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Interfering with aggregated a-synuclein in advanced
melanoma leads to a major upregulation of MHC class Il

proteins

Claudia Fokken2*, Ivan Silbernte* Orr Shomronid*, Kuan-Ting Panb,
Sergey Ryazanova, Andrei Leonov?, Nadine Winkler2, Henning Urlaubbe,
Christian Griesinger2¢ and Dorothea Beckeraf

Melanoma is the most serious and deadly form of skin
cancer and with progression to advanced melanoma, the
intrinsically disordered protein a-synuclein is upregulated
to high levels. While toxic to dopaminergic neurons in
Parkinson’s disease, a-synuclein is highly beneficial for
primary and metastatic melanoma cells. To gain detailed
insights into this exact opposite role of a-synuclein in
advanced melanoma, we performed proteomic studies

of high-level a-synuclein-expressing human melanoma
cell lines that were treated with the diphenyl-pyrazole
small-molecule compound anle138b, which binds to and
interferes with the oligomeric structure of a-synuclein.
We also performed proteomic and transcriptomic studies
of human melanoma xenografts that were treated
systemically with the anle138b compound. The results
reveal that interfering with oligomerized a-synuclein

in the melanoma cells in these tumor xenografts led

to a substantial upregulation and expression of major
histocompatibility complex proteins, which are pertinent to
enhancing anti-melanoma immune responses. Melanoma

Introduction

Over the past several years, the treatment landscape of
advanced melanoma has changed and improved significantly
due to immune checkpoint inhibitors administered alone or
in combination. However, the 5-year survival rate of patients
with advanced melanoma, having received immune check-

point inhibitor combination therapy with an anti-PD-1 or
anti-C'TLA-4 antibody, is still only about 50% [1,2].

By now, it is well documented that autophagy plays an
important role in the advanced stages of melanoma, that is,
in primary and metastatic melanoma, but not in noninvasive
melanoma in situ [3,4]. To date, interfering with or inhibiting
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autophagy in advanced melanoma has been explored pri-
marily in the context of in vitro studies and in mouse mod-
els of melanoma [5,6]. Furthermore, only a limited number
of clinical trials [https://clinicaltrials.gov/ (search terms: All
studies; Melanoma; Autophagy)] have been conducted thus
far, to determine whether targeting autophagy in advanced
melanoma with for example, the lysosomal inhibitor hydrox-
ychloroquine alone or in combination with a small-molecule
inhibitor targeting BRAF, MEK, or AK'T has efficacious anti-
melanoma activity.

Aberrant pathological aggregation of a-synuclein is the
hallmark of the neurodegenerative diseases Parkinson’s
disease, multiple system atrophy, and dementia with Lewy
bodies. A substantial number of studies have shown that
patients with Parkinson’s disease have a low risk of devel-
oping a malignancy with the exception of melanoma ([7]
and references therein). Previously, we provided experi-
mental evidence that a-synuclein promotes and thereby,
is highly beneficial to the survival of melanoma in its
advanced stages because it functions as a pertinent rheo-
stat for melanoma cell autophagy, which is a major survival
mechanism for primary and metastatic melanoma cells [8].
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To obtain detailed insights into the molecular changes
occurring in advanced melanoma when this rheostat role
of a-synuclein is being interfered with or abolished, we
performed the following studies: (i) proteomic analy-
sis of paired high-level a-synuclein-expressing human
melanoma cells that had been treated with the anle138b
compound, which binds to and interferes with oligo-
meric but not monomeric a-synuclein [9,10]; (i) liquid
chromatography-tandem mass spectrometry (LC-MS/
MS) and whole transcriptome sequencing (RNA-seq) of
metastatic human melanoma xenografts had been treated
systemically with the anle138b compound. Integrated
analysis of the proteomics data of the anle138b-treated
primary and metastatic melanoma cells showed that
expression of proteins, important in the organization of
the extracellular matrix and proteins implicated in mito-
phagy were upregulated. In the case of the systemically
anle138b-treated human melanoma xenografts, highly
upregulated, both at the level of the proteome and tran-
scriptome, were MHC class II proteins.

In light of the fact that low, or loss, of expression of MHC
class I/MHC class II antigens and therefore, immune
escape is a distinct feature of advanced melanoma, our
findings presented here, suggest that interfering with/
disabling the autophagy-guarding rheostat function of
a-synuclein in advanced melanoma may enhance the
efficacy of immune checkpoint inhibitor-based therapies.

Methods

Human melanoma cell lines and xenografts

The human melanoma cell lines WM983-A and
WMOI83-B were propagated in vitro and non-treated or
treated with anle138b as previously described [8]. Carried
out under approved Niedersichsisches Landesamt fiir
Verbraucherschutz und Lebensmittelsicherheit (LAVES)
protocol (33.19-42502-04-14/1724), WMO983-B human
melanoma xenografts were generated bilaterally in
4-5 weeks old female nude mice (CAnN.Cg-Foxnlnu/
Crl) (Charles River Laboratories, Sulzfeld, Germany).
When the tumors had reached a size of 2.3-3.0 mm in any
direction, the tumor-bearing animals were randomized
into two groups and for 10-16 days, one group of mice,
comprised of eight animals, was given a food pellet diet
containing anle138b (2 g of anle138b/kg of food pellets)
and the other group, comprised of six mice, a food pellet
diet not containing anle138b. Thereafter, a section from
the center of each resected and cryopreserved WM983-B
tumor xenograft was analyzed by analytical high perfor-
mance liquid chromatography as previously described [8].

