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of associated genes were tested against relevant variants. 
Quantitative neuropathology endophenotypes were tested 
for SNP associations in 422 PSP subjects. Brain levels of 
LRRC37A4 and ARL17B were associated with rs8070723; 
MOBP with rs1768208 and both ARL17A and ARL17B 
with rs242557. Expression associations for LRRC37A4 
and MOBP were available in an additional 100 PSP sub-
jects. Meta-analysis revealed highly significant associa-
tions for PSP risk alleles of rs8070723 and rs1768208 with 
higher LRRC37A4 and MOBP brain levels, respectively. 
Methylation levels of one CpG in the 3′ region of ARL17B 
associated with rs242557 and rs8070723. Additionally, 
methylation levels of an intronic ARL17A CpG associ-
ated with rs242557 and that of an intronic MOBP CpG 
with rs1768208. MAPT and MOBP region risk alleles also 
associated with higher levels of neuropathology. Strongest 
associations were observed for rs242557/coiled bodies and 
tufted astrocytes; and for rs1768208/coiled bodies and tau 
threads. These findings suggest that PSP variants at MAPT 
and MOBP loci may confer PSP risk via influencing gene 
expression and tau neuropathology. MOBP, LRRC37A4, 
ARL17A and ARL17B warrant further assessment as candi-
date PSP risk genes. Our findings have implications for the 
mechanism of action of variants at some of the top PSP risk 
loci.

Keywords  Progressive supranuclear palsy · Epigenetic · 
Transcription · Brain tissue · Neuropathology traits · 
Association · Genetic risk

Introduction

Progressive supranuclear palsy (PSP) is a neurodegenera-
tive parkinsonian disorder pathologically characterized by 

Abstract  To determine the effects of single nucleotide 
polymorphisms (SNPs) identified in a genome-wide asso-
ciation study of progressive supranuclear palsy (PSP), we 
tested their association with brain gene expression, CpG 
methylation and neuropathology. In 175 autopsied PSP 
subjects, we performed associations between seven PSP 
risk variants and temporal cortex levels of 20 genes in-
cis, within ±100 kb. Methylation measures were collected 
using reduced representation bisulfite sequencing in 43 PSP 
brains. To determine whether SNP/expression associations 
are due to epigenetic modifications, CpG methylation levels 
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the presence of neurofibrillary tangles and tau-positive glial 
lesions referred to as tufted astrocytes and oligodendroglial 
coiled bodies [12]. Although PSP is largely considered a 
sporadic disorder, families with an autosomal dominant 
pattern of inheritance have been reported [38]. Further-
more, PSP patients are more likely to report a family his-
tory of parkinsonism or dementia, implicating a genetic 
component to this disease [13, 20]. Indeed, a genome-wide 
association study (GWAS) of a PSP case–control cohort 
identified common variants at four loci that associate with 
disease risk significantly and three others with suggestive 
association [19]. The most significant of these are the H1 
haplotype (tagged by rs8070723) on chromosome 17q21 
that encompasses the tau encoding MAPT gene, and a vari-
ant of the H1 haplotype termed H1c (partially tagged by 
rs242557) [33].

While case–control disease association studies have 
been successful for identifying novel disease risk variants, 
frequently the common variants that mark the association 
at these loci are located within introns or in intergenic 
regions. Consequently, neither the identity of the disease 
gene nor the disease mechanism of the risk variant(s) is 
immediately clear. Assessment of disease-relevant endo-
phenotypes can provide further insights into the putative 
function of the risk variants for neurodegenerative diseases 
(reviewed [15]).

We previously determined that common variants at 3 
of the 7 PSP risk loci associate with brain expression of 
nearby genes (rs1768208(A)-MOBP, rs11568563(C)-
SLCO1A2, rs242557(A)-MAPT and rs8070723(G)-MAPT) 
[1, 48]. Others have reported similar findings, including 
association of the STX6 locus SNP rs1411478(A) with 
lower STX6 expression levels in white matter [16] and 
MAPT locus risk variants with altered MAPT brain expres-
sion [29, 36]. Collectively these findings implicate tran-
scriptional regulation as a plausible molecular mechanism 
for common PSP risk variants and importantly indicate the 
likely impacted gene.

Gene expression can also be influenced by epigenetic 
modifications, such as DNA methylation changes, which 
have been implicated in the etiology of multiple neurode-
generative diseases including Alzheimer’s [9], Parkinson’s 
[8, 22] and Huntington’s disease [30]. Most recently asso-
ciation of DNA methylation levels with the PSP risk hap-
lotype (H1) has been reported, adding PSP to the growing 
list of neurodegenerative disorders that may be affected by 
epigenetic mechanisms [25].

Here we evaluate association of the PSP risk GWAS 
variants with three relevant endophenotypes. We previously 
assessed these variants for association with brain gene 
expression in 100 PSP autopsied-confirmed cases. Herein, 
we expand this assessment to an independent cohort of 175 
additional PSP subjects. We pursue the variants implicated 

in our expression analysis, for association with DNA 
methylation as a putative disease mechanism. Finally we 
combine this analysis with an assessment of PSP neuro-
pathological measures to determine the specific neuro-
pathological features most influenced by these variants. 
This combined endophenotype approach can provide valu-
able additional insights into disease mechanisms affected 
by these variants that can inform future studies aimed at 
therapeutic interventions.

Methods

Subjects and samples

All brain samples were obtained from the Mayo Clinic 
Brain Bank and received a pathological diagnosis of PSP 
at autopsy [18]. Following quality control (QC) described 
below, 437 PSP subjects were evaluated in this study, all 
of whom had genome-wide genotypes and at least one 
of the three investigated endophenotype measures: gene 
expression, DNA methylation and/or neuropathology latent 
traits. For expression analysis, samples fall into one of 
two cohorts: Cohort A comprises 175 PSP temporal cor-
tex (TCX) samples that have not previously been assessed 
for eQTL. Cohort B comprises 100 PSP TCX samples that 
were included in our prior gene expression study [48], 43 
of whom also have DNA methylation data. A total of 422 
PSP subjects have quantitative neuropathology measures 
transformed into latent traits as described below. All sub-
jects in expression cohort A, 71/100 subjects in cohort B 
and 32/43 from the subset with DNA methylation measures 
have latent traits (Fig.  1). Demographics for subjects uti-
lized in the various endophenotype analyses are shown in 
Table 1. This study was approved by the appropriate insti-
tutional review board. 

