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ABSTRACT: Background: Multiple system atrophy
(MSA) is a rare neurodegenerative disease characterized
by intracellular accumulations of a-synuclein and nerve
cell loss in striatonigral and olivopontocerebellar struc-
tures. Epidemiological and clinical studies have reported
potential involvement of autoimmune mechanisms in
MSA pathogenesis. However, genetic etiology of this
interaction remains unknown. We aimed to investigate
genetic overlap between MSA and 7 autoimmune dis-
eases and to identify shared genetic loci.

Methods: Genome-wide association study summary
statistics of MSA and 7 autoimmune diseases were
combined in cross-trait conjunctional false discovery
rate analysis to explore overlapping genetic background.
Expression of selected candidate genes was compared
in transgenic MSA mice and wild-type mice. Genetic var-
iability of candidate genes was further investigated using
independent whole-exome genotyping data from large
cohorts of MSA and autoimmune disease patients and
healthy controls.

-

\

Results: We observed substantial polygenic overlap
between MSA and inflammatory bowel disease and iden-
tified 3 shared genetic loci with leading variants upstream
of the DENND1B and RSP04 genes, and in intron of the
C7 gene. Further, the C7 gene showed significantly dys-
regulated expression in the degenerating midbrain of
transgenic MSA mice compared with wild-type mice and
had elevated burden of protein-coding variants in inde-
pendent MSA and inflammatory bowel disease cohorts.
Conclusion: Our study provides evidence of shared
genetic etiology between MSA and inflammatory bowel dis-
ease with an important role of the C7 gene in both pheno-
types, with the implication of immune and gut dysfunction
in MSA pathophysiology. © 2020 The Authors. Movement
Disorders published by Wiley Periodicals LLC on behalf of
International Parkinson and Movement Disorder Society.

Key Words: multiple system atrophy; inflammatory
bowel disease; genetic overlap; conjunctional false dis-

covery rate

A growing number of studies suggest that complex
diseases often have a highly polygenic structure with
shared genetic background."” Genome-wide associa-
tion studies (GWASs) have identified novel loci for
many complex diseases.” Polygenic architecture and
ubiquitous genetic overlap between complex diseases
promote the use of analytical approaches that are
designed to exploit these factors and can leverage abun-
dant GWAS data to identify genetic loci shared between
diseases.® Polygenic overlap has already been success-
fully exploited to identify shared genetic loci for various
complex diseases, including neurological diseases** and
psychiatric diseases.®

Multiple system atrophy (MSA) is a rare adult-onset
progressive neurodegenerative disorder with complex
etiology characterized by a combination of parkinson-
ism, autonomic, cerebellar, or pyramidal signs.”
Because of the involvement of a-synuclein, MSA is cate-
gorized as a synucleinopathy along with Parkinson’s
disease (PD) and dementia with Lewy bodies. Patholog-
ically, it is defined by neuronal cell loss, gliosis, and
a-synuclein—positive oligodendroglial cytoplasmic inclu-
sions (GCIs). Neuronal loss in MSA affects striatonigral
and olivopontocerebellar structures, and the degree of
neuronal loss and GCI density has shown a positive

correlation between both lesions, suggesting that the
accumulation of GClIs is an important factor in neuro-
nal death in MSA.®

The role of immune dysfunction in neurodegenerative
diseases has long been debated. For example, one of the
earlier studies using autopsy-confirmed PD cases
showed a higher level of microglial activation within
the substantia nigra, and this increase in microglial
activity was identified by human leukocyte antigen
(HLA) DR.” In the past decade GWASs have started to
reveal the extent of the immune component in the
etiopathogenesis of neurodegenerative diseases.'® Previ-
ously published GWASs and follow-up studies in PD
provided unequivocal evidence regarding the role of the
HLA region in PD pathogenesis.'® A recently published
study identified a-synuclein-derived peptides, which reg-
ulate the expression of the HLA locus."' Likewise,
GWAS studies in tauopathies, a group of diseases such
as Alzheimer’s disease (AD), frontotemporal dementia,
and progressive supranuclear palsy characterized by an
abnormal accumulation of neurofibrillary tangles, have
established the role of the immune component, thus
lending further support to the notion that immune dys-
function is one of the central pathways to neurodegen-
erative disorders.'?
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and seven autoimmune diseases @