Sucrose density gradient ultracentrifugation and
immunoblot analysis

Stock solutions of anle138b were made in dimethyl sul-
foxide (DMSO). WM983-B melanoma cells that had
received serum-free culture medium containing DMSO
only or anle138b (10 pM) for 72 h, with replenishment of

an equivalent dose of the diphenylpyrazol (DPP) com-
pound at 48 h, were lysed for 30 min on ice in a buffer
containing 50 mM 'Iris pH 7.4, 175 mM NaCl, 0.1%
Nonidet P-40 substitute (Merck, Taufkirchen, Germany),
EDTA-free protease inhibitor cocktail (Roche), and
PhosSTOP phosphatase inhibitor (Roche). After removal
of cell debris by centrifugation, total protein cell lysates
(400 pg each) were fractionated by sucrose density gra-
dient ultracentrifugation (10-60% w/v sucrose), followed
by successive collection of the fractionated protein sam-
ples, their precipitation by trichloroacetic acid, and sub-
sequent immunoblot analysis with a 1:1000 dilution
of a rabbit anti-human mAb [MJFR1] to a-synuclein
(Abcam, Cambridge, UK). Intensity of the protein sig-
nals on the immunoblots was quantified with the Image]
image processing software (National Institutes of Health,
Bethesda, Maryland, USA).

ELISA assay

Serum-free cell culture supernatants, collected from
WMO983-B melanoma cells that had received DMSO only,
or were treated for 48 h or 72 h with rapamycin (0.5 pM) or
anle138b (10 pM), with replenishment of the equivalent
dose of rapamycin or anle138b at 48 h, were centrifuged
twice, and 100 pl of each cell culture supernatant, diluted
1 : 4 with PBS containing 0.1% Tween-20 and 1% BSA, was
added to 96-well plates that had been coated with an anti-
body to human o-synuclein antibody [MJFR1] (Abcam).
Following a 2 h incubation at room temperature (RT), and
subsequent addition of a mouse anti-a-synuclein anti-
body [clone 42/a-synuclein] (BD Biosciences, Heidelberg,
Germany), an anti-mouse HRP-conjugated antibody
(GE Healthcare, Braunschweig, Germany), and 3,3",5,5'-
tetramethylbenzidine chromogenic substrate, reactions
were stopped with 1 M sulfuric acid (H,SO,). Sample
absorbance was measured at450 nm in an Infinite 200 PRO
microplate plate reader ('Tecan, Minnedorf, Switzerland).

Mass spectrometry-based proteomics analysis

For the MS-based proteomics analysis of the serum-free
cell culture supernatants from the WM983-B melanoma
cells that for 48 h or 72 h had been treated with anle138b
or with rapamycin, or had received DMSO or serum-
free cell culture medium only, the collected supernatant
media as well as the serum-free cell culture medium were
centrifuged twice. Following methanol-chloroform pre-
cipitation of 100 pl from each collected supernatant, each
protein pellet was reconstituted in 100 mM triethylammo-
nium bicarbonate (TEAB) buffer, pH 8.0 that contained
1% RapiGest SF (Waters GmbH, Eschborn, Germany).

WMO983-A as well as WM983-B melanoma cells, that
had been treated with anle138b or had received DMSO
only, were rinsed twice with PBS, lysed in 50 mM TEAB
buffer, pH 8.0, containing 150 mM NaCl, 0.5% NP40, and
1x cOmplete EDTA-free protease inhibitor cocktail and
sonicated in a BioRuptor (Diagenode, Seraing, Belgium).
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Following reduction and alkylation with 10 mM tris(2-
carboxyethyl)phosphine at 55 °C for 30 minand 18.75 mM
iodoacetamide for 20 min at R, the protein lysates were
acetone-precipitated, and the pellets were reconstituted
in 1% RapiGest SF in 100 mM TEAB buffer, pH 8.0.

Snap-frozen WM983-B melanoma xenograft tissues
were homogenized in lysis buffer (100 mM HEPES,
pH 8.0, 4% SDS, 1 mM EDTA, 1x cOmplete EDTA-
free protease inhibitor cocktail) and with zirconia/
glass beads in a bead beating grinder (FastPrep24; MP
Biomedicals, Eschwege, Germany). The lysates were
sonicated for 5 min in a BioRuptor with 30 s on-and-off
cycles for 5 min, and cleared by centrifugation for 10 min
at 17 000 g. Except for the proteins in the various cell cul-
ture supernatants, the dissolved proteins were digested
with trypsin, labeled with tandem mass tag TMTsixplex
label reagent, desalted, and in the case of the WM983-B
melanoma xenograft tissue samples, pre-fractionated as
previously described [11].

Liquid chromatography-tandem mass spectrometry
data acquisition and analysis

For LLC-MS/MS data acquisition, we used either a Q
Exactive HF-X (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) or an Orbitrap Fusion Lumos
Tribrid (Thermo Fisher Scientific) mass spectrome-
ter, and an L.C setup as described [11]. Ninety-min L.C
gradients were used for the proteins in the cell culture
supernatants, elongated 180 min LC gradients for the
WMOI83-A and WM983-B melanoma cell line samples,
and 90 min LLC gradients for the pre-fractionated tumor
xenograft samples. The instruments were operated in the
data-dependent acquisition mode using either a standard
MS? or an SPS-M83 method [12].

Raw LLC-MS/MS data were processed with MaxQuant
software (version 1.5.5.1) (https://www.maxquant.org/)
using default settings if not specified otherwise. MS/
MS spectra were searched against Homo sapiens and, in
the case of the WM983-B tumor xenograft tissue sam-
ples, additionally, against Mus musculus canonical protein
sequences derived from UniProt. M8? or MS* TM'T6
reporter ion intensities were selected for protein quan-
tification where applicable. Following analyses was con-
ducted using R software. In brief, protein groups with at
least two razor or unique peptides were considered for
quantification. For TMT6-labeled samples, reporter ion
intensities were log2-transformed and normalized by
log2-median subtraction. Differential expression analy-
sis was performed using the /imma R/Bioconductor soft-
ware package (https://www.bioconductor.org/). Q-values
were computed based on the /imma-moderated P-values.
Candidate proteins were selected satisfying the crite-
ria: g-value <0.05 or moderated P-value <0.01 and abso-
lute log2 intensity fold change (log2FC) > log21.5. For
the proteome analysis of the WM983-A and WM983-B

