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Abstract.

Background: Multiple system atrophy (MSA) is a rapidly progressive neurodegenerative disease clinically characterized
by parkinsonism, cerebellar ataxia, and autonomic dysfunction. A major pathological feature of MSA is the presence of
a-synuclein aggregates in oligodendrocytes, the myelinating cells of the central nervous system. A genome-wide association
study revealed that the CDH4 gene is associated with MSA. However, virtually nothing is known about the role of CDH4 in
the context of MSA.

Objective: Our aim was to compare the expression of CDH4 between MSA and control brains, and to investigate its
relationship with a-synuclein in oligodendrocytes.

Methods: RNA and protein were prepared from putamen, motor cortex white matter, cerebellum, and superior occipital
cortex tissues collected from MSA (N=11) and control (N =13) brains. The expression of CDH4 was measured at mRNA
and protein levels by qPCR and western blotting. Oligodendrocyte cells were cultured on plates and transfected with CDH4
c¢DNA and its impact on a-synuclein was analyzed.

Results: Firstly, we found that CDH4 in MSA brain was significantly elevated in the disease-affected motor cortex white matter
in MSA (N=11) compared to controls (N=13) and unaltered in the disease-unaffected superior occipital cortex. Secondly,
we determined that increases in CDH4 expression caused changes in the cellular levels of a-synuclein in oligodendrocytes.
Conclusions: When put together, these results provide evidence that support the GWAS association of CDH4 with MSA.
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INTRODUCTION

Multiple system atrophy (MSA) is a rapidly pro-
gressing neurodegenerative disease characterized by
autonomic dysfunction, parkinsonism, and cerebellar
ataxia. The clinical phenotype of motor dysfunction
distinguishes MSA into predominantly parkinsonian
(MSA-P) or cerebellar (MSA-C) subtypes, primar-
ily affecting striatonigral and olivopontocerebellar
structures, respectively [1]. Disease-affected regions
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of MSA brain contain characteristic hallmark of
glial cytoplasmic inclusions (GCI) that contain o-
synuclein aggregates in oligodendrocytes [2, 3].
a-Synuclein is usually present in the synapse, with
a putative role in vesicular trafficking [4]. An early
MSA pathogenic event involves the relocalization of
the key oligodendrocyte microtubule protein TPPP
from the cell processes to the soma, followed by a-
synuclein accumulation [5]. The interaction between
these proteins induces phosphorylation and aggrega-
tion of a-synuclein, resulting in GCI formation [6].
Previous in vitro modelling demonstrated that exoge-
nous application of preformed a-synuclein fibrils in
oligodendrocyte precursor cells triggered increases
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in the abundance and oligomerization of endogenous
a-synuclein [7].

A GWAS study of European and North Ameri-
can MSA patients identified genes associated with
MSA [8]. Interestingly, the study could not recapit-
ulate previously identified risk associations in SNCA
and COQ?2, but revealed single-nucleotide polymor-
phisms (SNP) in a small number of novel genes at
P value above the cut-off benchmark of 1.0x1078.
Of these, a G/A SNP was identified in the CDH4
gene [8], which encodes a Ca>t-dependent cell adhe-
sion glycoprotein called cadherin-4 (CDH4; also
called R-cadherin). Cadherins mediate the cell-to-
cell adhesion, providing both structural and cellular
organization, and are involved in dynamic intracel-
lular signaling events with Wnt/p-catenin and RHO
GTPases [9, 10].

Research into the role of cadherins in neurodegen-
eration is limited, with little known about the role
of CDH4 in neurodegenerative diseases. SNPs pre-
viously identified in the CDH4 locus were shown
to be associated with lifespan [11] and cerebral
brain volume in an aging cohort [12]. Increases in
CDH4 expression have been detected in brain-derived
microvascular endothelial cells in Huntington’s dis-
ease [13]. And, a SNP in CDH4 has been identified
in patients with subjective cognitive decline [14].
CDH2, which shares 74% homology with CDH4
[15], has been implicated in Alzheimer’s disease
pathology, with protein fragments present in dis-
eased brain [16]. When murine primary neurons were
treated with amyloid-B4,, the binding of CDH2 was
disrupted and caused cell death [17]. Also, evidence
of perturbed CDH2 protein processing has been
shown in the cerebrospinal fluid of Parkinson’s dis-
ease patients [18]. Taken together, these data suggest
that cadherins are likely to be involved in neurode-
generative processes.

