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Abstract

Genomic variation includes single-nucleotide variants, small insertions or deletions (indels), and copy number
variants (CNVs). CNVs affect gene expression by altering the genome structure and transposable elements within a
region. CNVs are greater than 1 kb in size; hence, CNVs can produce more variation than can individual single-
nucleotide variations that are detected by next-generation sequencing. Multiple system atrophy (MSA) is an a-
synucleinopathy adult-onset disorder. Pathologically, it is characterized by insoluble aggregation of filamentous a-
synuclein in brain oligodendrocytes. Generally, MSA is sporadic, although there are rare cases of familial MSA. In
addition, the frequencies of the clinical phenotypes differ considerably among countries. Reports indicate that
genetic factors play roles in the mechanisms involved in the pathology and onset of MSA. To evaluate the genetic
background of this disorder, we attempted to determine whether there are differences in CNVs between patients
with MSA and normal control subjects. We found that the number of CNVs on chromosomes 5, 22, and 4 was
increased in MSA; 3 CNVs in non-coding regions were considered risk factors for MSA. Our results show that CNVs
in non-coding regions influence the expression of genes through transcription-related mechanisms and potentially
increase subsequent structural alterations of chromosomes. Therefore, these CNVs likely play roles in the molecular
mechanisms underlying MSA.
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Introduction

Multiple system atrophy (MSA) is an adult-onset neuro-
degenerative disorder that is sporadic and progressive in
nature. The estimated incidence is approximately 0.6 per
100,000 individuals per year; this increases to 3 per
100,000 per year in individuals older than 50 years, with
a mean age of onset of approximately 60 years [1, 2].
The main clinical features comprise autonomic failure,
cerebellar ataxia, levodopa-resistant Parkinsonism, and
pyramidal signs with various combinations. According to
the predominant motor presentations at examination,
the phenotype of MSA is classified as Parkinsonian type
(MSA-P) or cerebellar type (MSA-C) [3]. Pathologically,
the brains of individuals with MSA exhibit atrophy of
the cerebellum, brainstem, and posterolateral putamen,
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as well as the loss of pigmented neurons in the substan-
tia nigra [1]. The neuropathological hallmark of MSA is
the appearance of glial cytoplasmic inclusions, which are
mainly composed of insoluble filamentous a-synuclein
in oligodendrocytes. Lewy bodies, which also consist of
a-synuclein, are found in Parkinson’s disease and in de-
mentia with Lewy bodies, but not in MSA. These three
disorders, including MSA, are classified as “synucleino-
pathies” [4, 5]. a-Synuclein is expressed predominantly
in neurons, but it is not normally expressed in mature
human oligodendrocytes [6—8]. Recently, it was reported
that a-synuclein derived from neurons is released into the
extracellular space from exosomes, or through exocytosis,
and is incorporated into oligodendroglia [9]. Furthermore,
in vitro studies showed that mutant fibrils of a-synuclein
promote the fibrilization of a-synuclein and undergo cell-
to-cell propagation [10, 11]. Growing evidence suggests
that a-synuclein acts in a prion-like manner. However, the
origin of a-synuclein in oligodendrocytes and its role in
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the misfolding or aggregation process in MSA have not
been clearly defined.

As described in the 2nd Consensus Criteria, MSA con-
stitutes a sporadic, non-hereditary disorder, although
rare cases with familial history of MSA have been re-
ported [3, 12, 13]. The frequencies of phenotypes in
MSA vary among different ethnic groups. MSA-P is
more common than MSA-C in Europe (62% vs 38%)
and North America (60% vs 13%, the remaining 27%
presenting with a mixed type) [14, 15]. In contrast,
MSA-C is more common than MSA-P in Japan (67% vs
33%) [16, 17]. Thus, genetic predisposition to MSA has
been suggested and evaluated. Genetic variations in the
a-synuclein, beta-glucosylceramidase, or coenzyme Q2
genes, and individual single-nucleotide polymorphisms
(SNPs) have been reported as risk factors for MSA; how-
ever, their roles in the etiology of MSA are not fully
understood [18-21].