melanoma cell line samples, log2ZFC in the anle138b-
treated cells versus the cells that received DMSO only
or were nontreated, were subjected to hierarchical clus-
tering using /¢/ust function in R. Only protein groups sat-
istying minimum intensity threshold of log2 (iBAQ) > 22
were used for the analysis. For proteins identified in the
cell culture supernatants of the anle138b-, rapamycin-,
and DMSO-treated WM983-B melanoma cells, protein
intensities were derived from the respective ‘iBAQ’
column in the ‘proteinGroups.txt’ table reported by
MaxQuant. Only proteins quantified based upon at least
two unique or razor peptides and not abundant (<1% of
total protein intensity) in the cell culture medium control
were analyzed further. Log2FC in proteins intensity were
computed between each treated sample and the respec-
tive control samples. LLog2FC of protein groups, quan-
tified in the cell culture supernatants of the WM983-B
melanoma cells that had been treated for 48 h or 72 h
with anle138b or rapamycin and satisfied the threshold
of logZFC > 1, were subjected to hierarchical clustering
using /c/ust function in R. Protein interaction and func-
tional enrichment analyses were performed using the
STRING database with its evidence mode active inter-
action sources: Textmining, Experiments, Databases, and
Co-occurrence.

RNA extraction, cDNA library construction, and
RNA-seq

"Total RNA from the cryopreserved control and anle138b-
treated WM983-B human melanoma xenografts were
extracted with T'RIzol reagent. Quality of the isolated
RNAs was determined on a Bioanalyzer 2100 Fragment
Analyzer (Agilent, Santa Clara, California, USA) and on a
NanoDrop ND-1000 spectrophotometer. A TruSeq RNA
Library Prep Kit vZ (Illumina, San Diego, California,
USA) was used to prepare cDNA libraries, and following
quantitation of the ¢cDNA libraries with a QuantiFluor
dsDNA System (Promega, Walldorf, Germany) and deter-
mination of the size of the cDNA libraries with a dsDNA
905 Reagent Kit (Agilent), the cDNA libraries were
sequenced on an [llumina HiSeq 4000 System (Illumina).

Bioinformatics analysis

Raw read and quality check: Sequence images were trans-
formed with Illumina software BaseCaller to BCL files,
which were demultiplexed to fastq files with bcl2fastq
v2.17.1.14. Sequence quality was asserted using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/
fastqc) version 0.11.5. Mapping and normalization: In the
case of the WM983-B melanoma tumor xenograft tissue
samples, the obtained sequences were aligned to refer-
ence genome Homo sapiens (hg38 version 97, https://www.
ensembl.org/Homo_sapiens/Info/Index) and to reference
genome Mus musculus (mm10 version 97, hteps://www.
ensembl.org/Mus_musculus/Info/Index). For both sets
of samples, alignment was performed using the STAR
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aligner [13] version 2.5.2a, which allows two mismatches
within 50 bases. Thereafter, read counting was performed
using featureCounts [14] version 1.5.0-p1. Read counts
were analyzed in the R/Bioconductor environment (ver-
sion 3.6.1, www.bioconductor.org) using the DESeq2
[15] version 1.24.1. Gene annotations were performed
using Homo sapiens and Mus musculus entries via biomaRt
R package version 2.40.5 [16]. Concerning the human
melanoma tumor-xenograft tissue samples, proteins in
the anle138b-treated versus the nontreated tumor tis-
sue samples were considered to be significantly different
in their level of expression when they had an adjusted
P-value less than or equal to 0.05, and an absolute log2FC
equal to or greater than 0.5.

Live-cell imaging

WMOI83-B melanoma cells seeded in 96-well black
plates, received 24 h later serum-free culture medium
containing DMSO only, or 10 pM of anle138b. Forty-
eight hours later, the culture medium was replaced
with serum-free culture medium containing 10 pM of
anle138b or DMSO only and in each case, 500 nM of the
5-580CP-Hoechst dye. Following a 60-min incubation of
the cells at 37 °C, live-cell imaging was performed with
an LLSM880 Airyscan confocal microscope (Zeiss, Carl
Zeiss Microscopy Deutschland GmbH, Oberkochen,
Germany) on the ZEN platform. Images of the mel-
anoma cells, stained with the Hoechst DNA dye, were
acquired with a 20x objective and in Z-stack mode every
10 min for 90 cycles (total acquisition time ~15 h). Each
video (in .mp4 format) was created from a quadrant of a
single Z-stack tile image.

Immunoblot analysis

For the analysis of ILL.-8, QPC'T, stearoyl-CoA desaturase
(SCD) (SCD1), farnesyl diphosphate synthase (FDPS),
or fibronectin 1 (FN1) expression, WM983-B melanoma
whole-cell lysates were separated on 12% SDS-PAGE
and transferred onto polyvinylidene difluoride or nitro-
cellulose membrane. After cross-linking with 0.4% par-
aformaldehyde in PBS and blocking with 5% powdered
milk, the membranes were probed with antibody against
IL-8 (Abcam), QPC'T (Novus Biologicals, Centennial,
Colorado, USA), SCD1 (Abcam), FDPS (Novus
Biologicals), or FN1 (Abcam), followed by incuba-
tion with an HRP-conjugated secondary antibody and
Clarity Western ECL Substrate (Bio-Rad, Feldkirchen,
Germany). Protein loading was determined by second-
ary probing with an anti-GAPDH (Abcam) or an anti-
vinculin (Novus Biologicals) antibody.

