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ABSTRACT: Background: Progressive supranuclear
palsy is a neurodegenerative tauopathy manifesting clini-
cally as a progressive akinetic-rigid syndrome. In this
study, we sought to identify genetic variants influencing
PSP susceptibility through a genome-wide association
analysis of a cohort of well-characterized patients who
had participated in the Neuroprotection and Natural His-
tory in Parkinson Plus Syndromes and Blood Brain Barrier
in Parkinson Plus Syndromes studies.
Methods: We genotyped single-nucleotide polymor-
phisms in 283 PSP cases from the United Kingdom,
Germany, and France and compared these with geno-
types from 4472 controls. Copy number variants were
identified from genotyping data.
Results: We observed associations on chromosome 17
within or close to the MAPT gene and explored the
genetic architecture at this locus. We confirmed the previ-
ously reported association of rs1768208 in the MOBP

gene (P = 3.29 × 10-13) and rs1411478 in STX6 (P = 3.45
× 10-10). The population-attributable risk from the MAPT,
MOBP, and STX6 single-nucleotide polymorphisms was
found to be 0.37, 0.26, and 0.08, respectively. In addition,
we found 2 instances of copy number variants span-
ning the MAPT gene in patients with PSP. These copy
number variants include tau but few other genes within
the chromosome 17 haplotype region, providing addi-
tional support for the direct pathogenicity of MAPT
in PSP.
Conclusions: Clinicians should also be aware of MAPT
duplication as a possible genetic cause of PSP, especially
in patients presenting with young age at onset. © 2019
International Parkinson and Movement Disorder Society

Key Words: progressive supranuclear palsy; genome-
wide association study; copy number variation

Progressive supranuclear palsy (PSP) is an atypical
parkinsonian disorder characterized by vertical supra-
nuclear gaze palsy, postural instability, progressive
axial rigidity, and mild cognitive impairment,1 with a
community prevalence of up to 6.5 per 100,000 per-
sons.2 Variation in the gene encoding tau, MAPT, has
been established as a genetic risk factor for PSP.3

Genome-wide association studies (GWASs) have also
identified variants in MOBP, STX6, and other genes as
significant risk factors.4-6 Although further studies have
found trends toward association,7 they have been
underpowered, and these associations have not been
definitively reproduced in an independent sample.
We aimed to identify common genetic variants influenc-

ing the risk of PSP through genome-wide analysis of sam-
ples from the Neuroprotection and Natural History in
Parkinson Plus Syndromes (NNIPPS)8 and the Blood Brain
Barrier in Parkinson Plus Syndromes (BBBIPPS) studies.
NNIPPS and BBBIPPS recruited a well-characterized
cohort of patients with PSP. This cohort was also included
in our previously reported joint-analysis GWAS of PSP.5

Here, we performed genome-wide association on this
cohort alone to confirm genetic loci implicated in PSP and
validate this clinical PSP cohort, comparing with previous
GWASs. Then, we used array genotyping data to identify
rare copy number variants (CNVs) among PSP patients.
Recurrent rare CNVs present in patients with PSP but not
in controls were identified and validated.

Materials and Methods
Study Participants

The NNIPPS (ClinicalTrials.gov trial registration:
NCT00211224) and BBBIPPS (French National Health

Department Registry Number: DGS N�DGS2006/0524)
studies enrolled patients aged between 30 and 80 with
an akinetic-rigid syndrome, using validated diagnostic
criteria to distinguish PSP and multiple system atrophy
(MSA) that have been reported in detail previously.8 In
the previously reported study, 112 patients who had
died during the trial had postmortem examination.
There was good predictive validity of diagnostic criteria
against neuropathological findings for PSP (0.95 [95%
confidence interval, 0.88–0.98] and 0.84 [95% confi-
dence interval, 0.77–0.87] sensitivity and specificity,
respectively). All cases were of European ancestry, rec-
ruited from the UK, Germany, and France. DNA was
extracted after written informed consent. BBBIPPS used
the same NNIPPS diagnostic criteria and was conducted
in the same study centers in France. These patients were
previously included as a subset of a GWAS in PSP that
we had published.5