Select autoimmune diseases having sharedgenetic
background with MSA

Perform conjFDR GWAS analysis to identify shared
genetic loci between MSA and autoimmune diseases

Y

Annotate of shared loci to refine shared loci

v v v

Assess gene-level) (Define pathways) (Validate top
impact of coding | |shared between ||loci in MSA
variants within MSA and transgenic mice
candidate genes in | [autoimmune
independent CD,
IBD and MSA

| exome-seq cohorts |

[GWAS summary statistics of MSA @

diseases

FIG. 1. Flowchart representing major steps of the study. MSA, multiple
system atrophy; CD, Crohn’s disease; IBD, inflammatory bowel disease,
including CD, ulcerative colitis, and unclassified IBD cases; UC, ulcera-
tive colitis; T1D, diabetes mellitus type 1; CeD, celiac disease; RA, rheu-
matoid arthritis; MS, multiple sclerosis.

In contrast to other more common neurodegenerative
disorders, genetic studies including GWASs have failed
to identify disease-associated genetic loci for MSA,
although heritability estimates have established a small
genetic component in MSA.'® Nevertheless, emerging
evidence points toward deregulation of mitochondria,
energy homeostasis, oxidative stress, and immune dys-
function that could contribute to the a-synuclein inclu-
sions observed in oligodendrocytes in MSA.' Despite
this, developing a consensus on potential mechanisms
that explain the causes of MSA remains challenging. In
the present study, we applied a genome-wide genetic-
pleiotropy-informed approach to identify shared genetic
risk factors between MSA and autoimmune diseases,
with subsequent validation in MSA transgenic mice.
Major steps of the study are presented in Figure 1.

Methods

Participant Samples

We used GWAS summary statistics on 7 autoimmune
disease: inflammatory bowel disease (25,042/34,915
cases/controls),’” Crohn’s disease (12,194/34,915),"

L

GENETICS OF MSA AND IBD
ulcerative colitis (12,366/34,915),"% diabetes mellitus
type 1 (7514/9045),'¢ celiac disease (4533/10,750),'"
rheumatoid arthritis (29,880/73,758),'® multiple sclero-
sis (9772/17,376), and independent GWAS on MSA
(918/3864)."” MSA cases were clinically diagnosed with
possible or probably MSA (n = 699) by movement dis-
orders specialists or pathologically with definite MSA
(n = 331) by neuropathologists, according to Gilman
criteria. Complete description of the MSA cohort com-
position and demographic characteristics have been
described elsewhere.'” Inflammatory bowel disease
(IBD), Crohn’s disease (CD), and ulcerative colitis
GWASs" were conducted with the same set of con-
trols. IBD cases used in de Lange et al'® include CD,
ulcerative colitis, and unclassified cases. Details of the
inclusion criteria and phenotype characteristics of the
GWASs are described in the original publications.

Genetic Overlap Between MSA and
Autoimmune Diseases

To visually assess enrichment of cross-phenotype
polygenic overlap between MSA and autoimmune dis-
eases, we generated conditional quantile-quantile (Q-Q)
plots® by conditioning MSA on each of 7 autoimmune
phenotypes and vice versa. Q-Q plots are commonly
used for visualization of P values from GWAS sum-
mary statistics to assess enrichment of association by
plotting quantiles of the observed distribution of associ-
ation P values with the phenotype against quantiles of
the P-value distribution expected under no association
(standard uniform distribution). In the absence of asso-
ciation, the Q-Q plot represents a straight line (diagonal
of the first quadrant), whereas deflection from the line
indicates the presence of a systematic association. Con-
ditional Q-Q plots are generated by defining subsets of
variants based on significance levels in the conditional
phenotype and constructing Q-Q plots for associated
values in the primary phenotype for each subset sepa-
rately. Enrichment of genetic overlap between primary
and conditional phenotype emerges in the conditional
Q-Q plot as successive leftward deflections as the signif-
icance with the conditional phenotype increases.

