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Abstract

Introduction—Multiple system atrophy (MSA) is a rare progressive neurodegenerative disorder. 

MSA was originally considered exclusively sporadic but reports of association with genes such as 

SNCA, COQ2 and LRRK2 have demonstrated that there is a genetic contribution to the disease. 

MAPT has been associated with several neurodegenerative diseases and we previously reported a 

protective association of the MAPT H2 haplotype with MSA in 61 pathologically confirmed cases.

Methods—In the present study, we assessed the full MAPT haplotype diversity in MSA patients 

using six MAPT tagging SNPs. We genotyped a total of 127 pathologically confirmed MSA cases, 

86 patients with clinically diagnosed MSA and 1312 controls.

Results—We identified four significant association signals in our pathologically confirmed 

cases, two from the protective haplotypes H2 (MSA:16.2%, Controls:22.7%, p=0.024) and H1E 

(MSA:3.0%, Controls:9.0%, p=0.014), and two from the rare risk haplotypes H1x (MSA:3.7%, 

Controls:1.3%, p=0.030) and H1J (MSA:3.0%, Controls:0.9%, p=0.021). We evaluated the 

association of MSA subtypes with the common protective H2 haplotype and found a significant 
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difference with controls for MSA patients with some degree of MSA-C (MSA-C or MSA-mixed), 

for whom H2 occurred in only 8.6% of patients in our pathologically confirmed series (P<0.0001).

Conclusions—Our findings provide further evidence that MAPT variation is associated with 

risk of MSA. Interestingly, our results suggest a greater effect size in the MSA-C compared to 

MSA-P for H2. Additional genetic studies in larger pathologically confirmed MSA series and 

meta-analytic studies will be needed to fully assess the role of MAPT and other genes in MSA.
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1. Introduction

Multiple system atrophy (MSA) is an adult-onset neurodegenerative disorder characterized 

by variable degrees of autonomic dysfunction, parkinsonism and cerebellar ataxia. The 

pathological hallmarks of MSA are α-synuclein-positive glial cytoplasmic inclusions (GCIs) 

which are required for definitive diagnosis [1]. The disease is considered sporadic and rare 

with prevalence rates ranging from 1.9 to 4.9 per 100,000 people [2]. Treatment options are 

limited and strictly supportive, and patients with MSA have a relatively poor prognosis 

compared to patients with Parkinson’s disease (PD) with median survival around 9 years 

from initial symptoms [3, 4]. There is no cure for MSA and poor understanding of the 

disease etiology is one of the greatest contributors to lack of such treatment.

Recently, Tsuji et al. identified variants in the COQ2 gene as risk factor for MSA in familial 

and population based Japanese series [5]. Established PD genes such as SNCA [6] and 

LRRK2 [7] have also been implicated in the risk to MSA. Recently, the GBA gene has also 

been associated to MSA [8]. The microtubule associated protein tau gene (MAPT) has been 

identified as a risk factor for many neurodegenerative diseases. The MAPT gene sits in a 

locus of extended linkage disequilibrium characterized by two main haplotypes: H1 and H2. 

The common H1 risk haplotype has been associated to increased risk of several 

neurodegenerative diseases such as PD [9], progressive supranuclear palsy (PSP) [10], and 

corticobasal degeneration (CBD) [11] in genome-wide association studies (GWAS). The H1 

and the protective H2 haplotypes have traditionally been tagged by a single variant but 

Pittman et al. [12] and others [13] demonstrated that the diversity at the locus far exceeds the 

simplistic H1/H2 dichotomy. Pittman and colleagues used six MAPT tag SNPs to capture 

more than 95% of the haplotype diversity at the locus and define over 20 H1 subhaplotypes. 

H1 subhaplotypes have been independently implicated in increased risk of 

neurodegenerative diseases, for example, H1 haplotype C (H1C) is associated with PSP [12] 

and AD [14, 15].

We previously detected an association of the MAPT H1 haplotype in a small study of 61 

pathologically confirmed MSA cases and 409 healthy controls (p=0.016).[16] Having more 

than doubled our sample size, we decided to explore the full haplotype diversity in our MSA 

series. We genotyped six MAPT haplotype tagging SNPs in 213 cases, including 127 

pathologically confirmed cases, and 1312 controls. We detected a protective effect of the H2 

haplotype in our pathological series, and this was particularly evident when considering the 
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MSA-mixed subtype only or the MSA-mixed and MSA-C subtypes. A novel protective 

association with the H1E subhaplotype and novel risk associations with the rare H1x and 

H1J subhaplotypes were also detected in pathologically confirmed cases.

