also
noticeable on MR images of our patients (ﬁgure 3B). The
presence of cerebellar symptoms and the cerebellar lesions
revealed by MRI may be characteristic in our patients with the
deletion because the Italian family lacked cerebellar symptoms and rarely exhibited cerebellar lesions on MRI.22 A novel
MR ﬁnding of this study is that the cerebral white matter
lesions extended to the anterior temporal region in patients
with the deletion. The temporal white matter lesions were
also observed in other white matter diseases including cerebral
autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy and cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy.23,24
ADLD should be considered as a diﬀerential diagnosis for
patients exhibiting anterior temporal lobe white matter lesions
on MRI.
In this study, we identiﬁed 6 patients with ADLD of 93
patients with adult-onset leukoencephalopathy of unknown
etiology. There were diﬀerences in clinical and MRI features
Neurology.org/NG

between patients with ADLD with duplication and those with
deletion upstream of LMNB1. The characteristic clinical and
imaging features in patients with LMNB1-related ADLD may
provide the clue for eﬃcient molecular diagnosis in patients
with adult-onset leukoencephalopathies.
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Abstract
Objective
We sought to assess whether genetic risk factors for atrial ﬁbrillation (AF) can explain cardioembolic stroke risk.
Methods
We evaluated genetic correlations between a previous genetic study of AF and AF in the
presence of cardioembolic stroke using genome-wide genotypes from the Stroke Genetics
Network (N = 3,190 AF cases, 3,000 cardioembolic stroke cases, and 28,026 referents). We
tested whether a previously validated AF polygenic risk score (PRS) associated with cardioembolic and other stroke subtypes after accounting for AF clinical risk factors.
Results
We observed a strong correlation between previously reported genetic risk for AF, AF in the
presence of stroke, and cardioembolic stroke (Pearson r = 0.77 and 0.76, respectively, across
SNPs with p < 4.4 × 10−4 in the previous AF meta-analysis). An AF PRS, adjusted for clinical AF
risk factors, was associated with cardioembolic stroke (odds ratio [OR] per SD = 1.40, p = 1.45
× 10−48), explaining ;20% of the heritable component of cardioembolic stroke risk. The AF
PRS was also associated with stroke of undetermined cause (OR per SD = 1.07, p = 0.004), but
no other primary stroke subtypes (all p > 0.1).
Conclusions
Genetic risk of AF is associated with cardioembolic stroke, independent of clinical risk factors.
Studies are warranted to determine whether AF genetic risk can serve as a biomarker for strokes
caused by AF.
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Glossary
AF = atrial ﬁbrillation; AFGen = AF Genetics; CCS = Causative Classiﬁcation System; CI = conﬁdence interval; GRM = genetic
relationship matrix; GWAS = genome-wide association studies; MAF = minor allele frequency; OR = odds ratio; PC = principal
component; PRS = polygenic risk score; SiGN = Stroke Genetics Network.

Atrial ﬁbrillation (AF) aﬀects nearly 34 million individuals
worldwide1 and is associated with a ﬁvefold increased risk of
ischemic stroke,2 a leading cause of death and disability.3,4 AF
promotes blood clot formation in the heart, which can embolize distally, and is a leading cause of cardioembolism. Secondary prevention of cardioembolic stroke is directed at
identifying AF as a potential cause and initiating anticoagulation to prevent recurrences. Yet, AF can remain occult
even after extensive workup owing to the paroxysmal nature
and fact that it can be asymptomatic. Because both AF and
stroke are heritable, and because there is a compelling clinical
need to determine whether stroke survivors have AF as an
underlying cause, we sought to determine whether genetic
risk of cardioembolic stroke can be approximated by measuring genetic susceptibility to AF.
Recent genome-wide association studies (GWAS) have
demonstrated that both AF5 and ischemic stroke6,7 are
complex disorders with polygenic architectures. The top loci
for cardioembolic stroke, on chromosome 4q25 upstream of
PITX2 and on 16q22 near ZFHX3, are both leading risk loci
for AF.8–10 Despite overlap in top risk loci, the genetic susceptibility to both AF and cardioembolic stroke is likely to
involve the aggregate contributions of hundreds or thousands
of loci, consistent with other polygenic conditions.11
To understand whether genetic risk of AF is an important and
potentially useful determinant of overall cardioembolic stroke
risk, we analyzed 13,390 ischemic stroke cases and 28,026
referents from the NINDS-Stroke Genetics Network (SiGN)12
with genome-wide genotyping data. First, we assessed whether
patients with stroke with AF have a genetic predisposition to
arrhythmia, leveraging additional GWAS data from the AF
Genetics (AFGen) Consortium. Second, we compared genetic
risk factors for AF and stroke to ascertain the extent to which
heritable risk of cardioembolic stroke is explained by genetic
risk factors for AF.

Methods
The Stroke Genetics Network
The SiGN was established with the aim of performing the
largest genome-wide association study (GWAS) of ischemic
stroke to date. The study design has been previously described12 (e-Methods). Brieﬂy, subjects in SiGN were classiﬁed
into stroke subtypes using the Causative Classiﬁcation System
(CCS), which subtypes cases through an automated, webbased system that accounts for clinical data, test results, and
imaging information.13,14 Within the CCS, there are 2
2
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subcategories: CCS causative, which does not allow for competing subtypes in a single sample, and CCS phenotypic, which
does. In addition, ;74% of samples were subtyped using the
Trial of ORG 10172 in Acute Stroke Treatment (TOAST)
subtyping system.15 After quality control, the SiGN data set
comprised 16,851 ischemic stroke cases and 32,473 stroke-free
controls (e-Methods and table e-1, links.lww.com/NXG/
A123). In this study, we analyze only the European- and
African-ancestry samples (13,390 cases and 28,026 controls).
Standard protocol approvals, registrations,
and patient consents
All cohorts included in the SiGN data set received approval
from the cohort-speciﬁc ethical standards committee. Cohorts
received written informed consent from all patients or guardians of patients for participation in the study, where applicable.
Details on sample collection have been previously described.12
Identifying AF cases and controls
We deﬁned AF in SiGN on the basis of 5 variables available in
the CCS phenotyping system: (1) AF, (2) paroxysmal AF, (3)
atrial ﬂutter, (4) sick sinus syndrome, and (5) atrial thrombus.
This deﬁnition yielded 3,190 AF cases for analysis. We also
deﬁned a strict case set based on “AF” only (N = 1,751 cases)
for sensitivity analyses (e-Methods and ﬁgure e-1, links.lww.
com/NXG/A123).
From the 28,026 controls, we established a set of 3,861
control individuals in whom AF was indicated as not present.
For the remaining subjects, we assumed that individuals did
not have AF because AF status for most control samples in
SiGN is unknown.
Genome-wide association testing of ischemic
stroke subtypes and AF in SiGN
We merged genotype dosages together and kept single nucleotide polymorphisms (SNPs) with imputation quality >0.8 and
minor allele frequency (MAF) >1% (e-Methods, links.lww.
com/NXG/A123). We performed association testing using
a linear mixed model (LMM) implemented in BOLT-LMM.16
We adjusted the model for the top 10 principal components
(PCs) and sex, in addition to the genetic relationship matrix
(GRM; e-Methods).16 We performed GWAS in AF and each of
the stroke subtypes available in SiGN. Results were unadjusted
for age because adjusting for age in the AF GWAS gave results
highly concordant with age-unadjusted results (e-Results).
Heritability calculations
We calculated additive SNP-based heritability estimates for
ischemic stroke, stroke subtypes, and AF using restricted
Neurology.org/NG

maximum (REML) likelihood implemented in BOLT-REML
(e-Methods, links.lww.com/NXG/A123).16
Genetic correlation between AF and ischemic
stroke subtypes
We used summary-level data from a previous AFGen Consortium meta-analysis of AF5 to calculate a z-score for each
SNP in that GWAS. In addition, we calculated a z-score for
each SNP from our SiGN GWAS of each stroke subtype and
AF. As a null comparator, we downloaded SNP z-scores from
a GWAS of educational attainment17 available through
LDHub (ldsc.broadinstitute.org/, accessed November 1,
2017). We calculated Pearson r between z-scores from 2 traits
to evaluate correlation (e-Methods and ﬁgure e-2, links.lww.
com/NXG/A123).
Constructing an AF polygenic risk score (PRS)
To construct an AF PRS, we used SNPs from a previously
derived AF PRS (e-Methods, links.lww.com/NXG/A123).18
Brieﬂy, the PRS was derived from an AF GWAS of 17,931 cases
and 115,142 controls.5 This PRS comprised 1,168 SNPs with p
< 1 × 10−4 and LD pruned at an r2 threshold of 0.5.18 Of these
1,168 SNPs, we identiﬁed 934 SNPs in the SiGN data set with
imputation info >0.8 and MAF >1%. We used these 934 SNPs
to construct the AF PRS in the SiGN data set. Additional details
on the PRS construction can be found in the e-Methods.
Testing an AF PRS in ischemic stroke subtypes
We tested for association between the AF PRS and stroke
subtypes using logistic regression (e-Methods, links.lww.
com/NXG/A123). We included sex and the top 10 PCs as
additional covariates. We optionally adjusted the association

tests for age, diabetes mellitus, cardiovascular disease, smoking status (current smoker, former smoker, or never smoked),
and hypertension.
We calculated the variance explained by the AF PRS in cardioembolic stroke by constructing a model in BOLT-REML
that consisted of: (1) a variance component made up of SNPs
for the GRM and (2) a variance component made up of SNPs
from the PRS (e-Methods, links.lww.com/NXG/A123).
Data availability
Code, supporting data, and downloadable supplemental tables
are available here: github.com/UMCUGenetics/Aﬁb-StrokeOverlap. The e-data (links.lww.com/NXG/A123) contain additional information regarding data access, methods, and links
to summary-level data.

Results
We began by testing our ability to rediscover known AF genetic associations in the SiGN data set, assembled to study the
genetics of ischemic stroke. We ran a genome-wide association study (GWAS) in SiGN using 3,190 cases, with AF or
paroxysmal AF, as well as other diagnoses suggestive of underlying AF19,20 (e-Methods, table 1 and table e-1, links.lww.
com/NXG/A123), and 28,026 controls (ﬁgure e-1). We
found the top associated SNPs to be highly concordant with
a previous GWAS of AF performed by the AFGen Consortium (table e-2). Adjusting the GWAS for age did not substantially change our ﬁndings (r = 0.83 between SNP eﬀects
from the age-unadjusted and age-adjusted GWAS).

Table 1 AF and stroke cases in SiGN
Ischemic stroke subtype
Primary subtypes

Undetermined subtypes
Small artery
occlusion

Incomplete/
unclassified

Cryptogenic/
cardioembolic
minor

Total

Cardioembolic

Large artery
atherosclerosis

AF

1,751

1,495

63

32

151

0

Paroxysmal AF

1,315

1,088

52

23

138

0

Left atrial
thrombus

48

37

3

3

4

0

Sick sinus
syndrome

79

65

5

3

4

0

Atrial flutter

106

90

4

2

10

0

Total AF cases

3,190

2,684

123

61

298

0

No AF

—

316

2,262

2,201

1,982

2,294

Phenotype
AF diagnosis

Abbreviations: AF = atrial fibrillation; SiGN = Stroke Genetics Network.
Of the 13,390 stroke cases available in the SiGN data set, a total of 3,190 cases had AF or other suggestive diagnoses. Although most of these cases were
subtyped as having a cardioembolic stroke, a fraction was distributed among the other stroke subtypes. Samples can appear more than once per row (i.e.,
have more than 1 AF diagnosis), but totals represent the number of unique AF samples in each stroke subtype. There are no subjects with AF or equivalent
subtyped as “cryptogenic/cardioembolic minor” because such a diagnosis would remove them from this category.

Neurology.org/NG
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By extending our analysis beyond these top associations, we
next assessed whether patients with stroke with AF have
a similar overall genetic predisposition to the arrhythmia as
seen in the independent AFGen GWAS. In addition, we
assessed the overlap between genetic predisposition to AF
and each stroke subtype, allowing for the known phenotypic
concordance between cardioembolic stroke and AF (89.5% of
cardioembolic stroke cases in SiGN also have AF, table e-1,
links.lww.com/NXG/A123). We performed a series of
GWAS in the SiGN data for AF and each of the stroke subtypes using BOLT-LMM16 (e-Methods) and calculated the
z-score (beta/standard error) of each SNP in each phenotype.
We then used summary-level results available from the previous (independent) GWAS of AF5 (from AFGen) and calculated the z-score for each SNP in that data set.
By measuring Pearson correlation (r) between AFGen z-scores
and z-scores from the AF GWAS in SiGN, we found only
a modest correlation (r = 0.07 across ;7.8M SNPs, ﬁgure 1,

A and D). However, when we iteratively subsetted the AFGen
GWAS results by the (absolute values of) z-scores of the SNPs,
we found that correlation with the AF GWAS in SiGN increased
as the z-score threshold became more stringent. For example,
for those ;4.5M SNPs with |z| > 1 in AFGen, correlation with
AF SNPs in SiGN was 0.12; for those ;1.9M SNPs with |z| >
3.5 in AFGen, correlation with the SiGN AF GWAS rose to 0.77
(ﬁgure 1, A and D, and table e-3). These correlations, calculated
to include even modestly associated SNPs, indicate that AF in
AFGen and AF in stroke (SiGN) share a large proportion of
genetic risk factors. Removing ±2 Mb around the PITX2 and
ZFHX3 loci only modestly aﬀected the correlation between
AFGen and AF in SiGN (r = 0.63 for SNPs with |z| > 3.5; ﬁgure
e-3, links.lww.com/NXG/A123 and table e-3). Correlations
between AFGen and cardioembolic stroke in SiGN were unsurprisingly highly similar to that of the results with AF in SiGN
(r = 0.77 for AFGen SNPs with |z| > 3.5) likely because of the
high concordance between the AF and cardioembolic stroke
phenotypes (ﬁgure 1, B and E and ﬁgure e-3).

Figure 1 Genetic correlation between atrial fibrillation (AF) in the AF Genetics (AFGen) Consortium meta-analysis and AF
and ischemic stroke subtypes analyzed in SiGN

Pearson r correlation between SNP z-scores in the AFGen GWAS of AF and in GWAS of selected traits performed in the SiGN data. (A) GWAS of AF in AFGen and
in SiGN correlate with increasing strength as SNP z-scores in AFGen increase. Correlation with educational attainment (performed separately, shown here as
a null comparator) remains approximately zero across all z-score thresholds. (B) SNP effects in AFGen also correlate strongly with cardioembolic stroke in
SiGN, but not with the other primary stroke subtypes. (C) Undetermined subtypes of stroke also show modest correlation with the genetic architecture of AF in
AFGen. Panels (D–F) show genome-wide z-score distributions underlying correlations. Shading of the hexagons indicates the density of the data at that point,
where darker shading indicates a higher density of SNPs. GWAS = genome-wide association studies.
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Continuing this analysis across the other stroke subtypes
(large artery atherosclerosis, small artery occlusion, and undetermined stroke; ﬁgure 1, B, C, E, F), we found near-zero
correlation between AFGen and either large artery atherosclerosis or small artery occlusion (ﬁgure 1, B and E), indicating no genetic overlap between the phenotypes.
However, the correlation between AF and the undetermined
stroke subtypes (a highly heterogeneous subset of cases21,22
that cannot be classiﬁed with standard subtyping systems13,15)
increased steadily as we partitioned the AFGen data by z-score
(all undetermined vs AFGen r = 0.04 for AFGen SNPs with |
z| > 1 and r = 0.16 for AFGen SNPs with |z| > 3.5; ﬁgure 1, C
and F, and table e-3, links.lww.com/NXG/A123), indicating
that genome wide, there is residual genetic correlation between AF and the undetermined stroke categories, some of
which could represent causal AF stroke mechanisms in that
subgroup. As an additional null comparator, we performed
correlations between the AFGen results with z-scores derived
from the latest GWAS of educational attainment17 and found
that correlation remained at approximately zero regardless of
the z-score threshold used (ﬁgure 1, A and D, and table e-3).
To further understand the overlap between genetic risk factors
for AF and cardioembolic stroke and to evaluate the degree to
which cardioembolic stroke comprised risk factors beyond
those for AF, we performed a restricted maximum likelihood
analysis implemented in BOLT-REML16 to estimate SNPbased heritability of AF and cardioembolic stroke. Using
phenotypes derived from the CCS subtyping algorithm23
(e-Methods, links.lww.com/NXG/A123), we estimated heritability of AF and cardioembolic stroke at 20.0% and 19.5%,
respectively. These estimates are consistent with previous
estimates in larger samples (ﬁgure e-4),24,25 and the similar

heritabilities suggest that cardioembolic stroke does not have
a substantial heritable component beyond the primary AF risk
factor. For comparison, we calculated heritability in the other
stroke subtypes15 and found estimates to be similarly modest
(range: 15.5%–23.0%; ﬁgures e4-e6 and table e-4).
Up to this point, our results indicated that AF in ischemic stroke
is genetically similar to that discovered in previous genetic studies
of AF alone and that the bulk of the genetic risk of cardioembolic
stroke seems attributable to AF genetic risk factors. Next, we
sought to explicitly test what proportion of cardioembolic stroke
risk could be explained by AF loci, independent of known clinical
risk factors for AF. First, we identiﬁed SNPs from an AF PRS
independently derived from the AFGen GWAS5 (e-Methods,
links.lww.com/NXG/A123). Of the 1,168 SNPs used to generate this pre-established PRS, we identiﬁed 934 in the SiGN
data set with imputation quality >0.8 and MAF >1%. We computed the PRS per individual (e-Methods), weighting the imputed dosage of each risk allele by the eﬀect of the SNP (i.e., the
beta coeﬃcient) as reported in AFGen.5
We tested the association of the AF PRS with cardioembolic
stroke, using a logistic regression and adjusting for the top 10
PCs and sex (e-Methods, links.lww.com/NXG/A123). As
expected from our earlier results, we found the PRS to be
strongly associated with cardioembolic stroke (odds ratio
[OR] per 1 SD of the PRS = 1.93 (95% conﬁdence interval
[CI]: 1.34–1.44), p = 1.01 × 10−65; ﬁgure 2A and table e-5),
conﬁrming the high genetic concordance of these phenotypes
across SNPs that, individually, confer only a modest average
association with AF. Next, we adjusted the association
model for clinical covariates associated with AF including
age, diabetes mellitus, cardiovascular disease, smoking, and

Figure 2 Association of atrial fibrillation (AF) polygenic risk score in ischemic stroke subtypes