Genotyping

DNA was extracted from frozen post-mortem brain tis-
sue. Genotypes for the 8 single nucleotide polymor-
phisms (SNPs) that represent the strongest variants at the 
7 PSP risk GWAS loci assessed in this study (rs8070723, 
rs242557, rs1411478, rs7571971, rs1768208, rs6687758, 
rs2142991 and rs11568563) were extracted from two pub-
lished genome-wide datasets [7, 19] (Table 2). Subjects in 
the latent trait cohort and expression cohort A were geno-
typed using Human 660W-Quad Infinium BeadChips as 
part of the PSP risk GWAS [19]. Subjects in expression 
cohort B, a subset of which also has DNA methylation 
measures, were genotyped using the HumanHap300-Duo 
Genotyping BeadChips as part of the Mayo Clinic AD risk 
GWAS, where the control group included PSP subjects [7]. 
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QC for the Mayo Clinic AD GWAS is already published 
[7, 48]. QC was performed for the 498 PSP subjects from 
the Mayo Clinic Brain Bank that were genotyped as part 
of the PSP risk GWAS [19]. Unless otherwise stated all 
QC procedures were carried out using PLINK [35]. All 
subjects met a QC threshold of >98  % call rate. Twenty-
two subjects were removed due to mismatched sex and two 
subjects were removed due to suspected contamination (pi-
hat >0.05 with >10 other subjects). Genotypes were avail-
able for 561,882 SNPs. We removed SNPs with a call rate 
<98 % and a minor allele frequency (MAF) <2 %. 476 PSP 
cases and 526,351 SNPs remained. We did not implement a 
Hardy–Weinberg threshold due to all subjects being cases. 
We performed pruning of the dataset based on linkage dis-
equilibrium (LD) between the SNPs (r2  =  0.5, 50 SNP 
windows) reducing the number of SNPs to 233,597 prior 
to running the EIGENSOFT package [32, 34] to evaluate 
the cohort for population stratification. Two subjects were 
removed that were determined to be population outliers 
[>6 standard deviations (SD) from mean] after 5 iterations. 
Principal components were recalculated for the remaining 
474 subjects. We removed an additional 37 subjects that 

were >2 standard deviations (SD) from the mean based 
on the first two principal components. The first 4 principal 
components for the remaining 437 samples were retained 
for inclusion as covariates in regression analyses.

Gene expression measures

For both expression cohorts, total RNA was extracted 
from frozen post-mortem TCX tissue, using the Ambion 
RNAqueous kit. RNA integrity number (RIN) was meas-
ured using the Agilent Technologies 2100 Bioanalyzer. A 
minimum RIN of 5.5 was required for inclusion in either 
cohort. The majority of samples (Cohort A: 85 %; Cohort 
B: 65  %) had a RIN of ≥6.5 (Online Resource Fig.  1). 
Illumina Whole Genome DASL (WG-DASL) microarray 
(Illumina, San Diego, CA, USA) was used to collect gene 
expression measures at the Mayo Clinic Medical Genome 
Facility. For expression cohort A, expression measures 
were collected for 192 PSP TCX samples using the WG-
DASL HT assay which has 29,285 probes. RNA samples 
were randomized and seven samples were included in 
duplicate as biological replicates. Raw probe levels were 

Fig. 1   Outline of analyses: 
a number of subjects within 
each of the analyses; b analytic 
paradigm. Endophenotypes of 
brain gene expression measures, 
neuropathology latent traits and 
DNA CpG methylation levels 
were evaluated for association 
with PSP risk GWAS index 
SNPs (primary analysis, solid 
arrows). Correlations between 
brain gene expression and DNA 
methylation were also assessed 
when relevant (secondary analy-
sis, dashed arrows)

Table 1   Subject demographics

WG-DASL whole genome cDNA-mediated annealing, selection, extension, and ligation, RRBS reduced representation bisulfite sequencing
a  Cohort A
b  Cohort B
c  Genotypes from PSP GWAS [5]
d  Genotypes from Mayo Clinic AD GWAS [18]

Phenotype Approach N Females (%) Age at death (SD) Mean RIN (SD) Genotyping array

Neuropathology Latent traits 422 210 (50 %) 75.0 (7.7) NA Illumina 660W-Quad Infiniumc

Gene expression WG-DASL 175a 78 (45 %) 73.4 (7.2) 7.35 (0.83) Illumina 660W-Quad Infiniumc

Gene expression WG-DASL 100b 41 (41 %) 71.8 (5.3) 7.01 (1.04) Illumina HumanHap 300d

DNA methylation RRBS 43b 22 (51 %) 73.8 (4.9) NA Illumina HumanHap 300d
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exported from GenomeStudio software (Illumina Inc.). 
Lumi package (Bioconductor) was used for preprocessing 
with background subtraction, variance stabilizing trans-
formation, quantile normalization and probe filtering [14]. 
Following background subtraction, principal components 
analysis (PCA) was performed, 1 outlier sample was identi-
fied and was removed from further analysis. Probes were 
annotated according to human genome build19 (GRCh37), 
and screened for the presence of common variants (>1 %) 
within the probe sequence according to dbSNP138. Probes 
with such SNPs within their sequence were removed from 
further analyses. For probes with nominally significant 
association results, probe specificity was assessed using the 
UCSC Genome Browser Blat tool (GRCh37) for visualiza-
tion. All hits that aligned to autosomes with 100 % iden-
tity were assessed and alignments that matched with exons 
of RefSeq transcripts were recorded. (Online Resource 
Table 2). One hundred seventy-five out of 191 of the sub-
jects in expression cohort A had genome-wide genotypes 
from the PSP risk GWAS [19]. Gene expression meas-
ures for expression cohort B were previously collected 
from the TCX of 106 PSP subjects. This cohort used the 
prior version of the WG-DASL array with 24,526 probes. 
Similar QC measures were applied as for cohort A and 
are described elsewhere [48]. 100/106 of the subjects in 
expression cohort B had genome-wide genotypes [7].

A subset of subjects from each expression cohort 
(Cohort A, N = 78; Cohort B, N = 85) also had expression 
measures collected using next-generation RNA sequencing 
(RNASeq) [Online Resource Methods]. For those genes 
with significant expression level-cisSNP associations, WG-
DASL expression levels were validated by performing cor-
relations of WG-DASL vs. RNAseq measurements. WG-
DASL levels were correlated with both RNAseq levels of 
the corresponding gene, as well as the RNAseq levels of the 
specific exon which binds the WG-DASL probe sequence.

To compare expression measures collected using micro-
array and RNAseq approaches, gene expression residu-
als were generated, using multivariable linear regression 
accounting for key covariates. All expression measures 
were adjusted for age at death, sex, RIN, and adjusted RIN 
((RINsample-RINmean)2). Additionally, WG-DASL adjust-
ment also included microarray PCR plates; and RNASeq 
adjustment included sequencing flowcell. All pairwise com-
parisons (WG-DASL vs. RNAseq Gene Counts and WG-
DASL vs. RNAseq Exon Counts) were assessed for correla-
tion using the Spearman rank correlation test. All analyses 
were executed using R Statistical Software (R Foundation 
for Statistical Computing, version 3.2.3).