Genomic rearrangements in humans include duplica-
tions, deletions, insertions, inversions, and translocations.
Structural variations, known as copy-number variations
(CNVs), define genomic rearrangements over a range of
1 kb to several Mb. As CNVs cover such a large region of
the genome, they may include entire genes and their regu-
latory regions [22]. In addition, CNVs occur in the pres-
ence of specific genomic structures that are highly
susceptible to rearrangements, such as region-specific re-
peat sequences or low copy repeats [23]. Variable struc-
tural changes or rearrangements by CNVs directly or
indirectly alter gene expression [23, 24].

Genetic disorders lacking heritability may result from
low-frequency variants or de novo mutations with low or
intermediate penetrance [24]. Through structural changes
in genomes, CNVs affect gene dosage, gene expression,
and expressed protein structures. Furthermore, the muta-
tion rates of CNVs are at least 100-10,000-fold greater
than those of point mutations [25]. Various studies have
shown that CNVs are associated with human disease and
play an important role in neurodevelopmental, neurode-
generative, and mental health disorders [23, 26, 27]. High-
resolution genome-wide association studies, which are
powerful tools for detecting disease-related genes, have
enabled the identification of numerous single-gene

Table 1 Age and gender of Japanese participants
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Mendelian disorders. Various SNPs related to MSA have
been identified via genome-wide association studies, al-
though these only partially explain the etiology of the dis-
order [21]. In a study of a monozygotic twins discordant
for MSA, i.e., in which one subject was affected by MSA
and the other was not, we observed that copy number loss
of the SHC?2 gene was related to MSA [28]. However, sub-
sequent analysis did not confirm this result [29]. In the
present study, we focused on CNVs rather than on SNPs
to verify the relationship between MSA and CNVs, and
attempted to evaluate the genetic heterogeneity in MSA
using array-based comparative genomic hybridization
(array-CGH).

Results

Identification of CNVs in 72 individuals

We assayed genomic DNA from 48 Japanese patients
with MSA and 24 healthy Japanese controls for genome-
wide CNV screening using Agilent 2x400K CNV arrays;
the details of the subjects are described as the first set in
Table 1. Microarray data were filtered with standard ab-
erration filters and processed. A total of 15,499 auto-
somal CNVs were detected, 8059 (52%) of which
comprised gain CNVs and 7440 (48%) of which were
loss CNVs. We compared the numbers of total, gain,
and loss CNVs in individuals with MSA-C and MSA-P
and in the controls (Fig. 1la—c). The average numbers of
CNVs in individuals were 209 in control subjects (n =
24), 215 in those with MSA-C (n = 24), and 222 in those
with MSA-P (n=24). The number of total and gain
CNVs was significantly higher in individuals with MSA-
P (p=0.02, p =0.01; Wilcoxon rank-sum test) compared
to that in the control group. In contrast, the number of
loss CNVs did not differ between groups. The variance
of CNVs in MSA-C was nearly the same as that in the
control group, although the number was slightly higher
(Additional file 1: Table S1).

Moreover, we compared the distribution of 15,499
CNVs from chromosome 1 to chromosome 22 in MSA-C,
MSA-P, and control subjects (Fig. 2a, b, and
Additional file 1: Table S2a). Gain CNV numbers on chro-
mosomes 2, 5, 11, 15, and 22 in MSA-P were significantly
higher than those in the control group (chr.2: p =0.04,

Tst set 2nd set Validation set
MSA-C MSA-P Control MSA-C Control MSA Control
Number of subjects 24 24 24 40 40 245 212
Gender (M/F) 12/12 12/12 12/12 20/20 20/20 110/135 120/92
Mean + SE° 603 + 24 647 + 13 603 + 20 623+ 14 627 +16 639 + 06 528+ 12
Age p* (vs. control) 0.98 0.12 0.84 <001
Onset 36-73 46-77 36-76 36 - 83

*: student’s t-test p < 0.05: statistically significant *: age at sampling M: male F: female
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chr.5: p<0.01, chr.1l: p=0.02, chr.15: p=0.02, chr.22:
p <0.01; Wilcoxon rank-sum test). Loss CNV numbers on
chromosome 4 in MSA-P and MSA-C and chromosome 8
in MSA-P were significantly higher than those in the
control group (chr4: p<0.01, chr.8: p=0.03; Wilcoxon
rank-sum test) (Fig. 2c). The number of gain CNVs was
increased in MSA-P and that of loss CNVs on chromo-
some 4 was increased in all patients with MSA.