We constructed an independent polygenic risk score (PRS) from AF-associated SNPs identified in the AFGen GWAS and tested associations between this PRS
and ischemic stroke subtypes using (A) all available referents (N = 28,026) and (B) referents without AF (N = 3,861). The PRS strongly associated with
cardioembolic stroke in both sets of samples. In the AF-free set of controls (panel B), we observed association of the PRS (p < 5 × 10−3, after adjusting for 5
subtypes and 2 sets of referents; indicated by the dashed dark blue line) with incomplete/unclassified stroke as well. GWAS = genome-wide association
studies; PRS = polygenic risk score.
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hypertension.26 Using a (smaller) set of cases and controls
with complete clinical risk factor information, we found that
inclusion of these clinical risk factors in the model only
modestly reduced the PRS signal in cardioembolic stroke (OR
per 1 SD = 1.40 [95% CI: 1.34–1.47], p = 1.45 × 10−48; tables
e5-e7, links.lww.com/NXG/A123). These results indicate
a strong relationship between AFGen risk factors and cardioembolic stroke risk, independent of the clinical factors that
associate with AF. Expanding the set of SNPs used to construct the PRS to the original 934 SNPs ±25 kb, ±50 kb, and
±100 kb (e-Methods) revealed a persistently strong, though
somewhat attenuated, association between the PRS and cardioembolic stroke (PRS including SNPs within 100 kb, p =
4.47 × 10−44, table e-6). None of the other stroke subtypes
were signiﬁcantly associated with the AF PRS (all p > 0.013,
ﬁgure 2A and ﬁgure e-7).
Because AF status was missing for most controls in the SiGN
data set, we performed sensitivity analyses using only the 3,861
controls conﬁrmed as having no AF. Although reducing the
set of controls to this reﬁned group did not substantially change
the results for the primary stroke subtypes, we found that
the AF PRS was modestly associated (p < 5 × 10−3, after
adjusting for 5 subtypes and 2 control groups) with the overall
undetermined subtype (OR per 1 SD = 1.07 [95% CI:
1.02–1.13], p = 4.15 × 10−3) (ﬁgure 2B and table e-5, links.lww.
com/NXG/A123). Further examination of the 2 mutually exclusive subgroups of the undetermined group revealed that the
PRS associated signiﬁcantly with the incomplete/unclassiﬁed
categorization (OR per 1 SD = 1.09 [95% CI: 1.03–1.16],
p = 3.17 × 10−3) (ﬁgure 2B) but not with cryptogenic/
cardioembolic minor (OR per 1 SD = 1.06 [95% CI:
1.00–1.13], p = 5.10 × 10−2). Correcting for clinical covariates only modestly changed the signal in the incomplete/
unclassiﬁed phenotype (p = 9.7 × 10−3, ﬁgure 2), supporting
the robustness of the observed association, independent of
clinical risk factors.
Last, we created a model in BOLT-LMM, ﬁtting 2 genetic
variance components: 1 component including SNPs for the
GRM and the second component including the original PRS
SNPs from the AF PRS (including ±100 kb around these SNPs
to include a suﬃcient number of markers to estimate the variance explained) (table e-8). We found that the SNPs from the
AF PRS explained 4.1% of the total (20.0%) heritability in AF.
In evaluating the variance explained in cardioembolic stroke, we
found a nearly identical result: the component representing the
AF risk score explained 4.5% (SE = 1.00%) of the total 19.5%
genetic heritability in cardioembolic stroke. Thus, AF genetic
risk accounts for 23.1%, or approximately one-ﬁfth, of the total
heritability of cardioembolic stroke.

Discussion
Our results suggest that individuals with cardioembolic
strokes have an enrichment for AF genetic risk, despite the
fact that cardioembolic stroke often aﬀects older adults with
6
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multiple clinical comorbidities27 that could increase risk of AF
because of nongenetic factors. The fact that cardioembolic
stroke and AF share a highly similar genetic architecture
extends our understanding of the morbid consequences of
heritable forms of arrhythmia. Furthermore, the observation
that AF genetic risk was only associated with cardioembolic
stroke, and (consistently) lacked association in large artery
atherosclerosis or small artery occlusion,28 increases the possibility that AF genetic risk may be informative in the management of ischemic stroke survivors in whom the mechanism
may be unclear.
The use of PRSs for complex traits has proved an eﬃcient
means of understanding how genetic predisposition to diseases
can overlap. Given the onslaught of genotyping data available
for common diseases, PRSs can now be used to stratify patients
by risk (e.g., in breast cancer29,30) or predict outcome (e.g., in
neuropsychiatric disease29). More recently, PRSs have been
used to identify individuals in the general population with
a four-fold risk of coronary disease,31 proposed for inclusion in
clinical workups of individuals with early-onset coronary artery
disease,32 and used to identify patients for whom lifestyle
changes or statin intervention would be beneﬁcial.33,34 Although previous work has also shown an association between
an AF PRS and cardioembolic stroke,28 we have extended this
work to formally quantify the extent to which an AF PRS
captures genetic risk of cardioembolic stroke. These ﬁndings
lay the groundwork for future work that can potentially leverage this overlap to develop AF PRSs that could be used to
predict individuals at highest risk of cardioembolic stroke (to
improve diagnostic resource allocation) or help distinguish
between clinical subtypes of stroke.
Although our analysis was aimed at understanding the genetic
overlap between cardioembolic stroke and AF, we additionally observed genetic correlation between AF and undetermined stroke, a ﬁnding not observed in a previous
investigation of AF PRS in ischemic stroke subtypes, albeit in
a smaller sample.28 Perhaps contrary to expectation, we speciﬁcally found the AF PRS to be more strongly associated with
the subset of etiology-undetermined strokes with an incomplete clinical evaluation, as opposed to those with cryptogenic stroke of a presumed, but not demonstrated, embolic
source. These associations could be due to physician biases
in diagnostic workups, rather than supporting a low prevalence of occult AF in presumed embolic strokes of undetermined source. Identifying patients with stroke with AF is
an important clinical challenge because occult AF is well
known to cause strokes35,36 and because such patients are at
high risk of recurrent stroke, which is preventable with
anticoagulation.37,38 Together, our ﬁndings indicate that AF
genetic risk may augment clinical algorithms to determine
stroke etiology, but will require further study.
The work presented here beneﬁts from a number of
improvements, including increased sample size; analysis of
samples from a multicenter consortium, potentially enhancing
Neurology.org/NG

the generalizability of the ﬁndings; and use of the CCS subtyping system, which provides more nuanced phenotyping,
particularly in the cryptogenic subtype. Nevertheless, some
limitations remain. Stroke is a heterogeneous condition that
occurs later in life and has a high lifetime prevalence (>15%39),
features that can reduce statistical power. Furthermore, sample
sizes have lagged behind other GWAS eﬀorts, a challenge further compounded by subtyping (nearly one-third of all cases
are categorized as undetermined23). Reduced sample sizes affect power for discovery and make other analytic
approaches—such as standard approaches for measuring trait
correlation16—unfeasible. Also, our sample primarily comprised European-ancestry samples, and work in nonEuropeans, particularly in African-ancestry samples where
risk of stroke is double that of European samples, is crucial.
Finally, the current analysis does not analyze rare variations,
which also likely contributes to disease susceptibility.5
We have shown that the cumulative genetic risk of AF in
individuals with a stroke is similar to that reported in a larger
population-based cohort.25 Genome-wide variation related to
AF is substantially associated with cardioembolic stroke risk.
Moreover, AF genetic risk was speciﬁc for cardioembolic
stroke and was not associated with the other primary stroke
subtypes. The observation that AF genetic risk associated with
strokes of undetermined cause supports the notion that undetected AF underlies a proportion of stroke risk in these
individuals. Further work will need to incorporate emerging
discoveries of rare genetic variants in AF and explore the
potential of genetic risk tools, including PRSs performed via
clinical-grade genotyping, to assist in the diagnostic workup of
individuals with ischemic stroke.
Author contributions
S.L. Pulit: conception of research design, data analysis,
drafting of the manuscript, and critical revision of the manuscript. L.-C. Weng: data analysis and critical revision of the
manuscript. P.F. McArdle: data acquisition, data analysis, and
critical revision of the manuscript. L. Trinquart and S.H. Choi:
data acquisition and critical revision of the manuscript. B.D.
Mitchell and J Rosand: data acquisition, study supervision,
and critical revision of the manuscript. P.I.W. de Bakker: study
supervision and critical revision of the manuscript. E.J. Benjamin, P.T. Ellinor, and S.J. Kittner: data acquisition, study
supervision, and critical revision of the manuscript. S.A. Lubitz
and C.D. Anderson: conception of research design, study
supervision, drafting of the manuscript, and critical revision of
the manuscript.
Study funding
S.L. Pulit, B.D. Mitchell, P.F. McArdle, and S.J. Kittner are
supported by the NIH grant R01NS100178. The NINDSSiGN Consortium is supported by the NIH grants
R01NS100178 and U01NS069208. S.L. Pulit is supported by
Veni Fellowship 016.186.071 (ZonMW) from the Dutch
Organization for Scientiﬁc Research (Nederlandse Organisatie voor Wetenschappelijk Onderzoek, NWO). C.D.
Neurology.org/NG

Anderson is supported in part by K23NS086873,
R01NS103924, an American Heart Association Strategically
Focused Research Network in Atrial Fibrillation Award, and
a Massachusetts General Hospital Center for Genomic
Medicine Catalyst Award. S.A. Lubitz is supported by the
NIH grant K23HL114724, an American Heart Association
Strategically Focused Research Network in Atrial Fibrillation
Award, and a Doris Duke Charitable Foundation Clinical
Scientist Development Award 2014105. L.-C. Weng is supported by an American Heart Association Postdoctoral Fellowship Award 17POST33660226. Drs. Ellinor and Benjamin
are supported by the NIH grants R01HL092577 and
R01HL128914 and an American Heart Association Strategically Focused Research Network in Atrial Fibrillation Award.
E.J. Benjamin is additionally supported by the NIH grants
1RC1HL101056 and 1R01HL102214. P.T. Ellinor is additionally supported by the NIH grants R01HL104156 and
K24HL105780; the National Heart, Lung, and Blood Institute (NHLBI); American Heart Association Established
Investigator Award 13EIA14220013; and the Fondation
Leducq 14CVD01.
Disclosure
S.L. Pulit has received speaker honoraria from the commercial
entity Illumina. L.-C. Weng has received research support
from the American Heart Association. P.F. McArdle has received research support from the commercial entity Regeneron and has received governmental research support the
National Institute of Neurological Disorders and Stroke. L.
Trinquart and S.H. Choi report no disclosures. B.D. Mitchell
has served on the External Scientiﬁc Review Board for the
Integrative Cardiac Health Project (ICHP) at Walter Reed
National Military Medical Center; has served on the editorial
boards of Current Genetic Medicine Reports and Frontiers in
Neurology; and has received governmental research support
from the National Institutes of Health. J. Rosand has served
on the scientiﬁc advisory boards of Pﬁzer and the Data and
Safety Monitoring Board; has served on the editorial boards of
Lancet Neurology and Stroke; has received governmental research support from the National Institutes of Health; and has
been involved in legal proceedings with Boehringer Ingelheim. P.I.W. de Bakker is employed by Vertex Pharmaceuticals. E.J. Benjamin has served on the scientiﬁc advisory
boards of non-proﬁt organizations, the National Institutes of
Health, and the National Heart, Lung, and Blood Institute;
served on the editorial board of the American Heart Association; has been employed by Boston University School of
Medicine; has received governmental research support from
the National Institutes of Health, American Heart Association, and the Robert Wood Johnson Foundation; and has
received foundation/society research support from the Boston University School of Medicine and from the American
Council on Education. P.T. Ellinor has served on the scientiﬁc
advisory board for Bayer AG Novartis Quest Diagnostics; has
received research support (commercial) from Bayer AG; has
received governmental research support from the National
Institutes of Health; and has received foundation/society
Neurology: Genetics | Volume 4, Number 6 | December 2018

7

research support from the American Heart Association and
the Fondation Leducq. S.J. Kittner serves on the editorial
board of Neuroepidemiology and has received governmental
research support from the National Institute of Neurological
Disorders and Stroke. S.A. Lubitz has acted as a consultant for
Abbott, Quest Diagnostics, and Bristol-Myers Squibb; has
received commercial research support from Bristol-Myers
Squibb, Bayer HealthCare, Biotronik, and Boehringer Ingelheim; has received governmental research support from the
National Institutes of Health; and has received foundation/
society research support from the National Institutes of
Health, the American Heart Association, and the Doris Duke
Charitable Foundation. C.D. Anderson has served as a consultant for ApoPharma, Inc. and has received governmental
research support from the National Institutes of Health and
the American Heart Association. Full disclosure form information provided by the authors is available with the full
text of this article at Neurology.org/NG.
Publication history

16.
17.
18.
19.

20.
21.

22.

23.

24.

25.

Received by Neurology: Genetics June 23, 2018. Accepted in ﬁnal form
September 9, 2018.

26.

References

27.

1.
2.
3.

4.

5.
6.

7.

8.
9.
10.
11.
12.
13.

14.

8

15.

Chugh SS, Havmoeller R, Narayanan K, et al. Worldwide epidemiology of atrial
ﬁbrillation: a global burden of disease 2010 study. Circulation 2014;129:837–847.
Wolf PA, Abbott RD, Kannel WB. Atrial ﬁbrillation as an independent risk factor for
stroke: the Framingham Study. Stroke 1991;22:983–988.
World Health Organization. WHO|the Top 10 Causes of Death [online]. World
Health Organization; 2014. Available at who.int/mediacentre/factsheets/fs310/en/.
Accessed November 1, 2017.
Feigin VL, Lawes CM, Bennett DA, Barker-Collo SL, Parag V. Worldwide stroke
incidence and early case fatality reported in 56 population-based studies: a systematic
review. Lancet Neurol 2009;8:355–369.
Christophersen IE, Rienstra M, Roselli C, et al. Large-scale analyses of common and rare
variants identify 12 new loci associated with atrial ﬁbrillation. Nat Genet 2017;57:289.
Bevan S, Traylor M, Adib-Samii P, et al. Genetic heritability of ischemic stroke and the
contribution of previously reported candidate gene and genome-wide associations.
Stroke 2012;43:3161–3167.
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Thériault S, Lali R, Chong M, Velianou JL, Natarajan MK, Paré G. Polygenic contribution in individuals with early-onset coronary artery DiseaseClinical perspective.
Circ Genom Precis Med 2018;11:e001849.
Khera AV, Emdin CA, Drake I, et al. Genetic risk, adherence to a healthy lifestyle, and
coronary disease. N Engl J Med 2016;375:2349–2358.
Mega JL, Stitziel NO, Smith JG, et al. Genetic risk, coronary heart disease events, and
the clinical beneﬁt of statin therapy: an analysis of primary and secondary prevention
trials. Lancet 2015;385:2264–2271.
Gladstone DJ, Spring M, Dorian P, et al. Atrial ﬁbrillation in patients with cryptogenic
stroke. N Engl J Med 2014;370:2467–2477.
Sanna T, Diener HC, Passman RS, et al. Cryptogenic stroke and underlying atrial
ﬁbrillation. N Engl J Med 2014;370:2478–2486.
ACTIVE Investigators, Connolly SJ, Pogue J, Hart RG, et al. Eﬀect of clopidogrel
added to aspirin in patients with atrial ﬁbrillation. N Engl J Med 2009;360:
2066–2078.
Diener H-C, Eikelboom J, Connolly SJ, et al. Apixaban versus aspirin in patients with
atrial ﬁbrillation and previous stroke or transient ischaemic attack: a predeﬁned
subgroup analysis from AVERROES, a randomised trial. Lancet Neurol 2012;11:
225–231.
Seshadri S, Beiser A, Kelly-Hayes M, et al. The lifetime risk of stroke: estimates from
the Framingham study. Stroke 2006;37:345–350.

Neurology.org/NG

ARTICLE

OPEN ACCESS

Brain somatic mutations in SLC35A2
cause intractable epilepsy with
aberrant N-glycosylation
Nam Suk Sim, MD, Youngsuk Seo, MSc, Jae Seok Lim, DDS, PhD, Woo Kyeong Kim, BS, Hyeonju Son, BS,
Heung Dong Kim, MD, PhD, Sangwoo Kim, PhD, Hyun Joo An, PhD, Hoon-Chul Kang, MD, PhD,*
Se Hoon Kim, MD, PhD,* Dong-Seok Kim, MD, PhD,* and Jeong Ho Lee, MD, PhD*

Correspondence
Dr. Lee
jhlee4246@kaist.ac.kr

Neurol Genet 2018;4:e294. doi:10.1212/NXG.0000000000000294

Abstract
Objective
To identify whether somatic mutations in SLC35A2 alter N-glycan structures in human brain
tissues and cause nonlesional focal epilepsy (NLFE) or mild malformation of cortical development (mMCD).
Methods
Deep whole exome and targeted sequencing analyses were conducted for matched brain and
blood tissues from patients with intractable NLFE and patients with mMCD who are negative
for mutations in mTOR pathway genes. Furthermore, tissue glyco-capture and nanoLC/mass
spectrometry analysis were performed to examine N-glycosylation in aﬀected brain tissue.
Results
Six of the 31 (19.3%) study patients exhibited brain-only mutations in SLC35A2 (mostly
nonsense and splicing site mutations) encoding a uridine diphosphate (UDP)-galactose
transporter. Glycome analysis revealed the presence of an aberrant N-glycan series, including
high degrees of N-acetylglucosamine, in brain tissues with SLC35A2 mutations.
Conclusion
Our study suggests that brain somatic mutations in SLC35A2 cause intractable focal epilepsy
with NLFE or mMCD via aberrant N-glycosylation in the aﬀected brain.
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Glossary
FCDII = focal cortical dysplasia type II; HexNAc = N-acetyl glucosamine; HME = hemimegalencephaly; mMCD = mild
malformation of cortical development; NLFE = nonlesional focal epilepsy; VAF = variant allele frequency; WES = whole exome
sequencing.