Immunohistochemistry

Five-pm tissue sections, prepared from cryopreserved
WMO983-B human melanoma xenografts, were fixed with
4% paraformaldehyde, blocked with 10% goat serum in
PBS, and probed with rabbit anti-human antibody against

CRYAB (Abcam), ALDH1A1 (Abcam), FN1 (Abcam), or
MHC class II (HLA-DPB1) (Abcam). Subsequently, all
tissue sections were probed with a goat anti-rabbit Alexa
Fluor 488-conjugated secondary antibody, counterstained
with fluorescent DAPI, followed by addition of Mowiol
mounting medium. Images of the tissue sections, probed
with antibody to CRYAB,ALLDH1A1, or MHC class II pro-
tein were acquired with a 40x/1.4 oil immersion objective
on a Zeiss L.SM780 laser scanning confocal microscope.
Images of the tissue sections probed with an antibody to
FN1 were acquired with a Plan Neofluar 20x/0.50 objec-
tive on a Zeiss Axioplan 2 fluorescence microscope. The
Image] image processing software was used to measure
cell fluorescence and to calculate corrected total cell flu-
orescence quantitation (C'T'CF) of expression of the pro-
teins CRYAB, ALDH1A1, and MHC II in tissue sections
prepared from WM983-B human melanoma xenografts.

Five-pm tissue sections, prepared from cryopreserved
WMO983-B human melanoma xenografts, were fixed with
4% paraformaldehyde in PBS, treated with a 1x solu-
tion of TrueBlack lipofuscin autofluorescence quencher
(Biotium, Fremont, USA), blocked with 10% goat serum
in PBS and probed with a mouse anti-human antibody
cocktail to the three melanoma cell markers MART-
1, tyrosinase, and gpl00 (Novus Biologicals) or with
a 1:150 dilution of an antibody to human a-synuclein
[IMJFR1] (Abcam). Thereafter, the tissue sections
were probed with a goat anti-mouse or goat anti-rabbit
DyLight 755 secondary antibody (Novus Biologicals),
counterstained with fluorescent DAPI, followed by
addition of Fluoromount-G mounting medium. Images
of the tissue sections were acquired with a 40x/0.95 air
objective on a SLIDEVIEW VS200 research slide scan-
ner (Evident) and thereafter, processed with OlyVIA-
Software (Evident).

Four melanoma tissue microarray (TMA) slides (https://
www.biomax.us/tissue-arrays/Melanoma/ME811), each
containing two tissue sections from the same 39 cases
of melanoma, and tissue sections from three cases of
normal skin tissue were heated at 60 °C, deparaffinized
and rehydrated. After heat-induced antigen retrieval,
the slides were submerged in a 0.3% Sudan Black solu-
tion to reduce autofluorescence, followed by addition
of blocking solution. Thereafter, one of the TMA slides
was incubated overnight with an anti-human a-synuclein
antibody [MJFR1] (Abcam), a second TMA slide with
a rabbit anti-human MHC class IT (HLA DQ/DR/DP
[HLLA-Pan/2967R]) antibody (Novus Biologicals), and a
third TMA slide with a mouse mAb [EMRS8-5] to human
MHC class I (HLA-ABC) protein (Abcam) and subse-
quently probed with a goat anti-rabbit or an anti-mouse
DyLight 755-conjugated secondary antibody, and coun-
terstained with DAPI solution. The slides were mounted
with Fluoromount-G mounting medium. The fourth
"TMA slide was stained with hematoxylin and eosin and
mounted with Entellan (Merck). Images of the TMA
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cores were acquired with a 20x/0.80 air objective on a
SLIDEVIEW VS200 research slide scanner (Evident)
and thereafter, processed with OlyVIA-Software
(Evident). The QuPath bioimage analysis software [17]
was used to quantify the fluorescence intensity of areas
marked in tissue sections of four of the TMA cores
probed with a-synuclein, MHC class II, or MHC class I
antibody, respectively.

Results

Anle138b treatment of metastatic melanoma cells
interferes with their a-synuclein aggregates, leads to
the release of a-synuclein into the extracellular milieu,
and restricts the cells’ dynamic properties

To determine whether anle138b interferes with aggre-
gated o-synuclein in high-level a-synuclein-expressing
melanoma cells, we performed an experiment involv-
ing sucrose-gradient centrifugation followed by immu-
noblot analysis of the metastatic melanoma cell line
WMO983-B, which as we previously showed, expresses
high levels of a-synuclein compared to some other met-
astatic melanoma cell lines [8]. The results of this analy-
sis (Fig. 1a) show that following treatment of these cells
with anle138b, high-molecular oligomerized a-synuclein
was reduced and shifted towards low-molecular weight
oligomers.

Since previously, it had been shown that oligomeric forms
of a-synuclein can be found in multiple extracellular frac-
tions, associated with exosomes and free, and that the
pathway of secretion of a-synuclein oligomers is strongly
influenced by autophagic activity [18], we treated the
WMO983-B melanoma cells with anle138b and likewise,
with the macrolide antibiotic rapamycin, an inhibitor of the
mechanistic Target Of Rapamycin Complex 1 [19], which
is a pertinent regulator of autophagy. Depicted (Fig. 1b) are
the results of an ELISA, which show that a 48-h treatment
with a single 10 pM dose of anle138b led to the release of
a-synuclein into the cell culture supernatant, which was
further increased at 72 h following addition of a second
10 pM dose of anle138b at 48 h. In comparison, treatment
of these melanoma cells with the autophagy inducer, rapa-
mycin, did not lead to a substantial release of a-synuclein
into the cell culture supernatant (Fig. 1b).

Furthermore, the analysis of the MS-based proteomics
data of the serum-free cell culture supernatants from the
anle138b- versus the rapamycin-treated WM983-B mel-
anoma cells revealed that both at the 48 h and the 72 h
time-point, the proteins that were released upon anle138b
versus rapamycin treatment were considerably different
(Fig. 1c and d). For example, treatment of the melanoma
cells with a single 10 pM dose of anle138b for 48 h led
to release of the microtubule depolymerizing protein
stathmin 1 (STMN1) and the heat shock protein HSPB1
(Hsp27), which prevents the aggregation of mutant forms
of a-synuclein [20]. Following anle138b treatment of the

WMO983-B melanoma cells for 72 h, released into cell
culture supernatant was the Tripartite motif-containing
28 (TRIM28) protein, which as a binding partner of the
melanoma-associated antigen-A3/A6 (MAGE-A3/A6) has
been shown to inhibit autophagy [21], and in high-level
TRIM28-expressing melanomas to correlate with a sig-
nificant depletion of tumor-infiltrating immune cells [22].
Another protein that was released from the melanoma
cells upon treatment with the anle138b compound for
72 h was the actin- and myosin-binding protein caldes-
mon (CALD1).