Prior to the construction of Q-Q plots and subse-
quent analysis of the shared genetic factors, the geno-
mic inflation control procedure described in Andreassen
et al® was applied to correct GWAS P values for all
analyzed phenotypes. In addition, to correct for infla-
tion induced by the linkage disequilibrium (LD), the
contribution of each single-nucleotide polymorphism
(SNP) was measured considering LD structure in the
surrounding region (+20-megabase-pair window),
using 100 iterations of random pruning at LD threshold
7> = 0.1. LD structure (#* values) was estimated with
PLINK?? using the 1000 Genomes Project phase 3 Euro-
pean data.?' At each iteration, a set of nearly LD-
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independent SNPs was selected by taking 1 random
SNP in each LD-independent region (clump of SNPs in
LD, #* > 0.1). The final contribution of each SNP was
estimated as an average across all iterations. Because of
the underlying complex LD structure encompassing the
HLA and the microtubule-associated protein tau
regions, which may inflate a conditional Q-Q plot and
bias other downstream analyses, SNPs within these
regions (hg19 locations c¢hr6:25119106-33,854,733
and chr17:40000000-47,000,000, respectively) were
excluded from all presented statistical analyses.

To further characterize polygenic overlap between
analyzed phenotypes, we estimated genetic correlations
between MSA and 7 autoimmune diseases using LD
score regression.*

Shared Loci Between MSA and IBD

The phenotypes that showed substantial genetic over-
lap with MSA in conditional Q-Q plots were further
analyzed with conjunctional false discovery rate (con-
jFDR) method®?*® to identify shared genetic loci
between MSA and autoimmune diseases. The conjFDR
method combines summary statistics from 2 phenotypes
to identify genetic loci associated with both phenotypes
simultaneously. In the presence of genetic overlap
between analyzed phenotypes, the conjFDR approach
offers increased statistical power to discover genetic loci
shared between analyzed phenotypes compared with
conventional  multiple-testing  approaches.**  The
method was effectively applied to discover shared
genetic loci in various complex disorders.>*

Functional Annotation of Identified Loci

Two types of analyses were performed. First, posi-
tional and functional annotation of lead variants identi-
fied in the conjFDR analyses was performed using
FUMA.?® Lead variants were annotated with Combined
Annotation Dependent Depletion (CADD) scores, mea-
suring the degree of variant deleteriousness on protein
structure/function, RegulomeDB scores predict the like-
lihood of regulatory functionality, and chromatin states
estimate transcription/regulatory effects from chromatin
states at the locus. Lead variants were queried for
known expression quantitative trait loci (€QTLs) in the
GTEx portal?” In addition, we scanned blood*®
(N > 30,000) and brain®*’ (N> 520) eQTL summary
statistics with substantially larger sample sizes than
corresponding  tissues in  GTEx  (Npjpeq < 400,
Nbrain < 200). LocusCompare®® was then applied to
check whether loci identified in conjFDR analysis colo-
calizes with eQTL signal. Although LocusCompare can
be useful for visual assessment of the colocalization
between conjFDR and eQTL signals, it cannot quantify

contributions of specific SNPs to colocalization. In con-
trast, tools like eCAVIAR,>" COLOC,** or SMR™® can

measure contributions of specific variants and therefore
could be more informative. However, these tools
require as an input association P values, which should
follow standard uniform distribution under assumption
of no association. This requirement does not hold for
FDR values produced by the conjFDR analysis.