To date, the role of CDH4 in MSA pathogenesis is
unknown. In this study, we assessed the expression
of CDH4 in MSA and control brain. We also altered
CDH4 levels in oligodendrocytes and assessed its
impact on a-synuclein levels. We provide evidence
for a possible role of CDH4 in MSA.

MATERIALS AND METHODS
Human brain tissues

Frozen postmortem brain tissues were obtained
from Sydney Brain Bank and NSW Brain Tis-

sue Resource Centre with ethics approval from the
University of Sydney (approval number 2019/589).
Samples from the putamen, motor cortex white mat-
ter, cerebellum and superior occipital cortex from
pathologically diagnosed MSA-P (N=6), MSA-C
(N=15), and controls (N = 13) without neuropathology
or neurological or psychiatric disorders or cognitive
impairment were used in this study (Table 1).

Cell culture

Oligodendrocyte cell lines MO3.13 (human
derived oligodendrocytes; ATCC) and OLN-AS7
(rat oligodendrocyte expressing human a-synuclein;
a gift from Poul Henning Jensen) were cultured
in Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal calf serum, 2mM glutamine, 100
IU/ml penicillin and 100 pg/ml streptomycin, at 37°C
in humidified air containing 5% CO,. With OLN-
AST7 cells, 100 pg/ml Zeocin (Invitrogen) was added.
Cells were transfected with human CDH4 cDNA
(Origene, cat# RC210970) using Lipofectamine
2000 (Invitrogen) following the manufacturer’s
protocol.

RNA extraction, reverse transcription, and gPCR

RNA was extracted from cells and tissues using
TRIzol Reagent (Invitrogen) as per manufacturer’s
protocol. All procedures were carried out using
RNase-free reagents and consumables. One g of
RNA was reverse transcribed into cDNA using
Moloney-murine leukemia virus (M-MLV) reverse
transcriptase and random primers (Promega, Madi-
son, WI, USA) in 20 pl reaction volume. Quantitative
PCR (gqPCR) assays were carried out using a Master-
cycler ep realplex S (Eppendorf) and the fluorescent
dye SYBR Green (Bio-Rad), following the man-
ufacturer’s protocol. Briefly, each reaction (20 ul)
contained 1 x mastermix, 5 pmol of primers and
1 w1 of cDNA template. Primer sequences are shown
in Table 2. Amplification was carried out with 40
cycles of 94°C for 15s and 60°C for 1 min. Gene
expression was normalized to the geometric mean
of three housekeeper genes, GAPDH, 3-actin and
PPIA. A no-template control was included for each
PCR amplification assay. The level of expression
for each gene was calculated using the compara-
tive threshold cycle (Ct) value method using the
formula 2~22Ct (where AACt=ACt sample—ACt
reference).
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Demographics of control and MSA cases

