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Spatial transcriptomic analysis of amelanotic acral
melanoma versus pigmented acral melanoma reveals
distinct molecular determinants
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Amelanotic acral melanoma (AAM) is a rare type of acral melanoma that has a poor prognosis.
To investigate the transcriptomic differences between AAM and pigmented acral melanoma (PAM).
Differences in the spatially resolved transcriptomic profiles of 9 patients with AAM with 29 regions of interest (ROls) and 11 pa-
tients with PAM with 46 ROls were investigated using S100b and CD3 morphology markers.

In ST00b* tumour cell areas, we detected 11 upregulated differentially expressed genes (DEGs; including chaperone/ubiquitin-
associated DEGs) and 82 downregulated DEGs (including human leucocyte antigen) in AAMs vs. PAMSs. Protein—protein interaction network
and pathway analyses revealed significant enrichment of dysregulated translational and nonsense-mediated decay pathways but significant
decreases in antigen processing and presentation, interferon signalling and melanin biosynthesis pathways in S100b* ROls of AAMs com-
pared with PAMs. In tumour-associated immune cell areas, the numbers of CD8 T cells (P=0.04) and M1 macrophages (P=0.01) were sig-
nificantly decreased, whereas those of monocytes (P=0.04) and endothelial cells (P=0.04) were increased in AAMs compared with PAMSs.

These findings could widen our understanding of the biological differences between AAMs and PAMSs, which might result in
a different clinical course.

Lay summary

Melanoma is one of the most serious types of skin cancer. As melanoma starts in cells that produce melanin (the substance that produc-
es hair, eye and skin colouration), melanoma tumours are usually brown or black. ‘Amelanotic melanoma’ is a subtype of melanoma that
has little or no melanin pigmentation. Less than 2% of melanomas are amelanotic melanomas. ‘Acral melanoma’ is a type of melanoma
that occurs on the hands and feet. In acral melanoma, the lack of pigmentation has been associated with worse outcomes for patients.
Why amelanotic acral melanoma (or ‘AAM’) has a worse prognosis than pigmented acral melanoma (or ‘PAM’) is unclear.

Using a type of technology called ‘spatial transcriptomic analysis’, we analysed a type of nucleic acid called RNA in 9 people with AAM
and 11 with PAM. Seventy-five ‘regions of interest’ were selected. These regions of interest are known to be associated with tumour
cells or immune cells around tumours.

We found that pathways involved in making proteins (translation) and in a process that removes faulty proteins called ‘messenger
RNA" were more active in AAM. However, pathways involved in processing and presenting antigens (substances that can trigger an
immune response), the signalling of other proteins called ‘interferons’ and melanin production were less active in AAM. The number of
specific types of white blood cells that recognize and attack tumours were decreased, whereas other cell types such as cells that line
blood vessels were increased in AAM.

Our findings could increase our understanding of the differences between AAMs and PAMs. This may lead to an improvement in
prognosis.

What is already known about this topic?

e Amelanotic melanoma is a rare type of cutaneous melanoma that is associated with a poorer prognosis than pigmented melanoma.
e |nacral melanomas, amelanosis is an independent negative prognostic factor, even after adjusting for Breslow thickness and sex.
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What does this study add?

e Spatial transcriptomic analysis of amelanotic acral melanoma (AAM) revealed significant enrichment of translational and nonsense-
mediated decay pathways and a significant decrease in antigen processing and presentation and interferon signalling compared with

pigmented acral melanoma (PAM).

e Monocyte and endothelial cell counts were increased, whereas CD8+ T-cell and M1 macrophage counts were significantly de-

creased in AAM compared with PAM.

What is the translational message?

e This study increases our understanding of the differences in transcriptomic expression and tumour microenvironment between

AAM and PAM.

e The transcriptomic knowledge of AAM could contribute to the development of novel therapeutic strategies to improve the prognosis

of AAM.