2. Methods

2.1. Study subjects

A total of 213 MSA patients (127 pathologically confirmed and 86 clinically diagnosed) and 

1312 controls were included in this study. Of these, 44 pathologically confirmed MSA were 

part of our previous study [15]. The pathologically confirmed MSA patients were considered 

to be our primary series due to the definitive diagnosis, with the clinical MSA patients 

serving as a secondary exploratory series. The pathologically confirmed MSA patients were 

all cases received at the Mayo Clinic Jacksonville brain bank for neurodegenerative 

disorders and examined at Mayo Clinic Jacksonville by our neuropathologist (DWD) 

between 1998 and 2015. These cases were designated as MSA parkinsonian type (MSA-P) 

(n=51), MSA cerebellar type (MSA-C) (n=20), and MSA-mixed (n=56) based on pathology. 

MSA-C cases have predominant olivopontocerebellar degeneration, MSA-P cases have 

predominant striatonigral degeneration and MSA-mixed cases have equal pathology in 

olivopontocerebellar and striatonigral systems. Degeneration is defined by neuronal loss and 

gliosis and all cases have GCI and variable neuronal cytoplasmic inclusions (NCI) in both 

systems. Clinically diagnosed MSA patients were diagnosed at the Mayo Clinic in 

Jacksonville, FL (N=50) and Rochester, MN (N=36) where diagnosis of MSA was made 

using current consensus criteria [1]. Of the 86 clinically diagnosed MSA patients, 78 were 

probable MSA and 8 were possible MSA. Among the clinical cases, 52 are MSA-P, 24 

MSA-C and 10 have a mixed phenotype of MSA with parkinsonism and cerebellar ataxia. 

All control individuals were free of personal or familial history suggestive of parkinsonism, 

cerebellar ataxia or autonomic failure and were seen at the Mayo Clinic in Jacksonville, FL 

(N=881) or Rochester, MN (N=431). All individuals were unrelated within and between 

sample groups. All subjects are unrelated non-Hispanic Caucasians of European descent. 

Characteristics of patients with pathologically confirmed MSA, clinically diagnosed MSA, 

and controls are summarized in Table 1. The Mayo Clinic Institutional Review Board 

approved the study and all subjects or legal next of kin provided written informed consent.

2.2. Genetic analysis

Genomic DNA was extracted from peripheral blood monocytes or brain tissue using the 

standard protocols [17]. Six tagging SNPs were chosen to assess the most common MAPT 
subhaplotypes as described previously [12, 18]. The genotyping of MAPT haplotype tagging 

variants rs1467967, rs242557, rs3785883, rs2471738, rs8070723 (the H2-tagging variant), 

and rs7521 was performed using TaqMan SNP genotyping assays on an ABI 7900HT Fast 

Real-Time PCR system (Applied Bio-systems, Foster City, CA, USA) according to the 

manufacturer’s instructions (primer sequences are available upon request). Genotype calls 

were made using Taqman Genotyper Software v1.3 (Applied Bio-systems, Foster City, CA, 

USA). The genotype call-rate was 100%. There was no evidence of a departure from Hardy-

Weinberg equilibrium in study controls for any of the six MAPT variants (all P≥0.01 after 

Bonferroni correction).
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2.3. Statistical analysis

All analysis was performed separately for the primary group of pathologically confirmed 

MSA patients, the clinically diagnosed MSA patients, and the combined group of 

pathologically confirmed and clinically diagnosed patients. The association between each 

individual MAPT variant and risk of MSA was evaluated using a logistic regression model 

adjusted for age (age at death for pathologically confirmed MSA patients and age at blood 

sample for clinically diagnosed MSA patients and controls) and gender. Odds ratios (ORs) 

and 95% confidence intervals (CIs) were estimated, and each MAPT variant was examined 

under an additive model (i.e. effect of each additional minor allele). Associations between a 

six-variant MAPT haplotype and risk of MSA were examined using the R haplo.score and 

haplo.glm functions, where haplotypes occurring in less than 0.5% of subjects were 

excluded and adjustments were made for age and gender as previously described. 

Specifically, using haplo.score, we performed score tests of association that compared the 

frequency of each individual haplotype between MSA patients and controls, while using 

haplo.glm we utilized logistic regression models to obtain ORs and 95% CIs in comparison 

to a common reference haplotype. The common H1C haplotype was chosen as the reference 

category as it was the haplotype that occurred at a frequency of greater than 10% was not 

significantly associated with risk of MSA in any of the series. We did not make any 

adjustment for multiple testing in this exploratory analysis owing to the low power we had to 

detect associations with MSA; p-values ≤0.05 were considered as statistically significant. As 

a result of this lack of adjustment, it is important to highlight that our findings require 

validation. All statistical analysis was performed using R Statistical Software (version 3.0.2; 

R Foundation for Statistical Computing, Vienna, Austria).