CNVs related to MSA

Next, we analyzed CNVs related to MSA by comparing
subjects with MSA and control subjects. Subjects in
both MSA groups and the control group were matched
for age and sex. MSA-C was more common than MSA-
P in the Japanese population; therefore, we focused on
MSA-C or all patients with MSA. We reanalyzed the
microarray data of our 72 samples using the correlation
aberration filter (see Materials and Methods for details).
Furthermore, to identify CNVs related to MSA, reana-
lyzed data were filtered as follows in the 1st analysis: the
length of the CNV was at least 1 kb; the number of sub-
jects with MSA in which CNV was detected was more
than twice that in controls. Based on these criteria, we
endeavored to identify conservative CNVs associated
with MSA. The aberration ratio on the X chromosome
was compared between both males and females. We

used CNV data for the X chromosome, but were unable
to use CNV data for the Y chromosome. We identified a
total of 379 CNVs in this step; of these, 216 were less
than 10 kb and 163 were at least 10 kb in length. In the
2nd analysis, to evaluate CN'Vs of at least 10 kb in length
in detail, we prepared an additional 80 Japanese genomic
samples (40 unrelated patients with MSA and 40 unre-
lated adult healthy controls) and designed an Agilent
8x60K custom array with probe spacing of 205 bp in
these CNV regions. The additional 80 samples did not
overlap with the previous 72 samples. The details are de-
scribed in the second set of Table 1. The custom arrays
were assayed, and 163 CNVs of at least 10 kb in length
were re-evaluated and identified. Custom array data
were analyzed with the same filters as those used to
analyze MSA-related CNVs. These CNVs were selected
by increasing the number of samples analyzed, and the
length of the regions was changed by short probe spa-
cing during custom analysis. Consequently, they were
classified as 30 CNVs less than 10 kb and 65 of at least
10 kb in length.

Overall, we identified a total of 311 CNVs related to
MSA, of which 246 (79.1%) were less than 10 kb and 65
(20.9%) were at least 10 kb in length. Only 13 CNVs
were greater than 100 kb in length. Furthermore, of the
311 CNVs related to MSA, 142 (45.7%) were in non-
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coding intergenic regions and 169 (54.3%) were intra-
genic. Of the 169 CNVs located within gene regions, 72
(42.6%) were in exon-containing regions and 97 (57.4%)
were in intronic regions (Fig. 3a). The number of gain
and loss CNVs on chromosomes 1-22 was compared
between the 311 CNVs related to MSA (Fig. 3b, Add-
itional file 1: Table S3), and their chromosomal locations
were determined (Fig. 3c). The number of loss CNVs
was 5-fold larger than that of gain CNVs on chromo-
some 4, whereas only gain CNVs were detected on chro-
mosomes 16 and X. CNVs related to MSA or CNVs of the
controls were widely distributed on each chromosome,
and were not particularly abundant in the telomere or
centromere regions (Additional file 2: Figure S1).

Moreover, we examined the relationships between the
311 CNVs and the samples by cluster analysis, and 29
CNVs were identified in 5 MSA-C samples (Fig. 4, Add-
itional file 1: Table S4a). The age of onset of MSA-C in
these patients ranged from 45 to 63 years; the ratio of
males to females was 2: 3. We found no genetic similar-
ity in the patients with the 29 CNVs.