We also compared the results for significant expres-
sion level-cisSNP associations in our study with publically 
available eQTL data from different diagnostic groups and/
or tissue regions [Online Resource Methods].

DNA methylation RRBS measures

DNA was isolated from frozen post-mortem TCX tis-
sue using an AutoGenFlex STAR instrument (AutoGen). 
Reduced representation bisulfite sequencing (RRBS) was 
used to collect genome-wide DNA methylation measures 
for 55 PSP samples, a subset of cohort B samples (Fig. 1; 
Table  1), at the Mayo Clinic Medical Genome Facility. 
Bisulfite-converted DNA libraries were prepared using 
Msp1 DNA digest followed by end-repair, dA-tailing and 
column purification prior to ligation with Illumina adapt-
ers using T4 DNA ligase. Ligated DNA was purified and 
size selected using Pippin Prep (Sage Science) followed 
by bisulfite modification. Modified DNA was PCR ampli-
fied and purified using Ampure beads. The RRBS library 
DNA was run on the Illumina HiSeq 2000, indexing 4 sam-
ples per lane, using a standard operating procedure based 
on Illumina’s protocol. RRBS data was analyzed using the 
workflow of Mayo Bioinformatics Core (BIC). Briefly, 
FASTQ data were trimmed to remove adaptor sequences, 
and reads with less than 15 bp were discarded; the remain-
ing reads were aligned against the reference genome hg19 
using BSMAP. Samtools was used to get mpileup and cus-
tom scripts were used to determine CpG methylation and 
bisulfite conversion ratios [43].

QC included removal of subjects and CpGs with low 
call rates. A sample call rate threshold of 90  % led to 
removal of 7 samples after merging common CpGs greater 
than 5× coverage across all samples with CpG call rate 
>90  %. Principal components analysis identified an addi-
tional 2 PSP samples that were outliers, which were 
removed. Following QC, 46 PSP samples were retained for 
further analysis. Approximately 2 million CpG sites (for-
ward + reverse strand) were retained for analysis. Density 
plots of the overall methylation patterns indicated that the 
majority of the identified CpG sites were either un-meth-
ylated or fully methylated in most samples. 570,982 CpG 
sites that were either 0 or 100 % methylated in all samples 
were removed from further analysis as these are uninforma-
tive for statistical models. Forty-three out of 46 samples 
also have genome-wide genotypes [7].

Neuropathology latent traits

In order to generate continuous quantitative neuropa-
thology measures from semi-quantitative neuropathol-
ogy scores, latent trait analysis was applied in R using 
the ltm package [37] (http://www.jstatsoft.org/v17/i05/) 
on all subjects of whom neuropathology data were avail-
able (n = 848). Semi-quantitative tau pathology measures 
(none, mild, moderate, severe) were assessed from CP13 
immunostained sections in 19 different anatomical struc-
tures for the following four lesions: tau neurofibrillary 

http://www.jstatsoft.org/v17/i05/
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tangles (NFT), oligodendroglial coiled bodies (CB), tufted 
astrocytes (TA), and tau neuropil threads (TAUTH). Brain 
regions were selected based on those affected in PSP, which 
include: basal nucleus, caudate putamen, globus pallidus, 
hypothalamus, motor cortex, subthalamic nucleus, thalamic 
fasciculus, ventral thalamus, cerebellar white matter, den-
tate nucleus, inferior olive, locus ceruleus, medullary teg-
mentum, midbrain tectum, oculomotor complex, pontine 
base, pontine tegmentum, red nucleus, and substantia nigra.

The neuropathology measures were each on a 0–3 scale 
and were used to create continuous scores for the degree of 
pathology, for each of the four pathological lesions (NFT, 
CB, TA, TAUTH), based on a latent trait approach [6, 37]. 
An overall latent variable was also calculated by using 
the semi-quantitative scores for all four lesion types in all 
regions. These scores are an estimate of an assumed under-
lying level of pathology severity that all individual scores 
are dependent on, or correlated with. Four hundred twenty-
two out of 848 subjects with neuropathology latent traits 
also had genome-wide genotypes available.

Statistical analysis

Of the 8 index SNPs from the seven PSP risk GWAS loci 
with significant or suggestive association (Table 2), all but 
rs6687758 had genes within ±100  kb for which cisSNP/
gene expression associations could be tested. Multivari-
able linear regression analyses were utilized to test for 
these associations using PLINK [35], assuming an additive 
model for the SNP minor allele, and adjusting for age at 
death, sex, microarray PCR plates, RIN, and adjusted RIN 
((RINsample−RINmean)

2). For cohort A, the first four princi-
pal components were also included as covariates. Cohort B 
cisSNP/gene expression association results were previously 
obtained [48] and used to conduct meta-analysis with the 
top results from cohort A. Meta-analysis was conducted in 
METAL [44].

To determine whether any of the significant cisSNP/gene 
expression associations were driven by changes in meth-
ylation, CpGs within the body ±5 kb of these genes were 
tested for association with the index SNP, assuming an 
additive model. Given that CpG methylation often assumes 
a bimodal, semi-quantitative distribution, we used the non-
parametric Kruskal–Wallis test for cisSNP/CpG meth-
ylation analysis. To determine correlations between gene 
expression and CpG methylation levels, we performed mul-
tivariable linear regression with the former as the depend-
ent variable and the latter as the independent variable, cor-
recting for all gene expression covariates mentioned above.

The PSP index SNPs were also tested for their associa-
tion with neuropathology latent traits, using multivariable 
linear regression analysis in PLINK [35] with an additive 
model and including age at death, sex and the first four 

principal components as covariates. Kernel density plots 
were generated as previously described [2] for the most 
significant SNP associations with gene expression and neu-
ropathology latent traits, using R.