Cutaneous amelanotic melanoma refers to an amelanotic or
hypomelanotic subtype of melanoma that exhibits no or lit-
tle melanin pigmentation on examination or histological eval-
uation; the incidence varies from 0.4% to 27.5%."-* Prompt
recognition and early diagnosis of amelanotic melanomas
are important, as patients with amelanotic melanoma are
susceptible to misdiagnosis and have low survival outcomes
vs. patients with cutaneous pigmented melanoma.’-5-8
Previous studies have shown that amelanotic melanomas
are associated with older age, Fitzpatrick skin type | and
oculocutaneous albinism.®9-'2 Histopathologically, amel-
anotic melanomas are characterized by thicker Breslow
depth, more frequent ulceration and higher mitotic rates
than pigmented melanomas, and they consist of a greater
proportion of nodular, desmoplastic and acral lentiginous
melanoma subtypes.>10.13.14

The reasons behind the poor prognosis of amelanotic mel-
anomas are not entirely clear. Some authors have suggested
that amelanotic melanomas are frequently diagnosed at an
advanced stage, due to higher misdiagnosis rates, which
leads to low survival outcomes.®'9'> However, a study of
acral melanomas reported that amelanosis was an inde-
pendent negative prognostic factor, even after adjusting
for Breslow thickness and sex.'® Furthermore, amelanotic
melanomas correlated independently with high mitotic rates
and growth rates and ulcerated frequently, even after stratifi-
cation by Breslow depth, implying their intrinsic aggressive-
ness.® Owing to the limited number of studies, the distinct
biological features and mechanisms underlying the aggres-
siveness of amelanotic melanomas remain largely unknown.

Interestingly, acral melanoma — the most frequent mel-
anoma subtype found in Asian countries — consists of a
higher proportion of amelanotic melanomas than other sub-
types, and amelanosis was identified as an independent
factor for worse prognosis.'®'416 As the pathogenesis of
and immune cell reactions against the tumour have been
considered to be different in acral melanoma than in other
subtypes, we aimed to investigate the differences in amel-
anotic melanoma and pigmented melanoma within the
subtypes of acral melanoma.”'” Because traditional bulk
RNA sequencing (RNAseq) cannot discriminate between
the genetic expression of melanoma cancer cells from
that of tumour-surrounding cells, we adopted spatially
resolved transcriptomic profiling of specific tissues and

cell populations, which enabled us to analyse the genetic
expression of areas of interest using various morphology
markers.'® Therefore, we explored the genetic differences
in amelanotic acral melanoma (AAM) and pigmented acral
melanoma (PAM) using the cutting-edge method of spatial
transcriptomic profiling.

Materials and methods

Patient selection and information

We defined AAMs as primary cutaneous acral melanomas
that were both clinically and histopathologically devoid of
pigmentation. The clinical data of 9 patients with AAM [2
with nail unit melanoma (NUM) and 7 with non-nail unit acral
melanoma (NNUM)] and 11 with PAM (4 NUM and 7 NNUM)
were retrieved (January 2016-July 2022) from electronic
medical records and photographs at the Department of
Dermatology, Asan Medical Center, Seoul, Republic of
Korea (Table S1; see Supporting Information). The clinical
and histopathological features, including median Breslow
thickness, TNM stage and American Joint Committee
on Cancer (AJCC) stage, were not significantly different
between AAM and PAM. Patients’ pathological data were
extracted from histopathological and immunohistochemistry
(IHC) slides, and staging was based on the 8th edition of the
AJCC system.

Spatial transcriptome profiling

Formalin-fixed paraffin-embedded tumour tissues of 7 um
thickness were obtained from 20 patients with acral mel-
anoma (Figure 1). The tissue samples were stained with
large panels of premixed biological probes containing a
unique ultraviolet (UV)-cleavable DNA oligonucleotide bar-
code. Three fluorescence-labelled morphological markers
(S100b, CD3, DNA) were used to elucidate visually the
tissue boundary and select the regions of interest (ROls).
We selected ROls based on morphological marker inten-
sity. The maximum ROI size was 100 000 um? and the
minimum nuclei count was 50. We selected 16 and 24
S100b* ROls (tumour cell areas) from AAM and PAM sam-
ples, respectively (Figure 2a). We also selected 13 and 22
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Spatially resolved transcriptomic analysis workflow. Representative photographs of amelanotic melanoma (AAM), pigmented acral
melanoma (PAM) and their haematoxylin and eosin-stained slide images with matched digital spatial profiler images. The biopsy site is marked
with the white arrow. Region of interest (ROI) selection process in AAM and PAM based on DNA (blue), S100b (green) and CD3 (red) morphology

markers (scale bars=300 um). UV, ultraviolet.