Gene set analysis of CNVs related to MSA

Of the 169 CNVs within genes, 72 were in exonic re-
gions of 97 genes, and 97 CNVs were in intronic regions
of 89 genes. To determine the relationships, pathways,
and larger networks of the extracted CNVs, these 186
genes were evaluated using gene ontology (GO) ana-
lysis. A total of 11 GO sets were found by analysis of
CNVs contained in exonic regions, with the functional
categories significantly related to cell attachment and
immune response. In contrast, 294 GO sets were
observed via analysis of CNVs contained in intronic re-
gions; these were involved in regulating gamma-
aminobutyric acid secretion, D-aspartate transport, and
synaptic transmission (Table 2). In addition, approxi-
mately 142 CNVs in non-coding intergenic regions were
examined using the UCSC Genome Browser. Among
these, 130 contained regions corresponding to retro-
transposons, simple repeat sequences, CpG islands,
large intergenic non-coding RNAs, and DNase
I-hypersensitive sites. Only 12 CNVs were located in
non-functional regions.
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Validation of CNVs related to MSA

To determine the frequency and position of extracted
CNVs, we assayed the 457 Japanese genomic DNA sam-
ples by PCR. The details of the 457 individuals, includ-
ing 152 whose samples were used for array analysis, are
described as the validation set in Table 1. From among
the 311 MSA-related CNVs mentioned above, we se-
lected those with lengths of less than 10 kb and prepared
a set of primers covering each candidate CNV. Among
the selected regions, 42 CNVs were assayed and 12 loss
CNVs were successfully verified. The successfully veri-
fied CNV data showed the same results by array-CGH
and PCR. For these CNVs, an odds ratio of homozygous
deletion, or both homozygous and heterozygous dele-
tion, was calculated (Additional file 1: Table S5a). We
identified high odds ratios for three CNVs of at least 2-
fold higher in MSA than in controls. The three CNVs
were located at 3p22.2, 4q34.1, and 15ql11.2, and
contained the CTD small phosphatase-like (CTDSPL),
polypeptide  N-acetylgalactosaminyltransferase-like 6
(GALNTLS6), and small nuclear ribonucleoprotein poly-
peptide N (SNRPN) genes, respectively (Table 3, Add-
itional file 2: Figure S2). These CNVs were present in

the intronic regions of the genes and caused loss of the
intronic region (Fig. 5). The positions of the lost regions
completely matched between samples. However, no pa-
tients carried more than one of the three CNVs.

Discussion

In this study, we detected and verified CNVs using
array-CGH and PCR, and we investigated the relation-
ship between CNVs and MSA. We found that the num-
ber of gain CNVs was significantly increased on
chromosomes 5 and 22 in patients with MSA-P, whereas
the number of loss CNVs was significantly increased on
chromosome 4 in all patients with MSA. Further, we
identified 311 CNVs related to MSA and a characteristic
cluster containing 29 CNVs. Finally, we detected 3 CNVs
that may represent risk factors for MSA.

The genomic loci showing a significant increase in
CNV numbers are 5pl5.33, 5q35.3, 22ql12.3, and
22q13.31 in MSA-P and 4ql3.1, 4q28.3, 4q32.1, 4q34.1,
and 4q35.2 in MSA. This increase in CNVs indicates an
increase in genomic recombination events, although the
overall recombination rate of these chromosomes was
not particularly higher than that of other chromosomes.
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In addition, the loci of selective chromosomes in MSA-P
did not completely match the loci of CNVs reported for
Parkinson’s disease [30—32]. Thus, the increase in CN'Vs
at the selected chromosome sites may be characteristic
of MSA. Additionally, the increased number of CNVs in
MSA was slightly greater in males than that in females
(Additional file 1: Table S2b); however, previous studies
have not observed any gender-related difference in the
incidence of MSA [14-17]. Although various factors in-
crease genomic instability, we cannot clearly explain the
cause of the higher sensitivity of genomic instability in
certain chromosomes in MSA or why the number of
CNVs was slightly greater in males than that in females.
In order to clarify these points, more detailed experi-
ments on specific chromosomes and a large-scale famil-
ial survey will be necessary.