Results

In total, there were 20 unique genes (30 transcript probes) 
for which cis-associations could be tested with the PSP 
risk GWAS index SNPs [19] (Table  2; Online Resource 
Table  1.). Following QC, there were 41 cisSNP/expres-
sion association results of which five were nominally sig-
nificant (Table  3). Although only rs8070723/LRRC37A4 
would achieve study-wide significance by stringent Bonfer-
roni corrections for 41 tests, we retained all five nominally 
significant findings for further assessments. Of these five 
associations, four were at the MAPT locus and one was at 
the MOBP locus. At the MAPT locus, TCX levels of three 
genes, ARL17A, ARL17B and LRRC37A4 were associated 
with one or both of the PSP risk SNPs, rs8070723 and 
rs242557. MAPT region H2-haplotype tagging rs8070723 
SNP G allele (rs8070723-G), which has association with 
lower risk of PSP (Table 2) is associated with lower brain 
levels of LRRC37A4 and ARL17B. Rs242557-A, which 
partially tags MAPT H1c-haplotype and confers PSP 
risk is associated with lower brain levels of ARL17A and 
ARL17B. MOBP locus SNP rs1768208-T with genome-
wide significant PSP risk association, associates with 
higher brain MOBP levels. Visualization of these associa-
tions by kernel density plots (Fig.  2) clearly demonstrate 
the shift for MAPT H2-haplotype carriers to lower brain 
LRRC37A4 (Fig.  2b) and ARL17B levels (Fig.  2e). Both 
ARL17A (Fig. 2c) and ARL17B (Fig. 2d) brain expression 
levels are lower in rs242557-A minor homozygote carriers, 
although there appears to be greater overlap in expression 
levels of subjects who are heterozygote and major homozy-
gotes for this allele. While this might suggest a recessive 
mode of transmission, applying this model did not lead to 
significant results, which may be due to lack of power. A 
subset of the rs1768208-T major homozygote carriers had 
the lowest brain MOBP levels. Further, there was a modest 
shift to higher brain MOBP levels for minor allele carriers 
(Fig. 2a).

Since a subset of 100 subjects in the published Mayo 
Clinic brain eGWAS [48] had PSP diagnosis, we pursued 
meta-analysis between the top associations in the current 
study with this published dataset. Due to the differences in 
the probe content for the expression microarrays between 
this former study and the current study, we were able to 
meta-analyze only two results, rs8070723/LRRC37A4 and 
rs1768208/MOBP brain-level associations. Both of these 
associations were also nominally significant in the PSP 
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subjects from our former study. Importantly, there was 
remarkable similarity in the SNP allele effect sizes between 
these two independent studies (Table  3). As expected, 
meta-analysis revealed highly significant results for both of 
these associations, which achieved study-wide significance 
for both.

To ensure that the WG-DASL probes for the significant 
results (Table 3) are specific to the transcripts of the speci-
fied genes, we performed sequence alignments. We con-
firmed that all four probes had 100 % sequence identity only 
for the specified gene with the exception of ILMN_3231952, 
which had alignment to ARL17B, as expected, but also an 
isoform of ARL17A (Online Resource Table 2).

To validate the WG-DASL microarray-based expres-
sion measures, we evaluated MOBP, LRRC37A4, ARL17A 
and ARL17B levels for correlation with RNAseq expres-
sion measures available in a subset of subjects from cohort 
A; and MOBP in a subset of subjects from cohort B. For 
each gene we investigated the correlation of microarray 
measures with both overall gene counts (Online Resource 
Fig.  2a–f) and counts for the same exon targeted by the 
microarray probe (Online Resource Fig.  3a–f) [Online 
Resource Methods]. For all assessments the Spearman 
rank correlation coefficient indicated a positive correla-
tion between each pair of variables. All of the correlation 
tests were likewise nominally significant (p  <  0.05) with 
the exception of MOBP for cohort A (microarray vs gene 
counts, p = 0.09; microarray vs exon counts, p = 0.09) and 
LRRC37A4 (microarray vs exon count, p = 0.22) for cohort 
A (Online Resource Table 3).

We also compared the results from Table  3, with 
publically available data, where available and deter-
mined that rs1768208/MOBP, rs8070723/ARL17B and 
rs8070723/LRRC37A4 associations could also be detected 
in brain tissue of subjects with different diagnoses and/or in 
a different brain region (Online Resource Table 4).

To determine whether the PSP risk SNP associations 
with gene expression were driven by their influence on CpG 
methylation, we next tested their effects on these endophe-
notypes. There were no CpGs, captured in our study, within 
the gene body ±5 kb of LRRC37A4. There were 11 such 
CpGs for MOBP which were tested for their associations 
with rs1768208; 12 for ARL17A tested with rs242557 and 
8 for ARL17B tested with both rs242557 and rs8070723. 
There were four nominally significant associations 
(Table  4), of which ARL17B-3′ region CpG methylation/
rs8070723 achieved study-wide significance after correc-
tions for 39 multiple tests. Visualization of the CpG meth-
ylation levels by genotype using box plots revealed lower 
levels of methylation at this ARL17B-3′ CpG for carriers of 
rs8070723-G allele in comparison to major homozygotes 
(data not shown). Box plots for the next significant associa-
tion ARL17A intronic CpG/rs242557 demonstrated higher Ta

bl
e 

3  
S

ig
ni

fic
an

t P
SP

 r
is

k 
G

W
A

S 
SN

P 
as

so
ci

at
io

ns
 w

ith
 g

en
es

 in
 c

is

N
A

 n
ot

 a
va

ila
bl

e 
(n

o 
pr

ob
es

 a
va

ila
bl

e 
fo

r 
in

di
ca

te
d 

ge
ne

s)
. C

oh
or

t B
 r

es
ul

ts
 a

re
 f

ro
m

 th
e 

PS
P 

su
bs

et
 w

ith
in

 th
e 

pu
bl

is
he

d 
M

ay
o 

C
lin

ic
 e

G
W

A
S 

[7
] 

an
d 

ba
se

d 
on

 a
n 

ea
rl

ie
r 

ve
rs

io
n 

of
 W

G
-D

A
SL

 
ex

pr
es

si
on

 m
ic

ro
ar

ra
y 

th
an

 C
oh

or
t A

 m
ea

su
re

m
en

ts
. L

oc
us

 n
am

e 
is

 g
iv

en
 b

y 
th

e 
PS

P 
ri

sk
 G

W
A

S 
an

d 
is

 u
su

al
ly

 th
e 

ge
ne

 n
am

e 
ne

ar
es

t t
he

 in
de

x 
SN

P.
 G

en
e 

tr
an

sc
ri

pt
 le

ve
ls

 o
f 

th
e 

ge
ne

s 
in

-c
is

 
te

st
ed

 f
or

 a
ss

oc
ia

tio
ns

 w
ith

 th
e 

in
de

x 
SN

P.
 P

ro
be

 W
G

-D
A

SL
 p

ro
be

 m
ea

su
re

d

L
oc

us
C

hr
SN

P
Te

st
ed

 
al

le
le

G
en

e
Pr

ob
e

C
oh

or
t A

C
oh

or
t B

M
et

a-
an

al
ys

is

N
B

E
TA

C
I

P
N

B
E

TA
C

I
P

N
B

E
TA

C
I

P

M
A

P
T

17
rs

80
70

72
3

G
L

R
R

C
37

A
4

IL
M

N
_2

39
36

93
17

5
−

0.
45

−
0.