In the United Kingdom, control genotype data from
the Wellcome Trust Case Control Consortium 1958
Birth Cohort (WTCCC_1958) was used. In France and
Germany, genotyped neurologically normal controls
were population-matched. German control genotypes
were obtained from the PopGen biorepository.9 French
controls were selected as part of the population-based
Three-City (3C) Study in France.10 Power calculations
were performed using Genetic Power Calculator.11

Genotyping and Quality Control
Single-nucleotide polymorphisms (SNPs) were gen-

otyped using platforms listed in Supplementary Table 1
and in the UCLA Neuroscience Genomics Core (http://
www.semel.ucla.edu/ungc). Alleles were called using
GenomeStudio (Illumina Inc., CA).
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Quality control filters12 were applied using PLINK
v1.07 (pngu.mgh.harvard.edu/purcell/plink) and PLINK2
(www.cog-genomics.org/plink2).13 We excluded SNPs
with minor allele frequency (MAF) < 0.03, those with
nonrandom missingness P < 10-5 and abnormal autoso-
mal heterozygosity. SNPs showing departure from
Hardy-Weinberg equilibrium (P < 10-6) in controls and
cryptic relatedness of π̂ ≥ 0.125 were also excluded.
To correct for population structure, principal compo-

nents (PCs) of ancestry, derived from a sample of SNPs
in linkage equilibrium (LD) were included in the model
as previously described.14 The number of PC axes
included in the analysis was estimated using Tracy-
Widom statistics.

Imputation
We used Mach and Minimac15 to conduct the impu-

tation as described in the “Enhancing Neuroimaging
Genetics through Meta-Analysis” consortium protocol
(http://enigma.ini.usc.edu/wpcontent/uploads/2012/07/EN
IGMA2_1KGP_cookbook_v3.pdf) to predict alleles not
genotyped based on LD. We imputed 9,065,536 SNPs.
Association analysis was done in mach2dat, removing
genotypes with r2 < 0.3. Imputed SNPs were used only to
match SNPs reported in other studies as part of the meta-
analysis.

Statistical Association Analyses
Association analysis was performed using a logistic

regression model, conditional analyses, and haplotype
association, implemented in PLINK. The threshold for
significance was P < 5 × 10-8 and for follow-up was
P < 10-5. Penetrance and population-attributable risk
were estimated by standard methods.16

The allele-by-allele case-only and case-control epi-
static interactions were assessed in PLINK v1.07 to test
the interaction between pairwise SNPs associated with
PSP, taking into account the allelic dosage of each SNP.
We also calculated the proportion of genetic variance
accounted for at each locus: genetic variance = 2ln
(OR) × MAF × (1 - MAF).

Combined Analysis
We identified a previous GWAS of PSP6 encompassing

1051 cases and 3560 controls and 1 targeted genotype
association analysis17 using 127 cases and 199 controls.
From each of the studies, we extracted information
regarding the associated SNPs compared with SNPs
identified in our GWAS. For a SNP not genotyped, we
identified the matching imputed SNP. The mean r2 of
the imputed SNPs used in the meta-analysis was 0.95.
We performed a meta-analysis using PLINK to com-

bine logistic regression analysis results of each study
using both a fixed- and random-effects model.

CNV Analysis
CNVs were identified from genotyping data of patients

with PSP and controls. Because the raw data were
required for CNV calling, only a subset of control
patients (n = 1084) from the WTCCC_1958 was suitable
for CNV analysis. Initially, sample reclustering was per-
formed on each sample using Illumina GenomeStudio for
each array batch. Samples with low call rates (<98%)
were excluded. To compare CNVs between PSP cases
and controls from the WTCCC_1958, only SNPs in com-
mon between the 2 array platforms were used for subse-
quent analysis (689,077 SNPs in total). PennCNV19 was
used to call CNVs, using custom PFB and GC model files
and with genomic wave adjustment. Adjacent CNV calls
were merged if their separation spanned <20% of their
combined length. CNVs overlapping (>50%) immuno-
globulin, telomeric, and centromeric regions; called on
<10 array SNPs; spanning <50,000 base pairs; and hav-
ing a confidence score <10 were filtered. Subjects with
Log R ratio (LRR) standard deviation >0.285, BAF Drift
<0.01, waviness factor <0.05, total called CNVs
>100, and maximum combined CNV size <10,000,000
base pairs were removed from further analysis. CNVs
highlighted by downstream analyses were validated by
manual examination of the signal intensity.
Rare CNVs (frequency <1%) were considered for

downstream analysis. CNV burden and association test-
ing was performed using PLINK v1.07 and the Bedtools
package.20 Empirical P values were calculated using the
maxT test with 50,000 permutations, with statistical sig-
nificance defined at corrected P < 0.05.