"To visualize, over a period of about 15 h, the dynamic
events occurring in the WM983-B melanoma cells
treated with a 10 pM dose of anle138b for 48 h, followed
by replenishment with another 10 pM dose at 48 h, we
stained the cells with the 5-580CP-Hoechst DNA dye
[23] and thereafter, performed live-cell imaging. As
can be seen in Fig. 2 (please see videos online), com-
pared with WM983-B melanoma cells that had received
DMSO only (Fig. 2a), the morphological features of the
anle138b-treated melanoma cells (Fig. 2b) were notice-
ably different, that is, their cytoplasm showed extensive
vacuolization, and some of the cells failed to divide.

Anle138b treatment leads to significant changes in the
proteome of primary and metastatic human melanoma
cells

"To obtain information whether treatment with the DPP
compound anle138b led to changes at the level of the
protcome in melanoma cells expressing high levels of
a-synuclein, we treated the high-level a-synuclein-
expressing melanoma cell lines WM983-A and WM983-B,
which were derived from a primary melanoma and a
metastasis of a same patient, for 72 h with 10 pM of
anle138b with replenishment of the compound (10 pM)
at 48 h. Hierarchical clustering of the identified proteome
changes revealed five clusters of proteins (Fig. 3a) that
both in the primary and in the metastatic melanoma
cells were upregulated or downregulated compared with
the same melanoma cells that had received cell culture
medium containing or not containing DMSO.

For validation of the proteomics data/proteins identified
in these clusters, we chose two proteins from clusters 4
and 5 that were upregulated and one protein each from
cluster 1 and cluster 3 that were downregulated. The
results of immunoblot analyses (Fig. 3b) demonstrated
that following a 72 h treatment of the WM983-B meta-
static melanoma cells with anle138b, I11.-8 (CXCLS8) and
likewise, glutaminyl-peptide cyclotransferase (QPCT)
were upregulated. Expression of the pro-inflammatory
cytokine IL.-8 is upregulated to high levels with pro-
gression from melanoma in situ to metastatic melanoma
[24,25] and although a direct interaction between IL.-8
and a-synuclein has not been reported, it has been shown
that serum levels of I1.-8 correlate positively with clinical
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Treatment of melanoma cells with anle138b leads to a reduction in oligomerized a-synuclein and release of a-synuclein into the cell culture super-
natant. (a) Sucrose density gradient fractionation followed by immunoblot analysis of a-synuclein expression in whole-cell lysate of WM983-B
melanoma cells that had received DMSO only, or were treated with 10 uM of anle138b for 72 h, with replenishment of 10 uM of the compound at
48 h. Representative experiment shown, n=1. (b) ELISA analysis of the presence of a-synuclein protein in serum-free cell culture supernatant of
WM983-B cells that had received DMSO only, or were treated with 0.5 pM of rapamycin or 10 uM of anle138b for 48 h or 72 h, with replenishment
of an equivalent dose of rapamycin or anle138b at 48 h. Shown for each time point is the mean of duplicate samples analyzed, n= 1. (c) Clusters
of proteins, identified by MS-based proteomics analysis, that were released at the 48 h and the 72 h time-point into the serum-free cell culture
supernatants of the anle138b- versus the rapamycin-treated WM983-B melanoma cells. (d) Log2FC of four select proteins identified by MS-based
proteomics, in the serum-free cell culture supernatants of WM983-B melanoma cells that were treated for 48 h and 72 h with anle138b or rapamy-
cin, with replenishment of an equivalent dose of anle138b or rapamycin at 48 h. DMSO, dimethyl sulfoxide; MS, mass spectrometry.
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(b)
+anle138b i

Time-lapse, live-cell imaging of anle138b-treated melanoma cells.
(a) Live-cell imaging of WM983-B melanoma cells that had received
DMSO only. (b) Live-cell imaging of WM983-B melanoma cells that
were treated with 10 pM of anle138b for 48 h, with replenishment of
10 pM of the compound at 48 h and addition of the 5-580CP-Hoechst
DNA probe. Images, captured every 10 min over the course of 15 h, are
overlays of phase-contrast and 5-680CP-Hoechst dye-captured images
(pseudocolored magenta). The triangle, colored turquoise, points to an
area showing extensive vacuolization, and the green-colored triangle to
a cell that failed to divide. Scale bar: 10 pm. DMSO, dimethyl sulfoxide.

measures of Parkinson’s disease [26]. The upregulation
of the QPCT enzyme is of interest not only because of
its link to Alzheimer’s and Huntington’s discase [27],
but because it might also be a possible target for immu-
notherapy of the phagocytosis CD47-signal-regulatory
protein-alpha (SIRP-a) pathway [28,29]. SCD, which was
downregulated following a 72 h treatment with anle138b
(Fig. 3¢), is an endoplasmic reticulum enzyme that cata-
lyzes the biosynthesis of monounsaturated from saturated
fatty acids and acts as a modulator of a-synuclein-induced
pathology [30]. SCD is expressed at high levels in the

advancedstagesofmelanoma[31]and the microphthalmia-
associated transcription factor is an activator of SCD [32].
It also has been shown that downregulating SCD ame-
liorates the cytotoxicity of a-synuclein and therefore, it
has been suggested that SCD might be a new target for
the treatment of Parkinson’s disease [33]. FDPS, a key
enzyme in sterol metabolism, was also one of the down-
regulated proteins identified by (MS)-based proteomics.
The results of immunoblot analyses of WM983-B mela-
noma cells, treated for 48 h and 72 h with anle138b, con-
firmed that SCD1 as well as FDPS was downregulated in
the WM983-B melanoma cells (Fig. 3¢).