67
 to

 
−

0.
22

1.
60

E
−

04
10

0
−

0.
41

−
0.

67
 to

 
−

0.
15

2.
93

E
−

03
27

5
−

0.
43

−
0.

60
 to

 
−

0.
26

8.
01

E
−

07

M
O

B
P

3
rs

17
68

20
8

T
M

O
B

P
IL

M
N

_2
29

84
64

17
5

0.
30

0.
06

 to
 0

.5
4

1.
68

E
−

02
99

0.
36

0.
07

 to
 0

.6
6

1.
84

E
−

02
27

4
0.

32
0.

14
 to

 0
.5

1
6.

94
E
−

04

M
A

P
T

17
rs

80
70

72
3

G
A

R
L

17
B

IL
M

N
_3

23
19

52
17

5
−

0.
35

−
0.

59
 to

 
−

0.
10

6.
43

E
−

03
N

A
N

A

M
A

P
T

17
rs

24
25

57
A

A
R

L
17

B
IL

M
N

_3
23

19
52

17
5

−
0.

12
−

0.
02

 to
 

−
0.

21
2.

04
E
−

02
N

A
N

A

M
A

P
T

17
rs

24
25

57
A

A
R

L
17

A
IL

M
N

_1
69

86
80

17
5

−
0.

18
−

0.
06

 to
 

−
0.

30
5.

35
E
−

03
N

A
N

A



204	 Acta Neuropathol (2016) 132:197–211

1 3

methylation for rs242557-A carriers. Likewise, carriers of 
this allele were associated with higher methylation levels 
of a CpG in the ARL17B-3′ region. At the MOBP locus an 
intronic CpG with significant rs1768208 association had 
higher levels of methylation with one copy of rs1768208-
T, but not with two copies. Of these 3 genes, only MOBP 

had both gene expression and CpG methylation measure-
ments in the same subset of subjects (Fig. 1, n = 43). To 
determine whether epigenetic changes may be driving gene 
expression changes, we correlated MOBP levels with CpG 
methylation in this cohort and did not observe significant 
correlations.

Fig. 2   Kernel density plots for significant PSP risk SNP associations 
with brain gene expression levels: distribution of brain gene expres-
sion level residuals from PSP patients obtained after adjustment 
for all covariates is shown. Blue line indicates distribution of gene 

expression residuals for homozygous minor individuals; green line 
indicates the same for heterozygotes; red line indicates the same for 
major homozygotes. Different line types were used for the different 
SNPs

Table 4   Significant PSP risk GWAS SNP associations with CpG methylation across nominated genes

Genes with significant expression associations were assessed. CpGs within the body ±5 kb of these genes were tested for association of their 
methylation with the PSP risk index SNPs at the relevant loci. LRRC37A4 did not have such CpGs. Significant associations are shown. N number 
of subjects tested. Additive model was assumed for the tested allele

Gene Index SNP N Number of CpGs tested Position (hg19) Location % methylation, mean (range) χ2 P value

MOBP rs1768208 43 11 39,539,967 Intron MOBP 0.13 (0.0–0.39) 6.37 4.15E−02

ARL17A rs242557 40 13 44,583,458 Intron ARL17A 0.94 (0.71–1.0) 13.30 1.29E−03

ARL17B rs242557 40 8 44,346,670 4.9 kb 3′ ARL17B 0.87 (0.19–1.0) 8.03 1.81E−02

ARL17B rs8070723 43 8 44,346,670 4.9 kb 3′ ARL17B 0.88 (0.19–1.0) 16.14 5.87E−05
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We investigated the CpG methylation/SNP association 
in the entire inversion region of chromosome 17 (Online 
Resource Table 5). We determined that rs8070723 had the 
strongest association with the ARL17B-3′ CpG methyla-
tion levels, although this variant also had associations with 
other CpGs including those near MAPT. The association 
with rs242557 and the intronic ARL17A CpG at position 
44,583,458 had the 3rd strongest significance behind those 
for CpGs near CRHR1 and MAPT. Our CpG results across 
the chromosome 17 inversion region are annotated for 
presence of SNPs (dbSNP135) at the tested CpG positions 
(Online Resource Table 5). The CpG at position 44,346,670 
that has the strongest association with rs8070723 has a 
SNP (rs139480590 aka rs2696560) annotated at this posi-
tion; however, the evidence for this variant is limited to 
reports from just two subjects (dbSNP) and was not iden-
tified by the 1000 genomes project, indicating that it is 
unlikely to account for the altered methylation we observe 
in this study.

To ascertain whether any of the top PSP risk SNPs with 
expression associations influenced levels of neuropathol-
ogy and tau lesion subtypes, we tested them for associa-
tions with the latent traits. MAPT locus variants rs242557 
and rs8070723 were tested in addition to MOBP locus 
variant rs1768208 (Table  5). There were nominally sig-
nificant associations between PSP risk allele rs242557-A 
and increased overall neuropathology latent trait; and sug-
gestive results for rs1768208-T for the same endopheno-
type. When subtypes of neuropathology latent traits were 
evaluated, rs242557-A had the strongest associations with 
tufted astrocytes (TA), followed by coiled bodies (CB). 
Tau threads (TAUTH) were the most strongly associated 
neuropathology subtype with rs1768208-T, followed by 
coiled bodies that have suggestive results. Given that these 
analyses are conducted in only PSP subjects, H2-haplo-
type tagging rs8070723-G is rare with only 4 % allele fre-
quency amongst the 422 subjects tested. Despite this, all 

neuropathology latent traits had trends towards lesser sever-
ity associated with rs8070723-G, where neurofibrillary tan-
gles (NFT) had a suggestive p value of association. Kernel 
density plots for the SNP/neuropathology trait associations 
are shown for each of the SNPs and the overall latent trait 
(Fig.  3a–c) and for the significant neuropathology sub-
type associations (Fig. 3d–f). These plots depict the shifts 
towards greater neuropathology severity (higher residuals) 
for carriers of rs242557-A (Fig. 3a, d, e) and rs1768208-TT 
minor homozygotes (Fig. 3b, f). Likewise, a shift towards 
lower overall neuropathology is observed for rs8070723-G 
carriers (Fig. 3c).