Quantitative Polymerase Chain Reaction
Validation of CNVs

Detected CNVs of interest were validated using quanti-
tative polymerase chain reaction (qPCR) as previously
outlined.21,22 Specifically, primers were selected to
amplify a genomic region within the CNV of interest and
in a genomic region outside the CNV of interest that did
not contain a polymorphic CNV. For the CNV region,
primers within the selected region were designed with
PrimerZ23 (available at genepipe.ncgm.sinica.edu.tw).
For the duplication at MAPT, 2 primer pairs were
designed. The first had forward primer sequence CTACC
TGATCCCCCTTCCTC and reverse primer sequence
TCTCTGTTCCCCATCACTCC and amplified a 106-bp
sequence between chr17:43,985,893 and 43,985,998
(GRCh37/hg19). The second had forward primer
sequence CCACGTTCTCCTCCACATTT and reverse
primer sequence CCTGCTCCAAACCCTGATAA and
amplified a 102-bp sequence between chr17:43,986,157
and 43,986,258 (GRCh37/hg19). For the control region,
a primer within the housekeeping gene RNase P (gene
symbol RPPH1) was used.
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The qPCR of 5 ng of genomic DNA of patients
suspected of harboring the CNV of interest and 5 ng of
control sample (using both the CNV primer and control
primer) was performed using a SensiFAST SYBR No-
ROX kit (Bioline, Taunton, MA). The control sample
was a mixture of genomic DNA from 10 healthy people
collected from a separate study, thereby minimizing the
possibility of an undetected copy number variant within
the region of interest and increasing the robustness of the
assay. Note that this step was not used to assess the fre-
quency of the CNV of interest in a control population; it
is assumed that copy number variation at the amplicon
site is rare, and that in total, the mixture of samples will
not deviate from normal copy number. Primer efficiency
was checked using the standard curve method and shown
to be near 100%; therefore, in subsequent calculations
the primer efficiency (E) was assumed to be maximal
(E = 2). A quantitative estimate of copy number was then
defined as 2-ΔΔCt, where ΔΔCt is the relative difference in
number of cycles to threshold of the CNV primer in the
respective sample, relative to the control primer and con-
trol genomic DNA sample. The qPCR validation was
performed in quadruplicate; the copy number was deter-
mined as the mean copy number determined across repli-
cates, rounded to the nearest integer.

Results

In total, there were 158 patients from France, 50 from
Germany, and 75 from the United Kingdom, with a
median age of 68.3 years (range, 40–81 years). This
gave >80% power to detect a variant with MAF of 0.4,
conferring a relative risk of 1.3 under an additive model
at P < 0.05 before correction for multiple testing.
The total genotyping rate was 0.998. After stringent

quality control and exclusion of SNPs not overlapping
on a genotyping platform, 284,674 SNPs remained. Six
principal components were used to correct for popula-
tion substructure.

Genome-Wide Association Analysis
Multiple SNPs on chromosome 17 surpassed genome-

wide significance (Fig. 1a), and statistics behaved as
expected (λGC = 1.022; Fig. 1b). A plot of the genetic
architecture surrounding the associated region revealed
strong linkage disequilibrium, with the most significant
SNP in the association analysis (rs12185268, P = 2.01 ×
10-16) in the MAPT gene (Fig. 1c and Supplementary
Table 2). Conditional analysis in both the genotyped and
imputed data confirmed that there was no other
independent association in the single-study analysis
(Supplementary Fig. 1).
Meta-analysis showed that additional SNPs in STX6

and MOBP reached genome-wide significance (Table 1).
SNP rs1768208 in the MOBP gene had an odds ratio

(OR) of 1.52 (P = 2.65 × 10-5) in the NNIPPS data set.
This gave a combined OR of 1.42, P = 3.29 × 10-13, mak-
ing it the second most significant SNP in the meta-
analysis (Fig. 2a). We also confirmed that SNP
rs1411478 (STX6) was associated with PSP (P = 3.45 ×
10-10) after the meta-analysis. SNP rs242557 (MAPT),
identified in 3 studies, had a consistent effect size, with an
OR of 1.91, P = 1.58 × 10-22 (Fig. 2b).

