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DPP6 IS ASSOCIATED WITH SUSCEPTIBILITY TO
PROGRESSIVE SPINAL MUSCULAR ATROPHY
Progressive spinal muscular atrophy (PMA) is a dis-
order characterized by loss of lower motor neurons
resulting in progressive muscle weakness. It has been
debated whether PMA is a distinct disease entity or
should be considered a subtype of amyotrophic lat-
eral sclerosis (ALS). PMA can progress to ALS and
the disease course of PMA can be equally relentless,
with death due to respiratory failure within 3 years.1

Familiar patients with ALS with mutations in SOD1
can lack UMN signs. Furthermore, pathologic stud-
ies of PMA have shown involvement of the cortico-
spinal tract and ubiquinated inclusions, as also
observed in ALS.

Sporadic ALS and PMA are complex diseases,
with environmental and genetic factors contributing
to disease susceptibility. Mutations in ALS cases have
been found in SOD1, ANG, and TDP-43. However,
in the majority of cases the genetic background of
sporadic ALS is unknown. Over the last 2 years, sev-
eral genome-wide association studies (GWAS) have
been performed in ALS and have highlighted the dis-
covery of three novel candidate genes, including
DPP6.2 This association has now been replicated
twice by independent studies.3,4

Considering the clinical and pathologic overlap
between ALS and PMA, we investigated the hypoth-
esis that genetic variation in DPP6 may be a risk
factor for PMA.

Methods. A total of 155 patients with PMA and
806 healthy controls were included in this study. All
participants provided informed consent and the
study was approved by the local ethics committee.
Baseline characteristics are provided in the (table).

Patients were diagnosed at the UMC Utrecht by
experienced neurologists. All patients were above 18
years of age at onset and had no family history of
motor neuron disease. All patients had clinical and
electrophysiologic evidence of progressive LMN in-
volvement (weakness, atrophy, and fasciculations) in
more than one region (bulbar, cervical, thoracic, and
lumbosacral) according to the 1998 revised El Esco-
rial criteria.5,6 Diagnosis was made after all other pos-
sible causes for symptoms had been excluded as

described previously.1 Details are provided in
appendix e-1 on the Neurology® Web site at www.
neurology.org.

Controls were individuals accompanying patients
to our clinic and healthy individuals who enrolled in
a prospective population-based study on ALS in The
Netherlands (as described previously).2 Details on
genotyping procedures are provided in appendix e-1.
Association analyses were performed using a �2 test
on basic allele counts and under different models us-
ing the statistical analysis program PLINK.

Results. A �2 test on basic allele counts demon-
strated a significant association between susceptibil-
ity to PMA and the C-allele of rs10260404 with p �

0.03 with odds ratio (OR) 1.30 (95% confidence
interval [CI]: 1.02–1.60) (table). Further statistical
analyses under different models revealed significant
association for the genotypic (p � 0.013), recessive
models (0.003), and the Cochran-Armitage trend
test (p � 0.032). The highest disease risk was ob-
served under a recessive model with an OR of 2.17
(95% CI: 1.42–3.31) for individuals with the CC
genotype. Detailed results are shown in table e-1.

Discussion. A recent GWAS and subsequent inde-
pendent studies have demonstrated that rs10260404
is a risk factor for ALS (pooled analysis p � 9.89 �

10�11 with an OR of 1.32).2-4 Considering the clini-
cal and pathologic overlap between PMA and ALS,
we explored the possibility that the same genetic fac-
tors may influence susceptibility. We genotyped
rs10260404 in 155 patients with PMA and 806
healthy controls. This revealed an association be-
tween the C-allele and susceptibility to PMA with a
p value of 0.034. The observed minor allele fre-
quency in the PMA group and the effect size are
comparable to the findings in ALS. The identifica-
tion of a common genetic risk factor for ALS and
PMA, as well as the fact that 70% of patients with
PMA develop ALS after 6 years and pathologic stud-
ies have shown corticospinal tract involvement in
68% of patients with PMA with ubiquinated inclu-
sions, suggest that ALS and PMA may be strongly
related or one disease. Our current data do not allow
us to investigate the possibility that rs10260404

Supplemental data at
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might be predictive for conversion of PMA to ALS, as
all patients who did develop ALS after years of exclu-
sively lower motor neuron dysfunction were excluded.

rs10260404 is located in intron 3 of dipeptidyl-
peptidase-like protein 6, which is expressed predom-
inantly in the nervous system. DPP6 affects the
expression and gating of Kv4.2 channels, which play
a role in the regulation of neurotransmitter release
and neuronal excitability in the glutamatergic syn-
apse.7 This raises the intriguing possibility that DPP6
is involved in excitotoxicity, which is regarded as one
the main processes in ALS pathogenesis. The replica-

tion of the association between DPP6 and motor
neuron disease makes it a novel molecular target for
functional studies in these devastating diseases.
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GLUCOCEREBROSIDASE MUTATIONS IN 108
NEUROPATHOLOGICALLY CONFIRMED CASES OF
MULTIPLE SYSTEM ATROPHY

Parkinson disease (PD), Lewy body dementia (LBD),
and multiple system atrophy (MSA) are synucleinopa-
thies whose primary pathogenic event is the deposition
of inclusions composed of aberrantly fibrillized
�-synuclein.1 In PD and LBD, Lewy bodies are the key
aggregate, whereas in MSA, �-synuclein accumulates in
the form of oligodendroglial and neuronal cytoplasmic
inclusions (GCIs and NCIs).2,3