Large variants of several hundred kb in size affecting
numerous genes have been reported as typical rare CNVs
in several neurological and neurocognitive disorders
[23, 26, 27, 33-35]. In contrast, small and mid-sized
variants such as those less than 50 kb in size are
regarded as common CNVs associated with disease
[36, 37]. Most CNVs related to MSA were small vari-
ants of less than 10 kb in size, and only 13 CNVs were
100-500 kb in length (Additional file 1: Table S6). We
speculate that the small CNVs are important in MSA be-
cause of their higher frequency.

The results of GO analyses indicated an association
with MSA that differed from the results obtained in
studies of other diseases [26, 38—40]. The GO results of
CNVs in intronic regions were more closely related to
the molecular mechanism of MSA than those of CNVs
in exonic regions. Moreover, the GO results for 29 CNVs

Table 2 GO process analysis of copy number variants (CNVs) related to MSA

GO set Number of  Number of p-value  g-value
set genes  CNV genes

(a) Results of GO process analysis with CNVs included in exonic regions

GO:0007156  homophilic cell adhesion via plasma-membrane adhesion molecule 198 12 830e-11  1.71e-7
GO:0098742  cell-cell adhesion via plasma-membrane adhesion molecule 279 12 419e-9  431e-6
GO:0007155  cell adhesion 1706 24 323e-7  193e-4
GO:0022610  biological adhesion 1720 24 3.75e-7  193e-4
GO:0070423  nucleotide-binding oligomerization domain containing signaling pathway 41 5 104e-6  344e-4
G0:0035872  nucleotide-binding domain, leucine-rich repeat containing receptor signaling pathway 42 5 1.17e-6  344e-4
(b) Results of GO process analysis with CNVs in intronic regions

GO:0014054  positive regulation of gamma-aminobutyric acid secretion 14 5 248e-9  548e-6
GO:.0070777  D-aspartate transport 6 4 465e-9  548e-6
G0:0070779  D-aspartate import 6 4 465e-9  548e-6
GO:0014052  regulation of gamma-aminobutyric acid secretion 19 5 142e-8  7.3%-6
GO:0007268  chemical synaptic transmission 655 16 1.72e-8  7.39%-6
GO:0099537  trans-synaptic signaling 655 16 1.72e-8 7396
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Chr  Gene Position by sequencing Control MSA Odds ratio for
region Start Deletion (bp)  Stop No del Hetero del Homo del No del Hetero del Homo del (hgc;rg/\ocﬁel
(Insert, nt) b
(p value)

3 CTDSPL 37978418 8510 37,986,927 193 19 0 223 18 4 (0.025)
(@agg)

4 GALNTL6 172,988,640 4,292 172,992,931 133 75 4 156 79 10 2.21(0.73-8.16)
© (0.166)

15 SNRPN 25,107,033 2,389 25,109,421 194 18 0 219 23 3 (0.053)
(atcatatcct)

No del: no deletion Hetero del: hetero deletion Homo del: homo deletion

identified by cluster analysis indicated a relationship
with oligodendrocytes, which play an important role in
MSA [41, 42] (Additional file 1: Table S4b). Thus, the
identified CNVs are likely related to the onset and path-
ology of MSA. Additional validation using a larger num-
ber of samples is necessary to confirm this hypothesis.
We identified three CNVs with allele frequencies that
were significantly different between MSA and control
samples. These CNVs were located in the gene bodies of
CTDSPL, GALNTL6, and SNRPN. CTDSPL encodes a
protein related to neuronal gene silencing in non-

neuronal cells [43], GALNTL6 encodes a protein related
to cell maturation and differentiation in the brain and
testis [44], and SNRPN encodes a protein that plays a
role in pre-mRNA processing and tissue-specific al-
ternative splicing events (associated with Prader-Willi
syndrome) [45]. Although CNVs in exon-containing
regions affect the expression of encoded proteins via
a deletion or duplication mechanism, the three CNVs
are located in intronic regions. However, these CNVs
are contained in genomic regions containing ele-
ments such as transcription factor (TF)-binding sites,

a

nra: 37,980, 800] 37,985, 080]
Refseq cenes
cToSPL 4 =
cTOSPL
109 _ HaK4Me1 Mark (Often Found Near Regulatoru Elements) on 7 cell lines from ENCODE
HaKame1
o _ L
168 HaKAMeS Mark (OFten Found Near FroOtersy on 7 cell lines from ENCODE
HaKames
o _
168 _ HSKETAC Mark (OFten Found Near ACEive Regu1atord E1eWents) on 7 cell 1ines from ENCODE

