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An epidemiological connection exists between Parkinson'’s disease
(PD) and melanoma. a-Synuclein (a-syn), the hallmark pathological
amyloid observed in PD, is also elevated in melanoma, where its
expression is inversely correlated with melanin content. We pre-
sent a hypothesis that there is an amyloid link between a-syn and
Pmel17 (premelanosomal protein), a functional amyloid that pro-
motes melanogenesis. Using SK-MEL 28 human melanoma cells,
we show that endogenous a-syn is present in melanosomes, the
organelle where melanin polymerization occurs. Using in vitro
cross-seeding experiments, we show that a-syn fibrils stimulate
the aggregation of a Pmel17 fragment constituting the repeat do-
main (RPT), an amyloidogenic domain essential for fibril formation
in melanosomes. The cross-seeded fibrils exhibited a-syn—like ul-
trastructural features that could be faithfully propagated over
multiple generations. This cross-seeding was unidirectional, as
RPT fibrils did not influence a-syn aggregation. These results sup-
port our hypothesis that a-syn, a pathogenic amyloid, modulates
Pmel17 aggregation in the melanosome, defining a molecular link
between PD and melanoma.
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he primary pathological hallmark found in brains of Parkin-

son’s disease (PD) patients is intracellular inclusions con-
taining a-synuclein (a-syn) protein aggregates, formed by the
conversion of intrinsically disordered a-syn monomers to
B-sheet—rich fibrillar assemblies called amyloid (1). Compared to
the general population, a significantly higher incidence of cancer
of melanocytes (melanoma) is reported among PD patients
(2-4). Biochemical analyses have detected a-syn in cultured
melanoma cells and patient-derived tissues, suggesting that a-syn
could be a molecular link between PD and melanoma (5-7).
Notably, the levels of a-syn inversely correlate with the extent of
pigmentation (i.e., melanin) (5, 8), leading to the prevailing hy-
pothesis that a-syn disrupts the activities of enzymes involved in
melanin biosynthesis (9). However, another crucial pigmentation
gene is PMEL that expresses the premelanosomal protein
(Pmel17), which forms amyloid fibrils that serve a functional
role by sequestering toxic melanin intermediates and acting as
a scaffold for melanin polymerization (10). We questioned
whether an amyloid link exists between PD and melanoma, hy-
pothesizing that a-syn modulates Pmell7 aggregation in the
melanosome.

Results and Discussion

While several studies have shown the presence of a-syn in mel-
anoma, it is not known whether a-syn localizes to the melano-
some, the organelle where melanin biosynthesis occurs. Here, we
assessed the localization of endogenous a-syn in hypopigmented
SK-MEL 28 human melanoma cells. Using confocal immuno-
fluorescence microscopy (Fig. 14), a-syn was detected in both
the cytoplasm and nuclei of cells as previously reported (6).
Using an antibody which recognizes an O-glycan within the re-
peat domain (RPT) (11), distinct puncta representing Pmell7
fibrils in melanosomes were observed (Fig. 14). Colocalization
was observed in cytoplasmic regions (Fig. 14), where 47.2 +
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9.7% of Pmell7-positive pixels were also a-syn positive (n =
61 cells).

Next, subcellular fractionation and immunoblotting were
performed as a complementary means of verifying compart-
mentalization in cellular extracts enriched in cytosolic (C), nu-
clear (N), or melanosomal (M) proteins (Fig. 1B). Enrichment of
melanosomes was confirmed by strong immunodetection of
Pmell7 in the melanosomal fraction (Fig. 1B), where the ~37-
kDa bands represent amyloidogenic Pmell7 fragments spanning
RPT, produced by normal processing events (11). a-Syn was seen
in cytoplasmic, nuclear, and melanosomal fractions as a ~15-kDa
band (Fig. 1B), consistent with the size of monomeric a-syn. Both
immunofluorescence and immunoblotting experiments substan-
tiated that a-syn is found in melanosomes, the organelle where
melanin is synthesized.

Upon establishing that a-syn is found alongside Pmell7 in
the melanosome, we next evaluated whether a-syn modulated
Pmell7 aggregation (Fig. 2). Given the epidemiological con-
text of melanoma among PD patients, we chose cross-seeding
experiments where preformed a-syn fibrils, which accumulate
in PD, were added to soluble Pmell7 RPT (residues 315 to
444), an essential domain for fibril formation in melano-
somes (11). a-Syn and RPT fibril seeds were generated by
continuous agitation in pH 6 buffer, mimicking the acidic
conditions of the melanosome as previously described (12). Vi-
sualization by transmission electron microscopy (TEM) showed a
mixture of rod-like (arrows) and twisted (brackets) fibril mor-
phologies for a-syn (Fig. 24). In contrast, a homogeneous pop-
ulation of rod-like fibrils was formed by RPT under identical
solution conditions.