Gene-by-Gene Interactions
No other SNP found to be significantly associated in the

meta-analysis showed epistatic interaction with the most
significant SNP, rs12185268, MAPT (Supplementary
Table 3).
Population-attributable risk and penetrance of the SNPs

reaching genome-wide significance are shown in Table 2.
There was haplotypic association of MAPT SNPs
rs242557 and rs16940742 (omnibus P = 9.43 × 10-15)
and rs242557 and rs2435200 (omnibus P = 7.61 × 10-16).

CNV Association
A total of 4866 CNVs in 281 PSP patients and 1084

controls passed quality control. Of these, 2769 CNVs
including 1205 deletions and 1564 duplications were pre-
sent at less than 1% frequency (considered rare). We did
not detect an increased burden of rare CNVs in PSP
patients after adjusting for multiple comparisons, even
when stratifying by CNV size (Supplementary Table 4).
A trend toward enrichment of 200- to 500-kb duplica-
tions was detected in PSP (mean of 0.34 segments in PSP
patients versus mean of 0.26 segments in controls,
unadjusted P = 0.02). To identify rare CNVs that might
cause PSP, recurrent genic CNVs (found in 2 or more
PSP cases but not in WTCCC controls) were identified.
We found 4 recurrent duplications, located within
2q37.1 (spanning ALPP, ECEL1P2, and ALPPL2),
4q31.21 (spanning RNF150 and ZNF330), 16p12.2
(spanningMETTL9, IGSF6, andOTOA), and 17q21.31
(including a portion of the MAPT gene); see Supplemen-
tary Figure 2. Each recurrent CNV was detected in 2 PSP
patients.
We focused on the 2 people with duplication in

17q21.31 (Fig. 3). We identified a 40-year-old (at time of
inclusion) European French male patient with autopsy-
confirmed PSP and an unusually early age of onset of
37, who carried a 460-kb duplication, copy number = 3,
at chr17:43,728,377-44,189,068 (hg19). At study enroll-
ment, he had experienced an akinetic-rigid syndrome
associated with genitourinary incontinence, bulbar/
pseudobulbar signs, and behavioral disturbances. The ini-
tial Hoehn & Yahr score was 2.5. MRI revealed enlarge-
ment of the aqueduct of Sylvius and lateralization of the
marginal rim of the putamen (left greater than right), sug-
gestive of PSP after rating with the previously validated
NNIPPS MRI rating scale.24 The patient progressed with
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aggravation of bulbar and pseudobulbar signs, including
dysphagia. The patient died at age 42 from acute respira-
tory failure and aspiration pneumonia. A similar duplica-
tion (copy number = 3) was found in a 61-year-old
(at time of inclusion) European French woman with
autopsy-confirmed PSP diagnosed at age 57, affecting

503 kb at chr17:43,685,926-44,189,068. Her presenta-
tion was characterized by an akinetic-rigid syndrome with
cerebellar, bulbar and pseudobulbar, pyramidal, and cog-
nitive and behavioral dysfunction, alongside a resting
tremor. The initial Hoehn & Yahr score was 4. Axial
T2 MRI demonstrated hypointensity of the red nuclei,