Case # Age (y) Sex (M/F) MSA-P or MSA-C Disease duration (y)
Control 1 79 M - -
Control 2 103 M - -
Control 3 89 F - -
Control 4 101 F - -
Control 5 93 F - -
Control 6 88 F - -
Control 7 84 M - -
Control 8 93 F - -
Control 9 100 M - -
Control 10 84 M -
Control 11 80 F - -
Control 12 97 F - -
Control 13 88 M - -
MSA 1 61 M P 12
MSA 2 61 M P 2
MSA 3 71 F P 6
MSA 4 72 F P 5
MSA 5 84 F P 22
MSA 6 74 F P 7
MSA 7 82 M C 7
MSA 8 64 M C 8
MSA 9 74 M C 13
MSA 10 69 M C 8
MSA 11 70 M C 5
Table 2
qPCR primer sequences
Gene Sequence Product size (bp)
CDH4 F: GCAGAAAGGAAAGAAGGTCGTG 147
R: GAGTTCTCGGGCACGTTGATG
SNCA F: TAGGCTCCAAAACCAAGGAGG 199
R: CCTTCTTCATTCTTGCCCAACT
B-actin F: TCATGAAGTGTGACGTGGACATCCGT 285
R: CCTAGAAGCATTTGCGGTGCACGATG
GAPDH F: AATGAAGGGGTCATTGATGG 108
R: AAGGTGAAGGTCGGAGTCAA
PPIA F: AGGGTTCCTGCTTTCACAGA 211

R: GTCTTGGCAGTGCAGATGAA

Brain tissue protein extraction

Tris-buffered saline (TBS) soluble and sodium
dodecyl sulphate (SDS)-soluble proteins were seri-
ally extracted from 50mg of fresh-frozen brain
tissue as previously described [19]. In brief, tis-
sue samples were homogenised in ten volumes TBS
homogenization buffer (20 mM Tris, 150 mM NacCl,
pH 7.4, SmM EDTA, 0.02% sodium azide) con-
taining protease inhibitor cocktail (Roche) using
Qiagen tissue lyser (3 x30s, 30Hz cycles), fol-
lowed by centrifugation at 100,000xg for 1h at
4°C, with supernatant collected as the TBS-soluble
fraction containing cytosolic proteins. The pellet
was resuspended in SDS solubilization buffer (TBS
homogenization buffer containing 5% SDS) using

3 x 30, 30 Hz cycles with Qiagen Tissue Lyser, and
centrifuged at 100,000x g for 30 min at 25°C, with
supernatant collected as the SDS-soluble fraction
containing membrane-associated proteins. Protein
concentration was measured using bicinchoninic acid
assay (Pierce BCA Protein Assay Kit) following the
manufacturer’s instructions.

Cell protein extraction

Cells growing in plates were washed with ice-cold
PBS and treated with lysis buffer (20 mM Tris-HCI,
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Nonidet
P40, 0.5% deoxycholate, 0.1% sodium dodecyl sul-
fate and protease inhibitors). Cell homogenates were
transferred to microcentrifuge tubes and centrifuged
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at 12,000 g for 20 min at 4°C. The protein concentra-
tion of the resulting supernatant was measured using
bicinchoninic acid assay (Pierce BCA Protein Assay
Kit) following the manufacturer’s instructions.

Western blotting

Protein lysates (10 g for tissue, 20 pg for cells)
were heated at 95°C for 5min in sample buffer
(3.2% SDS, 32% glycerol, 0.16% bromophenol blue,
100 mM Tris-HCI, pH 6.8, 8% 2-mercaptoethanol)
and then electrophoresed on Criterion stain-free 4-
20% SDS-PAGE gels (Bio-Rad). The gels were
transferred onto nitrocellulose membranes at 90 volts
for 90 min. The membranes were blocked with TBS
containing 5% w/v non-fat dry milk and probed with
anti-CDH4 antibody (Abcam, ab109242, 1:2,000)
or anti-a-synuclein (BD Biosciences, #610787,
1:2,000) overnight at 4°C. They were then washed
three times in TBS containing 0.1% Tween 20 and
incubated with horseradish peroxidase-conjugated
secondary antibody for 2h at room temperature.
Signals were detected using enhanced chemilumines-
cence and Gel Doc System (Bio-Rad). The blots were
stripped and probed for housekeeper protein (-actin.
The signal intensity was quantified using Image Lab
(Bio-Rad) and NIH Image] software (v1.45 s).