Gene-Level Association Analysis

Exome-wide genotyping data from independent IBD,
CD, and MSA exome cohorts of European ancestry
were used to assess whether candidate genes selected
based on functional annotation of the loci identified in
the conjFDR analysis are enriched with disease-
associated variants. Neither of these cohorts overlaps
with the corresponding GWAS samples. Both IBD
(15,236/34,668 cases/controls) and CD (4989/16,307)
cohorts were genotyped using an exome chip covering
205,313 common and rare variants in approximately
16,000 protein-coding genes. Whole-exome sequencing
data for MSA cohort (358/1297 cases/controls) were gen-
erated using the SureSelect Exome target enrichment
technology. Individuals of non-European ancestry were
removed from the analyses. SKAT test>® in all 3 cohorts
was conducted using all coding variants within identified
genes. P values obtained from these tests were corrected
for multiple testing using Bonferroni correction.

Expression Analysis of Candidate Genes in the
Degenerating Midbrain of Transgenic
MSA Mice

PLP-haSyn transgenic mice (also called MSA mice’”)
and wild-type controls were kept under temperature-
controlled pathogen-free conditions on a light/dark
12-hour cycle. All experiments were performed
according to the ethical guidelines of the EU (Directive
2010/63/EU for animal experiments) and the Austrian
Federal Ministry of Science and Research (permission
BMFWF-66.011/0018-WF/v/3b/2015). Twelve-month-
old male mice (5 PLP-haSyn and 5 wild-type mice) were
perfused intracardially with phosphate-buffered saline
(pH 74; Sigma) under deep thiopental anesthesia.
Brains were extracted, and midbrains were quickly dis-
sected and snap-frozen in liquid nitrogen. Samples were
stored at —80°C until further processing. Samples were
homogenized in TRIzol reagent (Life technologies) with
ULTRA-TURRAX T-8 basic tissueruptor (IKA), and
RNA was isolated following the manufacturer’s instruc-
tions. RNA samples were retrotranscribed into cDNA
using a High-Capacity cDNA Reverse Transcription Kit
(Applied-Biosystems). Analyses were performed in a
CFX96 Touch Real-Time PCR Detection System (Bio-
Rad) using iTaq universal probes supermix (Bio-Rad).
Gapdh mRNA levels were used as an internal normali-
zation control. All statistical analyses were conducted
using the software Graph-Pad Prism 7 (Graphpad
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Software). The mean = standard effort of the mean was
used to present the results. Comparisons were
performed with multiple ¢ tests with Bonferroni-Dunn
correction. An adjusted P < 0.05 was considered statis-
tically significant.

Identification of Relevant Tissues and
Cell Types

The LD-SEG method*® was used to determine poten-
tial enrichment of tissue-/cell-type-specific categories in
MSA heritability. The method was applied to 7 pub-
licly available data sets with tissue-/cell-type-specific
gene expression and chromatin state used in the origi-
nal publication.?®

A ___Mmsajop '
7 /1
/
6 L
=
|
oY
‘23 y
o 4
o
— 3l — All SNPs
e 1
£ / — Pcp < 10°
g 2 K g < 10‘2 1
z Pecp
-3
11 = Pep < 1077 |}
— Expected
O & 1 4 1 1 1 ™

0 1 2 3 4 5 6 7
Empirical -1og; 4 (Aysa)

MSA | IBD
7 — 7]
/
6 L
“x pa
(2]
=5
=
2
o 4
o
— 5l — All SNPs
©
£ ~ Pigp < 101
g 2} <1072 |]
2 Pigp
1} —Pjgp <107 |}
— Expected
0

0 1 2 3 4 5 6 7
Empirical -log;4(Aysa)

GENETICS OF MSA AND 1I1BD

Gene Set Enrichment Analysis
DEPICT?” was applied to identify pathways enriched
with variants shared between MSA and IBD/CD, as
identified in the conjFDR analyses with relaxed signifi-
cance threshold (conjFDR < 0.35); see Table S6. Addi-
tional details of performed analyses are presented in
Appendix S1.