3. Results

Single variant associations between individual MAPT variants and risk of MSA are 

displayed in Table 2. When considering only the pathologically confirmed MSA patients, 

significant associations with risk of MSA were observed for rs242557 (OR: 1.32, P=0.033), 

rs3785883 (OR: 1.44, P=0.020) and rs8070723 (OR: 0.69, P=0.029). When comparing all 

MSA patients to controls, there was a significant association between rs242557 and risk of 

MSA (OR: 1.25, P=0.031). None of the MAPT variants were associated with risk of 

clinically diagnosed MSA (all P≥0.052, Table 2).

We evaluated the association between MAPT haplotype and MSA risk and detected 24 

haplotypes that occurred with a frequency >0.5% (Table 3). When comparing the primary 

series of pathologically confirmed MSA patients to controls, significant protective 

associations were observed for the H2 (MSA: 16.2% Controls: 22.7%, P=0.024) and H1E 

(MSA: 3.0%, Controls: 9.0%, P=0.014) haplotypes, while significant risk associations were 

observed for the rare H1J (MSA: 3.0%, Controls, 0.9%, P=0.021) and H1x (MSA: 3.7%, 

Controls: 1.3%, P= 0.030) haplotypes. For the secondary series of clinically diagnosed MSA 

patients, a significant difference compared to controls was observed for the H1U haplotype 

(MSA: 5.5%, Controls: 2.4%, P=0.013). When combining the pathological and clinical 

MSA series, significant associations with risk of MSA were observed for H1U (MSA: 4.2%, 

Controls: 2.4%, P=0.049) and H1x (MSA: 3.2%, Controls: 1.3%, P=0.049).
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An analysis of the association between MAPT haplotype and MSA subtypes was not 

feasible owing to the small sample sizes of the individual subtypes. However, in an analysis 

that should be considered as exploratory owing to the small sample sizes of some of the 

subtypes, we did examine the association between the H2 haplotype (as defined by the 

rs8070723 variant) and risk of MSA subtypes, and these results are shown in Table 4. When 

evaluating just the pathologically confirmed MSA patients, significant protective 

associations for H2 were observed for the MSA-C subtype (OR: 0.27, P=0.030), the MSA-

mixed subtype (OR: 0.33, P=0.001) and the combined group of MSA-C and MSA-Mixed 

patients (OR: 0.32, P<0.0001). No associations with MSA subtypes were observed when 

considering the clinically diagnosed MSA patients alone (Table 4). When combining the 

pathologically confirmed and clinically diagnosed MSA patients, there was a significant 

protective effect for the H2 haplotype when considering MSA-mixed patients (OR: 0.50, 

P=0.008) and the combined group of MSA-C and MSA-Mixed patients (OR: 0.60, 

P=0.007).

4. Discussion

The MAPT gene has been implicated in several neurodegenerative diseases including 

synucleinopathies such as PD [9] and DLB [19]. We previously reported a protective 

association of the haplotype H2 in our screening of 61 patients with pathologically 

confirmed MSA and 409 controls [16]. Here, we expand on this finding by studying 213 

MSA patients including 127 pathologically confirmed cases and 1312 controls collected at 

Mayo Clinic. While these numbers may not initially appear impressive in the context of 

population-based association studies for more common diseases, they represent one of the 

largest pathologically confirmed series of MSA patients in the world.

Our results provide further evidence that MAPT variation is associated with risk of MSA. 

Specifically, in our primary pathologically confirmed MSA series, three of the six individual 

MAPT haplotype tagging SNPs were significantly associated with MSA risk. Additionally, 

in haplotype analysis, we confirmed the association with MSA for the protective haplotype 

H2, and identified novel associations to haplotypes H1E, H1x and H1J. Although none of 

these four significant haplotypes in the pathologically confirmed MSA series would have 

survived a Bonferroni correction for multiple testing, it is worth noting that when utilizing 

the less conservative false-discovery rate approach, we would expect three of these four 

significant (P≤0.05) associations to be real. Surprisingly, we detect a protective association 

to subhaplotype H1E which illustrates that disease risk is more complicated than the H1 risk 

vs H2 protective haplotypes and that there is a need for complete haplotyping to fully 

understand variability at the MAPT locus.

Additionally, several significant associations were observed when examining the association 

between the H2 haplotype (as measured by the rs8070723 variant) and MSA subtypes. 

Specifically, subtypes with prominent cerebellar dysfunction (i.e. MSA-C or MSA-mixed) 

had a lower frequency of the H2 haplotype, and for the pathologically confirmed series these 

findings were highly significant with frequencies under 9% and would remain significant 

after correction for multiple testing. Considering that PD is highly associated with MAPT, 

one would expect MSA-P to be associated. Our data suggests that MSA-C and MSA-P could 
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have different genetic risk at least concerning MAPT. The low prevalence of MSA has 

mostly precluded genetic studies from looking at MSA subtypes but interestingly, GBA 

variants have been found to be associated with MSA-C in a recent multicentric study [8]. 