Epilepsy is a major neurologic disorder estimated to aﬀect
approximately 50 million people worldwide.1 Although
proper antiepileptic drugs achieve control in 60%–70% of
patients with epilepsy, more than one-third fail to attain
seizure-free status and are diagnosed with intractable epilepsy.2 Therein, surgical resection of the epileptic focus in the
aﬀected brain is often required to relieve seizures.
The advent of sequencing technology has enabled in-depth
genetic studies to identify de novo or rare germline mutations underlying intractable epilepsy.3,4 We and other groups
have shown that low-level somatic activating mutations with
a mutational burden (or variant allele frequency, [VAF]) of
merely 1% in mTOR pathway genes, which arise only in
the aﬀected brain, are a major genetic etiology for intractable focal epilepsies with pathologically or radiologically
well-deﬁned lesions, such as focal cortical dysplasia type II
(FCDII) and hemimegalencephaly (HME), exhibiting cytomegalic neurons and cortical dyslamination.5–9 In contrast
to lesional focal epilepsies, such as FCDII and HME, about
15%–30% of intractable focal epilepsies show no abnormalities on MRI, referred to as nonlesional focal epilepsy
(NLFE), or mild cortical abnormalities on pathologic examination, referred to as mild malformation of cortical
development (mMCD).10–12 Although these conditions are
often responsive to epilepsy surgery,13,14 the molecular
genetic etiology, especially brain somatic mutations, underlying NLFE or mMCD remains elusive.
In this study, we sought to identify somatic mutations in
patients with NLFE using deep whole exome sequencing
(WES) and targeted amplicon sequencing and to examine the
biological and pathologic functions of noted mutations in
patient brain tissues.

Methods
Standard protocol approvals, registrations,
and patient consents
All human tissues were obtained with informed consent in
accordance with protocols approved by Severance Hospital
and the KAIST Institutional Review Board and Committee on
Human Research.
We ﬁrst collected matched brain and peripheral blood tissues
from 13 patients with NLFE subjected to epilepsy surgery;
none showed an abnormal lesion on MRI (ﬁgure 1, A and B
and table e-1, links.lww.com/NXG/A124). We performed
deep WES (mean depth, >800x) of extracted genomic DNA
2
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from the paired brain and peripheral tissues (table e-2). Next,
to expand the study cohort, we collected matched brain
and peripheral tissues from an additional 18 patients with
intractable focal epilepsy: 12 with NLFE and 6 with mMCD
or nonspeciﬁc gliosis in their pathologies (ﬁgure e-1A, e-1B
and table e-1, links.lww.com/NXG/A124). For these patients,
we performed targeted amplicon sequencing (mean depth,
1,230X) of SLC35A2 in brain tissues using 12 primers overlapping at least 10 bp and covering all exonic regions (ﬁgure e-2).
To investigate the presence of mammalian target of rapamycin
(mTOR) pathway mutations potentially causative of intractable
epilepsy, we performed deep targeted hybrid capture sequencing
(mean depth, 812X) of 10 known mTOR pathway genes
(AKT3, DEPDC5, MTOR, PIK3CA, PIK3R2, PTEN, STRADA,
TBC1D7, TSC1, and TSC2) in matched brain and peripheral
tissues from the patients with mutations identiﬁed in SLC35A2
(table e-3 and table e-4). Furthermore, to determine whether
mTOR pathway hyperactivation occurs, we performed coimmunostaining for phosphorylated S6 and NeuN, a neuronal
marker, in freshly frozen brain tissue from patients carrying
SLC35A2 or MTOR mutations.
For all sequencing data, we applied our analysis pipeline, inhouse ﬁltering criteria of putative functional impact, and
manual investigation using Integrative Genomic Viewer to
identify potential pathogenic mutations (ﬁgure e-1, links.lww.
com/NXG/A124). Noted somatic mutations were validated
on a diﬀerent sequencing platform, such as site-speciﬁc amplicon sequencing (read depth >100,000X). We considered
variants as true positive when they appeared with a VAF
greater than 1%, 10 times the expected base miscall rate of
0.1%.15 Furthermore, we estimated the probability value for
true positive calls of amplicon sequencing data using a previously described method.16 Brieﬂy, this method calculates
the discrepancy between expected and observed amounts of
mismatches in amplicon-based, Illumina platform data sets (up
to 10,000X) in which 2 independent blood samples with
known single nucleotide polymorphisms (SNPs) were mixed
to mimic somatic mutations with 4 diﬀerent VAFs: 0.5%, 1%,
5%, and 10%. Then, the patterns and levels of background
errors generated for the Illumina platform are identiﬁed. Based
on these data, we could predict the probability value for true
positive calls of targeted amplicon sequencing by considering
VAFs acquired as background errors and sequencing context.
Finally, to examine whether SLC35A2 mutations aﬀect
N-glycosylation status in the aﬀected brain, we performed
Tissue Glyco-Capture and nano liquid chromatography /
mass spectrometry (nanoLC/MS) analysis, a highly sensitive
Neurology.org/NG

Figure 1 Representative radiologic and pathologic images of patients with brain somatic mutations in SLC35A2

(A) Preoperative and postoperative brain MRI T2-weighted images from patients EPI219 and LGS150 with brain somatic mutations in SLC25A2. These T2-weighted
images demonstrate no remarkable findings in the brain parenchyma, including the temporal lobe. Yellow arrowhead: putative regions of epileptic focus. (B)
Histopathologic images from H & E staining and immunohistochemical (IHC) staining from EPI219 (upper panels) and LGS150 (lower panels) brain tissues. Black
arrowheads: scattered neuron in white matter. Scale bars, 40 μm in H & E staining and 200 μm in IHC staining for NeuN, a neuronal marker (C) Capture image from
integrative genomic viewer (IGV) (upper panels), showing the results of site-specific amplicon sequencing. Schematic tables (lower panels) showing the number of
sequence reads counted as mutated or reference sequences, as well as the VAFs of mutated alleles. Mut: mutation, Ref: reference.

method to proﬁle brain glycomes,17 in 2 SLC35A2 mutationcarrying brain tissues and 3 control brain tissues from patients
with SLC35A2 mutation-negative NLFE and metastatic brain
tumors. Detailed Methods appears in the supplemental
Methods (e-Methods, links.lww.com/NXG/A125).

Results

Data availability
Deep whole exome and targeted sequencing data will be deposited in the National Center for Biotechnology Information

Although no pathogenic or recurrent germline mutations were
identiﬁed in genes potentially linked to intractable focal epilepsy using targeted hybrid capture sequencing (table e-5 and
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Sequence Read Archive (ncbi.nlm.nih.gov/sra/). The glycosylation data are available on request.
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ventricular system normal

MRI report

No abnormality

Minimal gliosis

Neurons in white matter,
consistent with mMCD

Neurons in white matter,
consistent with mMCD

Neurons in white matter,
consistent with mMCD

Neurons in white matter,
consistent with Mmcd

Pathologic diagnosis

1

1

4

1

1

4

Engel
classification

5%

6%

18%

10%

16%

23%

Variant allele
frequency

Splice-acceptor

Stop-gained

Stop-gained

Missense

Stop_gained

Stop_gained

Mutation type

NA

c.553 G > A

c.502 G > A

c.703T > G

c.760 G > T

c.589C > T

Nucleotide
changes

NA

p.Gln185*

p.Gln168*

p.Asn235Gln

p.Glu254*

p.Gln197*

Protein
changes

Abbreviations: FCD = focal cortical dysplasia; ILAE = international league against epilepsy; IS = infantile syndrome; LGS = Lennox-Gastaut syndrome; MCD = malformation of cortical development; mMCD = mild malformation of
cortical development; NA = non-available; WES = whole exome sequencing.
All identified variants annotated based on NM_005660.1.

Sequencing
type

ID

Table Clinical and molecular data from patients carrying SLC35A2 mutations

table e-6, links.lww.com/NXG/A124), we surprisingly found
that brain somatic mutations in SLC35A2 presented as stopgained variants, SLC35A2 c.589C > T (p.Gln197*) and
c.760 G > T (p.Glu254*) on the X chromosome, in 2 of the
13 patients, respectively (table and table e-4). Both of these
2 patients (LGS150 and EPI219) were male. Their VAFs
were 23% for p.Gln197* and 16% for p.Glu254*. Histopathologic analysis of mutation-carrying brain tissues revealed the
absence of dysmorphic neurons and balloon cells, as well as any
neuronal abnormality other than scattered neurons, which is
consistent with mMCD (ﬁgure 1, A and B). We conﬁrmed that
the 2 variants were detected only in the brain with a similar
mutational burden and not in peripheral tissue by site-speciﬁc
amplicon sequencing (ﬁgure 1, C). According to calculated
probability values, none of the peripheral tissue sequencing data
were statistically signiﬁcant (table e-7).
In the additional 18 patients with intractable focal epilepsy,
deep targeted sequencing of SLC35A2 in matched brainblood samples revealed brain somatic mutations in SLC35A2,
c.703T > G (p.Asn235Gln), c.502 G > A (p.Gln168*), c.553
G > A (p.Gln185*), and chrX:48763821C > A (splice acceptor site mutation) in 4 patients (3 NLFE and 1 mMCD
subjects), respectively (ﬁgure e-2A, e-2B, links.lww.com/
NXG/A124 and table e-1, links.lww.com/NXG/A124). Two
of the 4 patients were male. Site-speciﬁc amplicon sequencing
in matched blood samples from these patients conﬁrmed the
absence of the identiﬁed somatic variants in peripheral genomic DNA (ﬁgure e-2C). The VAFs of these identiﬁed
mutations ranged from 5% to 18%. Calculating the probability
values for amplicon sequencing data for matched peripheral
tissue revealed nothing of statistical signiﬁcance (table e-7).
None of the identiﬁed variants in SLC35A2 were reported in
the Exome Aggregate Consortium database.18 The mutations
were primarily nonsense and splicing site mutations, likely
acting as loss-of-function mutations (ﬁgure 2A).
To rule out the possible involvement of somatic mutations in
the mTOR pathway in patients with mutations in SLC35A2, we
performed deep targeted hybrid capture sequencing (mean
depth, 812X) of 10 known mTOR pathway genes, in which no
somatic mutations were discovered. In addition, we performed
coimmunostaining for phosphorylated S6 and NeuN, a neuronal marker, in freshly frozen brain tissues from 2 SLC35A2
mutation-carrying patients and 1 MTOR p.A1459D mutationcarrying patient. The immunostaining results revealed marked
decreases in the numbers of phosphorylated S6 stained neuron
cells in patients carrying the SLC35A2 mutation (ﬁgures e-4A
and e-4B, links.lww.com/NXG/A124).
SLC35A2 encodes a member of the nucleotide-sugar transporter family19 (ﬁgure 2A). The encoded protein transports
uridine diphosphate (UDP)-galactose from the cytosol into
Golgi vesicles, where it serves as a glycosyl donor for the
generation of glycans and plays a crucial role in the galactosylation of N-glycans.20 To examine N-glycosylation
proﬁles in aﬀected brain tissue, we performed TGC and
Neurology.org/NG

nanoLC/MS analysis in tissues from 2 patients (EPI219 and
LGS150) with SLC35A2 c.589C > T (p.Gln197*) and c.760
G > T (p.Glu254*), respectively. The TGC process comprised selective enrichment steps that were critical to detecting
trace amounts of glycans from brain tissue: (1) Plasma
membrane extraction using ultracentrifugation isolated
membrane fractions, including glycoproteins, from homogenized tissue samples. After enzymatic N-glycan release,
(2) solid-phase extraction based on porous graphitized carbon
was used to remove detergents (e.g., buﬀer chemicals and
nonglycan species) and to capture solely N-glycans.17,21 The
concentrated N-glycans from each brain tissue could be determined by high sensitive nanoLC/MS analysis. The technical
reproducibility and sensitivity of the combined platform of
TGC and nanoLC/MS have already been demonstrated in
a previous study on brain glycomes at the microgram level.
Using the proven method, we found that mutation-carrying
samples had less galactosylation (associated with truncated
glycans without galactose residues) than control brain
samples, which is consistent with a previous study19(ﬁgure
2B). In particular, we found that mutation-carrying samples
had less galactosylation than control brain samples, which
is also consistent with a previous study22(ﬁgure 2B).
N-glycan structures were unique, showing high degrees of
N-acetylglucosamine (HexNAc), such as Hex3HexNAc7Fuc1
and Hex3HexNAc8Fuc1, on high sensitive LC/MS analysis
(ﬁgure 2, B and C). The glycan representing the ion at m/z
1036.90, corresponding to [Hex3HexNAc7Fuc1+2H]2+, was
identiﬁed by collision-induced dissociation MS/MS (ﬁgure 2C).
In sequence, the initial loss of HexNAc residues was clearly
observed from the parent ion, indicating that 5 HexNAc residues were linked to the N-glycan core (i.e., Man3GlcNAc2).
These results suggest that somatic loss-of-function mutations in SLC35A2 lead to aberrant N-glycan patterns of
Hex3HexNAc7Fuc1 in patient brain tissues.

Discussion
This study suggests that brain somatic mutations in SLC35A2
explain 19.3% (6 of 31) of intractable focal epilepsies with
NLFE or mMCD and result in aberrant N-glycan patterns in
mutation-carrying brain tissues. NLFE or mMCD account for
15%–30% of intractable childhood epilepsies. Similar to other
intractable childhood epilepsies, patients with NLFE or mMCD
often undergo surgical intervention; however, only 30% became
seizure free after surgical treatment compared with 62%–80% of
patients with lesional focal epilepsy.13,14 Although many research
groups have studied the molecular genetic etiology underlying
intractable childhood epilepsies, these studies have primarily
investigated mechanisms underlying lesional epilepsy, such as
malformations of cortical development, tumors, and other circumscribed anomalies. Therefore, the mechanisms underlying
NLFE or mMCD have remained obscure.
An association between SLC35A2 and seizure has been suggested. In previous studies, it was reported that de-novo germline mutations or postzygotic mosaic mutation in SLC35A2
Neurology: Genetics | Volume 4, Number 6 | December 2018
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Figure 2 Patient brain tissues with somatic mutations in SLC35A2 encoding a UDP-galactose transporter exhibiting aberrant N-glycosylation

(A) Schematic figure showing brain somatic mutations in SLC35A2 identified in this study. Red star: locations of each identified mutation (B) Extracted compound
chromatograms (ECCs) of N-glycans from brain tissues. EPI219 and LGS150: subjects carrying somatic mutations in SLC35A2. Control EPI166: patient with
intractable focal epilepsy confirmed to have no specific somatic or germline mutations in deep WES. Control MET886 and MET344: specimens from the tumor-free
margin of individuals with a metastatic tumor as part of a planned resection. These specimens were pathologically confirmed as normal brain tissue. The ECCs
were color coded according to N-glycosylation types: blue for complex-type glycans containing galactose residues, red for truncated-type glycans, green for high
mannose glycans, sky blue for hybrid-type glycans, and pink for the glycans involving high degrees of HexNAc residues. Pink round rectangle square: N-glycan
structures showing high degrees of N-acetylglucosamine (HexNAc), such as Hex3HexNAc7Fuc1 and Hex3HexNAc8Fuc1 (C) Representative CID MS/MS spectrum of
aberrant N-glycan Hex3HexNAc7Fuc1 in the positive ion detection mode. Almost all fragment ions were single-protonated ions [M + H]+; others are indicated as
a superscript. Pink square: Hex3HexNAc7Fuc1 glycan, identified by collision-induced dissociation MS/MS, representing the ion at M/Z 1036.90.
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cause a congenital disorder of glycosylation and early-onset
epileptic encephalopathy with epileptic seizures.22–24 Therein,
aberrant glycosylation was found in patient ﬁbroblasts and
whole serum.22 Treatment with an oral galactose supplement improved clinical symptoms in 1 case.23 Although they
support our results, these studies are limited in their ability to
draw causative links between the SLC35A2 mutation and
seizure development. More recently, 1 study reported that
somatic mutations in SLC35A2 are associated with intractable
neocortical epilepsy.25 They found somatic mutations in 3
of 18 patients with NLFE and 2 of 38 patients with malformation of cortical development or focal cortical dysplasia.
However, no evidence of alterations in glycosylation in affected brain tissues was given. The present study provides
stronger evidence that brain somatic mutations in SLC35A2
cause intractable focal epilepsy with NLFE or mMCD through
aberrant N-glycosylation only in the aﬀected brain and that
SLC35A2 mutations are unlikely to lead to hyperactivation of
the mTOR pathway using targeted hybrid capture sequencing
and immunostaining for phosphorylated S6. Several studies
have explored the eﬀects of N-linked glycosylation on glycoproteins involved in neural physiology, demonstrating essential
roles of N-glycan structures in neural circuitry.26 N-glycans play
speciﬁc modulatory roles controlling neural transmission
and the excitability of neural circuits. Of interest, 1 study
has shown that N-glycosylation defects elicit epileptic discharges.27 Therefore, we suggest that N-glycosylation defects
caused by SLC35A2 mutations might alter neural transmission
and the excitability of neural circuits, thereby resulting in
seizures. Future studies using matrix-assisted laser desorption/
ionization Fourier transform mass spectrometry with nonspeciﬁc proteolysis and deglycosylation will be necessary to
address the determination of N-glycosylation sites.28 Through
these experiments, candidates of functionally altered proteins causing intractable epilepsies could be identiﬁable.
Last, identifying target proteins associated with the aberrant
N-glycosylation observed in the brain may provide novel
therapeutic targets or molecular diagnostic markers for intractable focal epilepsies stemming from NLFE or mMCD.
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Schuele SU, Lüders HO. Intractable epilepsy: management and therapeutic alternatives. Lancet Neurol 2008;7:514–524.
Epi4K consortium; Epilepsy Phenome/Genome Project. Ultra-rare genetic variation in common epilepsies: a case-control sequencing study. Lancet Neurol 2017;
16:135–143.
Epi4K consortium; Epilepsy Phenome/Genome Project; Allen AS, Berkovic SF,
Cossette P, et al. De novo mutations in epileptic encephalopathies. Nature 2013;501:
217–221.
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Abstract
Objective
We report 3 siblings with the characteristic features of ataxia-telangiectasia-like disorder associated with a homozygous MRE11 synonymous variant causing nonsense-mediated mRNA
decay (NMD) and MRE11A deﬁciency.

MORE ONLINE

Video

Methods
Clinical assessments, next-generation sequencing, transcript and immunohistochemistry
analyses were performed.
Results
The patients presented with poor balance, developmental delay during the ﬁrst year of age, and
suﬀered from intellectual disability from early childhood. They showed oculomotor apraxia,
slurred and explosive speech, limb and gait ataxia, exaggerated deep tendon reﬂex, dystonic
posture, and mirror movement in their hands. They developed mild cognitive abilities. Brain
MRI in the index case revealed cerebellar atrophy. Next-generation sequencing revealed a homozygous synonymous variant in MRE11 (c.657C>T, p.Asn219=) that we show aﬀects
splicing. A complete absence of MRE11 transcripts in the index case suggested NMD and
immunohistochemistry conﬁrmed the absence of a stable protein.
Conclusions
Despite the critical role of MRE11A in double-strand break repair and its contribution to the
Mre11/Rad50/Nbs1 complex, the absence of MRE11A is compatible with life.
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Glossary
ATLD = ataxia-telangiectasia-like disorder; ATM = ataxia telangiectasia mutated; MMC = mitomycin C; NBS = Nijmegen
breakage syndrome; NBSLD = Nijmegen breakage syndrome-like disorder; NGS = Next-generation sequencing; NMD =
nonsense-mediated mRNA decay; NSES = neuromuscular sub-exomic sequencing; WES = whole exome sequencing.