Because following anle138b treatment, the proteins in
clusters 4 and 5 were upregulated both in the WM983-A
primary and in the WM983-B metastatic melanoma cells,
we queried the STRING database (https://string-db.
org/) for these proteins. As shown in Fig. 3d, identi-
fied interaction networks were enriched in proteins
involved in ‘Autophagy of mitochondrion’, ‘Amyloidosis’,
‘Extracellular matrix organization’, and ‘IL.-18 signaling
pathway’.

Systemic treatment of metastatic human melanoma
xenografts with anle138b affects the tumor tissue
architecture and the intratumoral expression pattern
and localization of a-synuclein

"To determine to what extent anle138b treatment affected
the morphology of the tumor cells and the a-synuclein
protein and its localization in the WM983-B metastatic
human melanoma xenografts, we probed two adjacent
tissue sections, prepared from a tumor xenograft from a
nude mouse that had not been treated and two adjacent
sections from a tumor xenograft that had been treated
with anle138b, with an antibody cocktail to the three
human melanoma cell markers MART-1, tyrosinase,
and gp100 and with an antibody to human a-synuclein.
Images of a tissue section, prepared from a WM983-B
tumor xenograft that received food pellets not containing
anle138b, showed expression of the melanoma cell mark-
ers throughout the tumor tissue (Fig. 4a) and clear and
pointed expression and localization of the a-synuclein
protein in the melanoma cells (Fig. 4c¢). In comparison,
images of a tissue section prepared from a WM983-B mel-
anoma xenograft, resected from a mouse that for 10 days
had received food pellets containing anle138b, showed
significantly less expression of the melanoma cell mark-
ers and not throughout the entire tumor section (Fig. 4b),
and also less expression of a-synuclein (Fig. 4d).

Systemic treatment of metastatic human melanoma
xenografts with anle138b leads to downregulation

of adhesion molecules and proteins in the oxidative
stress/degradation pathway

To gain insights into changes that occurred in the pro-
teome and transcriptome of metastatic human mel-
anoma cells upon anle138b treatment, we generated
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Proteome changes in primary and metastatic melanoma cell lines following treatment with anle138b. (a) Heatmap and hierarchical clustering of pro-
teins, identified by MS-based proteomics analysis, that were dysregulated in the WM983-A primary and the WM983-B metastatic melanoma cells
upon treatment with 10 pM of anle138b for 72 h, with replenishment of 10 uM of the compound at 48 h. Cluster 1 comprised 199 proteins. Thus,
listed in the cluster 1 heatmap are only the proteins located above and below the protein SCD (SCD1). Listed in the entire cluster 3 heatmap are the
proteins located above and below FDPS. Listed in combined clusters 4 and 5 are all proteins located above QPCT and IL-8 (CXCL8). (b) Immunoblot
analysis of WM983-B melanoma cells that were treated with 10 uM of anle138b for 48 h or 72 h, with replenishment of 10 uM of the compound
at 48 h. WM983-B melanoma cells that had received serum-free culture medium only (NT = nontreated) or serum-free culture medium containing
DMSO served as controls. Immunoblots were probed with antibody to the proteins IL-8 (CXCL8) or QPCT, and with an anti-GAPDH or an anti-vinculin
antibody for loading control. (c) Immunoblot analysis of WM983-B melanoma cells that were treated with 10 pM of anle138b for 48 h or 72 h, with
replenishment of 10 uM of the compound at 48 h. WM983-B melanoma cells that had received serum-free culture medium only (NT = nontreated) or
serum-free culture medium containing DMSO served as controls. Immunoblots were probed with antibody to the proteins SCD (SCD1) or FDPS, and
with an anti-vinculin antibody for loading control. (d) Protein—protein interaction networks of the proteins in clusters 4 and 5 identified in the STRING
database. DMSO, dimethyl sulfoxide; FDPS, farnesyl diphosphate synthase; MS, mass spectrometry; SCD, stearoyl-CoA desaturase.
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Fig. 4
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Morphology of human melanoma xenografts nontreated vs. treated with anle138b. (a) Expression of melanoma cell markers (MART-1, tyrosinase,
gp100) in a tissue section, prepared from a WM983-B human melanoma xenograft resected from a nude mouse, which for 10 days had received
food pellets not containing anle138b. (b) Expression of melanoma cell markers (MART-1, tyrosinase, gp100) in a tissue section, prepared from
a WM983-B human melanoma xenograft resected from a nude mouse, which for 10 days had received food pellets containing anle138b. (c)
Expression of a-synuclein in a tissue section, prepared from a WM983-B human melanoma xenograft resected from a nude mouse, which for
10 days had received food pellets not containing anle138b. (d) Expression of a-synuclein in a tissue section, prepared from a WM983-B human
melanoma xenograft resected from a nude mouse, which for 10 days had received food pellets containing anle138b. The tumor xenograft tissue sec-
tions, probed with the human melanoma cell marker antibody cocktail (pseudocolored yellow) or with the anti-a-synuclein antibody (pseudocolored
red), were counterstained with fluorescent DAPI (pseudocolored blue). (a—d) Scale bar: 200 pm.

subcutancous WM983-B melanoma xenografts in nude
mice and thereafter, treated the tumor-bearing animals
systemically with anle138b for 14-16 days.