Protein tau can be found in GCIs in patients with MSA [20]. It is also found at high levels in 

the cerebro-spinal fluid of MSA patients compared to PD patients [21] and there is at least 

one case report of a patient with MSA-C and tau pathology [22]. However, the role of tau in 

MSA and its different subtypes needs to be further explored.

MSA is a rare disease with the genetic risk most likely coming from rare variants to some 

degree. Federoff et al. used common SNPs and imputed data to calculate the heritability of 

MSA namely phenotypic variation attributable to genetic variation [23]. In their 

pathologically confirmed cases (N=291), the heritability was almost 0 when using genotyped 

data and when using imputed data it was 5.8% suggesting rare variants have a major 

contribution to the heritability. This is in line with our finding of associations with rare 

haplotype H1x and H1J.

It is worth commenting on some of the discordant findings between the pathological and 

clinical MSA series. For instance, of the four haplotypes that were significantly associated 

with disease in the primary pathologically confirmed MSA series, only one of these (H1x) 

was observed at a similar frequency in the clinical MSA series. The results of MSA subtype 

analysis involving the H2 haplotype also differed between the two series, with a strong 

protective association for MSA-C observed only in the pathological series. One simple 

explanation for this between-series heterogeneity is that relatively speaking, the sample sizes 

of both series are relatively small, and this naturally results in a high degree of variability of 

haplotype frequencies and association estimates due to their lack of precision.

There are several limitations of this study. First, the number of MSA patients included is 

small for a genetic association study, and therefore the possibility of a false-negative finding 

is important to consider. Second and related to this, owing to the inherently low power of 

MSA genetic studies, we did not make any adjustment for multiple testing despite the 

relatively large number of statistical tests that were performed. Therefore, it is very 

important to highlight that our findings require validation. Indeed, 95% confidence limits for 

some of our odds ratio estimates (particularly those involving rare haplotypes) are relatively 

wide, which further underscores the need for replication and meta-analytic studies. 

Additionally, the clinical misdiagnosis rate of MSA can be high, with a notable proportion 

of patients who receive an initial diagnosis of MSA go on to develop DLB, PD or PSP [24]. 

This creates a degree of uncertainty when examining the association between MAPT 
haplotypes and clinically diagnosed MSA, and therefore caution is warranted when 

interpreting findings involving our clinically diagnosed MSA series. Finally, we cannot rule 

out the possibility that population stratification could have had an effect on our results. 

Larger studies of pathologically confirmed MSA patients will help resolve most of these 

issues and better define the role of MAPT haplotypic variation in susceptibility to MSA.

Undoubtedly, the next challenge in MSA genetics is to increase sample size, preferably of 

pathologically confirmed cases, to be able to identify variants with small effect size. It is 

likely that the sample sizes will never reach the numbers seen in studies that are occurring in 
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other more common diseases, but nevertheless, meta-analytic GWAS combined to whole 

exome/genome sequencing studies will be important tools to identify common and rare 

variants in MSA and its subtypes. Clarifying the role of MAPT and other genes in the 

etiology of MSA will improve clinical diagnosis and lead to better treatment.

Acknowledgements

The authors thank those who contributed to their research, particularly the patients and families who donated DNA 
samples and brain tissue for this work. The Mayo Clinic Jacksonville is a Morris K. Udall Parkinson’s Disease 
Research Center of Excellence (NINDS P50 NS072187, neuropathology core: DWD, clinical core PI: ZKW, 
genetic core PI: OAR). This work is also supported by NINDS R01 NS078086 (OAR), P01 NS44233 (PAL) , U54 
NS065736 (PAL), K23 NS075141(WS), UL1 RR24150 (PAL), R01 NS092625 (PAL), R01 FD478 (PAL), P50 
AG016574 (Alzheimer’s Disease Research Center), U01 AG006786 (Mayo Clinic Study of Aging), Mayo Clinic 
Center for Regenerative Medicine, Mayo Clinic Center for Individualized Medicine, Mayo Clinic Neuroscience 
Focused Research Team, Cure MSA Foundation, and a gift from Carl Edward Bolch, Jr. and Susan Bass Bolch (SF, 
OAR, ZKW). CL is the recipient of a FRSQ postdoctoral fellowship and is a 2015 Younkin Scholar supported by 
the Mayo Clinic Alzheimer’s Disease and Related Dementias Genetics program.