FIG. 1. (A) Manhattan plot depicting P values for GWAS. The genome-wide level of significance (P < 5 × 10-8) and significance level of interest (P < 1 × 10-5) are
shown. (B) Q-Q plot showing observed and expected P values for the association analysis. Each cross on the graph represents an individual SNP. (C) Genetic
architecture of the associated region on chromosome 17. Region plot generated using LocusZoom (http://locuszoom.org/). SNPs are colored according to r2, a
measure of linkage disequilibrium, with rs12185268 represented by a diamond. [Color figure can be viewed at wileyonlinelibrary.com]
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dentate nuclei, and substantia nigra, and lateralization of
the marginal rim of the putamen (left greater than right),
most consistent with MSA. The patient developed auto-
nomic dysfunction and worsening oculomotor signs and
died at age 63 from cardiac arrest. Despite the atypical
presentations, both patients were found to have typical
neuropathological findings of PSP.
In both patients, duplications that spanned the entirety of

theMAPT gene, as well as the last 7 exons of CRHR1 and
the first 6 exons of KANSL1, were noted. The presence of

the discovered MAPT duplications were validated by
qPCR, using 2 distinct primers within the MAPT gene;
both primer pairs found a copy number of 3 for the
corresponding amplified genomic regions in each patient.

Discussion

We present the results of a GWAS of PSP cases from
the NNIPPS and BBBIPPS studies, which comprised

FIG. 2. Forest plots of the meta-analysis of (A) rs1768208 and (B) rs242557. Point estimate denotes the OR of the studies. Error bars show 95% confi-
dence intervals (CIs). [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2. Population-attributable risks (PAR) and penetrance for alleles A1 and A2 in homozygous and heterozygous states
for the top 3 SNPs associated at genome-wide significance from meta-analysis

Chr SNP Gene A1 A2 PAR

Penetrance
% Genetic
varianceA1A1 A1A2 A2A2

17 rs242557 MAPT A G 0.37 0.00010 5.01 × 10-05 3.13 × 10-05 0.33
3 rs1768208 MOBP T C 0.26 9.21 × 10-05 5.99 × 10-05 3.7 × 10-05 0.14
1 rs1411478 STX6 A G 0.080 7.27 × 10-05 4.51 × 10-05 4.6 × 10-05 0.11

The proportion (%) of genetic variance at each locus is based on the minor allele frequency.
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283 well-characterized European patients. Through this,
we have provided independent replication that MOBP
and STX6 are PSP risk genes. We were also able to iden-
tify multiple associations on chromosome 17, reflecting
linkage disequilibrium with a known risk haplotype in
the MAPT gene, supporting the diagnostic validity of
the NNIPPS and BBBIPPS studies.
Although we did not detect an overall increase in rare

CNV burden in cases, we did identify 2 genomic duplica-
tions spanning the entire MAPT locus in 2 patients with
PSP. Because MAPT was the only gene fully contained
within these duplications, this may be the first report of
MAPT gene duplications causing PSP, although we note
that additional cases are needed to confirm this associa-
tion statistically because of the rarity of such events.

Replication of Association at the MOBP
and STX6 Loci

Polymorphisms in MOBP and STX6 have been dem-
onstrated as risk variants in PSP through multiple
genome-wide association studies.4-6 Of note, the GWAS
described by Chen et al5 includes the NNIPPS cohort as
a subset of samples. MOBP, on chromosome 3p22.1,
encodes a protein that is produced by oligodendrocytes
and expressed in central nervous system myelin, prefer-
entially distributed in the brain stem and cerebellum,
areas affected in PSP.25 In our GWAS, rs1768208
(MOBP) conferred an OR of 1.52 for susceptibility to
PSP, with confirmation on meta-analysis (OR, 1.42; P =
3.29 × 10-13), amounting to a population-attributable
risk of 0.26. This SNP is situated in a cluster of SNPs in

FIG. 3. Recurrent rare CNVs within the 17q21.31 region. A CNV was identified in a 40-year old man with PSP within 17q21.31 based on signal intensity
(A). A second CNV with similar break points in chr17q21.31 was found in a 62-year old woman with PSP (B). These CNVs overlapped MAPT and neigh-
boring genes, as demonstrated on the UCSC Genome Browser Track (C; arrowhead). Segmental duplications are also shown. [Color figure can be
viewed at wileyonlinelibrary.com]
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high linkage disequilibrium at the 50 end of the MOBP
gene, consistent with a role in gene regulation.26