Immunofluorescence

OLN-AS7 cells grown in 8-well chamber slides
were fixed with 4% paraformaldehyde. They were
then permeabilized (1 x PBS, 0.25% Triton X-100),
blocked (1 x PBS, 3% BSA) and incubated with
a-synuclein antibody (BD Biosciences, #610787,
1:100) overnight at 4°C. Cells were washed with
PBS prior to incubation with Alexa Fluor 488
fluorophore-conjugated goat anti-mouse antibody
(Thermo Fisher, 3% BSA, 1:250) for 1h. The
cells were washed and counterstained with 4°,6-
diamidino-2-phenylindole (DAPI, 1 wl/ml in PBS)
for 7 min. A coverslip was mounted to the slide using
mounting media, and the cells were visualised with
a confocal microscope (Nikon C2 Confocal Micro-
scope). Ten randomly selected microscopic fields
were captured for both control and CDH4-transfected
cells at 20x magnification. Each field contained 10-30
cells. The relative a-synuclein intensity was cal-
culated by dividing the total immunofluorescence
quantity of a-synuclein by the cell count in each field
using Image J V1.47 software.

Statistical analysis

Statistical analyses of tissue studies were per-
formed using SPSS Statistics software (IBM,
Chicago, Illinois). Multivariate analyses (general
linear model) were used to determine differences
between the MSA and control groups. There was
a significant difference in age between the groups
(»p=0.000003), and therefore age was included as a
co-variate in the multivariate analyses. There were
no significant differences in sex (p=0.444) nor
postmortem delay (p =0.851). Pearson’s correlations
were used to determine associations between mea-
surements. Statistical analysis of cell studies was
performed using Student’s t-test on Excel. For all
analyses, significance was set at p<0.05. Graphs
were generated using GraphPad Prism 9.

RESULTS

CDH4 expression is elevated in MSA brain

The CDH4 gene was shown to be associated with
MSA at p value of 3.97x107° [8]. To gather clues
to the role of CDH4 in MSA pathogenesis, we ana-
lyzed the expression of CDH4 in MSA-P, MSA-C and
control brain in the disease-affected putamen, motor
cortex white matter and cerebellum, and the disease-
unaffected superior occipital cortex. CDH4 mRNA
expression was significantly increased in the motor
cortex white matter in both MSA-P and MSA-C com-
pared to controls (Fig. 1A). There was also a trend for
increase in the putamen and the cerebellum (Fig. 1A).
CDH4 mRNA expression was not altered in the supe-
rior occipital cortex (Fig. 1A). Also, no significant
differences were observed between the two MSA
subtypes (Fig. 1A). We also analyzed the regional
differences in CDH4 expression in each of the three
groups. In controls, CDH4 expression was signifi-
cantly higher in the putamen and superior occipital
cortex compared to the motor cortex white matter
and cerebellum (Fig. 1B). In MSA-P, CDH4 expres-
sion was significantly higher only in the putamen
(Fig. 1B). In MSA-C, no significant differences were
observed between the regions.

We also analyzed CDH4 expression at the pro-
tein level by western blotting. The expression of the
120-kDa CDH4 protein was significantly increased
in the MSA-P motor cortex white matter compared
with controls, whereas a trend for increase was
observed in the MSA-C motor cortex white matter
(Fig. 2A). A weaker 100-kDa band (likely to be a
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Fig. 1. CDH4 mRNA expression in control and MSA brain. A) Relative mRNA expression of CDH4 in control (Con), MSA-P (M-P), and
MSA-C (M-C) in the putamen, motor cortex white matter, cerebellum, and superior occipital cortex. Data represent mean and SE as error
bars; * p<0.05. B) A comparison of mRNA expression in the putamen (P), motor cortex white matter (M), cerebellum (C), and superior
occipital cortex (O) within each cohort. The box plots depict mean with maximum and minimum values; *p <0.05.
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Fig. 2. CDH4 protein expression in control and MSA brain. A) CDH4 protein expression in control (Con), MSA-P (M-P), and MSA-C
(M-C) in the motor cortex white matter and superior occipital cortex as measured by western blotting. The CDH4 bands were normalized
to B-actin. Data represent mean and SE as error bars; *p <0.05. B) Correlation of CDH4 and a-synuclein protein levels in the motor cortex

white matter.

non-glycosylated form of CDH4) was also detected,
however, this band was not significantly altered in
either MSA-P or MSA-C compared to controls (data
not shown).