Neurological defects, including microcephaly, ataxia or neurodegeneration, are a hallmark for autosomal recessive
mutations in individual genes encoding components of the
Mre11/Rad50/Nbs1 (MRN) complex. Mutations in the
NBS1 encoding gene, NBN, are associated with Nijmegen
breakage syndrome (NBS) (OMIM# 251260) characterized
by microcephaly, immunodeﬁciency, growth and intellectual
disability, radiosensitivity, and cancer predisposition.1–3 Mutations in RAD50 gene RAD50 are related to NBS-like disorder
(NBSLD) (OMIM# 613078).4 The clinical features of patients
with NBSLD are very similar to those with NBN, including
microcephaly and intellectual disability but not infections, immunodeﬁciency, or cancer predisposition. Mutations in
MRE11A homolog, double-strand break repair nuclease gene
MRE11 are associated with a very rare chromosomal breakage
syndrome (OMIM# 604391). The clinical features are characterized by progressive cerebellar degeneration and ionizing radiation hypersensitivity, similar to the ataxia telangiectasia
(OMIM# 208900) caused by mutations in ATM, encoding
ataxia telangiectasia mutated (ATM).5,6 The neurologic features
have a later onset, slower progression and it is referred to as
ataxia-telangiectasia-like disorder (ATLD) (OMIM# 604391).5,7,8
Unlike patients with ataxia telangiectasia, however, patients with
ATLD show no telangiectasia or obvious immunodeﬁciency.7–9
In 1999, ﬁrst association of ATLD with mutations in MRE11 was
reported,5 followed by additional families with clinical features of
ATLD9–16 or NBSLD.17
Here, we report a family with characteristic features of ATLD
associated with a novel homozygous apparently synonymous
variant in exon 7 of MRE11 that ablates normal splicing,
induces nonsense-mediated mRNA decay (NMD), and deﬁciency of MRE11A protein.

Methods
Standard protocol approvals, registrations,
and patient consents
The study was approved by the ethical standards of the relevant
institutional review board, the Ethics Review Committee in the
Gothenburg Region (Dn1: 842-14), and the Human Research
Ethics Committee of the University of Western Australia. Informed consent was obtained from the parents included in this
study after appropriate genetic counseling. Blood samples were
obtained from patients and their parents.
Clinical evaluation
Medical history was obtained and physical examination was
performed as part of routine clinical workup.
2
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Genetic analysis
Next-generation sequencing (NGS) (a targeted neuromuscular sub-exomic sequencing [NSES] panel and/or whole
exome sequencing [WES]) was performed on patients’ DNA.
Conﬁrmatory bidirectional Sanger sequencing was performed
in the patients and all available unaﬀected family members
(e-Methods, links.lww.com/NXG/A128).
Analyses of muscle biopsy
A muscle biopsy was obtained in the index patient (V:2).
Morphologic and histochemical analyses of paraﬃn-embedded
muscle tissue were performed according to standard protocols.
Sections of skeletal muscle tissue were processed for transcript,
histologic and immunohistochemical assessments (e-Methods,
links.lww.com/NXG/A128).
Transcript analysis
To analyze the impact of the c.657C>T variant in splicing
eﬃciency of MRE11 exon 7 in the index case (V:2), polymerase
chain reaction (PCR) was performed on complementary DNA
with primer pairs covering exon 1 through 8 (e-Methods, links.
lww.com/NXG/A128).
Chromosomal assay
Peripheral blood samples were obtained from 9 individuals of
the family (III:1, IV:1, IV:2, IV:8, IV:9, V:1, V:2, V:3, and V:
4). Chromosomal breakage tests using mitomycin C (MMC)
induction in cultures was carried out according to standard
protocols. Metaphases were stained and scored for spontaneous chromosomal anomalies. Twenty metaphase spreads
were studied from routine culture, 100 spreads from culture
were prepared with the addition of 2 concentrations of MMC.
These were compared with 100 spreads from age-matched
normal controls. Unfortunately, no additional tissue was available for assessment of the eﬀect of MRE11 c.657C>T variant on
sensitivity to ionizing radiation and the impact on NBS1 and
RAD50 expression levels or the entire MRN complex.

Data availability
Data not published within the article are available online in
supplemental material (links.lww.com/NXG/A128).

Results
Clinical characteristics of patients
Three aﬀected siblings were born to an apparently healthy
consanguineous couple (ﬁgure 1). Their clinical presentations
were consistent with the characteristic features of ATLD. The
Neurology.org/NG

Figure 1 Pedigree of the family

Pedigree and recessive inheritance of MRE11. In
the pedigree, squares represent males; circles,
females; open symbols, unaffected family members; and slash, deceased. The affected individuals
are represented with shaded symbols. Arrow
indicates the proband in the family (V:2). +/− indicates heterozygous presence of the variant; +/+
indicates homozygous appearance of the variant.

aﬀected individuals presented with developmental delay
during the 1st year of age. They developed poor balance and
suﬀered from mild intellectual disability from early childhood.
The symptoms progressed gradually. Chromosomal study
revealed a normal 46, XY (V:2 and V:4) or 46, XX (V:3)
pattern. There was no history of severe or recurrent infections
in the index case or in his 2 aﬀected siblings. Follow-up at 23
(V:2), 20 (V:3), and 18 (V:4) years of age revealed oculomotor apraxia, slurred and explosive speech, limb and gait
ataxia, exaggerated deep tendon reﬂexes (+3), dystonic posture, mirror movement in their hands, and poor balance
(video 1). They had no sensory deﬁcits. IQ was between 50
and 69 in all aﬀected siblings. There was no facial dysmorphism (video 1); however, measurements including
height, weight, and head circumference were below the 3rd
percentile in all 3 aﬀected siblings. Systemic examinations of
the aﬀected siblings were normal without any evidence of
skeletal deformity or skin lesions. The laboratory evaluation,
including thyroid function, liver function test, and alphafetoprotein, revealed levels in the reference range. Echocardiography of the youngest sibling (V:4) at 16 years of age was
unremarkable. Nerve conduction velocity and EMG recording in the index case (V:2) did not show any neuropathic
or myopathic features. Brain MRI in the index case (V:2) at 21
years of age revealed cerebellar atrophy (ﬁgure 2). The cousin
of the aﬀected siblings (V:5) (ﬁgure 1) was a boy with Down
syndrome, who died at 6 months of age because of tetralogy of
Fallot. However, he was not clinically evaluated for ATLD.
There is no family history of cancer.
Genetic findings
Data from NGS of DNA from 2 aﬀected (V:2 and V:3) and 1
unaﬀected family members (V:1) were analyzed. Targeted
sequencing of 336 known neurogenic disease genes, including
32 ataxia-associated genes in DNA from the index case V:2
identiﬁed a MRE11 variant changing the nucleotide 3 bases
from the 39 end of exon 7 (c.657C>T, rs775017362) in the
Neurology.org/NG

homozygous state. The variant did not alter the coded amino
acid (AAC>AAT, p.Asn219=). No rare, likely pathogenic
heterozygous or homozygous variants were identiﬁed in other
neurogenetic- or ataxia-associated genes included in the targeted
panel, including ATM, APTX, or SETX. Simultaneous WES on
DNA samples from individuals V:1, V:2, and V:3 to look for
variants in novel disease genes was performed. The ﬁltering
strategy of initially concentrating on homozygous coding variants
in known neurogenetic disease genes, selected based on variant
databases Human Genome Mutation Database and ClinVar, and

Figure 2 Sagittal T1-weighted MRI of brain

Brain MRI from the index case (V:2) shows significant atrophy of the cerebellar vermis. The brainstem is relatively preserved.
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most recent literature allowed the identiﬁcation of only the same
homozygous c.657C>T variant in MRE11 as identiﬁed by NSES
analysis. The MRE11 variant was identiﬁed in the heterozygous
state in individual V:1 (ﬁgure 3A). The c.657C>T substitution
was present at very low frequency in the genome Aggregation
Databases (1/245,540 alleles). In silico analysis predicted the
MRE11 variant to be possibly disease causing, presumably
identiﬁed as potentially aﬀecting splicing (MutationTaster,
mutationtaster.org/). In silico prediction with the SpliceAid2
(introni.it/spliceaid.html) indicated that the variant was located
in the splicing regulatory sequences, suggesting altered splicing
factors binding sites. In addition, in silico prediction with the
Human Splicing Finder version 3.0 and MaxEntScan suggested
that the variant has a deleterious eﬀect on the gene and creates an
exonic splice site loss, leading to a mRNA frameshift and subsequently to a premature termination codon.
The appearance of the MRE11 variant was examined in all
available family members by sequencing analysis (ﬁgure 3A).
Sanger sequencing conﬁrmed segregation of the variant with
the disease phenotype. The 3 aﬀected individuals (V:2, V:3,
and V:4) were homozygous for the c.657C>T variant; the
unaﬀected parents (III:1 and IV:2) and 1 unaﬀected sibling
(V:1) were heterozygous carriers of the MRE11 variant. In
addition, the unaﬀected individuals IV:1, IV:8, and IV:9 were
heterozygous for the MRE11 variant (ﬁgure 3A).

Transcript analysis
Muscle biopsy from the index case (V:2) was available for
testing the eﬀects of the homozygous c.657C>T MRE11 exon
7 variant on transcript and protein levels. In silico prediction
suggested splicing defect with a likely consequence of a premature termination codon. Accordingly, the reverse-transcriptase
PCR analysis indicated no detectable expression levels of MRE11
transcript in the index case (ﬁgure 3B), suggesting that this variant
destabilizes the transcript by NMD.
Histological and immunohistochemical
analysis of skeletal muscle
Immunohistochemical analysis on the muscle biopsy from the
index case (V:2) was performed to assess the nuclear expression
of MRE11A protein. Skeletal muscle biopsies from 2 individuals
without neurodegenerative disorders were used as controls. In
contrast to control skeletal muscle biopsies showing detectable
expression levels of MRE11A protein in the nucleoplasm,
MRE11A immunohistochemistry using a polyclonal antibody
showed no staining in the skeletal muscle biopsy from the index
case (ﬁgure 3C), indicating lack of a stable truncated protein.
Chromosomal aberration assay
Chromosomal breakage more than or equal to tenfold of
control is clinically signiﬁcant. Chromosomal breakage tests
carried out for 9 individuals of the family (III:1, IV:1, IV:2, IV:

Figure 3 Genetic findings and expression analysis of MRE11A at transcript and protein levels

(A) Sanger sequence analysis demonstrates the segregation of the MRE11 c.657C>T variant in the family. The unaffected parents (III:1 and (IV:2) and additional
family members (IV:1, IV:8, IV:9, and V:1) are heterozygous for the MRE11 c.657C>T variant. The affected individuals for whom DNA was available (V:2, V:3, and
V:4) are homozygous for the variant. The variant does not lead to alteration of asparagine amino acid (AAC>AAT, p.Asn219=). The variant is located in splice
region (indicated by a box) changing the nucleotide of the 39 end of exon 7 (ENST00000323929.7). The 59 end of intron 7 is shown by an arrow. (B) reversetranscriptase polymerase chain reaction analysis of RNA from skeletal muscle tissues of the index case (V:2) and a control. Expression analysis of fragment
covering exon 1 through 8 coding regions of MRE11 (1168 bp) at the transcript level in the patient and a control indicated the absence of MRE11 transcript in
the patient. Amplification of ACTB served as quality control of complementary DNA. (C) Immunostaining of MRE11A in skeletal muscle biopsy specimen from
the index patient (V:2) indicates no nucleoplasm expression, whereas the control muscle specimen shows positive immunostaining of MRE11A localized to
nucleoplasm. Scale bar, 50 μm.
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8, IV:9, V:1, V:2, V:3, and V:4) indicated no signiﬁcant
structural alterations, such as chromosomal breaks, chromosomal translocations or gaps, when compared with the controls at 450–550 band resolution.

Discussion
In this study, we describe a family with 3 aﬀected siblings, at 23,
20, and 18 years of age, diagnosed with ATLD. Consistent with
this diagnosis, the siblings developed progressive cerebellar
ataxia, developmental delay, and mild intellectual disability but
with absence of telangiectasia or facial dysmorphism and no
history of severe infections, immunodeﬁciency, or cancer.
Next-generation sequencing revealed homozygosity in the
aﬀected individuals for the MRE11 (c.657C>T, p.Asn219=)
rs775017362 variant, which is present in population databases
at frequencies compatible with recessive inheritance. The
variant does not change the amino acid, but in silico analysis
predicted that the variant would aﬀect splicing eﬃciency,
most likely resulting in exon 7 skipping, leading to a frameshift
and a premature termination codon (p.Ser183Valfs*31). The
homozygous variant could only be detected from the sequencing of genomic DNA. No MRE11 alleles were revealed
by transcript assessment, making it likely that this variant
destabilizes the transcript by NMD. This correlated with
immunolabeling ﬁndings, demonstrating no MRE11A staining in the skeletal muscle biopsy from the index case, suggesting the absence of a stable protein.

complexes is essential in the DNA damage response, which is
not fully determined.20 MRE11A, a member of the MRN
complex, is involved in homologous and mitotic and meiotic
recombination, telomere length maintenance, and DNA doublestrand break repair.21 MRE11A possesses DNA exonuclease and
endonuclease activities that are highly conserved during evolution.22 The relatively mild impact of MRE11A deﬁciency, which
permits viability in our patients, is intriguing. In addition, it is in
sharp contrast to the early embryonic lethality of nucleasedeﬁcient and null alleles of murine Mre11, associated with
marked genome instability.21,23 However, despite the contribution of MRE11A in the MRN complex and the cooperation
between the MRN complex and ATM in the DNA doublestrand break repair pathways to maintain genomic integrity,20
loss of MRE11A only modestly impaired double-strand break
repair in the chicken DT40 and human TK6 cell lines.24 Furthermore, animal models of NBS1 or MRE11A do not completely recapitulate phenotypes observed in NBS or ATLD
patients, including the neurologic aspects.25–27
Notably, complete absence of ATM kinase, in patients with
ataxia telangiectasia, a cancer-prone neurodegenerative disease, is not lethal.28 The majority of the variants in ATM in
patients with classic ataxia telangiectasia are biallelic truncating mutations that result in a total loss of destabilized ATM
protein.28 Given the vital role of ATM in the DNA damage
response for DNA repair, cell cycle checkpoint activation, and
apoptosis,29 the viability associated with loss of ATM in ataxia
telangiectasia patients is intriguing. Mouse models deﬁcient in
ATM recapitulate accurate ataxia telangiectasia disease
phenotypes,30–32 but loss of ATM kinase activity causes early
embryonic lethality in mice, indicating that inhibition of ATM
kinase activity does not equate to loss of the ATM protein.33 It
was speculated that embryonic lethality in mice with ATM
kinase inactivity was the result of ATM kinase recruitment at
DNA breaks, which may impair the function of other proteins
by blocking their access to DNA damage.33

So far, several families with MRE11 variants have been
reported.5,9–13,17 A majority of reported variants in MRE11,
homozygous or compound heterozygous splicing, nonsense
or missense mutations, have been associated with a spectrum
of clinical severity of ATLD5,9–13 (table). However, MRE11
variants have been described in 2 unrelated Japanese patients
with characteristic features of NBSLD,17 which is otherwise
associated with mutations in RAD50.4 In both Japanese patients,
variants of close-by nucleotides to the mutated nucleotide in our
patients were found. One patient was compound heterozygote
for c.658A>C and c.659+1G>A and the other patient was
compound heterozygote c.658A>C and c.338A>G. The MRE11
c.658A>C variant does not lead to alteration of amino acid
(p.Arg220=) and the results from reverse-transcriptase PCR
analysis in these patients carrying the transcript of the c.658A>C
allele indicated that this variant leads to exon 7 skipping, but that
some small amount of RNA was correctly spliced.17 Correspondingly, a reduced amount of wild-type–sized MRE11A
protein was detected by immunoblot analysis.17 This indicates
that c.657C>T alteration in our patients has a greater impact on
splicing eﬃciency than the c.658A>C variant, leading to complete destabilization of the transcript by NMD and subsequent
depletion of MRE11A.

Although MRE11A, NBS1, and RAD50 are components of
the MRN complex, mutations in MRE11, NBN, and RAD50
are associated with diﬀerent clinical phenotypes, suggesting
that the components have distinct functions and roles independent of the MRN complex. Patients with NBS and
ataxia telangiectasia have a predisposition to cancer, particularly an increased risk of developing lymphoid tumors,20
which may reﬂect the involvement of ATM and MRN complex in DNA damage response. Nevertheless, development of
cancer in ATLD patients associated with MRE11 has not been
a frequent ﬁnding in reported cases, with only 2 patients so
far,10 and it is not a clinical feature in the family reported here.
It thus remains unknown whether patients with ATLD have
a predisposition to cancer, given the few patients with MRE11
mutation that have been described so far.