Parkinsonian manifestations have been noted in a
subset of patients with Gaucher disease and there is evi-

dence that parkinsonism is more frequent among carrier
relatives of patients with Gaucher disease.4 In a remark-
able study, the glucocerebrosidase (GBA) gene was se-
quenced in an American PD brain bank series where
GBA mutations were detected at a much higher fre-
quently than in controls (PD 21% vs control 4.5%).5

These findings have since been replicated, mainly in
Ashkenazi patient groups who have a higher mutation
frequency but also in patients with clinically and patho-
logically diagnosed PD and LBD in a number of studies
in different populations.4 In a study of 75 neuropatho-
logically confirmed synucleinopathies, GBA mutations
were found in 23% of the cases with Lewy bodies.6 The

Table Baseline characteristics of the studied populations and the results
from association analyses for rs10260404

No.
Male/
female, %

Mean
age, y

Allele
frequency, %

p Value OR (95% CI)C T

PMA 155 69/31 58 43.4 56.6 0.034 1.30 (1.02–1.60)

Controls 806 58/42 59 37.0 63.0

Previous studies
in ALS

Van Es et al.2

ALS 1,767 58/42 59 41.6 58.4 5.04 x 10�8 1.30 (1.18–1.43)

Controls 1,916 57/43 58 35.4 64.6

Cronin et al.3

ALS 221 54/46 61 41.6 58.4 0.029 1.36 (1.03–1.79)

Controls 211 53/47 58 34.4 64.6

Del Bo et al.4

ALS 266 65/35 61 42.9 57.1 6.60 x 10�3 1.43 (1.11–1.85)

Controls 239 — 64 34.3 65.7

Pooled
analysis

ALS 2,254 58/42 59 41.7 58.3 9.89 x 10�11 1.32 (1.25–1.48)

Controls 2,366 57/43 58 35.2 64.8

Mean age is given at onset for patients and at sampling for healthy controls. p Values were
calculated using a �2 test on basic allele counts.
OR � odds ratio; CI � confidence interval; PMA � progressive spinal muscular atrophy;
ALS � amyotrophic lateral sclerosis.

B. Segarane, MSc*
A. Li, BSc*
R. Paudel, MSc
S. Scholz, MD
J. Neumann, MSc
A. Lees, MD
T. Revesz, MD
J. Hardy, PhD
C.J. Mathias, MD
N.W. Wood, MD
J. Holton, MD
H. Houlden, MD

Neurology 72 March 31, 2009 1185



frequency of GBA mutations around the world be-
tween 2.3 and 31% (depending on population) indi-
cates that GBA mutations are one of the commonest
genetic risk factors for PD.

GBA mutation carriers have a wide spectrum of
phenotypes, ranging from classic L-dopa-responsive PD
to LBD. In neuropathologic studies of PD/LBD cases,
GBA mutations, �-synuclein inclusions, and Lewy
bodies have been seen. This spectrum of clinical and
pathologic features would suggest that MSA should also
be a candidate to have GBA mutation.3 Only 12 cases
of MSA have been analyzed for GBA mutations and
defects were seen in this handful of cases.6

We extracted DNA from the brain tissue of 108
neuropathologically confirmed British MSA cases
that had been diagnosed according to brain bank cri-
teria and 257 normal British controls. Mean age at
onset was 58.2 � 10.7 years (range 34–83), mean
age at death 64.5 � 10.2 years (39–87), mean dis-
ease duration 6.8 � 2.9 years (2–16), and 48% were
men. All exons and flanking intronic regions of the
GBA gene were sequenced in MSA and control cases.
To avoid amplifying and sequencing the GBA pseu-
dogene we employed long range GBA PCR and then
BigDye sequencing as previously described.7

In our MSA study group of 108 cases, we identi-
fied one heterozygous GBA mutation (c.904C�T;
R262H), giving a mutation frequency of 0.92%. In
the British controls, three heterozygous mutations
(V497L, N409S, and R269Q) out of 257 cases were
identified (1.17%). There was no significant differ-
ence between the two groups (p � 0.66). The single
MSA case with the heterozygous R262H mutation
was a woman with an age at onset of 44 years. She
had parkinsonian, cerebellar, and autonomic features
(MSA–mixed type) with no family history. She died
at age 51 years and the neuropathology revealed
widespread GCIs and NCIs with a predominance in
striatonigral structures. There were no Lewy bodies.

One limitation of our study is the small sample
size. Our study has a power of 80% to detect variants
with an OR �1.61 or �0.63 at a significance level of
0.05. The results of this study indicate that GBA
mutations are not common etiologic players in Cau-
casian patients with MSA. We cannot exclude that
GBA mutations confer modest or low risk to disease.
Furthermore, we did not sequence risk variants in
regulatory regions (such as the promotor region or
untranslated regions). Mutations in these regions
would therefore have been missed.

The unexpected role of GBA mutations has been
demonstrated in several populations and is undoubt-
edly a highly significant risk factor for PD and LBD.
More importantly, GBA mutations reveal a direct

link between the lysosomal protein pathway and the
clearance or the development of �-synuclein aggre-
gates into Lewy bodies. Our study indicates that
GBA mutations are not associated with MSA in the
population that we analyzed, and that this branch of
the ceramide pathway is unlikely to be associated
with all types of primary �-synuclein deposition.
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