To evaluate the pathological relevance of CDH4
in MSA brain, we assessed whether there was an
association between CDH4 and a-synuclein levels
in the motor cortex white matter and found that the
two were strongly correlated to each other (Pearson’s

correlation =0.7269, p=0.0021) (Fig. 2B). When put
together, these results suggest that CDH4 expression
is altered in disease-affected regions of MSA brain
and could be related to a-synuclein pathology.

Effect of CDH4 on a-synuclein levels

To further understand the link between CDH4 and
a-synuclein, we investigated the impact of CDH4 on
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Fig. 3. Effect of CDH4 on a-synuclein levels. MO3.13 oligodendrocyte cells were transfected with CDH4 cDNA or empty-vector control
(Con) and a-synuclein expression measured by qPCR (A) and western blotting (B). Optical density of a-synuclein monomeric (M) and
trimeric (T) bands were measured and normalized to GAPDH. Data represent mean and SE as error bars; *p <0.05.
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Fig. 4. Effect of CDH4 on a-synuclein aggregation. A) The OLN-AS7 oligodendrocyte MSA cell model was transfected with CDH4
cDNA or empty-vector control (Con) and a-synuclein expression measured by gPCR. B) Control cells and (C) CDH4-transfected cells were
immunofluorescent-stained and examined under a confocal microscope. D) A comparion of a-synuclein signal intensity of the two groups.

Data represent mean and SE as error bars; *p <0.05.

a-synuclein levels. In the first study, we transfected
MO3.13 oligodendrocyte cells with CDH4 cDNA or
empty vector as a control and assessed a-synuclein
expression at both mRNA and protein levels. We
found no significant changes in a-synuclein expres-
sion at the mRNA level (Fig. 3A). However, at the
protein level, the expression of a-synuclein monomer
was slightly increased in the CDH4-transfected cells
(Fig. 3B). We also detected a band correspond-
ing to a-synuclein trimer, which was significantly
decreased in the CDH4-transfected cells (Fig. 3B).

In the second study, we transfected the OLN-
AS7 MSA cell model (rat oligodendrocyte cells that
express the human a-synuclein) with CDH4 ¢cDNA
or empty vector (control) and assessed a-synuclein
expression and aggregation. Once again, there was no
significant changes in a-synuclein expression at the
mRNA level (Fig. 4A). However, the immunofluo-
rescent signal intensity corresponding to a-synuclein
aggregates was significantly decreased in the CDH4-
transfected cells compared to controls (Fig. 4B,C,D).
The number of a-synuclein aggregate puncta in the
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CDH4-transfected cells was also decreased by 2.11-
fold (p =0.0019). These results suggest that increases
in CDH4 expression causes decreases in a-synuclein
oligomers/aggregates in oligodendrocytes.

DISCUSSION

MSA is an oligodendrocyte synucleinopathy of
uncertain etiology. Like other neurodegenerative dis-
eases, MSA pathogenesis is understood to be dictated
by a number of simultaneous neuropathogenic mech-
anisms. A GWAS study has revealed that the CDH4
gene is associated with MSA [8]. We therefore inves-
tigated the possible role of CDH4 in MSA. We found
that CDH4 expression was significantly elevated
in the disease-affected motor cortex white matter
in MSA compared to controls, whereas unaltered
in the disease-unaffected superior occipital cortex,
and that CDH4 expression was correlated with o-
synuclein levels in the motor cortex white matter.
We also found that increases in CDH4 expression
in oligodendrocyte cell models caused decreases in
a-synuclein oligomers and aggregates. These results
suggest that CDH4 may influence the cellular lev-
els and/or oligomerization of a-synuclein. In terms
of difference between the two MSA subtypes, there
were no clear differences in the CDH4 expression,
although our cohort sizes were small. Nevertheless,
there appears to be regional variabilities between the
two subtypes.