Conflict of Interest Disclosures: Dr. Boeve has served as an investigator for clinical trials sponsored by GE 
Healthcare and FORUM Pharmaceuticals. He receives royalties from the publication of a book entitled Behavioral 
Neurology Of Dementia (Cambridge Medicine, 2009). He serves on the Scientific Advisory Board of the Tau 
Consortium. He has consulted for Isis Pharmaceuticals. Dr Ross is a member of the editorial board of PLoS ONE, 
American Journal of Neurodegenerative disease, Molecular Neurodegeneration and Parkinsonism and Related 
Disorders, and he is funded by NIH grants NS078086 and NS072187 and the Michael J. Fox Foundation. All 
authors have approved the final version of this paper.

References

[1]. Gilman S, Wenning GK, Low PA, Brooks DJ, Mathias CJ, Trojanowski JQ, Wood NW, Colosimo 
C, Durr A, Fowler CJ, Kaufmann H, Klockgether T, Lees A, Poewe W, Quinn N, Revesz T, 
Robertson D, Sandroni P, Seppi K, Vidailhet M. Second consensus statement on the diagnosis of 
multiple system atrophy. Neurology. 2008; 71(9):670–676. [PubMed: 18725592] 

[2]. Stefanova N, Bucke P, Duerr S, Wenning GK. Multiple system atrophy: an update. Lancet Neurol. 
2009; 8(12):1172–1178. [PubMed: 19909915] 

[3]. Low PA, Reich SG, Jankovic J, Shults CW, Stern MB, Novak P, Tanner CM, Gilman S, Marshall 
FJ, Wooten F, Racette B, Chelimsky T, Singer W, Sletten DM, Sandroni P, Mandrekar J. Natural 
history of multiple system atrophy in the USA: a prospective cohort study. Lancet Neurol. 2015; 
14(7):710–719. [PubMed: 26025783] 

[4]. Wenning GK, Geser F, Krismer F, Seppi K, Duerr S, Boesch S, Kollensperger M, Goebel G, 
Pfeiffer KP, Barone P, Pellecchia MT, Quinn NP, Koukouni V, Fowler CJ, Schrag A, Mathias CJ, 
Giladi N, Gurevich T, Dupont E, Ostergaard K, Nilsson CF, Widner H, Oertel W, Eggert KM, 
Albanese A, del Sorbo F, Tolosa E, Cardozo A, Deuschl G, Hellriegel H, Klockgether T, Dodel 
R, Sampaio C, Coelho M, Djaldetti R, Melamed E, Gasser T, Kamm C, Meco G, Colosimo C, 
Rascol O, Meissner WG, Tison F, Poewe W. The natural history of multiple system atrophy: a 
prospective European cohort study. Lancet Neurol. 2013; 12(3):264–274. [PubMed: 23391524] 

[5]. The_Multiple-System_Atrophy_Research_Collaboration. Mutations in COQ2 in familial and 
sporadic multiple-system atrophy. N Engl J Med. 2013; 369(3):233–244. [PubMed: 23758206] 

[6]. Scholz SW, Houlden H, Schulte C, Sharma M, Li A, Berg D, Melchers A, Paudel R, Gibbs JR, 
Simon-Sanchez J, Paisan-Ruiz C, Bras J, Ding J, Chen H, Traynor BJ, Arepalli S, Zonozi RR, 
Revesz T, Holton J, Wood N, Lees A, Oertel W, Wullner U, Goldwurm S, Pellecchia MT, Illig T, 
Riess O, Fernandez HH, Rodriguez RL, Okun MS, Poewe W, Wenning GK, Hardy JA, Singleton 
AB, Del Sorbo F, Schneider S, Bhatia KP, Gasser T. SNCA variants are associated with increased 
risk for multiple system atrophy. Ann Neurol. 2009; 65(5):610–614. [PubMed: 19475667] 

[7]. Heckman MG, Schottlaender L, Soto-Ortolaza AI, Diehl NN, Rayaprolu S, Ogaki K, Fujioka S, 
Murray ME, Cheshire WP, Uitti RJ, Wszolek ZK, Farrer MJ, Sailer A, Singleton AB, Chinnery 
PF, Keogh MJ, Gentleman SM, Holton JL, Aoife K, Mann DM, Al-Sarraj S, Troakes C, Dickson 

Labbé et al. Page 7

Parkinsonism Relat Disord. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DW, Houlden H, Ross OA. LRRK2 exonic variants and risk of multiple system atrophy. 
Neurology. 2014; 83(24):2256–2261. [PubMed: 25378673] 