Results

Genetic Overlap Between MSA and
Autoimmune Diseases
Conditional Q-Q plots for association P values of
MSA and autoimmune diseases showed strong enrich-
ment for CD and IBD (including CD, ulcerative colitis
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FIG. 2. Conditional Q-Q plot showing the relation between expected (x axis) and observed (y axis) significance of SNPs in the primary phenotype when
markers are stratified by their P values in the conditional phenotype. A sequence of 4 nested strata is presented: blue, all SNPs; orange,
Pconditional_phenotype < 0.1; yellow, Pcongitional_phenotype < 0.01; and purple, Pconditional_phenotype < 0.001. Dashed black line demonstrates expected behavior
under no association. The increasing degree of leftward deflection from the no-association line for strata of SNPs with higher significance in the condi-
tional phenotype indicates putative polygenic overlap. (A) MSA conditioned on CD; (B) CD conditioned on MSA; (C) MSA conditioned on IBD; (D) IBD

conditioned on MSA. [Color figure can be viewed at wileyonlinelibrary.com]
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and unclassified IBD cases); see Figure 2A-D. Succes-
sive leftward shifts for strata of SNPs with higher signif-
icance in IBD and CD indicated that the proportion of
MSA-associated SNPs increased considerably with
higher levels of association with IBD and CD (and vice
versa), suggesting significant shared genetic background
between MSA and both IBD and CD (Fig. 2). In con-
trast, there was weak enrichment observed for other
analyzed phenotypes (Fig. S1). We also did not observe
significant (P < 0.05) genetic correlation between MSA
and any of the 7 analyzed autoimmune disorders,
which is likely because of the limited sample sizes of the
MSA GWAS.

Shared Loci Between MSA and IBD

Distinct genetic overlap observed in the conditional
Q-Q plot (Fig. 2) led us to perform genome-wide asso-
ciation screening by combining MSA with IBD and CD
GWAS summary statistics in conjFDR analysis. Three
LD-independent regions significantly associated with
MSA and IBD/CD were identified at conjFDR< 0.05
(Table 1). Manhattan plot for conjFDR results is pres-
ented in Figure 3. Detailed regional association plots
for identified loci are presented in Figure S2.

Functional Annotation of Identified Loci

Functional annotation of 3 leading variants from loci
shared between MSA and IBD/CD as identified in con-
jFDR analysis (conjFDR < 0.05) showed that 1 variant
(rs4957144) is in the first intron of the C7 gene, whereas
2 others, rs12740041 and rs116843836, are intergenic
variants located upstream of the corresponding DEN-
ND1B and RSPO4 genes (Table 1). The lead variant of
the locus shared between MSA and IBD/CD on chromo-
some 5 at 5pl13.1 (rs4957144, CADD, 14.2) has a
CADD score above 12.37, suggesting deleteriousness>® (-
Table S1). Querying these 3 variants for eQTL status in
the GTEx data® revealed DENNDIB (rs12740041),
TTC33 (rs4957144), and PSMF1 (rs116843836) as poten-
tial target genes in various tissues (Table S7). Additional
scan of brain and blood eQTL summary statistics with
large sample sizes suggested rs12740041 as eQTL for
DENNDI1B and rs4957144 as eQTL from TTC33 in both
blood and brain, whereas rs4957144 was also highlighted
as potential eQTL for RPL37 in brain (Table S8). TTC33
is 158 kb downstream of rs4957144 (Fig. S4) and thus is
not shown in Table 1.