Discussion

With the advent of genome-wide association studies 
(GWAS), many disease risk loci have been identified, 
though discovery of the actual disease genes, the functional 
genetic variants and their mechanism of action require 
alternative approaches [15]. In this study, we evaluated the 
most significant PSP risk variants identified in a GWAS 
[19] for their effects on brain gene levels in a sizable cohort 
of 175 autopsied PSP subjects, followed by meta-analysis 
with data from an independent cohort of 100 PSP brains. 
To our knowledge this study constitutes the largest gene 
expression association study conducted in brains from sub-
jects with PSP. The goals of this analysis were twofold: 
To assess whether any of the PSP risk SNPs were mark-
ers of functional, regulatory variants; and to identify genes 
with influenced brain levels as potential candidate PSP risk 
genes. In order to further explore the potential functional 
consequence of PSP risk variants, we next tested all of the 
SNPs with nominally significant brain gene expression 
associations for epigenetic effects. For this, we used CpG 
methylation levels measured by RRBS in 43 PSP subjects. 
We also tested the effects of PSP risk SNPs with expression 

Table 5   Association of neuropathological latent traits with PSP risk variants

Locus, SNP (tested allele, minor allele frequency = MAF; number of subjects tested = N) are shown in the header row

BETA direction and magnitude of effect of each copy of the minor allele on pathological measure, CI 95 % confidence interval, P p value

Nominally significant results <0.05 are bolded, suggestive results with p < 0.1 are italicized

Phenotype Locus_SNP (allele; MAF; N)

MAPT_rs242557 (A; 0.56; 422) MOBP_rs1768208 (T; 0.36; 421) MAPT_rs8070723 (G; 0.04; 422)

BETA 95 % CI P BETA 95 % CI P BETA 95 % CI P

Overall 0.15 0.02–0.27 2.11E−02 0.13 0.00–0.25 5.24E−02 −0.19 −0.49 to 0.11 2.07E−01

Neurofibrillary tangles (NFT) 0.02 −0.10 to 0.13 7.98E−01 0.01 −0.10 to 0.13 6.70E−01 −0.23 −0.50 to 0.04 9.96E−02

Coiled bodies (CB) 0.17 0.06–0.29 3.12E−03 0.10 −0.01 to 0.22 8.27E−02 −0.16 −0.44 to 0.11 2.41E−01

Tufted astrocytes (TA) 0.24 0.12–0.37 1.20E−04 0.03 −0.10 to 0.15 6.79E−01 −0.12 −0.41 to 0.18 4.46E−01

Tau threads (TAUTh) 0.04 −0.07 to 0.16 4.85E−01 0.16 0.04–0.27 9.00E−03 −0.13 −0.41 to 0.14 3.44E−01
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associations, on quantitative PSP neuropathology pheno-
types obtained from 422 subjects. These multi-endophe-
notype associations revealed plausible functional effects 
for some of the PSP risk variants on brain gene expression, 
CpG methylation and severity of neuropathology.

The expression associations for cis-genes impli-
cate LRRC37A4, ARL17A and ARL17B at the MAPT 
locus and MOBP as candidate PSP risk genes. We previ-
ously identified PSP risk SNP/expression associations 
for rs1768208/MOBP, rs11568563/SLCO1A2 and both 
rs8070723 and rs242557 with MAPT temporal cortex and/
or cerebellar levels in a smaller cohort of PSP subjects [48]. 
In the current study, we took a more stringent approach 
and excluded all gene expression probes with a known 
polymorphism within their sequence, due to their poten-
tial for false-positive SNP associations [42]. Consequently, 
SLCO1A2 ILMN_2381020 and MAPT ILMN_1710903 
probes which harbor a polymorphism within their sequence 

and which yielded expression associations with PSP risk 
SNPs in the prior study were not assessed in this current 
study. These genes require further investigations for PSP 
risk SNP/expression associations using alternative methods 
not prone to such artifacts, such as next-generation RNA 
sequencing. In the current study of 175 temporal cortex 
samples from PSP subjects and after applying such strin-
gent exclusion criteria, we identified nominally significant 
associations with rs1768208/MOBP as in our previous 
study, and also associations with rs8070723/LRRC37A4, 
rs242557/ARL17A and both rs8070723 and rs242557 with 
ARL17B brain levels. ARL17A and ARL17B could not be 
evaluated in the prior study due to their absence from the 
older version of the microarray applied. The remarkable 
similarities in the direction of SNP effects for MOBP and 
LRRC37A4 associations in our two independent studies and 
meta-analysis that yield strong significance underscore the 
authenticity of the expression results for these two genes.

Fig. 3   Kernel density plots for PSP risk SNP associations with neu-
ropathology latent traits: results for overall neuropathology trait 
residual distributions by genotype is shown for the three PSP risk 

SNPs evaluated (a–c) and for the significant neuropathology subtype 
associations (d–f). All symbol definitions are per Fig. 2
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In another study [19], MAPT region H1-tagging variant 
rs8070723 was shown to associate with LRRC37A4 brain 
expression of control subjects, consistent with our results. 
The same study determined strong expression associations 
with ARL17A brain levels and another MAPT region vari-
ant rs8079215. This SNP is in LD with both rs8070723 and 
rs242557, but is not as strongly associated with PSP risk. 
Rs8079215 does not confer PSP risk after accounting for 
H1/H2 haplotype status. Given this, rs8079215 was not a 
focus of our study, although we confirmed that this vari-
ant has a stronger effect than rs242557 on brain levels of 
ARL17A in our cohort, as well (data not shown). We also 
showed expression associations with both rs242557 and 
rs8070723 on ARL17B, which is likewise influenced by 
rs8079215 to an even greater extent. Whether changes in 
LRRC37A4, ARL17A and ARL17B brain levels contribute 
to pathogenesis of PSP or are merely coincidental out-
comes of regulatory variants in LD with the actual PSP risk 
variants is an important question that warrants addressing.

The extent of LD in the MAPT region poses great dif-
ficulty in discerning the gene(s) and functional variants that 
impose risk for PSP and other neurodegenerative diseases 
that associate with SNPs in this region, such as Alzheimer’s 
(AD) [1, 24, 31] and Parkinson’s disease (PD) [11, 40]. The 
hallmark of tau pathology in AD, PSP and other tauopa-
thies and presence of deterministic MAPT mutations that 
lead to neurodegeneration (reviewed [17]) strongly impli-
cate MAPT as the culprit in these disease associations. Nev-
ertheless, the complex interactions between disease risk 
variants and expression levels of a number of genes in the 
MAPT region should at least raise the possibility that addi-
tional genes at this locus may play a role in disease patho-
genesis either independent of the MAPT gene or as effect 
modifiers.