[8]. Mitsui J, Matsukawa T, Sasaki H, Yabe I, Matsushima M, Durr A, Brice A, Takashima H, Kikuchi 
A, Aoki M, Ishiura H, Yasuda T, Date H, Ahsan B, Iwata A, Goto J, Ichikawa Y, Nakahara Y, 
Momose Y, Takahashi Y, Hara K, Kakita A, Yamada M, Takahashi H, Onodera O, Nishizawa M, 
Watanabe H, Ito M, Sobue G, Ishikawa K, Mizusawa H, Kanai K, Hattori T, Kuwabara S, Arai K, 
Koyano S, Kuroiwa Y, Hasegawa K, Yuasa T, Yasui K, Nakashima K, Ito H, Izumi Y, Kaji R, 
Kato T, Kusunoki S, Osaki Y, Horiuchi M, Kondo T, Murayama S, Hattori N, Yamamoto M, 
Murata M, Satake W, Toda T, Filla A, Klockgether T, Wullner U, Nicholson G, Gilman S, Tanner 
CM, Kukull WA, Stern MB, Lee VM, Trojanowski JQ, Masliah E, Low PA, Sandroni P, Ozelius 
LJ, Foroud T, Tsuji S. Variants associated with Gaucher disease in multiple system atrophy. Ann 
Clin Transl Neurol. 2015; 2(4):417–426. [PubMed: 25909086] 

[9]. Simon-Sanchez J, Schulte C, Bras JM, Sharma M, Gibbs JR, Berg D, Paisan-Ruiz C, Lichtner P, 
Scholz SW, Hernandez DG, Kruger R, Federoff M, Klein C, Goate A, Perlmutter J, Bonin M, 
Nalls MA, Illig T, Gieger C, Houlden H, Steffens M, Okun MS, Racette BA, Cookson MR, Foote 
KD, Fernandez HH, Traynor BJ, Schreiber S, Arepalli S, Zonozi R, Gwinn K, van der Brug M, 
Lopez G, Chanock SJ, Schatzkin A, Park Y, Hollenbeck A, Gao J, Huang X, Wood NW, Lorenz 
D, Deuschl G, Chen H, Riess O, Hardy JA, Singleton AB, Gasser T. Genome-wide association 
study reveals genetic risk underlying Parkinson's disease. Nat Genet. 2009; 41(12):1308–1312. 
[PubMed: 19915575] 

[10]. Hoglinger GU, Melhem NM, Dickson DW, Sleiman PM, Wang LS, Klei L, Rademakers R, de 
Silva R, Litvan I, Riley DE, van Swieten JC, Heutink P, Wszolek ZK, Uitti RJ, Vandrovcova J, 
Hurtig HI, Gross RG, Maetzler W, Goldwurm S, Tolosa E, Borroni B, Pastor P, Cantwell LB, 
Han MR, Dillman A, van der Brug MP, Gibbs JR, Cookson MR, Hernandez DG, Singleton AB, 
Farrer MJ, Yu CE, Golbe LI, Revesz T, Hardy J, Lees AJ, Devlin B, Hakonarson H, Muller U, 
Schellenberg GD. Identification of common variants influencing risk of the tauopathy progressive 
supranuclear palsy. Nat Genet. 2011; 43(7):699–705. [PubMed: 21685912] 

[11]. Kouri N, Ross OA, Dombroski B, Younkin CS, Serie DJ, Soto-Ortolaza A, Baker M, Finch NC, 
Yoon H, Kim J, Fujioka S, McLean CA, Ghetti B, Spina S, Cantwell LB, Farlow MR, Grafman J, 
Huey ED, Ryung Han M, Beecher S, Geller ET, Kretzschmar HA, Roeber S, Gearing M, Juncos 
JL, Vonsattel JP, Van Deerlin VM, Grossman M, Hurtig HI, Gross RG, Arnold SE, Trojanowski 
JQ, Lee VM, Wenning GK, White CL, Hoglinger GU, Muller U, Devlin B, Golbe LI, Crook J, 
Parisi JE, Boeve BF, Josephs KA, Wszolek ZK, Uitti RJ, Graff-Radford NR, Litvan I, Younkin 
SG, Wang LS, Ertekin-Taner N, Rademakers R, Hakonarsen H, Schellenberg GD, Dickson DW. 
Genome-wide association study of corticobasal degeneration identifies risk variants shared with 
progressive supranuclear palsy. Nat Commun. 2015; 6:7247. [PubMed: 26077951] 

[12]. Pittman AM, Myers AJ, Abou-Sleiman P, Fung HC, Kaleem M, Marlowe L, Duckworth J, Leung 
D, Williams D, Kilford L, Thomas N, Morris CM, Dickson D, Wood NW, Hardy J, Lees AJ, de 
Silva R. Linkage disequilibrium fine mapping and haplotype association analysis of the tau gene 
in progressive supranuclear palsy and corticobasal degeneration. J Med Genet. 2005; 42(11):837–
846. [PubMed: 15792962] 