Oligodendroglial inclusions have been found in areas
of the central nervous system associated with degenera-
tion in PSP postmortem brains.27 It has been suggested
that oligodendrocyte dysfunction can be linked to
MOBP via myelination errors, given that oligodendro-
cyte tau inclusions are characteristic in PSP.
A GWAS of corticobasal degeneration (CBD),

encompassing 152 cases and 3,311 controls, showed the
minor allele of rs1768208 in MOBP to confer an OR of
1.65 (P = 3.86 × 10-5) in the discovery stage and an OR
of 1.89 (P = 1.30 × 10-3) in the replication stage.28 Fur-
thermore, a risk locus in MOBP has been confirmed to be
associated at genome-wide significance with amyotrophic
lateral sclerosis (ALS).29 This shows a shared susceptibility
locus between the three neurodegenerative disorders of
ALS, CBD, and PSP outside the MAPT region. The over-
lap in genetic risk profiles between these disorders provides
further credibility to the role of MOBP in PSP
pathogenesis.
We have also confirmed that rs1411478 in STX6 is

significantly associated with PSP susceptibility (P = 3.45
× 10-10). STX6 encodes a SNAP (Soluble NSF Attach-
ment Protein) REceptor (SNARE) protein localized at
the trans-Golgi network, which may influence transpor-
tation of misfolded proteins such as tau.30 Expression
quantitative trait locus analyses have found significantly
lower expression of STX6 in the white matter in carriers
of the risk allele.26 Similar to MOBP, the differential
expression of STX6 could imply the involvement of
white matter and dysmyelination in PSP pathogenesis.
The population-attributable risk for this SNP is 0.08.
The association of SNPs at loci near MOBP and STX6

with PSP highlights the importance of the pathological
role of tau in white-matter atrophy and damage, and sug-
gests that this may be an area of fruitful future investiga-
tions. In addition, the strength of these results indicates
that our PSP patient population is highly similar to patho-
logically confirmed cases of PSP and furthermore points to
a relatively oligogenic genetic architecture in the disease.

Exploring MAPT and the Surrounding
Haplotype

Previous studies have consistently identified an
extended haplotype on 17q.21, which contains MAPT,
as the main genetic locus associated with sporadic cases
of PSP. The 6 major tau protein isoforms expressed are
generated from alternative splicing by polymorphisms in
MAPT, with PSP being a primary 4-repeat tauopathy.3

One study suggests that the population-attributable risk
for the MAPT H1 haplotype alone is ~68% in PSP.18

The H1c subhaplotype, tagged by rs242557, is asso-
ciated with exon 10 splicing and increased tau expres-
sion.3,17 We found a consistent effect size across the

studies, with a significant OR of 1.94 for the minor
allele. This gives a population-attributable risk of 0.37.
The strongest haplotype association of rs242557 was
with rs2435200 on MAPT (omnibus P = 7.61 × 10-16).
SNP rs1880753 was associated with PSP with an OR
of 0.6 (P = 8.62 × 10-11), supporting a previous study
of Iberian patients.17 Our haplotype association con-
firms the role of the MAPT H1 haplotype in PSP
pathogenesis.

Copy Number Variation in PSP
We found 2 instances of duplication of MAPT in

patients with PSP that spanned minimal additional
genes. Taken together with a copious body of evidence
connecting MAPT with PSP genetically and neu-
ropathologically, this finding suggests that duplication of
MAPT is a significant although relatively uncommon
cause of PSP. Duplications spanning the MAPT gene
have been previously reported in 12 patients, including
in children with mild learning difficulties, developmental
delay, and variable dysmorphic features31; a patient with
a presumed familial frontotemporal dementia pheno-
type32; 3 siblings with early-onset Alzheimer’s disease33;
and 5 additional patients with Alzheimer’s-like cognitive
impairment.34 In most cases, the extent of the causal
CNV is not clearly defined. In the cases with Alzheimer’s
disease, the CNV appeared to span the MAPT gene33

and possibly include the CRHR1 and KANSL1 genes,34

as in our case, suggesting that the clinical phenotype of
MAPT duplications may have variable expressivity.
The localization of the observed duplications also nar-