Cross-seeding reaction kinetics of RPT were then monitored
by the single native tryptophan (W423), a well-characterized
fluorescent reporter of RPT aggregation (10). RPT aggregation
was stimulated by the presence of a-syn seeds (green curve),
although not as efficiently as self-seeded RPT (Fig. 2B, blue
curve). The cross-seeding effect was unidirectional, as RPT fi-
brils did not influence a-syn aggregation (Fig. 2C). While 94% of
self-seeded RPT fibrils displayed a rod-like morphology by TEM,
an approximate 1:1 mixture of rod-like and twisted fibrils was
observed for cross-seeded RPT (Fig. 2D). To exclude that the
twisted fibrils are the original a-syn seeds (10% of the sample),
sequential generations of fibrils were formed, decreasing the
relative abundance of a-syn to 1% and 0.1%, respectively. Sub-
sequent seeding enhanced RPT aggregation propensity (Fig. 2B,
yellow and red curves) similar to that observed with self-seeding,
and the population of a-syn—like twisted filaments increased
(Fig. 2D). Further analysis found a similar half-pitch fibril length,
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Fig. 1. Endogenous a-syn is present in melanosomes
of SK-MEL 28 human melanoma cells. (A) Confocal
immunofluorescence images probed with anti—a-syn
(magenta; EP1646Y) and anti-Pmel17 (cyan; HMB45)
antibodies. Individual fluorescence channels were
analyzed by defining a pixel threshold using the
Otsu method, then using Boolean algebra to identify
areas of cooccurrence (white). Dashed boxes repre-
sent areas shown below in the expanded views.
(Scale bars, 10 um.) (B) Immunoblots of total SK-MEL
28 cell lysate (T), or fractions enriched in C, N, M
proteins probed with anti-Pmel17 (HMB45) or anti—a-

1 pg 10 ng

with averages ranging from 150 nm to 160 nm (Fig. 2E). It is
evident that a-syn fibrils can nucleate RPT aggregation, altering
the ultrastructural features of the subsequent fibrils which can be
faithfully propagated over multiple generations.

Validating that cross-seeded RPT fibrils have different struc-
tural features than self-seeded RPT fibrils, characterization by
Raman microspectroscopy revealed subtle changes in the amide-
IIT band shape akin to a-syn (Fig. 2 F, Left), while the overall
B-sheet content remained comparable, as indicated by the amide-
I band (Fig. 2 F, Right). Additionally, limited protease digestion
with cathepsin L showed enhanced protection of RPT regions in
cross-seeded vs. self-seeded fibrils, with reduced relative prote-
ase accessibility observed between residues 329 and 338 and
between residues 369 and 382 (Fig. 2G). Together, the spec-
troscopic and biochemical data support that cross-seeded fibrils
exhibit altered structure from those of unseeded/self-seeded RPT
fibrils.

22672 | www.pnas.org/cgi/doi/10.1073/pnas.2009702117

10 pg

syn (LB509) antibodies. Amount of protein loaded as
indicated. Recombinant a-syn (R) is also shown for
reference.

We propose that a molecular connection exists between a-syn
and Pmell7 amyloid formation which links PD and melanoma,
similar to other examples where amyloid interplay is implicated
in disease pathology (13, 14). We hypothesize that a-syn, a
pathogenic amyloid, infiltrates the process of functional amyloid
formation of Pmell7, which alters melanogenesis, contributing
to increased melanoma risk with loss of pigmentation. Future
work will be dedicated to investigating this hypothesis.

Methods

Cell culture, confocal immunofluorescence microscopy, and immunoblotting
were performed as previously reported (15). For subcellular fractionation,
cells were grown in T-175 flasks, then fractionated using commercially
available kits (Thermo Scientific). Published procedures were followed (12,
15) for recombinant protein expression, purification, aggregation assays,
and fibril characterization.

Data Availability. All study data are included in the article.
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Fig. 2. a-Syn fibrils modulate RPT aggregation. (A) B Cross-Seeding with a-Syn C Cross-Seeding with RPT E
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