Assessing a single-variant of eQTL data is prone to
false-positives.*® We applied the LocusCompare tool to
refine our eQTL findings and check whether loci identi-
fied in conjFDR analysis colocalize with eQTL signal.
Notable colocalization was observed for rs12740041,
where a clump of variants in LD (> > 0.4) significantly
associated with MSA, CD, and IBD in the conjFDR
analysis also revealed substantial deregulation of
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DENNDI1B expression in the brain and in several other
tissues (Fig. SSA-C). Observed colocalization of con-
jFDR and eQTL signals in multiple tissues suggests that
deregulation of DENND1B expression is more likely to
be involved in MSA/IBD/CD pathogenesis. Other loci
identified in our analysis did not show strong evidence
of colocalization events (Fig. S5D-]).

Eight protein coding genes within 100 kb of leading
SNPs identified in the conjFDR analysis of MSA versus
IBD/CD (Table 1) together with TTC33 highlighted in
the eQTL analysis (Table S7) were selected as candidate
genes for downstream analyses.

Gene-Level Association Analysis

The 9 selected candidate genes were assessed to esti-
mate the cumulative impact of protein-coding variants
observed in independent IBD/CD and MSA cohorts.
The SKAT test applied to all protein-coding variants
(no minor allele frequency threshold) identified C7 to
be significantly associated with IBD, CD, and MSA
(Pmsa, 1.10 x 10795 pep, 2.74 x 107%%; ppp, 5.99
x 107°%), suggesting the importance of the genetic vari-
ability within C7 for these diseases. Three other genes
from the same locus CARD6 (ppp, 3.33 x 107°%),
RPL37 (pmsa, 8.79 x 107, and TTC33 (pcp, 9.46
x 107%%) were nominally significant in IBD, MSA, and
CD correspondingly but did not survive multiple-testing
correction (Table S8).

Expression Analysis of Candidate Genes in the
Degenerating Midbrain of Transgenic
MSA Mice

The PLP-haSyn transgenic model is characterized by
MSA-P-like striatonigral degeneration triggered by
human a-synuclein overexpression in oligodendrocytes
and partly mediated by neuroinflammatory responses.>’
We assessed the expression of the 9 candidate genes as
identified in conjFDR and eQTL analyses. MROH2B
(P = 0.03) and C7 (P = 0.04) showed significant dys-
regulation in the midbrain of MSA mice following multi-
ple #test comparisons corrected with the Bonferroni-Dunn
method (Fig. 4, Table S5). However, the expression of
MROH2B was negligible; therefore, we concluded that
among the examined genes, C7 is the top candidate linked
to MSA-like neurodegeneration in the transgenic mouse
model.

Identification of Relevant Tissues and Cell
Types
We identified elevated enrichment for blood/immune
and digestive categories in the Roadmap data set (nomi-
nal P <0.001; Fig. S3A, Table S2). Furthermore, the
ImmGen data set highlighted a trend for enrichment for
B and myeloid cells in MSA (nominal P < 0.01). Taken
together, these results suggested the relevance of the

immune and digestive systems in MSA pathogenesis.
Although we observed a trend toward enrichment for
various categories, they were not significant when
corrected for multiple testing (FDR corrected P > 0.1),
most likely because of the small sample size of our
MSA cohort (Fig. S3).

Gene Set Enrichment Analysis

Pathway analysis using DEPICT showed that the
ITGA2 subnetwork was the most significant gene set
for variants shared between MSA and IBD/CD (nomi-
nal P = 5.55 x 107°7) as identified in conjFDR analysis
with relaxed significance threshold (conjFDR < 0.35).
However, it did not survive multiple-testing correction
at FDR < 0.05 (Table S4).

Discussion

The genetic studies so far failed to provide MSA-
associated genetic loci.'*'” Nevertheless, because of
clinical overlap with PD, a number of studies have
assessed the association of top PD-associated loci with
MSA.*! Thus far, results on the underlying genetic het-
erogeneity in MSA pathogenesis have been con-
flicting."”” The present study provides evidence of
shared genetic etiology between IBD/CD and MSA,
using a genome-wide genetic pleiotropy-informed
approach.