As depicted in scatter plots (Fig. 5a and b), fold changes
of proteins, identified by both MS-based protcomics and
RNA-seq analysis as being markedly changed (i.e. either
upregulated or downregulated) in the human melanoma
xenografts from the anle138b-treated versus from the
nontreated nude mice, show a considerable degree of
concordance. Identified as significantly downregulated in
the anle138b-treated human melanoma tumor xenografts
(Fig. 5b) were crystallin alpha B (CRYAB), cadherin 1

(CDH1), and the tumor protein D52-like 1 (TPD52L.1),
which i1s a member of the TPD52-like coiled-coil
motif-bearing proteins that interact with 14-3-3 pro-
teins [34]. Regarding CRYAB, a chaperone member of
the small heat-shock protein family, it has been reported
that it interacts with a-synuclein and that CRYAB and a-
synuclein affect each other’s properties [35]. With pro-
gression from early to advanced melanoma, a switch
occurs from downregulation of E-cadherin (CDHI1) to
upregulation of N-cadherin expression [36,37], and loss
of E-cadherin has been associated with ulcerated mela-
noma [38]. Immunohistochemistry analysis of WM983-B
melanoma xenograft tissue sections confirmed that in
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Proteome and transcriptome changes in human melanoma xenografts treated systemically with anle138b. (a) Comparison of log2FC changes
of gene transcript/protein intensities identified by RNA-seq and MS-based proteomics. Candidate transcripts/proteins identified by RNA-seq,
MS-based proteomics, or both are colored green, red, and purple, respectively. (b) Correlation of log2FC changes in gene transcript/protein intensity
of gene transcripts/proteins selected based upon RNA-seq and MS-based proteomics analysis of WM983-B human melanoma xenografts resected
from nude mice that had been treated systemically with anle138b, or had received food pellets not containing anle138b. (c) A tissue section from
a nontreated WM983-B melanoma xenograft probed with an antibody to CRYAB. (d) A tissue section from an anle138b-treated WM983-B mela-
noma xenograft probed with a CRYAB antibody. (e) A tissue section from a nontreated WM983-B melanoma xenograft probed with an antibody to
ALDH1AT1. (f) A tissue section from an anle138b-treated WM983-B melanoma xenograft probed with an ALDH1A1 antibody. The anti-CRYAB and
likewise, the anti-ALDH1A1 antibody-probed tumor xenograft tissue sections (pseudocolored yellow) were counterstained with fluorescent DAPI
(pseudocolored blue). (c—f) Scale bar: 50 pm. MS, mass spectrometry.
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comparison with a nontreated control tumor (Fig. 5c),
expression of CRYAB was downregulated in an anle138b-
treated tumor (Fig. 5d). Although not to the same extent
as CRYAB, CDHI1, and TPD52L.1, downregulated in
the anle138-treated WM983-B human melanoma tumor
xenografts was also ALDH1A3, which is a member of
the aldehyde dehydrogenase (ALDH) family of detoxi-
fying enzymes that convert aldehydes to their carboxylic
acids. It has been shown that ALDH1A1 and ALDH1A3
isozymes correlate with melanoma progression and
that metastatic melanomas express the highest levels
of ALDH [39,40], whereas in patients with Parkinson’s
disease, expression of ALDHI is decreased in surviv-
ing dopamine neurons of the substantia nigra pars com-
pacta [41]. As shown in Fig. 5f, immunohistochemistry
analysis confirmed that a tissue section, prepared from
an anle138b-treated WM983-B human melanoma xen-
ograft, showed less expression of ALDHAL in compari-
son with its high expression in a tissue section prepared
from a melanoma xenograft that did not receive anle138b
(Fig. 5e).

Systemic treatment of metastatic human melanoma
xenografts with anle138b leads to a major upregulation
of MHC class Il molecules in the tumor cells

The results of the analysis of the transcriptomics data,
the proteomics data or both revealed that significantly
upregulated in the WM983-B metastatic human mel-
anoma xenografts, resected from nude mice following
their systemic treatment with anle138b, were as shown
in Supplementary Fig. 1, Supplemental digital content
1, hetp:fllinks.low.com/MRJA389, molecules of the MHC
class I HLA-DP and HLLA-DR isotypes, class II trans-
activator (CII'TA), the essential transactivator of MHC
class IT genes, and CD74, which plays an important role
in the assembly and subcellular targeting of MHC class
IT complexes [42].

Verifying and confirming this finding, a tissue section pre-
pared from one of the WM983-B human melanoma xen-
ografts, resected from a nude mouse that had received
food pellets mixed with anle138b, showed high-level
MHC class II (HLA-DPB1) expression in the tumor
cells Fig. 6b, whereas a tissue section prepared from a
WMO983-B human melanoma tumor xenograft of an ani-
mal that did not receive anle138b, showed little expres-
sion of this protein (Fig. 6a). Subsequently we performed
a tissue microarray (TMA) analysis to determine whether
in melanoma there might be a correlation or perhaps an
inverse correlation between expression of a-synuclein
and MHC class IT antigen, MHC class I or MHC class 11
and MHC class I antigens. The results of probing a TMA,
comprised of 39 cases of melanoma ranging from Stage
IT to Stage IV melanoma, with an antibody to human a-
synuclein, to human MHC class II [HLA-DQ/DR/DP]
or MHC class I [HLA-ABC] antigens, revealed that in
some areas, encircled by a white line, in tissue sections

from several of the melanoma TMA cores in which a-
synuclein was strongly expressed, there was less expres-
sion of MHC II protein, or vice versa (Fig. 6¢). Images
of all of the TMA cores probed with antibody to human
a-synuclein, MHC class II or MHC class I antigen are
shown in Supplementary Fig. SZA-D, Supplemental dig-
ital content 2, hutp://links.leow.com/MRIA390.

In addition to the MHC class II molecules, FN1 was
another protein, whose expression was upregulated in
the anle138b-treated metastatic human melanoma xeno-
grafts. FN1, a high-molecular weight extracellular matrix
protein, is involved in many processes including cell
adhesion, cell motility, and maintenance of cell shape.
It is possible, that following interference of oligomeric
a-synuclein with the DPP compound anle138b, the sub-
sequent dysregulation of autophagy in the melanoma
cells, and as part of or a consequence of it, the cells losing
their cell-matrix adhesion led compared with the control
(Supplementary Fig. 3A, Supplemental digital content
3, hitp:fllinks. low.com/MRJA391), to an increase in FN1
expression in the melanoma xenografts (Supplementary
Fig. 3B, Supplemental digital content 3, Azp.//links.lww.
com/MRJA391), and also as shown in Supplementary Fig.
3C, Supplemental digital content 3, Azp://links.lww.com/
MR/A391, in WM983-B human melanoma cells treated
in vitro with anle138b for 48 h and 72 h. A query of the
STRING database for the proteins upregulated in the
anle138b-treated WMO983-B metastatic human mela-
noma xenografts, identified interaction networks that
were enriched in proteins of the ‘MHC class II protein
complex’ and the ‘Extracellular space’ (Supplementary
Fig. 3D, Supplemental digital content 3, Azp://links.low.
com/MRIA391).