LRRC37A4, which is at the boundary of the MAPT 
locus inversion, pertains to the family of “leucine rich 
repeat containing 37 genes” which have evolved through 
segmental duplication on chromosome 17 [3]. Through 
evolution, LRRC37 genes acquired new promoters leading 
to increased expression in the cerebellum and fetal brain. 
LRRC37 proteins are predicted to have a transmembrane 
domain and some isoforms were shown to undergo cleav-
age, followed by extracellular release [3]. Other LRR-
containing proteins have been implicated in neurodegen-
erative diseases [23, 26, 28]. Early transfection studies of 
LRRC37A showed induction of filopodia formation [3]. 
ARL17A and ARL17B pertain to the sub-family of ADP-
ribosylation factor-like (ARF-like) genes, which belong to 
the ARF family that regulates membrane trafficking and 
vesicular transport [39]. Mutations in ARF family genes 
can lead to a number of neurologic diseases, including 
autosomal recessive periventricular heterotopia, X-linked 
intellectual disability, and Joubert’s syndrome ([reviewed 

[39]), which is not surprising given the dependence of 
synaptic transmission on vesicular trafficking. Collec-
tively, these findings suggest that LRRC37A4, ARL17A and 
ARL17B may be additional plausible candidate PSP risk 
genes at the MAPT locus which should be explored further.

Our expression analyses showed lower levels of 
LRRC37A4 and ARL17B associated with the MAPT region 
H2 haplotype. Although LRRC37 gene levels previously 
analyzed in lymphoblastoid cells showed the opposite asso-
ciation, i.e., higher levels with H2 haplotype [3, 10], this dis-
crepancy may arise from differences in tissue, subject diag-
nosis, and analysis of multiple vs. single LRRC37 gene(s). 
Partial H1c-tagging rs242557 also associates with lower 
levels of ARL17A and ARL17B. The association of both the 
protective H2 and risky H1c variants with lower ARL17B 
levels may be due to the presence of allelic heterogeneity 
on these haplotypic backgrounds and/or collective effect of 
susceptibility variants which may confer either risk or pro-
tection depending on their relative frequencies and levels of 
expression. Sequencing and haplotype analysis in conjunc-
tion with detailed in vitro studies are needed to explore these 
results further. It also remains possible that one or more of 
these associations reflect false positives, though this seems 
especially unlikely for LRRC37A4 and MOBP, which have 
remarkable consistency in two independent cohorts.

Another important level of complexity in the chromo-
some 17 inversion region is the presence of copy-number 
variations (CNVs), which have been shown to arise inde-
pendently on the H1 and H2 haplotypes [5, 41]. A 205 bp 
long duplication CNV, which has arisen on the H1 and a 
shorter 155  bp duplication CNV, which has arisen on the 
H2 haplotype both involve 5′ exons of KANSL1. Brain lev-
els of KANSL1 do not associate with either rs8070723 or 
rs242557 in our study. While this result does not rule out 
KANSL1 as a candidate risk gene for PSP, it suggests that 
the PSP risk conferred by rs8070723 or rs242557 variants 
are unlikely to be due to their effects on gene dosage of 
KANSL1. Alternatively, rs8070723 or rs242557 may not 
sufficiently distinguish the haplotypic complexity in this 
region that associates with KANSL1 levels.

There is another 210  bp CNV in the inversion region, 
which harbors LRRC37A, ARL17A, ARL17B and NSF 
genes. This CNV can occur as 1–2 copies on the H2 hap-
lotype and as 1–4 copies on the H1 haplotype. In our 
study, we did not have gene expression measurements for 
LRRC37A or NSF. It should be noted that LRRC37A4, 
which resides upstream of all three CNVs and for which 
there is a significant eQTL is a different gene than 
LRRC37A. Importantly, the probe for LRRC37A4 does not 
bind LRRC37A. Hence, the eQTL result for LRRC37A4 is 
unlikely to be driven by the CNVs in the inversion region.

In contrast, ARL17A and ARL17B gene expression asso-
ciations could be driven by the 210 bp CNV. ARL17B levels 
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are lower in H2-haplotype carriers. Given that H1-haplo-
type carriers can have as many as 4 copies of this 210 bp 
CNV, whereas H2-carriers have only 1–2 copies, it is 
plausible that the rs8070723/ARL17B level association is 
driven by this CNV. On the other hand, the association of 
rs242557, which partly tags H1c, with lower ARL17A and 
ARL17B levels could also be theoretically explained by 
CNVs. The H1c haplotype was found to be less prone to 
the proximal duplication events [41]. If this is also true for 
the distal 210 bp CNV, this can explain the lower ARL17A 
and ARL17B level associations with partial H1c-tagging 
rs242557. Since we have not directly measured CNVs in 
our samples, the influence of these structural variants on 
the expression associations detected in our study is specu-
lative. Nevertheless, these collective results should encour-
age combined CNV and SNP studies to fully explore the 
role of these variations in gene expression and risk of PSP.

Higher levels of MOBP are associated with the PSP risk 
allele (rs1768208-T) in both of our expression cohorts of 
PSP subjects (N = 275). The PSP risk allele at this locus 
has also been reported to associate with expression of 
SLC25A38, in a cohort of control brains (N = 387) assessed 
with microarray expression chips [19] and a mixed cohort 
of control and PSP brains (N = 38) assessed by quantita-
tive RT-PCR [47]. In the larger cohort of control brains, 
SNPs at the MOBP locus associated with levels of both 
MOBP and SLC25A38, but more strongly for the latter. 
In that study, the SLC25A38 gene expression associations 
were stronger in the cerebellum than in the frontal cor-
tex. In the smaller study, frontal cortex RNA was assessed 
from 19 subjects who were carriers of rs1768208-T vs. 19 
rs1768208-C allele carriers, where the authors detected 
higher SLC25A38 but not MOBP levels in the rs1768208-T 
carriers. In our study of 175 PSP brains with RNA isolated 
from the temporal cortex we do not observe an association 
of rs1768208-T with SLC25A38 levels (p = 0.23: data not 
shown).

The identification of brain MOBP expression associa-
tions with MOBP locus SNPs in the 387 control brains from 
another study using the microarray gene expression meas-
urement approach is consistent with our findings [19]. The 
lack of MOBP level associations in the study of 38 brains 
measured with qRT-PCR [47] could be due to the limited 
power of this study or difference in methodology. The 
absence of SLC25A38 level associations with rs1768208-T 
in our study of PSP brains could be due to our assessment 
of disease subjects vs. control or mixed cohorts or differ-
ences in the tissue regions assessed. It is possible that some 
expression associations may be context dependent and only 
be observed in certain brain regions, cell types or diseased 
subjects. This may be due to differences in transcription 
factors, other cis-acting elements, interactions with envi-
ronmental factors or compensatory mechanisms in control 

tissue. Both MOBP and SLC25A38 are plausible candi-
date genes based on their known functions. SLC25A38 is 
located ~70 kb 5′ of MOBP, encodes for apoptosin and has 
been implicated in apoptosis and neurodegeneration [46]. 
MOBP, which encodes myelin oligodendrocytic basic pro-
tein is exclusively expressed in the central nervous system 
[45] and also represents a plausible candidate PSP risk 
gene, particularly given the abundance of oligodendroglial 
tau neuropathology in PSP [12]. Indeed, the PSP risk allele 
at this locus is associated with a higher burden of oligo-
dendroglial and white matter tau lesions (coiled bodies and 
tau threads) but not neurofibrillary tangles (Table  5), fur-
ther supporting the relevance of this variant in cell types in 
which MOBP is expressed.