Genetic-pleiotropy informed approaches have been
successfully applied to identify shared loci for many
complex diseases, including AD and PD.** Previously
published study showed substantial genetic overlap
between PD and autoimmune diseases, specifically with
CD and diabetes mellitus type 1.* These studies high-
light the involvement of the immune component in neu-
rodegenerative diseases. Given that MSA is a
synucleinopathy, here we investigated the extent of the
shared genetic etiology between MSA and autoimmune
diseases. Conditional Q-Q plots (Fig. 2) suggested a
genetic overlap between MSA and IBD/CD. Our
approach helped to expand the genetic spectrum of
MSA pathogenesis. These putative loci were not
reported in the previously published MSA GWAS and
highlight the utility of such agnostic approaches in gene
discovery.'’

MSA GWAS data have yielded negligible heritability
estimates, in a range of 2%—-6%."> Novel strategies
should be applied to define new loci for rare neurode-
generative diseases such as MSA. A recently published
study highlighted the relevance of using tissue- and cell-
specific data in conjunction with GWAS data to identify
loci that hitherto could not be identified using a GWAS
approach alone.*® Furthermore, as it has been shown in
various other complex diseases, including neurodegen-
erative diseases, simultaneous inclusion of common and

456 Movement Disorders, Vol. 36, No. 2, 2021

85UBD17 SUOWIWIOD) BA 131D 3|eal|dde ayy Aq pausenob ake SaaILe WO ‘8SN JO Sa|NJ 10y Aelq 1 auluQ AS|IAA UO (SUO I IPUOD-pUE-SWLIBYWO" A3 | 1M ARe.q 1 BUl|UO//Sd)y) SUORIPUOD pue sWwB | 8Y} 39S *[720z/2T/9T] uo AriqiauliuQ 4|1 9oueld auelydoD Ag 8EE8Z SPW/Z00T OT/I0p/od A8 |IM A feiq | pU1UO'SOP.OS IPJUSLLIBAOLU//SANY WOl papeolumod ‘g ‘TZ0Z ‘LG28TEST



rare variants increases the power to detect the underly-
ing genetic underpinnings for complex diseases.*® By
leveraging various gene expression data sets, our study
showed that MSA heritability is enriched in genes
related to blood and digestive categories in GTEx and
Roadmap data sets as well as in genes showing elevated
expression in immune cells (Fig. S3). Although the
enrichment was not statistically significant, which is
likely because of the small-sample MSA GWAS.

Functional annotation highlighted a locus on chro-
mosome 5 at 5p13.1, which contains the C7 gene and
shows high deleterious and moderate regulatory scores
(Table S1), indicating that genetic variability within C7
could modulate MSA and IBD disease risks. The role of
C7 was strengthened by detecting its significant enrich-
ment with common and rare variants in both MSA and
IBD patients (Table S8). In addition, a PLP-haSyn
transgenic model of MSA-P-like neurodegeneration
showed significant disturbance of C7 expression in the
midbrain (Fig. 4), a region specifically characterized by
early neuroinflammatory response and neuronal loss
linked to oligodendroglial a-synucleinopathy.>® This
converging evidence suggests the involvement of C7 in
MSA pathogenesis, which will necessitate further clarifi-
cation by detailed functional analyses. It is worth not-
ing that we observed opposite directionality of the
effects for C7 in MSA and IBD/CD (Table 1),
suggesting distinct mechanisms for both phenotypes.
Our results should be considered in lieu of the findings
that complex diseases often show substantial evidence
of genetic pleiotropy,** and it is likely that C7 may
exert different pathogenetic mechanims in MSA and
IBD. Further functional studies are warranted to deci-
pher the role of C7 in MSA.