[13]. Rademakers R, Melquist S, Cruts M, Theuns J, Del-Favero J, Poorkaj P, Baker M, Sleegers K, 
Crook R, De Pooter T, Bel Kacem S, Adamson J, Van den Bossche D, Van den Broeck M, Gass 
J, Corsmit E, De Rijk P, Thomas N, Engelborghs S, Heckman M, Litvan I, Crook J, De Deyn PP, 
Dickson D, Schellenberg GD, Van Broeckhoven C, Hutton ML. High-density SNP haplotyping 
suggests altered regulation of tau gene expression in progressive supranuclear palsy. Hum Mol 
Genet. 2005; 14(21):3281–3292. [PubMed: 16195395] 

[14]. Myers AJ, Kaleem M, Marlowe L, Pittman AM, Lees AJ, Fung HC, Duckworth J, Leung D, 
Gibson A, Morris CM, de Silva R, Hardy J. The H1c haplotype at the MAPT locus is associated 
with Alzheimer's disease. Hum Mol Genet. 2005; 14(16):2399–2404. [PubMed: 16000317] 

[15]. Myers AJ, Pittman AM, Zhao AS, Rohrer K, Kaleem M, Marlowe L, Lees A, Leung D, McKeith 
IG, Perry RH, Morris CM, Trojanowski JQ, Clark C, Karlawish J, Arnold S, Forman MS, Van 
Deerlin V, de Silva R, Hardy J. The MAPT H1c risk haplotype is associated with increased 
expression of tau and especially of 4 repeat containing transcripts. Neurobiol Dis. 2007; 25(3):
561–570. [PubMed: 17174556] 

Labbé et al. Page 8

Parkinsonism Relat Disord. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[16]. Vilarino-Guell C, Soto-Ortolaza AI, Rajput A, Mash DC, Papapetropoulos S, Pahwa R, Lyons 
KE, Uitti RJ, Wszolek ZK, Dickson DW, Farrer MJ, Ross OA. MAPT H1 haplotype is a risk 
factor for essential tremor and multiple system atrophy. Neurology. 2011; 76(7):670–672. 
[PubMed: 21321341] 

[17]. Labbe C, Soto-Ortolaza AI, Rayaprolu S, Harriott AM, Strongosky AJ, Uitti RJ, Van Gerpen JA, 
Wszolek ZK, Ross OA. Investigating the role of FUS exonic variants in essential tremor. 
Parkinsonism Relat Disord. 2013; 19(8):755–757. [PubMed: 23601511] 

[18]. Allen M, Kachadoorian M, Quicksall Z, Zou F, Chai HS, Younkin C, Crook JE, Pankratz VS, 
Carrasquillo MM, Krishnan S, Nguyen T, Ma L, Malphrus K, Lincoln S, Bisceglio G, Kolbert 
CP, Jen J, Mukherjee S, Kauwe JK, Crane PK, Haines JL, Mayeux R, Pericak-Vance MA, Farrer 
LA, Schellenberg GD, Parisi JE, Petersen RC, Graff-Radford NR, Dickson DW, Younkin SG, 
Ertekin-Taner N. Association of MAPT haplotypes with Alzheimer's disease risk and MAPT 
brain gene expression levels. Alzheimers Res Ther. 2014; 6(4):39. [PubMed: 25324900] 

[19]. Labbe C, Ogaki K, Lorenzo-Betancor O, Soto-Ortolaza AI, Walton RL, Rayaprolu S, Fujioka S, 
Murray ME, Heckman MG, Puschmann A, McCarthy A, Lynch T, Siuda J, Opala G, Rudzinska 
M, Krygowska-Wajs A, Barcikowska M, Czyzewski K, Sanotsky Y, Rektorova I, McLean PJ, 
Rademakers R, Ertekin-Taner N, Hassan A, Ahlskog JE, Boeve BF, Petersen RC, Maraganore 
DM, Adler CH, Ferman TJ, Parisi JE, Graff-Radford NR, Uitti RJ, Wszolek ZK, Dickson DW, 
Ross OA. Role for the microtubule-associated protein tau variant p.A152T in risk of alpha-
synucleinopathies. Neurology. 2015; 85(19):1680–1686. [PubMed: 26333800] 

[20]. Cairns NJ, Atkinson PF, Hanger DP, Anderton BH, Daniel SE, Lantos PL. Tau protein in the glial 
cytoplasmic inclusions of multiple system atrophy can be distinguished from abnormal tau in 
Alzheimer's disease. Neurosci Lett. 1997; 230(1):49–52. [PubMed: 9259461] 