The MRN complex is involved in sensing of DNA doublestrand breaks, DNA recombination, and multiple cell-cycle
checkpoints.18,19 Cooperation between the ATM and MRN

Patients with ataxia telangiectasia, NBS, and ATLD usually
show an increased level of chromosomal translocation in the
peripheral blood involving chromosome 7 and 14.20
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Table Clinical findings of cases with recessive MRE11 variants
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−

−

+

−
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+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+
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−

−

−

−

−

−

−

−
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−

−

−

−

−

−
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−

+

+

+
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+

+

+

+

+

+

+

+

+

+

+

+

+

+
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+

+

+

+

+

+

+

+
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+

+

+

+

+

+

+
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−

+

+
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+
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+
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+

−
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+

−

−
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Table Clinical findings of cases with recessive MRE11 variants (continued)

−

−

−

−
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Telangiectasia
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+

+

+

NA

−

+

−

+

+

+

+

−
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+

+

+

+

+

+

+

+

+

+

+

+

−
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NA

+

−

+

+

+

+

+

+

−

−

NA

Cerebellar
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+

+

+
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NA

−

−
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−
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+

+

+

NA

NA
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NA

NA

NA

NA

NA

+

Microcephaly

Homozygous MRE11 variants often alter not only the levels of
MRE11A but also the levels of 2 other components of the
MRN complex, NBS1 and RAD50, leading to inactivation of the
entire MRN protein complex.5,9,11,17 Although, the eﬀect of
MRE11 c.657C>T variant on sensitivity to ionizing radiation and the impact on NBS1 and RAD50 expression levels
or the entire MRN complex in our patients remain unknown, none of the homozygous or heterozygous carriers
of the MRE11 variant in our family show any chromosomal
abnormalities. This is presumably because of retained
contribution of damage sensor or mediators involved in the
MRN complex and sustained ATM kinase activity in
maintaining chromosomal integrity, as observed in other
ATLD patients associated with MRE11 mutation.34 However, absence of chromosomal alterations in this family is
intriguing and requires further investigations.
We describe patients with characteristic features of ATLD,
associated with a homozygous MRE11 splicing variant leading
to RNA decay and deﬁciency of MRE11A protein.
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Abstract
Objective
To examine whether any rare, protein-altering variants could be identiﬁed across 13 recently
identiﬁed restless legs syndrome (RLS) loci in familial French-Canadian cases.
Methods
Whole-exome sequences from 7 large French-Canadian families (4–8 aﬀected per family for
a total of 38 cases) were examined for variants in any genes located within 1 Mb on either side of
each locus.
Results
Among the 43 rare protein-altering variants identiﬁed, none segregated with RLS in the
families.
Conclusions
Our study does not support a role for causative protein-altering variants in the genes that are
located either in the previously or newly identiﬁed RLS loci. It is therefore possible that
noncoding regulatory variants within these loci or yet unidentiﬁed loci could be the cause of
RLS in our families.
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Glossary
ExAC = exome aggregation consortium; RLS = restless legs syndrome; WES = whole-exome sequencing.

As much as 60% of patients with restless legs syndrome (RLS)
have a positive family history,1 with a heritability close to 20%.2
Using a cohort of 671 cases (192 probands and 479 aﬀected
relatives), our team has previously reported that 77.1% of
French-Canadian patients had a family history of RLS, suggesting an important contribution of genetic factors in this
population.3 In an eﬀort to identify coding variants in the 6
previously identiﬁed RLS loci (MEIS1, BTBD9, PTPRD,
MAP2K5/SKOR1, TOX3, and rs6747972), we have previously examined 7 French-Canadian families with an autosomal dominant inheritance pattern using whole exome
sequencing (WES). Variants were identiﬁed in PTPRD and
SKOR1, but none of these segregated with the disease in the
families studied.4 Recently, a large-scale meta-analysis conﬁrmed the 6 loci known to be associated with RLS and
identiﬁed 13 novel loci.2 In the current study, we reanalyzed
WES data from the 7 French-Canadian families to examine
whether coding variants segregating with RLS could be
identiﬁed in genes within 1Mb of all 19 loci.

Methods
Samples
Seven French-Canadian families consisting of 32 women
(mean age ± SD: 71.44 ± 15.23 years) and 6 men (mean age ±
SD: 70.17 ± 17.65 years) were examined using WES (female:
male ratio of 5.33:1). All patients were diagnosed according to
the International RLS Study Group criteria.5 Family pedigrees
of probands are shown in ﬁgures 1–7.
Standard protocol approvals, registrations,
and patient consents
All subjects provided informed consent, and the study was
approved by the respective institutional review boards.

Whole exome sequencing
WES libraries were prepared using the Agilent SureSelect
Human All Exon V4 (Agilent Technologies, Los Angeles,
CA) capture kit and sequenced using an Illumina HiSeq2000
platform (100 base pair paired-end sequencing). Reads were
aligned to the hg19 human reference genome using the
Burrows-Wheeler Aligner tool.6 Variant calling was performed
using the HaplotypeCaller tool from the Genome Analysis
Toolkit v.3.5.7,8 Finally, variants were annotated for predicted protein alterations and population frequencies using
annotate variation (ANNOVAR).9
Variant filtration and segregation analysis
Only variants that were predicted to be protein-altering
(nonsynonymous, splicing, stop-gain) by ANNOVAR were
included in the subsequent analysis. Variants were ﬁltered by
frequency using the Exome Aggregation Consortium (ExAC)
browser, Cambridge, MA (exac.broadinstitute.org, accessed
January 2018). Variants below a threshold of 0.05 allele frequency in the non–Finnish European population were included in the ﬁnal results.
Data availability statement
The authors conﬁrm that the data necessary for conﬁrming
the conclusions of this study are available within the article
and its supplementary material. Raw whole exome sequencing
data will be provided freely upon request.

Results
A total of 71 genes within 1Mb of the 19 loci were found to
be screened in 38 aﬀected individuals and a list of candidate
variants was established (table e-1, links.lww.com/NXG/A131).
The average and minimum coverage of genes screened were 87x

Figure 1 Pedigree of family 1

*Exome sequencing data available.
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Figure 2 Pedigree of family 2

*Exome sequencing data available.

and 25x, respectively. A total of 43 variants were predicted to
be protein-altering and had a population frequency less than
0.05. Among the variants identiﬁed, none of them segregated
well with the disease in pedigrees, which suggests that they
are not disease causing.
DNAH8 p.Val874Met (rs45529837, ExAC MAF = 0.03071)
appeared to segregate well in one of the families, and as such,
it might explain RLS in this family. However, this particular
variant was also observed in another family (Family 5: IV5,6,7 and V-8) where it did not segregate with the disease.

Discussion
Our results suggest that nonsynonymous variants within these
loci do not explain RLS in these large families and that it is
therefore likely that regulatory (coding or non-coding) variants

are associated with the risk of RLS. While p.Val874Met
(rs45529837, ExAC MAF = 0.03071) in DNAH8 (that encodes for an axonemal dynein involved in motility of cilia and
ﬂagella)10 segregated well in one of the families, it was also
observed in another family (Family 5: IV-5,6,7 and V-8)
where it did not segregate with the disease, therefore its
segregation should be interpreted with caution. Rare causative
variants, at much lower frequency than the associated common
single nucleotide polymorphism (SNP), can create genomewide associations even when they are megabases away from
the common variants that tag them.11 A WES approach, like
the one used here, can enable the discovery of novel causative
variants. The likelihood of achieving this increases with the size
of the pedigrees and the penetrance of the condition examined.
Although our study does not support a role of rare proteinaltering variants in RLS-associated loci to be a cause of the
disease, further studies in more pedigrees are required to determine whether there exist monogenic forms of RLS.

Figure 3 Pedigree of family 3
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Abstract
Objective
To examine the genotype to phenotype connection in glucose transporter type 1 (GLUT1)
deﬁciency and whether a simple functional assay can predict disease outcome from genetic
sequence alone.
Methods
GLUT1 deﬁciency, due to mutations in SLC2A1, causes a wide range of epilepsies. One
possible mechanism for this is variable impact of mutations on GLUT1 function. To test this,
we measured glucose transport by GLUT1 variants identiﬁed in population controls and
patients with mild to severe epilepsies. Controls were reference sequence from the NCBI and 4
population missense variants chosen from public reference control databases. Nine variants
associated with epilepsies or movement disorders, with normal intellect in all individuals,
formed the mild group. The severe group included 5 missense variants associated with classical
GLUT1 encephalopathy. GLUT1 variants were expressed in Xenopus laevis oocytes, and glucose uptake was measured to determine kinetics (Vmax) and aﬃnity (Km).
Results
Disease severity inversely correlated with rate of glucose transport between control (Vmax = 28
± 5), mild (Vmax = 16 ± 3), and severe (Vmax = 3 ± 1) groups, respectively. Aﬃnities of glucose
binding in control (Km = 55 ± 18) and mild (Km = 43 ± 10) groups were not signiﬁcantly
diﬀerent, whereas aﬃnity was indeterminate in the severe group because of low transport rates.
Simpliﬁed analysis of glucose transport at high concentration (100 mM) was equally eﬀective at
separating the groups.
Conclusions
Disease severity can be partly explained by the extent of GLUT1 dysfunction. This simple
Xenopus oocyte assay complements genetic and clinical assessments. In prenatal diagnosis, this
simple oocyte glucose uptake assay could be useful because standard clinical assessments are
not available.
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Glossary
GLUT1 = glucose transporter type 1.

Failure of the glucose transporter type 1 (GLUT1), coded by
the gene Solute Carrier Family 2 member 1 (SLC2A1), leads to
inadequate brain glucose and neurologic disorders.1 Classical
GLUT1 encephalopathy shows intractable infantile seizures,
complex motor disorder, intellectual impairment, low CSF
glucose (hypoglycorrhachia), and often microcephaly.2
However, the spectrum of GLUT1 deﬁciency syndrome is
much broader. Familial cases frequently have a combination
of epilepsies with absence seizures, normal intellect, and the
movement disorder of paroxysmal exertional dyskinesia.3
GLUT1 deﬁciency has been described as occurring in 10% of
early-onset absence epilepsy, 5% of epilepsy with myoclonicatonic seizures, and approximately 1% of genetic generalized
epilepsies.4–7 Focal epilepsies also occur.3–8

neurologic disorders with a spectrum of eﬀects, and no accepted rating scale for overall severity exists. By taking the
opposite ends of this spectrum, mild disease with normal
development and frank encephalopathy, we can be as conﬁdent as possible that the phenotypes are distinct and that
functional diﬀerences in glucose transport should be present.
Experiments were performed blinded to the phenotypic association (control, mild, and severe) of all genetic variants.

One possible mechanism for the wide range of phenotypic
severity in GLUT1 deﬁciency syndrome is the extent to which
mutations aﬀect GLUT1 function. Deletions and null mutations of SLC2A1 are associated with severe encephalopathy,
whereas missense mutations can be seen across the whole
spectrum of severity.2,3,5,6,9–12 Deletions lead to complete
haploinsuﬃciency, whereas the eﬀects of missense changes
are presumed to range from hypomorphic to complete loss of
function. In this study, we examine that the range of residual
function in missense variants causes GLUT1 deﬁciency. We
compare the function of control missense SLC2A1 variants
with patient variants associated with either mild disease or
classical GLUT1 encephalopathy. We hypothesize that residual function of the missense alleles will be greater in those
with mild disease compared with those with severe disease
and that the diﬀerence will be suﬃciently marked to be clinically useful in predictive testing.

PCR and Sanger sequencing
Coding exons and splice sites of the SLC2A1 gene were PCR
ampliﬁed using speciﬁc primers designed to the reference
human gene transcript (Ref Seq NM_006516). Primer
sequences are available on request. Ampliﬁcation reactions
were cycled using a standard protocol on a Veriti Thermal
Cycler (Applied Biosystems, Carlsbad, CA). Bidirectional
sequencing of all exons and ﬂanking intronic regions including splice sites was completed with a BigDye v3.1 Terminator Cycle Sequencing Kit (Applied Biosystems),
according to the manufacturer’s instructions. Sequencing
products were resolved using a 3730 × l DNA Analyzer
(Applied Biosystems). All sequencing chromatograms were
compared with published cDNA sequence; nucleotide
changes were detected using CodonCode Aligner (CodonCode Corporation, Dedham, MA).

Methods
Variant selection
Three groups of variants were analyzed (table). Variants were
drawn from the published literature and unpublished cases
clinically diagnosed at Austin Health.2,3,7,8,12,13 The control
group comprised 4 population variants drawn from the ExAC
database along with the reference sequence from the NCBI
and was analyzed to determine the background variation of
GLUT1 function in the general population. The “mild” group
comprised 9 variants associated with mild phenotypes before
functional assessments (table). Mild GLUT1 deﬁciency was
deﬁned as epilepsy or movement disorder with normal intellect in all individuals with the variant. Last, the “severe”
group comprised 5 missense variants associated with severe
GLUT1 encephalopathy before functional assessments. Variants in which a mixture of phenotypic severities had been
reported, particularly intellectual disability in some cases,
were excluded. GLUT1 deﬁciency leads to a number of
2
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Standard protocol approvals, registrations,
and patient consents
The study was approved by the Austin Health Human Research Ethics Committee. All participants provided written,
informed consent.

Site-directed mutagenesis and RNA expression
The GLUT1 coding sequence (NM_006516.2 from NCBI)
cloned into the pcDNA3.1 vector was purchased from GenScript and subcloned into the oocyte expression vector
pGEMHEmcs, between BamH1 and HindIII sites. Point
mutations were introduced using overlapping PCR (primers
are listed in table e-1, links.lww.com/NXG/A129). Construct
ﬁdelity was veriﬁed by Sanger sequencing. The reference
protein sequence used in this study was NP_006507.
Plasmids were linearized using the Sph1 restriction enzyme,
and cRNA was generated using Message Machine T7 transcription kit (Applied Biosciences, Ambion). The concentration and integrity of cRNA were determined using
spectrophotometry and gel electrophoresis, respectively.
Oocyte preparation and injection
Oocytes (Dumont stage V or VI) were surgically removed
from Xenopus laevis and incubated in Barth solution (5 mM
HEPES, 82.5 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, and pH
Neurology.org/NG

Table Clinical details of affected GLUT1 variant carriers
Proband LP result

Mild GLUT1
deficiency

CSF
glucose

CSF/
Serum
glucose
ratio

Intellect

No

—

—

Normal

CAE

No

—

—

3

EOAE, CAE

Yes

2.4

0.53

6

4

EOAE, JAE, TLE

Yes

2.6

0.52

1

1

JAE

Yes

2.2

0.45

3

2

CAE

Yes

—

—

2

2

CAE, JME

No

—

—

1

1

EOAE

No

2.1

0.48

1

1

—

Yes

—

—

1

1

GLUT1encephalopathy
[classical early
onset2]

No

1.3

0.28

Mild ID

1

1

No

2.0

0.31

Mild ID

1

1

?

?

<0.40

NA

2

2

No

2.0

0.40

Mod ID

5

5

Yes

2.1

0.41

Mod ID

Sequence change:
NM_006516.2;
NP_006507.2

No. of
known
carriers

No. of
affected
carriers

Associated
epilepsy
phenotypes

Paroxysmal
exertional
dyskinesia

c.627 G>C

6

4

EOAE, CAE

2

1

4

p.E209D7
c.671C>G
p.A224G*
c.643C>T
p.L215F7
c.668 G>C
p.R223P

3

c.728A>T
p.E243V6
c.1372C>T
p.R458W

6

c.1232A>G
p.N411S6
c.506T>C
p.L169P*
c.1026 G>A
p.A342T*
Severe
GLUT1deficiency

c.100A>T

p.N34Y2
c.286A>G
p.M96V2
c.985 G>C
p.E329Q

2

c.388 G>A
p.G130S2,11
c.376C>T
p.R126C

2,11,13

Abbreviations: CAE = childhood absence epilepsy; EOAE = early-onset absence epilepsy; ID = intellectual disability; JAE = juvenile absence epilepsy; JME =
juvenile myoclonic epilepsy; LP = lumbar puncture, mod = moderate; NA = not available; TLE = temporal lobe epilepsy.
Three previously unpublished patient-ascertained variants are denoted by asterisk (*).

7.4) with gentamicin (50 mg/mL; Sigma) and penicillin streptomycin (100 U/ml; Sigma) at 18°C. One hundred nanoliters of
60 ng/μL cRNA was injected into each X laevis oocyte using the
Roboinject system (Multichannel Systems, Germany). Glucose
uptake assays were conducted 72 hours postinjection.
Neurology.org/NG

Glucose uptake assay
A X laevis oocyte glucose uptake assay was used to measure
the transport kinetics and aﬃnity of glucose binding to the
expressed GLUT1 transporter. Experiments were conducted
at 22°C in groups of 5 oocytes, and glucose uptake was
Neurology: Genetics | Volume 4, Number 6 | December 2018
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measured using the radiolabelled nonphosphorylatable glucose analogue 3-O-(3H-Methyl)-D-glucose. Oocytes were
washed in 1x ND96 (96 mM NaCl, 2 mM KCl, 1 mM MgCl2,
5 mM HEPES, and 2.5 mM Na Pyruvate) 3 times, allowed to
rest for 15 minutes, then placed in 500 μL of 1x ND96 and
500 μL of uptake solution containing 200 mM NaCl, 2 mM
MgCl2, 4 mM KCl, 4 mM CaCl2, 10 mM N-2hydroxyethylpiperazine-N9-2-ethanesulfonic acid, pH 7.5,
and with 3-O-Methyl-D-glucose (1, 5, 10, 20, 40, 50, and
100 mM) and 16 μL of radiolabelled 3-O-(3H-Methyl)-Dglucose (2 μCi; Perkin Elmer Biosciences). Oocytes were
exposed to the uptake solution for 10 minutes. The solution
was then rapidly aspirated and replaced with 1 mL of ice cold
phosphate-buﬀered saline (150 mM NaCl, 10 mM sodium
phosphate; pH 7.4) containing 0.1 mM phloretin (Sigma,
Australia). Each group of 5 oocytes was solubilized in 250 μL
of 2.5% sodium dodecyl sulphate overnight on a rocking
platform. Ultima Gold scintillant (2.0 mL) (Perkin Elmer,
USA) was added and counts were measured for 2 minutes in
a liquid scintillation counter (TRI CARB 2900-TR, Perkin
Elmer). Raw counts per minute were converted to nanomoles
per minute (for a detailed account of the GLUT1 uptake assay,
please see reference 14), and values were plotted against 3-OMethyl-D-glucose concentration and data ﬁt with the
Michaelis-Menten equation using GraphPad Prism (Graph Pad
software, La Jolla, CA). Calibration curves were constructed
using known volumes of radioactive tracer in the uptake solution in the range of 3-O-Methyl-D-glucose concentrations.
Water-injected oocytes were used to correct for nonspeciﬁc
counts.
Statistically signiﬁcant diﬀerences between the MichaelisMenten curves were determined using GraphPad Prism’s
built-in implementation of Global nonlinear regression to
determine whether single or separate models are needed to ﬁt
the 2 data sets under comparison; an extra sum-of-squares
F-test was used to make this comparison. One-way ANOVA
was used to compare Km and Vmax values between the unaﬀected, mild, and severe groups, with two-tailed p values less
than 0.05 considered statistically signiﬁcant.
Data availability
The authors agree to share any unpublished data related to
this article with properly qualiﬁed researchers in an anonymized fashion for the purposes of replicating procedures and
results.