Regarding three of the proteins namely, CRYAB,
ALDHI1A1, and MHC 1II, we identified by MS-based
proteomics and/or RNA-seq analysis in the WM983-B
tumor-bearing xenografts, we also determined by CTCF
(Supplementary Fig. 4A-C, Supplemental digital content
4, hrep://links.fow.com/MR/A392), their level of expres-
sion in tissue sections prepared from WM983-B tumor
xenografts that were resected from several of the mice
that received food pellets not containing or containing
anle138b.

Discussion

Over the past decade, treatment options for patients with
advanced melanoma have expanded [43], and for the
years 2013 through 2017, the overall melanoma mortality
rate dropped annually by 7% [44]; nonetheless, the long-
term survival rate for patients with advanced melanoma
is still low.

It has been reported that, with relevance to Parkinson’s
disease, an inter-relationship exists between a-synuclein
and the autophagy-lysosomal pathway [45]; and that pep-
tides derived from two regions of a-synuclein produce
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Upregulation of MHC class Il antigen in human melanoma xenografts treated systemically with anle138b, and expression of a-synuclein, MHC class
I, and MHC class | proteins in melanoma TMA cores. (a) A tissue section from a nontreated WM983-B tumor xenograft probed with an antibody to
human MHC class Il (HLA-DPB1) protein (pseudocolored green). (b) A tissue section from an anle138b-treated WM983-B tumor xenograft probed
with an antibody to human MHC class Il (HLA-DPB1) protein (pseudocolored green). (c) Fluorescence intensity level of expression of proteins
— a-synuclein (pseudocolored red), MHC Il (pseudocolored yellow), MHC | (pseudocolored green) — in areas, encircled by a white line, in tissue
sections from three of the Stage Il and from one of the Stage IV melanoma TMA cores in which a-synuclein or vice versa, MHC Il, or MHC | protein
was expressed more strongly. TMA, tissue microarray.
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immune responses in patients with Parkinson’s disease
and that these immune responses have both MHC class I
and MHC class II-restricted components [46]. Previously,
we reported that high-level expression of a-synuclein
is essential for the survival of primary and metastatic
human melanoma because it serves as a pertinent guard-
ian, which ensures that autophagy in these malignant
cells is neither too high nor too low [8].

Our finding that anle138b treatment of the high-level
a-synuclein-expressing WMO983-B  melanoma cells
led to a substantial release of a-synuclein into the
cell culture supernatant, whereas treatment with the
autophagy inducer, rapamycin, did not (Fig. 1b), may
be due to the fact that anle138b interferes with and
reduces oligomeric and fibrillary a-synuclein aggregates
to low-molecular weight forms, that unlike aggregated
a-synuclein [47,48], are not cleared mainly by auto-
phagy. Experimental studies, performed in cell culture,
in tumor xenograft models or in both, has provided
ample evidence for a connection between autophagy
and cell migration/adhesion [49] and the extracellular
matrix [50,51]. Thus, it is not entirely surprising that
upon treatment of the primary and metastatic human
melanoma cells and the metastatic melanoma xen-
ografts with anle138b, a-synuclein could no longer
safeguard melanoma cell autophagy; and perhaps as
one of the first consequences, impaired autophagic
flux led to degradation of the extracellular matrix and
as part of this, the extracellular matrix/scaffold protein
FN1 became upregulated. Of interest too is that in the
WMO983-A and WM983-B melanoma cell lines and in the
WMO983-B human melanoma tumor xenografts treated
with anle138b, proteins important in metabolic pro-
cesses were impaired. Another intriguing aspect regard-
ing expression of a-synuclein, MHC class II, and MHC
class I antigens are the results of our immunohistochem-
ical analysis of the melanoma TMA, which show that in
some of the tissue cores and an area therein, in which
a-synuclein is expressed strongly, MHC class 1T (HLA
DQ/DR/DP) protein is not strongly expressed or vice
versa (Fig. 6¢; Supplementary Fig. 2A-D, Supplemental
digital content 2, kttp://links.lww.com/MR[A390).

It has been reported that microglial MHC class 11 plays
a role in the activation of innate and adaptive immune
responses to a-synuclein [52] and that peptides, derived
from two regions of a-synuclein produce immune
responses in patients with Parkinson’s disease, are rec-
ognized by T cells [46]; however, regarding advanced
melanoma, a link between a-synuclein and MHC class I1
antigens has not been described before. Given our find-
ing, that as a result of systemic treatment with anle138b,
MHC class II but not MHC class I proteins were
upregulated to a significant extent in the high-level a-
synuclein-expressing human melanoma xenografts might
be linked to the fact that lysosomal degradation products,

recognized by CD4+ T cells, are presented on MHC class
IT molecules [53] whereas proteasomal degradation prod-
ucts, recognized by CD8+ T cells, are presented on MHC
class I molecules.

Conclusion

Immune evasion is one of the hallmarks of melanoma in
its advances stages. Our finding that interfering with oli-
gomerized a-synuclein in primary and even more so in
metastatic melanoma cells leads to a major upregulation
of MHC class IT antigens, suggests that prior to immuno-
therapy, and in particular prior to therapies with immune
checkpoint inhibitors, treatment with a small-molecule
compound that substantially reduces oligomeric to mon-
omeric a-synuclein, may increase the response rate to
these treatments.
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