rows the search space and provides additional mechanis-
tic insight compared with GWAS SNPs alone. Although
the CNVs span several genes in addition to MAPT,
which includes CRHR1, STH (contained within MAPT
intron 9), and KANSL1, the region is much smaller than
the approximated 1-Mb MAPT haplotype on which pre-
viously identified duplications resulted in developmental
anomalies. We favor a causal role for MAPT over other
genes that are spanned by the CNV because of the clear
pathogenic connection; however, from a genetic stand-
point, the pathogenicity of the neighboring genes cannot
be excluded. Furthermore, the putative effect on gene
expression is much clearer, whereas the 17q21.31 haplo-
type does not seem to affect overall expression and prob-
ably alters splicing of the MAPT exon 3.35 Overall, the
association of MAPT duplication with PSP for the first
time provides direct genetic evidence that specific over-
expression of tau can lead to PSP. This is consistent with
data from models showing that human wild-type tau
overexpression is sufficient to cause pathological tau
deposition and neurodegeneration, even in the absence
of mutations.36

We identified 2 patients with duplications of the
MAPT gene who each experienced early-onset, atypical
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presentations of a Parkinson’s-plus disorder. The clinical
presentations in both cases featured autonomic involve-
ment, and imaging characteristics in one case was more
supportive of a diagnosis of MSA.24 However, both
cases had typical PSP postmortem neuropathology,
supporting the role of the pathogenicity of the MAPT
duplications. In addition to the 2 patients harboring
duplications of the entire tau locus, we found several
additional genic regions with rare, recurrent CNVs in
PSP patients, including duplications on 2q37.1 (spanning
ALPP, ECEL1P2, and ALPPL2), 4q31.21 (spanning
RNF150 and ZNF330), and 16p12.2 (spanning METTL9,
IGSF6, and OTOA). However, given our sample size and
the rarity of these events, the pathogenicity of these vari-
ants is difficult to establish without prior evidence of
involvement in PSP. Our finding of rare CNVs within
MAPT in PSP strongly suggests that CNVs can cause PSP,
and future work building on our results may yet identify
additional PSP genetic contributors within these regions.

Genes Flanking MAPT
We identified SNPs associated with PSP beyond the

genome-wide significance level, situated in the MAPT
genes and 12 other SNPs on the gene-rich 17q21. Previ-
ous studies have attempted to decipher whether the
association is because of linkage disequilibrium with
MAPT or independent pathogenic variants.37,38

Even at the telomeric end of this region with possible
loss of linkage disequilibrium with MAPT beyond the
wingless-type Mouse Mammary Tumor Virus integra-
tion-site family (WNT3) gene, associations are depen-
dent on the MAPT haplotype.37 Therefore, significant
associations with WNT3 variants rs415430 (P = 4.83 ×
10-15) and rs2074404 (P = 3.98 × 10-10) and the
WNT3 rs11650531- rs415430 haplotype (omnibus P =
1.21 × 10-11) are not because of a direct and indepen-
dent pathogenic role but related to the MAPT
locus.37,38 Conditioning for the most significantly asso-
ciated SNP in MAPT in our study shows that the asso-
ciation is tagged by a single variant in MAPT with no
evidence for independent association of the other SNPs
in the region. The discovery of 2 CNVs spanning
MAPT reinforces the idea that the MAPT gene is the
central mediator of PSP risk in the 17q21 inversion
region.

Limitations
The GWAS of 283 PSP patients and 4472 controls is

limited in terms of sample size. However, given that
PSP is a rare disorder, the well-characterized patient
cohort prevents selection of falsely positive cases for
genetic analysis. Not all control individuals in the study
were sex-matched, although they were matched for geo-
graphical origin and ancestry. For a disease as rare as

PSP, sex matching does not increase statistical power,
whereas it would for a more common disorder.

Conclusion
We have identified genetic loci associated with PSP

in an analysis of a multicenter European study of
well-characterized patients. This study confirms in an
independent sample MOBP and STX6 as additional PSP
susceptibility loci, both of which are implicated in mye-
lin metabolism. This potential link should be investi-
gated further and may correlate with neuroimaging
findings. The 17q2.31 locus was identified as harboring
a PSP risk variant, and specific CNV duplication of
MAPT in 2 cases of early-onset atypical PSP provides
support for MAPT as the disease gene, rather than one
of the many neighboring genes in this region of high
linkage disequilibrium. Clinicians should be aware of the
uncommon MAPT duplication as a possibility and PSP
as the diagnosis, especially in patients presenting with a
young-onset, atypical Parkinson’s-plus syndrome.
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