Results
SLC2A1 patient-ascertained variants, reported in the
literature2,3,6,7,11–13 and newly discovered variants (p.A224G,
p.L169P and p.A342T), were studied (table 1). A glucose
uptake assay in X laevis oocytes was used to analyze the
functional properties of 18 GLUT1 variants and the NCBI
reference sequence (NM_006516). Of these 18 variants, 4
were population control ascertained; 9 were reported in
4
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Figure 1 Distribution of disease-causing and population
variants along the SLC2A1 gene

We used lollipops-v1.3.1 (github.com/pbnjay/lollipops/releases) to plot
the distribution of gnomAD’s 159 filter-passed missense variants (blue
circles) based on the SLC2A1 canonical transcript (NM_006516.2; uniprot
P11166). These represent normal variation in the gene. We also plotted
the distribution of our 14 studied missense variants (black diamonds),
with unfilled diamonds representing those studied in this article and that
were reported in the ClinVar and HGMD screen, as described above.
First, a search for “pathogenic,” “likely pathogenic,” or “likely pathogenic;
Pathogenic” missense variants in ClinVar (accessed in December 2016)
was performed, subsequently a search for “DM” classified variants was
performed based on HGMD (hgmd2016.3). A review of the relevant
entries and their associated literature found that 32 SLC2A1 caseascertained missense variants (red circles) were accompanied with
written commentary that the variants either arose de novo in the patient
(n = 29 variants) or there was evidence of the variant segregating among
all (and >3) affected carriers and without >1 unaffected carriers in the
pedigree (n = 3 variants).

individuals associated with mild phenotypes; and 5 with
GLUT1 encephalopathy (table 1).
The location of variants across the linear sequence of NP_
006507 is shown in ﬁgure 1. This analysis shows a tendency
toward hotspots where population variants are underrepresented. Although disease and benign variants cluster,
these clusters overlap and are not suﬃcient for diagnostic
purposes. The patient variants included in the current study
span the distribution of the ClinVar and HGMD data sets.
The 4 control variants (p.V406I, p.Y44H, p.E299K, and
p.F104L) produced similar levels of glucose uptake as the
reference sequence glucose uptake curves for control variants
are shown in ﬁgure e-1 (links.lww.com/NXG/A129). Values
for the maximal uptake velocity Vmax and the KM constants are
available in supplementary material (ﬁgure e-2). To better
account for overall background variation, an average curve
including the 4 control variants and the NCBI reference
Neurology.org/NG

sequence was used as a reference for comparison in subsequent experiments.
Comparisons of glucose uptake across the control, mild, and
severe groups revealed a negative correlation between clinical
phenotype severity and glucose uptake levels. A small reduction

was observed in 8 of the 9 alleles associated with mild epilepsy
(ﬁgure 2, A–H). Interestingly, one of the variants from the mild
epilepsy group (p.E209D, ﬁgure 2, I) showed the opposite
eﬀect, with an increase in glucose ﬂux, suggesting that the
mutation is not pathogenic. All 5 alleles associated with classical
GLUT1-DS: p.N34Y, p.M96V, p.E329Q, p.G130S, and

Figure 2 Effects on glucose transport of variants leading to mild GLUT1 disease

Variants in the mild cohort (orange) compared with the
average reference curve (green). Curves (A–I) demonstrate a broad range of residual GLUT1 protein function, with (A–H) probands indicating a significant
decrease in glucose uptake (p < 0.0001) when compared with the unaffected curve. Variant I, although
presented with a mild phenotype, showed elevated
glucose transport (p <0.0001). (J) Highlights the separation between the average of all mild variants (excluding the gain-of-function variant, I) at each
concentration compared with the average unaffected
curve.

Neurology.org/NG
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Figure 3 Effects on glucose transport of variants leading to severe GLUT1 disease

(A–E) (red curves) variants associated with severe GLUT1
encephalopathy phenotype demonstrated a significantly marked reduction of glucose uptake compared
with average protein function (p <0.0001) (green curves).
(F) Highlights the marked separation of the average severe variants compared with the average unaffected
curve.

p.R126C showed a marked decrease in function (ﬁgure 3,
A–E). Uptake velocities for all mild and all severe variants were
averaged across each concentration to highlight the diﬀerence
compared with the average control curve (ﬁgures 2J and 3F).
A subsequent check of our 14 patient-ascertained variants
within an international reference cohort (gnomAD database)
15
identiﬁed p.A342T and p.M96V each among 3 individuals.
This reference cohort did not speciﬁcally ascertain for individuals with seizure or severe pediatric disorders. The
p.A342T variant, from the mild group, was found among 3 of
56,004 individuals of non-Finnish European ancestry (MAF
of 0.003%) and not among other genetic ancestry groups. The
p.M96V variant, from the severe cohort, was found among 3
of 6,655 individuals of Finnish ancestry (MAF of 0.02%) and
not observed among other genetic ancestry groups. Being
a bottlenecked population, risk alleles can reach higher frequencies among Finnish people than would be seen in outbred populations. However, given the overall observation of
high penetrance (albeit variable expressivity) among GLUT1associated disease, the genetic evidence for causality of these 2
variants becomes less certain with additional cases required to
better understand their overall role in GLUT1 disease.
6
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To explore the diagnostic utility of a functional glucose uptake
test for GLUT1 disorders, group-wise analysis of Vmax was
undertaken (ﬁgure 4). Visual inspection of the box and
whisker plot of Vmax showed a complete separation of ranges
with only a minor overlap of the upper quartile of the mild
group with the lower quartile of the control group (ﬁgure 4A).
Because Vmax values were closely aligned with the uptake
velocity at 100 mM glucose, the distributions of velocities at
this single concentration were plotted (ﬁgure 4B). As with
Vmax distributions, visual inspection revealed a complete
separation, demonstrating that a single concentration point
assay can, in most cases, discriminate the clinical groups as
eﬀectively as the full concentration range (ﬁgure 4B). In
contrast, Km values were highly variable and we found that
they had no discriminatory value (supplementary material,
links.lww.com/NXG/A129).

Discussion
GLUT1 deﬁciency is viewed as a dosage sensitivity disorder,
where reduction (hypomorphism) or complete loss (haploinsuﬃciency) of 1 allele leaves insuﬃcient residual glucose
transport.1 This study distils this concept further. The range of
Neurology.org/NG

Figure 4 Comparison of glucose transport across variants seen in the population, mild disease, and severe disease

(A) Box and whisker plot for Vmax values obtained from the
Michaelis-Menten curves for the unaffected (n = 5), mild (n =
9), and severe (n = 5) variants (single value scatter plots
shown in figure e-1, links.lww.com/NXG/A129). (B) Box and
whisker plot for the velocity at 100 mM glucose concentration for each group of variants. The variant resulting in NP_
006507.2 p.E209D has been positioned as an outlier and not
included in the population analysis.

missense variants chosen for this study represents the extremes
of the GLUT1 deﬁciency syndrome disease spectrum. The
spectrum of illness associated with GLUT1 deﬁciency is extremely broad, ranging from disabled individuals with classical
encephalopathy needing lifelong care to high-functioning
individuals with mild, well-controlled epilepsy and movement
disorder. In this study, we compare variants reported to always
cause severe disease with those reported to always cause mild
disease and demonstrate that there is indeed a diﬀerence in the
residual function of the mutant protein that predicts that
phenotypic diﬀerence. Based on this sampling of variants, we
show clear separation in the distributions of Vmax of variants in
each group, providing a basis for a diagnostic test.
The potential diagnostic value of our approach is highlighted
by the analysis of the p.E209D variant. Our GLUT1 uptake
analysis revealed that p.E209D is unlikely to be pathogenic
despite its absence in population variant databases of normal
variation and aﬀecting a highly conserved amino acid. We
suggest that a combination of genetic evaluation and functional testing is required for improved diagnosis in GLUT1
deﬁciency.
Variable expressivity can be seen in GLUT1 disease, suggesting the contribution of additional factors. This is frequently observed in familial GLUT1 deﬁciency where
a spectrum of clinical presentations from unaﬀected carriers
through to mild epilepsy or dyskinesia with normal intellect to
refractory epilepsy and intellectual disability are seen.3,11,12
Variants from such families were excluded from this analysis
because it was not possible to assign them to a particular severity group. These families highlight the need for future
studies determining other genetic and environmental inﬂuences on disease severity in GLUT1 deﬁciency.
We show that a simpliﬁcation of the Xenopus oocyte assay can
provide diagnostic value that is equivalent to complete determination of Vmax and Km. Our data show that a single
concentration of glucose approaching saturation (100 mM/L)
is suﬃcient to distinguish between control, mild, and severe
cases. The addition of this simple functional test to clinical and
genetic ﬁndings has the potential to improve the classiﬁcation
of patient-ascertained variants, as well as allow rapid
Neurology.org/NG

intervention when the functional data suggest risk of serious
disease. The diagnosis of GLUT1 deﬁciency syndrome was
initially based on the combination of seizure phenotype and
hypoglycorrhachia.1 After the discovery of SLC2A1 mutations,
molecular testing has become routine.1,2 In addition to sequencing, a well-validated clinical test of GLUT1 function is
currently available—the red cell glucose uptake assay.12 This
assay is, however, not available in many centers and requires
fresh, metabolically functional red cells, which can be diﬃcult to
transport over distance. The Xenopus oocyte assay used here
requires sequencing data but no other tissue, removing the
diﬃculty of transport. Prenatal exome screening looking for de
novo mutations in known disease genes is available and likely to
become increasingly common.13 The assay used here is possible within the time frames needed to enable a genetic counselor
to discuss ﬁndings with families after fetal genetic screening.
Overall, a simpliﬁed Xenopus oocyte assay oﬀers a complementary, sequence-based test for GLUT1 variants of unknown
signiﬁcance. The assay helps discriminate background from
causal alleles and can further give information on anticipated
severity of disease. We believe that this is an important step
toward multidomain data and advanced pattern recognition
analysis such as machine learning that could be used to integrate data from clinical, genetic, molecular, structural, and
functional assays to make faster and more informed diagnosis.
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Abstract
Objective
To report the clinical, radiologic, biochemical, and molecular characteristics in a 46-year-old
participant with adult-onset Leigh syndrome (LS), followed by parkinsonism.
Methods
Case description with diagnostic workup included blood and CSF analysis, skeletal muscle
investigations, blue native polyacrylamide gel electrophoresis, whole exome sequencing targeting nuclear genes involved in mitochondrial transcription and translation, cerebral MRI,
123I-FP-CIT brain single-photon emission computed tomography (SPECT), and C-11
raclopride positron emission tomography (PET).
Results
The participant was found to have a defect in the oxidative phosphorylation caused by
a c.626C>T mutation in the gene coding for mitochondrial methionyl-tRNA formyltransferase
(MTFMT), which is a pathogenic mutation aﬀecting intramitochondrial protein translation.
The proband had a normal concentration of lactate in blood and no abnormal microscopic
ﬁndings in skeletal muscle. Cerebral MRI showed bilateral lesions in the striatum, mesencephalon, pons, and medial thalamus. Lactate concentration in CSF was increased. FP-CIT
SPECT and C-11 raclopride PET demonstrated a defect in the dopaminergic system.
Conclusions
We report on a case with adult-onset LS related to a MTFMT mutation. Two years after the
onset of symptoms of LS, the proband developed a parkinson-like disease. The c.626C>T
mutation is the most common pathogenic mutation found in 22 patients reported earlier in the
literature with a defect in MTFMT. The age of the previously reported cases varied between 14
months and 24 years. Our report expands the phenotypical spectrum of MTFMT-related
neurologic disease and provides clinical evidence for involvement of MTFMT in extrapyramidal
syndromes.
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Glossary
bMRI = brain magnetic resonance imaging; BN-PAGE = blue native polyacrylamide gel electrophoresis; EPS = extrapyramidal
symptom; FLAIR = ﬂuid attenuated inversion recovery; FP-CIT = N-(3-ﬂuoropropyl)-2beta-carbomethoxy-3beta-(4iodophenyl)nortropane; LS = Leigh syndrome; OXPHOS = oxidative phosphorylation; PD = Parkinson disease; PET =
positron emission tomography; SPECT = single-photon emission computed tomography; WES = whole exome sequencing.

Leigh syndrome (LS) is a devastating neurometabolic disorder
occurring mainly in infants and young children. Aﬀected children
initially develop normally but present between the age of 2 and 9
months with signs of motor regression, weakness, hypotonia, weak
cry, and failure to thrive. Shortly thereafter, signs of brainstem
dysfunction are seen, including respiratory pattern abnormalities,
nystagmus, ptosis, and ophthalmoparesis. Other neurologic manifestations include pyramidal tract signs, ataxia, dystonia, tremor,
and seizures, eventually progressing to death, usually within 2 years
after onset of symptoms. Pathologic hallmarks of the disease are
bilaterally symmetrical foci characterized by spongiform necrosis
with capillary proliferation in the midbrain and striatum.1,2
The incidence is 1 in 40,000.3 Rarely, the onset of symptoms
is in late childhood, adolescence, or adulthood.
Gene defects associated with LS are located in mitochondrial
or nuclear genes involved in the biosynthesis of oxidative
phosphorylation (OXPHOS) complexes I, II, III, IV, and V, or
involved in the biosynthesis of coenzyme Q or pyruvate dehydrogenase complex. Mutations in the gene coding for mitochondrial methionyl-tRNA formyltransferase (MTFMT)
were reported earlier as the cause of LS.4–6
In this study, we describe a patient with adult-onset LS caused by
a homozygous pathogenic mutation in MTFMT. Our observation broadens the clinical spectrum of MTFMT-related disease.

Methods
Case description with a diagnostic workup included results
from blood and CSF analysis, skeletal muscle investigations,
blue native polyacrylamide gel electrophoresis (BN-PAGE),
whole exome sequencing (WES) targeting nuclear genes involved in mitochondrial transcription and translation, brain MRI
(bMRI), 123I-FP-CIT brain single-photon emission computed
tomography (SPECT), and C-11 raclopride positron emission
tomography (PET). Written informed consent for research was
obtained from the participant and her guardian.
Data availability
Anonymized data will be shared by request from any qualiﬁed
investigator.

Case description
Clinical history
A 44-year-old woman was admitted to the department of
neurology after 1 week of dizziness, vomiting, somnolence,
2
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and subfebrility (37.8°C). Before admission, she had complained
of double vision. Divergent eye motility was observed intermittently. Her medical history revealed mild cognitive impairment,
early-onset bilateral sensorineural hearing loss, autism spectrum
disorder, obsessive-compulsive behavior, depression, osteoporosis, obesity, and mild chronic obstructive pulmonary disease.
Vitamin B12 hypovitaminosis was diagnosed in the past as the
cause of pernicious anemia. Neurologic examination on admission to the hospital was limited because of poor cooperation and
somnolence. Slight nuchal rigidity, gait ataxia, hyperreﬂexia,
plantar reﬂexes in extension, and absence of sensorimotor dysfunction were noticed. Neuroophthalmologic examination
showed upward gaze palsy, downward gaze paresis, bilateral miosis not reacting to light and preserved convergence, and ability to
abduct the eyes. Coordination could not be tested because of
insuﬃcient cooperation. Urinary retention was detected on arrival. In the 3 weeks after admission, a deterioration of gait and
balance was seen, as well as lack of initiative. Slight speech diﬃculties (hypophonia and tachylalia) were detected, as well as slow
movements. Diﬀerential diagnosis included Wernicke encephalopathy, acute demyelinating disease, and LS. Acute stroke was
excluded with acute brain CT. IV vitamin B-complex, including
thiamin, was started but did not change symptoms within the ﬁrst
days. Later on, her clinical condition stabilized. Gait, balance, and
speech recovered slowly over a period of 1 month, although
a high-pitched tachylalia remained present and appeared to be
already known before admission. Gradual improvement of diplopia and bladder dysfunction was seen, although the sensorineural hearing loss was worsening.
Technical investigations
bMRI showed nonacute lacunar or cystic T2-hyperintense
lesions in the basal ganglia (caudate nucleus and putamen)
and remarkable acute symmetrical ﬂuid attenuated inversion
recovery (FLAIR)-/T2-hyperintense lesions in the mesencephalon, suggestive of Leigh disease (ﬁgure, A and B).
Follow-up bMRI 1 month later showed that brainstem lesions
were more pronounced in the mesencephalon and pons,
extending into the medial thalamus bilaterally. bMRI 3
months after symptom onset showed tissue loss and gliosis,
with reduced FLAIR hyperintense signals in the mesencephalic area, in both thalami and new lesions in the middle
cerebellar peduncles (ﬁgure, C and D). CSF analysis on the
ﬁrst admission was normal, except for increased lactate concentration (38 mg/dL, normal 10–22), conﬁrmed a few days
later (33 mg/dL). Serum lactate, vitamin B12, and thiamin
were normal. Ophthalmologic examination showed abnormal
eye motility but no signs of optic atrophy or of retinitis pigmentosa. Ultrasound examination of the heart revealed mild
Neurology.org/NG

Figure Structural and nuclear brain imaging

decreased activity of complex IV was found (complex I not
assessed) (table). BN-PAGE, followed by in-gel activity staining
using isolated mitochondria from cultured skin ﬁbroblasts, conﬁrmed decreased activity of complexes I and IV, and in addition,
showed the presence of complex V subcomplexes. These ﬁndings together are the hallmark of defective intramitochondrial
protein synthesis. Sequencing of the complete mitochondrial
genome with massive parallel sequencing methodology in leukocytes and skeletal muscle did not reveal a pathogenic alteration. DNA sequencing of the POLG gene was normal, and
comparative genomic hybridization microarray analysis showed
no abnormalities. Molecular workup by WES targeting nuclear
genes revealed a homozygous missense mutation (c.626C>T,
p.Ser209Leu) in MTFMT (NM 139242.3). Biotin-thiamin responsive basal ganglia disease caused by a mutation in SLC19A3
was excluded. Parents were not available for testing.
Long-term follow-up
Two years after the onset of symptoms of LS, at the age of 46
years, extrapyramidal symptoms (EPS) were seen characterized
by marked hypomimia, mild bradykinesia, diﬃculties with ﬁne
motor skills, discrete cogwheel rigidity, diminished arm swing
amplitude, disturbed ﬁnger movements, slight dysdiadochokinesis, and hypophonia. Tremor was not observed. Gait and
balance were near normal. The eﬀect of EPS on daily activities
was limited, and, therefore, medical treatment was not started.
EPS remained stable over the course of 5 years after the onset.
Thereafter, a mild positional tremor of both hands (left > right)
was noticed and bradykinesia worsened. Brain I-123 FP-CIT
SPECT scan showed bilateral symmetrical reduced FP-CIT
binding in the basal ganglia (ﬁgure, E). Brain C-11 raclopride
PET revealed severe bilateral neostriatal reduction of C-11
raclopride (ﬁgure, F). A therapeutic trial with levodopa was
started with limited beneﬁcial eﬀect on tremor and bradykinesia.