HakaTAC

Transcr it jon Factor CHIF-seq (161 Factors) from ENCODE With Factorbook MOTiFs
FoxAL | usFz GATAZ RF1
ATFS

o a1
oy it -
£ e S
SR o o
rorei 7
Fos S
NR3C1 [ 7 R2A
HNF4G. GATA2 [ Vs
RXRA | TFAP2A
Honca EP300 I 1S
TEAD W L S
2 :
o TFAP2C I H
e :
= e
e e
oot =3
] 2
e o
MyBL2 I Fos I
TcF12 RELA 1|
£ S5
i
Zel
tatad |nd  idagets b4 Ragadsati
reoesommserit || | ) | | | || | e TR m - -
chrd: 172,988, 998| 172,989, 666| 172,990, 806| 172,991, 008| 172,992, 868| 172,993, 0e8|
Rersos denes
GALNTLE ¢ 3
100 _ H3K4Me1 Mark (Often Found Near Regulatory Elements) on 7 cell lines from ENCODE
e
.
108 2 RIS T (OFEeRF TEar Fromotery on 7 ceTT Tives Fron ERGO0E
Hokanes
o
1082 TG ok (e Faud T AEEvE ReguTatond ETEwents) o 7 ce 11 TS Frow ENGA0E
r—
o L1 SR EEENERENERNENENEE 1 NN
e ———————
Repeatnasier NN NN N 1 -— e — I— —
e isualization of MeRvato e A ons
»»»»»»»»» S —-biaa- o — - \2ma\—— = |
= =] [

e \2283\ = = == —
Lenstinenz iy
WSTORLTR ER L oLk
veresaL1e/exv: TR

rocrrrconasoste repet |

pa—— )

LTR7T2BSLTR/ERVL

Fig. 5 Genomic location of three CNVs. The genomic locations of three validated CNV, as displayed by the UCSC Genome Browser (NCBI Build
37/hg19), are shown. The indicated tracks contain information regarding transcriptional regulation (H3K4Me1, H3K4Me3, H3K27Ac, Txn Factor
ChIP) from ENCODE. a CTDSPL (b) GALNTL6 (c) SNRPN; the red dotted arrow indicates a genome loss region

chr1s 25, 105, 800| 25,119, 800]
Refseq Genes
SHRPN
SHRPN
SHRPH
SNRPN
SHRPN
SHRPN
SHRPN
SHRPN
P!
SHHG14
SNRFN
SHRPN
SHRPN
SNRFY
100 _ HaKAME1 Mark (OFten Found Near ReSUIAtory E1Sments) on 7 cell 1ines From ENCODE
HaKame1
o I L
00 T TIOKATIES Nark COTTen round Nesr FTORSESrss on 7 ce11 1ines rrom EHGOOE
HaK4Mes
o
I F3KZTAC Mark (OFten Found Near ACT{ve Regulatory Elements) on 7 cell 1ines from ENCODE

HakaTAC

Transcript fon Factor ChiF-seq (161 FActors) from ENCODE with Factorbook MGEifs
TEP SR GATRS
TAFL

CTBP2. 1 GATAZ cesre Il
CTCF FOS CEBPB I SRF )
cesPE Il 1 GATA2. CHD1 FoxA2 |
| (ARRAAR
L T <€ >
FoxA2 I L POLR2A
L,
FosL2 L
H