Our study reinforces the potential role of the “gut-
brain axis” in neurodegenerative diseases, in particular,
parkinsonian syndromes.*® For example, a previously
published study showed considerable genetic overlap
between PD, schizophrenia, and CD.*® Interestingly,
some comorbidity between PD and CD was driven by
the genetic variability within LRRK2.*” Furthermore, a
recently published study further refined the LRRK2
locus signal in CD and identified the p.N2081D variant
driving increased CD risk.*” Of note, both p.G2019S
and p.N2081D mutations are in the kinase domain of
LRRK2, highlighting the role of kinase activity in dis-
ease pathogenesis.”” LRRK2 has been shown to be
involved in a diverse range of functions, including vesic-
ular trafficking, autophagy, and inflammation.*®

A recent population-based study from Denmark
showed a 22% increased risk for PD for patients with
IBD compared with non-IBD individuals. The authors
also observed a trend, though nonsignificant, for
increased risk for MSA in IBD patients.*” In our study,
the C7 gene showed increased burden of rare and com-
mon variants in both IBD and MSA cohorts (Table S8);

SHARED GENETICS OF MSA AND IBD
however, the lead variant in this locus demonstrated
opposite direction of effect in IBD/CD and MSA
(Table 1). Further studies are required to assess clinical
evaluation of IBD patients for MSA phenotype to dis-
cern the role of C7 in IBD patients with the MSA
phenotype.

Our study indicates a bidirectional mechanism between
the central and enteric nervous system mediated via the
gut microbiome, which is directly linked to the status of
the intestinal immune system.*’ Thus, the chronic state of
inflammation can promote systemic inflammation and
neuroinflammation.’® A recent study showed the migra-
tion of human a-synuclein after injecting into the intesti-
nal wall of rats to the dorsal motor nucleus in the brain
stem in a time-dependent manner, suggesting that
changes induced in o-synuclein in the gut can directly
affect the brain and elicit an immune response.””

The loci identified in our study are directly linked to
immune-related activities. A recently published study
identified genetic variability in the C7 gene as a major
risk factor for AD in the Han Chinese population.’? In
addition, the complementary system has been shown to
be implicated in a diverse range of functions, including
amyloid-beta (AB) clearance, microglia activation, neu-
roinflammation, apoptosis, and neuron death.>>>* We
observed notable colocalization of conjFDR association
and eQTL signals for the DENND1B gene in brain and
blood (Fig. S5). DENNDI1B, a member of the con-
necdenn family, has been shown to play a role in
clathrin-mediated endocytosis.>® The evidence obtained
from our study underlying the relevance of immune
and vesicular trafficking is important for MSA patho-
genesis. Our pathway analysis identified the ITGA2
pathway as a “top hit” (Table S4). Integrins are cell
adhesion mediators and have been shown to be
involved in a diverse range of human diseases, includ-
ing IBD, as has been shown in a recently published
GWAS."

Neuroinflammation characterized by microglial acti-
vation has been involved in neurodegenerative diseases,
including MSA.>®°¢ Thus, interventional strategies
targeting the neuroinflammation offers an alternative
approach to either halt or slow disease progression. For
example, a study by Mandler et al’' performed active
immunization against a-synuclein in myelin basic pro-
tein MBP-a-Syn transgenic mice. They observed
reduced a-synuclein colocalization in oligodendrocytes
and astrocytes along with reduced neuronal death and
motor deficits. Similarly, therapeutic strategies, which
interfere with the synthesis of tumor necrosis factor-a,
have been tested in animal models of PD,’! although
results generated so far have been remained
inconclusive.

Although power for detection of genome-wide signifi-
cant signals was limited, our findings are corroborated
by evidence from transgenic MSA models and
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independent exome cohorts. The current results might
have potential clinical implications. More extensive
clinical evaluation of patients with IBD/CD for moni-
toring immune/inflammatory and MSA-related symp-
toms should be allowed, as has been suggested in a
recently published study.*’

In conclusion, our study extends the genetic architec-
ture of MSA and provides evidence of shared genetic
etiology with IBD. Importantly, our findings extend the
gut-brain axis spectrum from PD to atypical parkinso-
nian syndromes. ®
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