Discussion

Brain MRI on admission showing T2 nonacute neostriatal cystic lesions (A),
hyperintense lesions in mesencephalon and pons (B and C), and subacute
lesions in middle cerebellar peduncles (D). I-123 FP-CIT SPECT (E) and C-11
raclopride PET (F) showing bilateral reduced presynaptic dopamine transport and bilateral postsynaptic dopaminergic impairment. SPECT = singlephoton emission computed tomography.

left ventricular hypertrophy (interventricular septum and left
ventricular posterior wall thickness of 13 mm). The urinary
bladder was atonic. The clinical presentation and technical and
biochemical investigations were suggestive of a mitochondrial
disease compatible with LS. A skeletal muscle biopsy (M. quadriceps femoris) and skin biopsy were performed. Histologic
analysis of skeletal muscle showed no abnormalities. Ragged red
ﬁbers were not detected. Spectrophotometric measurement of
the OXPHOS complex activities revealed a combined deﬁciency
of complexes I and IV. In cultured skin ﬁbroblasts, a signiﬁcantly
Neurology.org/NG

LS is usually reported as infantile subacute necrotizing encephalomyelopathy, a neurodegenerative disorder clinically characterized by variable neurologic signs. Bilateral lesions in the
striatum are typically seen on brain imaging studies. The onset
of symptoms in infancy or early childhood is usually triggered by
metabolic or infectious stress, followed by rapid neurologic
deterioration, often leading to death.7 Long-term survival after
early-onset LS and atypical late-onset variants has been reported.8 The number of patients with late-childhood–, adolescent-,
or adult-onset LS is limited, and only in a few, the genetic defect
was identiﬁed. The MTFMT gene product is essential for eﬃcient mitochondrial translation initiation and function. The
protein is involved in formylation of a portion of the MettRNAMet pool to generate formylmethionyl-tRNA needed for
initiation of protein synthesis in mitochondria.4,9 We report here
the oldest patient so far with a homozygous pathogenic mutation
in MTFMT who developed adult-onset LS.
Pathogenic mutations in the MTFMT gene were ﬁrst reported
in 2 children, aged 5 and 9 years, with LS and combined
Neurology: Genetics | Volume 4, Number 6 | December 2018
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Table Spectrophotometric analysis of the activities of the OXPHOS complexes in skeletal muscle and cultured skin
fibroblasts in the proband and in the healthy controls
Complex

I

II

II + III

III

IV

V

CS

4

27

18

46

40

ND

94

Mean

29

34

33

96

167

ND

174

P5-P95

15–52

18–58

18–50

50–145

82–266

ND

92–273

ND

27

32

42

44

ND

82

Mean

ND

15

17

47

69

ND

82

P5-P95

ND

12–21

11–30

28–67

48–96

ND

59–109

Skeletal muscle homogenate
Proband
Controls

Cultured skin fibroblasts
Proband
Controls

Abbreviations: CS = citrate synthase; ND = not determined; OXPHOS = oxidative phosphorylation.
All values expressed as nmol/min/mg protein.

OXPHOS deﬁciency.4 To date, 22 patients with MTFMT
mutations were reported in the literature. The age at onset varied
between birth and 17 years. Most of them presented with ataxia,
muscular hypotonia, and cognitive impairment, but recently
reported cases support an expanding phenotypical spectrum,
including MRI features mimicking demyelinating disease, cardiomyopathy, and even an association with renal dysplasia and
moyamoya disease in a 4-year-old child.6,9–12 Recently, a girl was
reported with mild neurologic phenotype at age 7 years and
involvement of the visual pathways starting at the age of 18
years.13 MTFMT-patients with adolescent-onset symptoms are
rare. They have developmental delay already present in childhood, slight intellectual disability, and behavioral problems.6,14
In the proband, molecular workup by WES and in silico
analysis of the genes involved in mitochondrial transcription
and translation revealed a homozygous missense mutation
(c.626C>T, p.(Ser209Leu)) in the gene encoding MTFMT.
This mutation is predicted to eliminate 2 overlapping exonic
splicing enhancers (GTCAA and TCAAGA) and to generate
an exonic splicing suppressor (GTTGTT) causing loss of
function through altered splicing, leading to skipping of exon
4 and introduction of a premature stop codon resulting in
truncation of the protein (p.Arg181Serfs*5) as reported
earlier.4,15 The c.626C>T variant is present in the heterozygous state in 0.1% of the European population, making it
a strong candidate gene for patients presenting with LS in
combination with combined OXPHOS deﬁciencies involving
complexes I and IV.6
The clinical course of LS in the proband initially seemed to be
self-limiting and benign. Of interest, the proband developed
an extrapyramidal syndrome within 2 years after onset of LS
characterized by symmetrical parkinsonism signs with limited
levodopa responsiveness, distinguishing it from classical
4
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Parkinson disease (PD). Parkinsonian symptoms in MTFMTdeﬁcient patients have not been reported so far. In most of the
cases with adult-onset LS, EPS were limited to dystonia.16 In
only 1 report, extrapyramidal rigidity was described in an adult
with LS. However, the molecular defect was not speciﬁed.17 In
the reported participant, EPS developed after stabilization of
the symptoms attributed to LS, as was the case in the proband
reported here. Juvenile parkinsonism with beneﬁcial eﬀect of
treatment with levodopa was reported in an adolescent with
Leigh-like phenotype caused by a point mutation in the mitochondrial tRNAIle (m.4296G>A).18
To evaluate the dopaminergic system in the proband, FP-CIT
SPECT and C-11 raclopride PET were performed. Symmetrical decreased density of presynaptic dopamine transporter terminals with bilaterally reduced FP-CIT binding was
found. C-11 raclopride PET labeling of dopamine D2
receptors showed severe bilateral neostriatal reduction of
C-11 raclopride, revealing postsynaptic dopaminergic impairment. This result is similar to that seen in the atypical
parkinsonian syndromes, such as multiple system atrophy or
progressive supranuclear palsy.19
Limited evidence on dopamine transport imaging in LS is
available. A study on 123I-FP-CIT striatal binding in 14
patients (age 35–69 years, median 48 years) with mitochondrial disorders and complex I deﬁciency failed to demonstrate
dopaminergic cell loss. However, none of these patients suffered from LS or showed clear signs of parkinsonism.20 In the
participant reported here, cystic lesions in the neostriatum
reﬂecting basal ganglia degeneration caused by mitochondrial
dysfunction are likely to be involved in EPS. Of interest,
a recent study on the etiologic role of epigenetic inﬂuences in
PD showed a role of several microRNAs involved in a network
of genes associated with PD. It was shown that the expression
Neurology.org/NG

of MTFMT (inﬂuenced by miR-488) was downregulated in
the cingulate gyrus of patients with PD as compared to
healthy controls. Dysregulation of 1 or more of the genes in
the PD-genetic network, including MTFMT, might interfere
with extrapyramidal neuronal integrity and function.21 The
ﬁndings in the participant described here provide additional
clinical evidence for the hypothesis that MTFMT is involved
in PD-related genetic network and that MTFMT dysregulation might be an etiologic factor in parkinsonism.
We cannot rule out that the older age of the proband as
compared to other reported patients may have played a role in
the development of atypical parkinsonism. At present, it is
unclear whether parkinsonism is part of the MTFMT phenotype. Natural history data on patients with MTFMT
mutations and advanced age are lacking. Our data suggest that
dopaminergic neurons in patients with LS caused by pathogenic MTFMT mutations may be more susceptible to PD
because of the impaired OXPHOS system, ultimately leading
to a clinically signiﬁcant extrapyramidal syndrome.
Adult-onset LS can be seen in patients with c.626C>T
mutation in MTFMT. We showed that the aﬀected patient
had a defect in the dopaminergic system associated with
atypical parkinsonism. Further research on the natural history
of patients with pathogenic MTFMT mutations is needed to
clarify the full clinical spectrum and underlying physiopathologic mechanisms.
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Sinha A, Köhrer C, Weber MH, et al. Biochemical characterization of pathogenic
mutations in human mitochondrial methionyl-tRNA formultransferase. J Biol Chem
2014;289:32729–32741.
Finsterer J. Leigh and Leigh-like syndrome in children and adults. Pediatr Neurol
2008;39:223–235.
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Spinocerebellar ataxia type 2 (SCA2), an autosomal dominant cerebellar disorder belonging to
the polyglutamine (polyQ) diseases, is characterized by progressive ataxia, slow saccadic eye
movement, hyporeﬂexia, peripheral neuropathy, and pyramidal and extrapyramidal signs.1 The
cause of SCA2 is a CAG repeat expansion, sometimes interrupted by CAA within, in ATXN2 on
chromosome 12q24.2,3 Previous reports have shown that the presence of 33 or more heterozygous trinucleotide repeats is pathogenic, whereas 14 to 31 repeats is normal.3,4 We report
a case of late-onset SCA2 with homozygous alleles of 31 trinucleotide repeats in ATXN2.

Case report
An 80-year-old woman visited our hospital with a 1-year history of slowly progressive gait
disturbance. There was no family history of cerebellar ataxia, although her sister was diagnosed
with amyotrophic lateral sclerosis (ALS) at 68 years of age and died of respiratory failure at
72 years (ﬁgure, A). Our patient had no history of excessive alcohol drinking. Neurologic
examination ﬁndings showed normal eye movement, mild dysarthria, hyporeﬂexia of the bilateral patellar and Achilles tendons, ataxia of the lower extremities, unstable standing without
aid, and a wide-based ataxic gait. A cognitive examination was normal, with a Mini-Mental State
Examination score of 30/30. Blood test results, including thyroid function, albumin, lipids,
vitamin E, tumor markers, and CSF analysis were normal. Cranial MRI revealed bilateral
cerebellar atrophy, while N-isopropyl-p-(iodine-123)-iodoamphetamine SPECT showed
hypoperfusion of the brainstem and bilateral cerebellar hemispheres (ﬁgure, B). Nerve conduction study and electromyogram ﬁndings were normal.
After obtaining informed consent, genomic DNA was extracted from leukocytes. First, we ampliﬁed the region containing the trinucleotide repeats in ATXN2 using the primer pair SCA2-A
(59-GGGCCCCTCACCATGTCG-39) and SCA2-B (59-CGGGCTTGCGGACATTGG-39)
and found a single amplicon slightly larger than a normal 22 trinucleotide repeat length (ﬁgure,
C). Other genes for SCAs, including SCA1, 3, and 6, and DRPLA were normal (data not
shown). Next, Sanger sequencing for the ATXN2 repeat region was performed, which demonstrated homozygous (CAG)13CAA(CAG)8CAA(CAG)8, a total of 31 trinucleotide repeats,
and a chromatogram without overlap by another repeat length (ﬁgure, D). Finally, we applied
whole exome sequencing to exclude other genetic causes of ataxia (table e-1, links.lww.com/
NXG/A111) and found no causative mutation among the candidate genes except the homozygous expansion of trinucleotide repeats in ATXN2 (e-methods, links.lww.com/NXG/A114
and table e-2, links.lww.com/NXG/A112).
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Figure Pedigree, neuroimaging, and gene analysis

(A) Family pedigree. (B) Upper. MRI showing atrophy of the cerebellar hemispheres. Lower. N-isopropyl-p-(iodine-123)-iodoamphetamine SPECT showing
hypoperfusion in the brainstem and cerebellar hemispheres. (C) Analysis of PCR-amplified products containing CAG repeats in ATXN2. Plus (+) and minus (−)
indicate positive and negative controls, respectively. Pt indicates sample from the present index case. (D) DNA sequence analysis of CAG repeats in ATXN2 of
the present index case. Arrowheads indicate continuation. Chromatograms in both directions are shown. That in the upper portion is sequence analysis in the
39 > 59 direction, while that in the lower portion is the opposite, demonstrating homozygous (CAG)13CAA(CAG)8CAA(CAG)8. ALS = amyotrophic lateral sclerosis.

Discussion
Polyglutamine (polyQ) diseases are neurodegenerative disorders caused by the expansion of a trinucleotide (CAG)
repeat, which is translated into an abnormally elongated
glutamine (Q) tract in the respective mutant proteins. There
are 9 known polyQ diseases, including 6 diﬀerent spinocerebellar ataxias (SCA1, 2, 3, 6, 7, 17), dentatorubralpallidoluysian atrophy, Huntington’s disease, and spinal and
bulbar muscular atrophy. All except for SBMA are inherited in
an autosomal dominant manner, and each has its own normal,
intermediate, and expanded trinucleotide repeat sizes. While
there are several reports of cases homozygous for expanded
trinucleotide repeat size, cases homozygous for intermediate
trinucleotide repeat size are rare.5 Furthermore, there is no
report of a homozygous normal trinucleotide repeat as causative of disease.
The present clinical ﬁndings were consistent with early stage
SCA2, and laboratory and gene analysis results ruled out other
diseases presenting cerebellar ataxia. Although parental consanguinity of this index case is not clear, the parents may share
2
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a common ancestor for 2 reasons: one is that both originated
from an isolated area of Okayama Prefecture in Japan, and the
other is that the genomic region containing ATXN2 was
a homozygous segment suggesting autozygosity (table e-3,
links.lww.com/NXG/A113). The sister of the patient with
ALS may reﬂect the association of an intermediate expansion
of the trinucleotide repeat in ATXN2 and ALS.6
As for the trinucleotide repeat length in ATXN2, 33 repeats
are pathogenic (i.e., fully penetrant) and 32 in a homozygous
state have been associated with very late-onset cerebellar
ataxia, although clinical information has not been published.6
Cerebellar ataxia is never caused by 31 repeats in a heterozygous state. Therefore, the present case is important because it
shows that a 31 trinucleotide repeat length in ATXN2 in
a homozygous state is pathogenic. A pathogenic eﬀect of
a homozygous intermediate trinucleotide repeat in SCA6,
another polyQ disease, has been demonstrated.5 Taken together, in polyQ disease, an intermediate trinucleotide repeat
length in a homozygous state has the potential to cause disease because of a gene dosage eﬀect, although the repeat is not
necessarily pathogenic in a heterozygous state.
Neurology.org/NG

One available mechanism-based treatment for patients with
polyQ disease is reducing the levels of toxic disease-gene
products by antisense oligonucleotides, short hairpin RNAs,
or miRNAs.7 The present case suggests that in polyQ diseases
with an intermediate to hopefully mildly expanded trinucleotide repeat length, the reduction of polyQ proteins by
;50% should substantially mitigate the eﬀects of the disease.
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Andersen-Tawil syndrome is an autosomal dominant potassium channelopathy characterized
by episodic ﬂaccid muscle weakness (periodic paralysis), cardiac abnormalities (ventricular
arrhythmias, prolonged QT interval, and prominent U waves), and characteristic skeletal
features (low set ears, ocular hypertelorism, small mandible, ﬁfth digit clinodactyly, syndactyly,
short stature, scoliosis, and broad forehead).1 Mutations in the KCNJ2 gene on chromosome
17q23 are found in about 60% of the patients with Andersen-Tawil syndrome.2 In the absence
of a genetic change in KCNJ2, diagnosis of Andersen-Tawil syndrome is established by the
presence of well-deﬁned clinical ﬁndings. The distinctive clinical triad of Andersen-Tawil
syndrome is present in 60%–80% of patients with KCNJ2 mutations.1,2 KCNJ2 encodes the
pore-forming subunit of an inward-rectifying potassium channel protein, Kir2.1, helping in
skeletal and cardiac muscle resting membrane potential stabilization. Mutations in this gene
cause loss of function and dominant-negative suppression eﬀects on the Kir2.1 protein, leading
to disruption of the cardiac and skeletal muscle excitability.2,3 KCNJ2 mutations in AndersenTawil syndrome aﬀect multiple tissues and results in a wide phenotypic variability causing
diagnostic diﬃculties and delay.2 We describe the varied clinical characteristics of AndersenTawil syndrome in a Caucasian family (mother and her 2 daughters) with a rare missense
mutation in KCNJ2.
The 42-year-old mother presented with a 15-year history of episodes of periodic paralysis
aﬀecting her upper or lower extremities. In the absence of a clear diagnosis, she was treated
with systemic steroids on multiple occasions for presumed polymyositis. At the age of
34 years, during the ﬁrst trimester of her ﬁrst pregnancy, she had an episode of paralysis
associated with hypokalemia. The weakness recovered after potassium supplementation.
Her 7-year-old daughter has episodic muscle weakness, cardiac involvement with premature ventricular contractions and prominent U wave, and distinctive skeletal features while
the younger daughter has only skeletal features. Both daughters had normal birth and
development. The clinical features of our patients are described in the ﬁgure. Targeted
sequencing of the KCNJ2 gene showed a heterozygous missense mutation (c. 575C>T;
p.Thr192Ile) in exon 2 in the mother and both daughters. The testing was based on
identiﬁcation of the same mutation in mother’s 21-year-old niece who was noted to have
prolonged QT interval during an evaluation for syncope. She also has short toes and
syndactyly, but no reported episodic weakness. The mother’s brother, an obligate carrier, is
asymptomatic.
The missense mutation of p.Thr192Ile found in our patients was previously reported in
a single Taiwanese family with Andersen-Tawil syndrome.4 The proband was a 35-year-old
woman with typical clinical triad of Andersen-Tawil syndrome and ﬁxed extremity and
truncal weakness. In addition, she was also noted to have pyramidal tract signs and major
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Figure Clinical features and pedigree of patients

(A) Clinical features of patients. aLow dose extended release potassium due to history of daily muscle weakness; prophylactic acetazolamide in the perimenstrual period as menstruation is a trigger for periodic paralysis in her. (B) Pedigree of patients. Black symbols denote family members affected with
Andersen-Tawil syndrome with genetic confirmation. Patients described in this report are indicated by arrows.
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depression. Her 8-year-old son, who was also aﬀected with
Andersen-Tawil syndrome with long-QT syndrome and
characteristic skeletal features, was identiﬁed to have learning disability. Authors of the study postulated that the
atypical neuropsychiatric features noted in this family expand the phenotype of Andersen-Tawil syndrome.4 Such
clinical features (pyramidal tract signs, depression, cognitive
delay, and learning disability) were not noted in our patients.
The pathogenicity of the mutation p.Thr192Ile remains unproven in vitro. This missense mutation causes replacement
of the amino acid threonine by isoleucine at codon 192. The
amino acid substitution is predicted to be “probably damaging” by the polymorphism phenotyping tool (Polyphen-2).5
The p.Thr192 residue is located in the highly conserved region of the C-terminal intracellular domain of the Kir2.1
protein emphasizing its importance during evolution.4–6
Moreover, replacement of threonine at this position by another amino acid alanine (p.Thr192Ala) has been reported to
be causative for Andersen-Tawil syndrome.6,7 We speculate
that the heterozygous missense mutation aﬀecting this highly
conserved region is associated with the Andersen-Tawil syndrome phenotype in our patients. The kindred described in
this report and the kindred that was previously described4
provide clinical evidence for pathogenicity of this rare missense mutation in KCNJ2. In addition, our kindred demonstrated the wide intra-familial variability in penetrance of the
clinical triad seen in Andersen-Tawil syndrome.

subtle clinical and characteristic electrocardiographic features
can help with early recognition and treatment.
Study funding
No targeted funding reported.
Disclosure
R. Deeb and A. Veerapandiyan report no disclosures. R. Tawil
has served on scientiﬁc advisory boards for Fulcrum Therapeutics and Acceleron Pharma; serves on the editorial board
of the Journal of Neuromuscular Diseases; receives publishing
royalties from Wiley-Blackwell; has been a consultant for
Acceleron; and has received research support from Fulcrum
Therapeutics, NIH, and the FSH Society. S. Treidler reports
no disclosures. Full disclosure form information provided by
the authors is available with the full text of this article at
Neurology.org/NG.
Received July 10, 2018. Accepted in ﬁnal form September 25, 2018.