Repeating Elenents by Repeatmasker

Repeatasker M W NN — —— I




Hama et al. Molecular Brain (2017) 10:54

transposable elements (TEs), or a combination of
these sites [46—48]. Deletion of a region by CNVs af-
fects the structure of these elements. Recent reports
showed that variations in TF-binding sites, TEs, and
non-coding RNA lead to changes in gene expression
[49-51] and cause disease [51-54]. Our study
showed that approximately 77% of the identified
CNVs were in non-coding regions; 95.0% of CNVs in
non-coding regions contained active elements, such
TE-binding sites, TEs, and non-coding RNA. Because
the majority of the human genome comprises non-
coding regions, these regions may be responsible for
various functions that differ from those of protein-
coding regions, which occupy only 1.5% of the hu-
man genome [55]. Structural changes in active ele-
ments of non-coding regions due to CNVs may affect
disorder onset through modulation of gene expres-
sion or transcription. Thus, CNVs in non-coding re-
gions are also likely involved in the pathogenesis and
onset of MSA.

The detected CNVs in this study comprised similar
common variants, with odds ratios between 0.86 and
1.47. We found that some patients had a combination of
low-frequency CNVs, and that some combinations of
CNVs increased the frequency and specificity of disease
compared with the effect of each CNV alone. Prior to
the clinical onset of MSA, a long preclinical process
likely occurs in the molecular pathology of this disorder.
The rate of progression of MSA is likely related to a
combination of common CNVs each with small or mod-
erate influence. Moreover, combinations of common
CNVs with low frequency may cause non-heritable
MSA.

Through CNV analysis, we showed that 1) the fre-
quencies of CNVs were increased in selected chromo-
somes in MSA, 2) three CNVs potentially act as risk
factors for MSA, and 3) CNVs in non-exonic, non-
coding regions potentially affect the molecular process
underlying MSA. As few studies have analyzed CNVs
on a genome-wide scale with sufficient numbers of
subjects, disease-associated polymorphisms in non-
coding regions should be considered risk factors for
MSA.

Methods

Participants and samples

Patients with MSA and control subjects were enrolled in
the research study with approval by the Institutional
Ethics Committee of Hokkaido University Faculty of
Medicine and Graduate School of Medicine. All patients
with MSA were neurologically evaluated by board-
certified neurologists at the Department of Neurology,
Hokkaido University Hospital, and at participating re-
search institutes. The diagnosis of MSA was made based
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on the 2nd Consensus Criteria [3]. Written informed
consent was obtained from all control subjects and all
participants (or their families, when patients were unable
to provide consent themselves). Among the patients, we
selected 212 control subjects who were free from neuro-
logical disorders and 245 patients with MSA, and both
groups donated blood samples for this study. Genomic
DNA extracted from the peripheral blood samples was
used in all experiments. We studied 48 patients with
sporadic MSA (24 with MSA-C, 24 with MSA-P) and 24
healthy adult controls for genome-wide screening in the
primary analysis. Additionally, in order to verify selected
regions identified in the primary analysis, 40 patients
with MSA-C and 40 healthy adult controls were chosen
for secondary analysis using custom arrays. These were
not matched to participants from the first analysis. For
validation analysis, 245 patients with MSA (163 with
MSA-C, 82 with MSA-P) and 212 healthy adult controls,
including patients from the first and second analyses,
were chosen. The age and gender of patients are listed
in Table 1.

Array-CGH assays

Genomic DNA was extracted from the buffy coat of per-
ipheral blood using guanidine, and the samples were
purified with 13% polyethylene glycol 6000 (Sigma-Al-
drich, St. Louis, MO, USA) in 0.8 M NaCl. The concen-
tration and purity of purified genomic DNA was
measured using a Nano Drop 2000 (Thermo Fisher Sci-
entificc, Waltham, MA, USA). The concentration of
double-strand DNA was measured using the Qubit®
dsDNA BR assay with a Qubit® 3.0 fluorometer (Thermo
Fisher Scientific). From these measurement results, the
ratio of double-strand DNA was calculated, and genomic
DNA with a value of at least 0.85 was used. Agilent Sure
Print G3 Human CNV (2 x400 K) arrays and Agilent
Sure Print G3 Custom CGH Microarray (8 x 60 K) (Agi-
lent Technologies, Santa Clara, CA, USA) were used for
genome-wide array analysis. The Custom CGH Micro-
array was designed for regions identified to be at least
10 kb in length with the Human CNV (2 x 400 k) arrays
using eArray (Agilent). All arrays were designed based
on NCBI Build 37/UCSC hgl9. Microarray analyses
were performed following the manufacturer’s instruc-
tions, using 500 ng genomic DNA with a SureTag DNA
Labeling Kit (Agilent). NA19000 (Coriell Institute,
Camden, NJ, USA) was used as a reference for all micro-
array experiments. The microarrays were scanned with a
Sure Scan Microarray Scanner (Agilent), and raw image
data obtained by the scanner were processed using Fea-
ture Extraction Software (ver. 11.0.1.1, Agilent). The
microarray data, quantified and processed, included
quality-control data (QC Report) to ensure that the data
was of high quality. According to the manufacturer’s
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recommendations, the derivative log ratio spread of the
robust metric value of QC should be less than 0.30; the
derivative log ratio spread of all genomic DNA passed
QC with 0.11-0.17. The gender confirmed from the
microarray data were all matched with the reported gen-
der of patients whose DNA samples were analyzed.