Given that epigenetic modifications can influence gene 
expression changes [27], we sought to determine whether 
any of the PSP risk loci with SNP/expression associations 
also harbored SNP associations with CpG methylation. 
Although CpG methylation is not the only form of epige-
netic modification, it is the one most commonly evaluated 
[4, 27]. Although most epigenetic studies evaluate DNA 
CpG methylation using microarray-based approaches, 
we chose to utilize a sequencing-based approach, since 
microarrays cover only a relatively small percentage of 
CpGs typically targeting promoters. Using RRBS, we were 
able to assess CpGs in both the body and ±5 kb flanking 
regions of the genes of interest. We identified one CpG in 
the 3′ region of ARL17B that showed study-wide significant 
associations with rs8070723, where carriers of H2 haplo-
type had lower levels of methylation. The same CpG had 
higher levels of methylation in rs242557-A carriers. There 
were two additional CpG/SNP associations of nominal sig-
nificance in the vicinity of ARL17A and MOBP. The epi-
genetic associations in the chromosome 17 region raise the 
question about the role of CNVs in these findings. We have 
assessed this indirectly by evaluation of rs8070723 and 
rs242557 associations with CpG methylation levels in the 
entire chromosome 17 inversion region. Although, associa-
tions with ARL17A and ARL17B region CpGs were some 
of the strongest in this region, strong associations were 
also noted for other genic regions, including MAPT, which 
should not be influenced by the CNVs. Thus, the epigenetic 
associations in chromosome 17 are unlikely to be entirely 
explained by CNVs.

Epigenetic studies in neurodegenerative disorders are an 
emerging theme with only one published study focused on 
the differential DNA methylation in blood from subjects 
with PSP, in addition to frontotemporal dementia against 
controls [1]. This study, which assessed 43 PSP samples 
against 185 controls identified differentially methylated 
probes especially at the MAPT locus on chromosome 17 
and associations of methylation levels at this region with 
H1 haplotype. Methylation changes were also observed 
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in post-mortem AD [21] and PD [8] brains in the MAPT 
region. Given the differences in methodology, regions and 
extent of CpGs evaluated in these studies, a direct compari-
son with our results is not possible, other than to indicate 
that our study and others identified H1 haplotype associa-
tions with CpG methylation at the MAPT locus.

To our knowledge, our findings constitute the first 
evaluation of epigenetic changes in brain tissue from PSP 
subjects. Although intriguing, they must be considered 
preliminary and replication must be sought due to the rela-
tively small sample size of 43 subjects with RRBS DNA 
methylation measurements. Further, these results require 
functional validation by joint assessment of methylation 
and gene expression levels using samples from the same 
tissue region of the same subjects. This type of validation 
is essential to propose a role for CpG methylation changes 
in modifying expression levels of particular genes. In our 
study, we had joint gene expression and methylation data 
only for MOBP, where correlations were not observed. This 
may imply that the methylation changes are not the major 
drivers of expression for this gene, that we are underpow-
ered to detect such correlations or that the SNP/CpG asso-
ciation for this region may be a false positive. Gene expres-
sion and methylation correlations for ARL17A and ARL17B 
need to be assessed in future studies. Further, assessment of 
both whole transcriptome and methylome of PSP brains are 
needed to characterize the full extent of transcriptional and 
epigenetic modifications that may be driving pathophysiol-
ogy of this condition.

Finally, our study evaluated the PSP risk SNPs that 
show expression associations, for their influence on levels 
of neuropathology based on the postulate that aberrations 
in gene levels may influence disease pathology. The latent 
trait [6] approach in which we converted semi-quantitative 
pathologic scores to quantitative traits enabled these anal-
yses for the overall pathology as well as subtypes of tau 
lesions. PSP is characterized by neuropathology involving 
not only neuronal tau accumulation (NFT), but also glial 
lesions in the form of tufted astrocytes (TA) and oligo-
dendroglial coiled bodies (CB) and tau threads (TAUTH) 
in white matter. In our study, the risk variants rs242557-A 
and rs1768208-T associated with increased overall neuro-
pathology. The rs8070723-G allele, which tags the protec-
tive H2 haplotype, was rare, as expected, in our PSP cohort. 
Despite limited power due to this protective allele’s rarity 
in this cohort, there were trends towards lower neuropathol-
ogy association with this variant.

Interestingly, the most significantly associated neuro-
pathologic lesion differed for the various risk variants. 
Whereas rs242557 had the most significant associations 
with TA followed by CB, rs1768208 was significantly 
associated with TAUTH and CB. These findings may have 
implications for the specific cell types and neuropathologic 

lesions influenced by the different genes and variants. Given 
the oligodendroglial expression of MOBP and our collec-
tive results, we hypothesize that regulatory variants, which 
increase MOBP levels, drive the oligodendroglial neuropa-
thology and thus contribute to PSP risk. Though this seems 
the most parsimonious explanation of these collective data, it 
requires functional validation in vitro and in animal models.

In summary, in this investigation of PSP risk variants 
for their effects on multiple endophenotypes, we find rep-
licable brain expression associations with LRRC37A4 and 
MOBP and nominate ARL17A and ARL17B as additional 
candidate PSP genes to evaluate in follow-up studies. In 
a preliminary assessment of PSP brain CpG methylation, 
several associations emerge in the vicinity of ARL17A, 
ARL17B and MOBP, which require replication in larger 
cohorts and validation with gene expression correlative 
studies. Although our findings strongly support a role for 
misregulation of LRRC37A4, ARL17A, ARL17B and MOBP 
in PSP pathophysiology, the precise regulatory changes 
that promote disease risk cannot be discerned until all 
genetic variants in these regions, including CNVs can be 
assessed concurrently with levels of all genes in their vicin-
ity and their isoforms. Given the known functions of the 
genes with expression associations in our study, we can 
postulate that disruption of pathways implicated in synaptic 
transmission, neurodevelopment and/or oligodendroglial 
biology could underlie the risk for PSP. Assessing the top 
PSP risk and expression variants for their effects on neuro-
pathology subtypes can provide insight into the differential 
effects of these variants on pathophysiology. Our findings 
should be helpful in providing guidance for fine mapping 
efforts at the PSP risk loci and also for downstream bio-
logical studies.
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