References
1.

Veerapandiyan A, Statland JM, Tawil R. Andersen-tawil syndrome. In: Adam MP,
Ardinger HH, Pagon RA, et al, editors. GeneReviews®. Seattle, WA: University of
Washington; 1993.
Statland JM, Fontaine B, Hanna MG, et al. Review of the diagnosis and treatment of
periodic paralysis. Muscle Nerve 2018;57:522–530.
Plaster NM, Tawil R, Tristani-Firouzi M, et al. Mutations in Kir2.1 cause the developmental
and episodic electrical phenotypes of Andersen’s syndrome. Cell 2001;105:511–519.
Chan HF, Chen ML, Su JJ, Ko LC, Lin CH, Wu RM. A novel neuropsychiatric
phenotype of KCNJ2 mutation in one Taiwanese family with Andersen-Tawil syndrome. J Hum Genet 2010;55:186–188.
Adzhubei IA, Schmidt S, Peshkin L, et al. A method and server for predicting damaging missense mutations. Nat Methods 2010;7:248–249.
Haruna Y, Kobori A, Makiyama T, et al. Genotype-phenotype correlations of KCNJ2
mutations in Japanese patients with Andersen-Tawil syndrome. Hum Mutat 2007;28:208.
Soom M, Schonherr R, Kubo Y, Kirsch C, Klinger R, Heinemann SH. Multiple PIP2
binding sites in Kir2.1 inwardly rectifying potassium channels. FEBS Lett 2001;490:
49–53.

2.
3.
4.

5.
6.

We suggest that physicians should be aware of this rare clinical
entity and its high phenotypic variability even within a family
while evaluating patients with transient muscle weakness. The

7.

Appendix 1 Author contributions
Name

Location

Role

Contribution

Reem Deeb, MD

SUNY Downstate Medical Center, New York

Author

Drafting and revising the manuscript

Aravindhan Veerapandiyan,
MBBS

University of Rochester Medical Center, New York

Author

Study concept and revising the manuscript

Rabi Tawil, MD

University of Rochester Medical Center, New York

Author

Study concept and revising the manuscript

Simona Treidler, MD

Stony Brook School of Medicine, New York

Author

Study concept, drafting, and revising the manuscript

Neurology.org/NG

Neurology: Genetics | Volume 4, Number 6 | December 2018

3

CLINICAL/SCIENTIFIC NOTES

OPEN ACCESS

A tropomyosin-receptor kinase-fused gene mutation
associates with vacuolar myopathy
Nicolas N. Madigan, MB BCh, PhD, Jennifer A. Tracy, MD, William J. Litchy, MD, Zhiyv Niu, PhD,
Chunhua Chen, PhD, Kun Ling, PhD, and Margherita Milone, MD, PhD

Correspondence
Dr. Milone
milone.margherita@mayo.edu

Neurol Genet 2018;4:e287. doi:10.1212/NXG.0000000000000287

A 44-year-old Caucasian man presented with a 7-year history of upper and lower limb muscle
fasciculations and cramps, progressive asymmetric weakness, muscle atrophy, and lengthdependent sensory loss. His parents (deceased), 3 older siblings, and 3 children had no
history of neurologic symptoms, including weakness and sensory symptoms, with the exception of cramps in the mother. He was not taking any medication known to cause neuropathy or myopathy. On examination, there was right greater than left shoulder girdle
muscle weakness and atrophy (Medical Research Council grades 3/5 and 4/5), intrinsic left
hand muscle weakness (4+/5) with atrophy, asymmetric pelvic girdle (4/5 right, 3/5 left),
and left foot dorsiﬂexor weakness (4+/5). Strength of neck ﬂexor and extensors, and axial
muscles, was normal. He had bilateral calf muscle atrophy and weakness as suggested by his
inability to stand on toes (ﬁgure, A–C). He was areﬂexic. Sensory examination revealed distal
vibration and pinprick deﬁcits in the upper and lower limbs in a length-dependent fashion. He
had bilateral pes cavus.
Serial measurements of serum creatine kinase ranged between 840 and 2,400 U/L (normal
<336 U/L) over the preceding 4 years. MRI revealed thigh muscle atrophy (ﬁgure, D).
Neurophysiologic studies demonstrated reduced motor conduction amplitudes and diﬀuse
ﬁbrillation and fasciculation potentials with large motor unit potentials suggestive of a motor
neuronopathy. No small motor unit potentials were recorded. Sensory nerve action potentials
were absent in the upper and lower limbs.
A muscle biopsy of the quadriceps, performed a year prior to presentation in our clinic, showed
mixed neurogenic and myopathic changes with several ﬁbers containing rimmed and nonrimmed vacuoles, and perivascular inﬂammation (ﬁgure, E–J). Targeted next generation exome
sequencing (NGS) of 95 genes associated with hereditary neuropathy and motor neuron
disease detected a known pathogenic heterozygous missense variant in exon 8 (c.854C>T,
p.Pro285Leu) of the tropomyosin-receptor kinase-fused gene (TFG), located within a carboxyterminal proline-glutamine (P/Q)-rich domain. NGS of 104 genes associated with myopathies
(appendix e-1, links.lww.com/NXG/A118), including myopathies with rimmed vacuoles,
revealed no pathogenic variants. Living relatives declined genetic testing.

Discussion
Our patient presented with a classic clinical phenotype and a known pathologic genotype caused
by a heterozygous TFG mutation, along with novel histologic evidence of vacuolar myopathy.
TFG mutations were ﬁrst identiﬁed in Okinawa and Kansai prefecture patients with autosomal
dominant hereditary motor and sensory neuropathy (HMSN-P) manifesting with proximal
weakness and distal sensory loss.1 Two of these kindreds carried the same TFG mutation detected
in our patient. Limited muscle pathologic ﬁndings showing neurogenic changes (ﬁber type
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1

Figure Clinical, radiologic, and histopathologic findings

Patient photographs depicting pectoralis and biceps brachii atrophy (A), asymmetric quadriceps atrophy (B, arrow), anterior lower limb (B), and calf
muscle atrophy (C). Muscle MRI (D) showing diffuse thigh muscle atrophy, greatest in the hamstring (open triangles) and vastus lateralis (solid triangles)
muscles, bilaterally. Quadriceps muscle biopsy showing (E, F, and H, hematoxylin-eosin) muscle fiber size variability ranging from 15 to 160 μm, groups of
atrophic fibers, fiber splitting and internalized nuclei (E, arrows), few fibers with multiple small non-rimmed vacuoles (E, asterisks, representative fiber),
and increased perimysial fibrous and fatty connective tissue; rimmed vacuoles (F, arrow, representative fiber), which were also observed in modified
Gomori trichrome staining (G, asterisk, fiber with rimmed vacuoles). Congo red-stained sections viewed under rhodamine optics revealed no congophilic
deposits (data not shown). Regenerating (H, arrow head) and necrotic (H, asterisk) fibers and foci of perivascular inflammatory reactions (H, arrow) were
seen in some regions of the sections (hematoxylin-eosin). Immunocytochemical studies characterized the perivascular inflammatory cells as CD45+ (I);
invasion of non-necrotic muscle fibers by inflammatory cells was not observed. ATPase reacted section (pH 4.6) showed extensive grouping of the type 1
and type 2A fibers in several fascicles (J), where the darkest fibers are type 1 and lightest fibers are type 2A, suggestive of reinnervation; the atrophic fibers
were of either histochemical type.

grouping) have been reported to date. Pathologic studies later
demonstrated that HMSN-P is a motor neuronopathy with an
associated sensory axonopathy.2 TFG-immunopositive inclusions in both sensory and motor neurons suggested pathologic
2
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similarities with other neurodegenerative diseases including
amyotrophic lateral sclerosis (ALS).1,2 TFG-related neurologic
disorders are now known to encompass a spectrum of phenotypes that includes autosomal dominant Charcot-MarieNeurology.org/NG

Tooth disease type 2 (CMT2) and autosomal recessive hereditary spastic paraplegia.3
TFG protein is ubiquitously expressed in a variety of tissues, including normal muscle (data not shown). TFG
functions primarily as a chaperone for vesicle traﬃcking of
unfolded and misfolded proteins through the endoplasmic
reticulum and into the ubiquitin-proteasome system
(UPS). The P/Q domain in TFG speciﬁcally regulates the
interaction with the UPS, and the TFG p.Pro285Leu variant has been shown to damage the protein quality control
system.4 This could lead to accumulation of abnormal
proteins in motor neurons as well as in muscle. Variants in
heat shock proteins 22 (HSBP8) and 27 (HSPB1),5 which
are also protein chaperones, have been associated with
CMT2, motor neuronopathy, and vacuolar myopathy.
Variants in valosin-containing protein (VCP), another
protein involved in ubiquitin-dependent protein degradation, lead to a similar phenotypic spectrum.6
Low-complexity protein domains enriched for glutamine
repeats, with proline (P/Q) and asparagine (N/Q), are also
found in prions and are implicated in several degenerative
neuromuscular disease models of DNA, RNA, and protein
processing that result in cytoplasmic inclusions and templated protein propagation.7 The p.Glu384Lys mutation in
TIA1 cytotoxic granule-associated RNA binding protein, for
example, occurs directly within a glutamine-rich prion-related
domain and causes distal myopathy with rimmed vacuoles,
while an adjacent mutation (pPro362Leu) in the same low
complexity domain has been reported in a kindred with
ALS. Mutations in prion-like domains in hnRNPA2B1 and
hnRNPA1 associate with vacuolar myopathy and motor neuron disease. Mutations in matrin-3, another RNA binding
protein involved in stress granule formation, also lead to
myopathy with rimmed vacuoles and ALS. TFG therefore
extends the list of genes associating with vacuolar myopathy,
motor neuron disease, and neuropathy.

Neurology.org/NG
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Transmembrane protein 106B (TMEM106B; NM_001134232) was recently identiﬁed as a gene
responsible for a form of hypomyelinating leukodystrophy (HLD).1,2 All 5 cases identiﬁed to
date carry the identical c.754 G > A, (p.Asp252Asn) mutation.1,2 Although the exact function
is unknown,3 studies of TMEM106B in the context of frontotemporal lobar degeneration
with 43-kD TAR DNA-binding protein (TDP-43) pathology (FTLD-TDP) indicate that
TMEM106B likely acts as a lysosomal regulator and can modify risk for FTLD-TDP.4 However, the molecular eﬀects of the (p.Asp252Asn) substitution have not yet been reported for
TMEM106B-associated HLD. The HLDs are heterogeneous conditions, with the known disease
genes playing roles in myelin sheath structure (e.g., PLP1) and other cellular functions that are
not oligodendrocyte speciﬁc, including protein translation, molecular chaperoning, and cytoskeletal regulation.5 We set out to assess if this recurrent TMEM106B substitution was aﬀecting
lysosome biology or had an alternate role underlying the HLD pathogenesis. Implication of
lysosome biology in HLD provides exciting new advances in our understanding of the molecular
underpinnings of this condition and the complexities of neurodevelopment.

Functional analysis
Using patient-derived ﬁbroblasts (patient 4),1 we assessed TMEM106B messenger RNA
(mRNA) and protein levels and found that these were unaltered in patient cells compared with
controls (ﬁgure, A). TMEM106B has been shown to aﬀect lysosome number, morphology, and
acidiﬁcation.4,6 LAMP1 staining, which marks lysosomes, showed an increase in the number of
lysosomes in patient ﬁbroblasts compared with controls, although the average size of the lysosome
remained unchanged (ﬁgure, B). Staining with a pH-sensitive ﬂuorescent dye showed that despite
the increased number of lysosomes, a substantial decrease in the number of lysotracker-positive
foci was observed, indicating that patient lysosomes show impaired acidiﬁcation (ﬁgure, B).
Impairment in lysosomal acidiﬁcation can aﬀect the processing and function of lysosomal
enzymes. Therefore, we next examined the levels of cathepsin B, cathepsin L, and dipeptidyl
peptidase VII (DPP7) as these are lysosomal proteases previously shown to be decreased in
Tmem106b null mice.6 The (p.Asp252Asn) variant results in a decrease in the mature form of
cathepsin B protein and, importantly, a concomitant decrease in the activity levels of this
enzyme in patient cells (ﬁgure, C and D). This reduction is predicted to not only aﬀect the
degradation of cathepsin B protein substrates but also the regulation of the T-cell transcription
factor (TFEB).7 As cathepsin B suppresses lysosomal number in a TFEB-dependent manner,7
it is likely that the reduction in cathepsin B activity contributes to the increased lysosome
number observed. Patient cells also displayed an accumulation of both intermediate and mature
forms of cathepsin L and no change in DPP7 levels (ﬁgure, C, data not shown). Taken together,
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1

Figure Lysosome dysfunction observed in patient-derived fibroblasts with the TMEM106B p.Asp252Asn substitution

(A) Control and patient fibroblasts had comparable levels of both mRNA and TMEM106B protein when examined by real-time quantitative PCR and western
blot analysis, respectively (p > 0.05, 2-tailed Student’s t-test). (B) An increase in the lysosome-specific marker LAMP1 was observed in patient cells by both
Western blot analysis and immunofluorescent staining (p < 0.001, 2-tailed Student’s t-test). (A substantial decrease was observed in the number of lysotrackerpositive spots in the patient cells by immunofluorescence; p < 0.001, 2-tailed Student’s t-test.) For immunofluorescent studies, fibroblast images were
collected from 10 wells per sample from 3 independent experiments using the Opera High Content Screening System (Perkin Elmer) and analyzed using
Columbus software. Scale bars represent 10 μm. Three control fibroblast cell lines were used for these studies. (C) Western blot analyses showed an
accumulation of the intermediate forms of both cathepsin B and cathepsin L, but accumulation of only the mature form of cathepsin L in patient fibroblasts.
The mature form of cathepsin B is not detectable by Western blot analysis in patient cells. (D) A fluorescence-based enzyme assay shows reduction in the
activity of cathepsin B in affected fibroblasts (p < 0.05, 1-way analysis of variance, Bonferroni post-test).

these results show that the (p.Asp252Asn) substitution aﬀects
multiple aspects of lysosome biology.

Discussion
TMEM106B is a structural component of the lysosomal
membrane and, importantly, plays a role in lysosome acidiﬁcation.6 The acidity of the lysosome is important to mediate
multiple aspects of lysosomal function, including maintaining
active lysosome enzymes, directing the maturation of endosomes, and maintaining intralysosomal calcium levels.8
2
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Therefore, impaired acidiﬁcation in our patient cells is predicted to have noteworthy implications for lysosome function.
Lysosomes are required for the generation of myelin during
the development of the CNS. Notably, this includes traﬃcking of PLP1 protein, the main component of myelin, from the
late endosome/lysosome to the cell membrane for exocytosis
in oligodendrocytes.8 In addition, disruption of endosomelysosome biogenesis caused by mutations in another
lysosomal-associated gene, vacuolar protein sorting 11, causes
another form of HLD.5 Tmem106b null mice are phenotypically normal, and numerous loss-of-function variants in
TMEM106B are reported in the gnomAD database,
Neurology.org/NG

supporting a non-haploinsuﬃciency mechanism underlying
TMEM106B-related HLD. Further studies are required to elucidate the speciﬁc dominant negative or gain-of-function eﬀect
of the (p.Asp252Asn) mutation that results in decreased lysosomal acidiﬁcation. Also, potential eﬀects on other HLD-related
proteins, such as PLP1, which would have direct consequences
on myelin formation need to be examined. We appreciate that
these experiments are based on a sample from a single individual
and that additional studies from other (p.Asp252Asn)-positive
individuals are necessary to conﬁrm these ﬁndings. Nevertheless,
this report provides an important ﬁrst step in deﬁning the role of
TMEM106B in lysosome function in HLD. TMEM106B now
joins the catalogue of essential lysosomal proteins implicated in
human neurologic disease.

Author contributions
Y. Ito: study concept and design, acquisition, analysis, and interpretation of data, and manuscript preparation. T. Hartley:
critical revision of manuscript for intellectual content. S. Baird:
acquisition of data and critical revision of manuscript for intellectual content. S. Venkateswaran: critical revision of manuscript for intellectual content. C. Simons: critical revision of
manuscript for intellectual content. N.I. Wolf: critical revision
of manuscript for intellectual content. K.M. Boycott: critical
revision of manuscript for intellectual content. D.A. Dyment:
analysis and interpretation of data, manuscript preparation, and
study supervision. K.D. Kernohan: analysis and interpretation
of data, manuscript preparation, and study supervision.

Study funding
This work was performed under the Care4Rare Canada Consortium funded by Genome Canada, the Canadian Institutes of
Health Research, the Ontario Genomics Institute, Ontario
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CORRECTION

Novel genotype-phenotype and MRI correlations in a large cohort of
patients with SPG7 mutations
Neurol Genet 2018;4:e300. doi:10.1212/NXG.0000000000000300

In the article, “Novel genotype-phenotype and MRI correlations in a large cohort of patients
with SPG7 mutations” by Hewamadduma, et al.1, ﬁrst published online on October 24, 2018,
the email address for the corresponding author should read as c.hewamadduma@nhs.net. The
authors regret the error.
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