CDH4 is a cell adhesion molecule (CAM) that is
localized to cell surfaces and mediates intercellular
adhesion. Other CAMs include immunoglobulin-like
adhesion molecules, integrins and selectins [20] and
these regulate neuronal migration and synaptogene-
sis, and affect glial-axonal networks [20]. Classical
cadherins are ubiquitously expressed throughout the
brain [21] and while they have not been thoroughly
examined in the context of neurodegeneration, there
is emerging evidence implicating type 1 classical
cadherins in MSA [8], Parkinson’s disease [18, 22],
Alzheimer’s disease [16, 17], Huntington’s disease
[13, 23], and aging [11, 12]. Much research has
been focused on CDH2, a close homolog of CDH4.
CDH2 accumulates at axons in response to increased
neuronal activity, promoting myelin formation via
cAMP [24]. Blocking this cadherin results in dimin-
ished contact between the axon and oligodendrocyte
precursor cells [25]. Whilst CDH4 has not been
demonstrated to act in this capacity, it has been shown
to co-express with CDH2 at synapses [26], and the

two work in concert in the migration of radial neocor-
tical neurons [27]. As such, the upregulation of CDH4
expression in MSA brain observed in our study could
be related to combating or redressing neurodegener-
ation.

Like a-synuclein, cadherins are expressed at the
synapse, promoting contact and plasticity [26, 28].
When the level of CDH2 was reduced, via catenin
ablation, the synaptic plasticity and motor func-
tion were impaired [29]. The co-localisation of
a-synuclein and cadherins and their mutual role sug-
gest that they could be interacting with each other,
although there is no experimental evidence to sup-
port this. Nonetheless, we showed that there is a
strong correlation between CDH4 expression and
a-synuclein levels in the motor cortex white mat-
ter, and that CDH4 expression affects the cellular
level of a-synuclein in vitro. Current literature exam-
ining the broader dynamics between cell adhesion
and a-synuclein suggest a putative bidirectional rela-
tionship, consistent with our findings. In one study,
increased expression of a-synuclein in rat neurons
resulted in diminished cell adhesion and neurite
outgrowth [30]. In another study, reduction in cell
adhesion, by trypsinization, promoted a-synuclein
aggregation [31, 32].

Another aspect of cadherin function that needs
to be considered is the involvement of catenins.
Catenins form a complex with cadherins that anchor
to the actin cytoskeleton [33]. In addition to their
structural role, catenins participate in cell signalling
pathways, involving Rho-GTPases, that modulate o-
synuclein levels. For example, in one study, increases
in catenin levels inhibited RhoA activity and reduced
a-synuclein levels in dopaminergic cells [34, 35].
Moreover, motor coordination, spatial learning and
synaptic plasticity were shown to be reduced in
catenin knockout mice [29]. In another example,
catenins were shown to suppress autophagy by
repressing p62 expression [36]; this is of interest
given the role of p62 in modulating a-synuclein lev-
els. It has been shown that in a-synuclein transgenic
mice that lack p62, the number and intensity of phos-
phorylated inclusions were elevated [37]. Indeed,
inhibition of catenin signaling in both primary cor-
tical neurons and rat models of PD rescued axonal
degeneration [38].

Although we have shone new light on the under-
standing of the role of CDH4 in MSA, there were
limitations to our study. One limitation was the small
cohort size of the two MSA subtypes. Future work
with larger sample sizes needs to be carried out to
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tease out any differences between the two subtypes.
In summary, we demonstrated, for the first time, that
CDH4 expression is altered in MSA brain and is
linked to the cellular levels of a-synuclein. These
results provide evidence that support the genetic
association of CDH4 with MSA. Further research is
required to understand how CDH4 could be altering
a-synuclein oligomerization/aggregation, especially
in respect to catenin pathways, which may lead to
identifying novel disease-modifying targets for MSA.
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