[21]. Herbert MK, Eeftens JM, Aerts MB, Esselink RA, Bloem BR, Kuiperij HB, Verbeek MM. CSF 
levels of DJ-1 and tau distinguish MSA patients from PD patients and controls. Parkinsonism 
Relat Disord. 2014; 20(1):112–115. [PubMed: 24075122] 

[22]. Bujan B, Hofer MJ, Oertel WH, Pagenstecher A, Burk K. Multiple system atrophy of the 
cerebellar type (MSA-C) with concomitant beta-amyloid and tau pathology. Clin Neuropathol. 
2013; 32(4):286–290. [PubMed: 23320996] 

[23]. Federoff M, Price TR, Sailer A, Scholz S, Hernandez D, Nicolas A, Singleton AB, Nalls M, 
Houlden H. Genome-wide estimate of the heritability of Multiple System Atrophy. Parkinsonism 
Relat Disord. 2015; 22:35–41. [PubMed: 26589003] 

[24]. Koga S, Aoki N, Uitti RJ, van Gerpen JA, Cheshire WP, Josephs KA, Wszolek ZK, Langston JW, 
Dickson DW. When DLB, PD, and PSP masquerade as MSA: an autopsy study of 134 patients. 
Neurology. 2015; 85(5):404–412. [PubMed: 26138942] 

Labbé et al. Page 9

Parkinsonism Relat Disord. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• In this association study, we identified four MAPT haplotypes 

associated to MSA.

• Haplotype H2 and H1E are protective and H1x and H1J are risk 

haplotypes.

• The MAPT gene is involved in the susceptibility to MSA.

• Follow-up sequencing studies should be attempted to pinpoint causal 

variants.
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Table 1

Subjects characteristics

Variable Pathologically confirmed
MSA patients (N=127)

Clinically diagnosed
MSA patients (N=86) Controls (N=1312)

Age (years)
1 67 (47, 91) 67 (45, 88) 69 (45, 92)

Gender

   Male 75 (59.1%) 49 (57.0%) 611 (46.6%)

   Female 42 (40.9%) 37 (43.0%) 701 (53.4%)

MSA subtype

   MSA-P 51 (40.2%) 52 (60.5%) N/A

   MSA-C 20 (15.7%) 24 (27.9%) N/A

   MSA-mixed 56 (44.1%) 10 (11.6%) N/A

The sample median (range) is given for age.

1
Age at death is given for pathologically confirmed MSA patients and age at blood collection is given for controls and clinically diagnosed MSA 

patients. MSA=multiple system atrophy.
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Table 4

Associations between the H2 haplotype (rs8070723) and MSA subtypes

Series/MSA subtype N MAF
(%) OR (95% CI) P-value

Controls 1312 23.0 1.00 (reference) N/A

Pathologically confirmed MSA-P patients 51 29.4 1.38 (0.89, 2.13) 0.15

Pathologically confirmed MSA-C patients 20 7.5 0.27 (0.08, 0.88) 0.030

Pathologically confirmed MSA-mixed patients 56 8.9 0.33 (0.17, 0.64) 0.001

Pathologically confirmed MSA-P or MSA-Mixed patients 107 18.7 0.77 (0.54, 1.10) 0.15

Pathologically confirmed MSA-C or MSA-Mixed patients 76 8.6 0.32 (0.18, 0.56) <0.0001

Clinically diagnosed MSA-P patients 52 25.0 1.11 (0.71, 1.73) 0.66

Clinically diagnosed MSA-C patients 24 27.1 1.22 (0.65, 2.28) 0.53

Clinically diagnosed MSA-Mixed patients 10 35.0
N/A

1 N/A

Clinically diagnosed MSA-P or MSA-Mixed patients 62 26.6 1.20 (0.80, 1.80) 0.38

Clinically diagnosed MSA-C or MSA-Mixed patients 34 29.4 1.37 (0.81, 2.30) 0.24

All MSA-P patients 103 27.2 1.23 (0.90, 1.70) 0.19

All MSA-C patients 44 18.2 0.74 (0.43, 1.27) 0.28

All MSA-Mixed patients 66 12.9 0.50 (0.30, 0.84) 0.008

All MSA-P or MSA-Mixed patients 169 21.6 0.92 (0.70, 1.21) 0.55

All MSA-C or MSA-Mixed patients 110 15.0 0.60 (0.41, 0.87) 0.007

ORs, 95% CIs, and p-values result from logistic regression models adjusted for age (age at death in pathologically confirmed MSA patients and age 
at blood collection in clinically diagnosed MSA patients and controls) and gender. ORs correspond to each additional H2 allele.

MSA=multiple system atrophy; MAF=minor allele frequency; OR=odds ratio; CI=confidence interval

1
Logistic regression analysis was not performed owing to the small number of clinically diagnosed MSA-mixed patients.
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