CNVs and GO analysis

The data processed by Feature Extraction Software were
evaluated using the Aberration Detection Method 2 al-
gorithm with a threshold of 6.0 with Agilent CytoGe-
nomics software (ver. 2.7.8.0). To analyze individual
arrays, the following standard aberration filters were
used: minimum of three contiguous supra-threshold
probes and minimum of 0.25 average log, ratios. More-
over, to analyze CNVs related to MSA, the following cor-
relation aberration filters were applied: minimum of two
contiguous supra-threshold probes and minimum of 0.5
average log, ratios. All arrays were designed based on
NCBI Build 37/UCSC hgl9. We used the UCSC Gen-
ome Browser for physical mapping and annotations of
CNVs (http://genome.ucsc.edu/). If necessary, we also
used data carried over to GRCh38 using the UCSC Gen-
ome Browser. For CNV analysis, we applied data for
gene, interspersed repeats, or simple tandem repeats
as categorized by the RepeatMasker, Simple Repeats,
and large intergenic non-coding RNA tracks by the
UCSC Genome Browser. In addition, we used inte-
grated regulation data from the ENCODE track of the
UCSC Genome Browser to obtain information rele-
vant to transcriptional regulation. For GO process
analysis, MetaCore™ (version 6.30, Thomson Reuters,
New York, NY, USA) was used, and the significance
levels were set at a p value of 0.01 and ¢ (false dis-
covery rate) of 0.01.

PCR and sequencing

PCR primers were designed based on the results of
array analysis (Additional file 1: Table S5b), and am-
plifications were performed using Tks Gflex” DNA
Polymerase (TaKaRa Bio, Inc., Shiga, Japan) and KOD
FX Neo (Toyobo, Osaka, Japan). Amplification condi-
tions are described in Additional file 1: Table S5c.
PCR products were separated on a 0.8%, 1.0%, or 3%
agarose gel and analyzed, and the PCR products were
sequenced to detect deleted regions using the BigDye®
Terminator v3.1 cycle Sequencing kit (Thermo Fisher
Scientific).

Statistical analysis

Statistical analysis was performed using JMP® Pro statis-
tical software, version 12.0.1 (SAS Institute, Inc., Cary,
NC, USA), and p values <0.05 were considered
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statistically significant. Cluster analysis was performed
by complete-linkage hierarchical clustering with Ham-
ming distance implemented in SciPy 0.18.1.

Additional files

Additional file 1: Table S1. Number of CNVs in 72 individuals. Table S2.
Number of CNVs on autosomal chromosomes in controls and subjects with
MSA-C or MSA-P. Table S3. Chromosome numbers at which the 311 CNVs
related to MSA were located. Table S4. Details of the 29 CNVs as obtained
by cluster analysis. Table S5. Details of the 12 verified CNVs. Table S6. Large
CNVs identified in this study. (DOCX 97 kb)

Additional file 2: Figure S1. Gel electrophoresis of PCR products for
verification analysis. Figure $2. Chromosomal location of CNVs in control
subjects. (PPTX 454 kb)
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