S100b-/CD3+ ROIs (tumour-associated immune cell areas)
from AAM and PAM samples, respectively (Figure 2a). UV
illumination of 75 defined ROls induced the release of ROI-
tagged DNA barcode tags that were taken up by a micro-
capillary system and dispensed into a 96-well microtitre
plate for subsequent analysis using GeoMx® DSP analysis
software version 2.1 (NanoString Technologies, Seattle,
WA, USA; Figure 1).

We performed spatial transcriptomic profiling of samples
using the GeoMx Human Whole Transcriptome Atlas Human
RNA for lllumina Systems (NanoString Technologies), which
included 18 676 genes. Sequencing quality for sufficient sat-
uration, ensuring low-expressor sensitivity, was confirmed
and normalized by the third quartile (Q3) for differences in
cellularity and ROl size.

Region of interest-based gene expression analysis

For dimensional reduction, principal component analysis
and uniform manifold approximation and projection (UMAP)
using the dimension reduction DSP DA script (version 1.2)
of the GeoMx DSP analysis software version 2.1 was per-
formed in both S100b+* and CD3* segments.

Differentially expressed genes (DEGs) were evaluated
using the GeoMx DSP analysis software to calculate the
fold-change and P-values between S100b+ and CD3+
ROIls of AAM and PAM samples. DEGs with fold-change
thresholds>2 or<0.5 and a P-value<0.05 were screened
out. All DEGs were displayed using a volcano map plotted
using ggplot2 in R version 4.1.3 (R Foundation for Statistical
Computing, Vienna, Austria).
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Figure 2 Digital spatial transcriptomic analysis revealed that genetic expression differed between amelanotic acral melanoma (AAM) and pigmented
acral melanoma (PAM). (a) Summary of the experimental design. (b) Volcano plot showing differentially expressed genes with fold changes>2 and

a P-value <0.05 in S100b* tumour cell areas. Protein—protein interaction network analysis revealed three separate clusters, including (c) a cluster of
antigen processing and presentation, (d) a skin barrier-related cluster and (e) an interferon-associated cluster. ER, endoplasmic reticulum; FDR, false
discovery rate; IFN, interferon; MHC, major histocompatibility complex; ROI, region of interest; TAP, transporter associated with antigen processing.
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Protein—protein interaction (PPIl) network analysis was
conducted using the Search Tool for the Retrieval of
Interacting Genes (https://string-db.org/) to evaluate the cor-
relation between the protein products of DEGs. Functional
enrichments of the network were based on the biological
process of Gene Ontology (GO), and clustering was per-
formed using the Markov cluster algorithm (MCL clustering).

Next, pathway analysis of S1T00b+ and CD3+ ROls of AAM
and PAM samples was conducted using the GeoMx DSP
analysis software using a fast gene set enrichment analy-
sis package for R (https://github.com/ctlab/fgsea) from the
Bioconductor and Reactome database. Additional pathway
analysis using DEGs was conducted using DAVID bioinfor-
matics resources (https://david.ncifcrf.gov/). Pathways were
described in biological process GO terms.

A gene set considered to be cell-type specific was ana-
lysed in CD3+* areas, to determine the abundance of 14
immune cell populations (macrophages, mast cells, B cells,
plasma cells, CD4+ T cells, CD8+ T cells, NK cells, plasma-
cytoid and myeloid dendritic cells, monocytes, neutrophils,
regulatory T cells, endothelial cells and fibroblasts) using
the GeoMx DSP analysis software. Moreover, we used
CIBERSORTX (https://cibersortx.stanford.edu/) to calculate
the abundance score for 22 immune cell types.

Immunohistochemistry

Ubiquitin-conjugating enzyme E2 C (UBE2C), crystallin alpha
B (CRYAB), ubiquitin-conjugating enzyme E2 L6 (UBE2L6),
XIAP-associated factor 1 (XAF1), guanylate binding protein 1
(GBP1), major histocompatibility complex class Il DQ alpha
1 (HLA-DQ?1), transporter associated with antigen process-
ing 1 (TAP1) and pan-cytokeratin (panCK) were selected for
IHC to confirm DEGs. Paraffin-embedded sections were
immunostained with anti-UBE2C [1 : 50 (ab252940; Abcam,
Cambridge, MA, USA)], anti-CRYAB [1 : 400 (ab13496;
Abcam)], anti-UBE2L6 [1 : 5000 (ab109086; Abcam)],
anti-XAF1 [1 : 500 (ab17204; Abcam)], anti-GBP1 [1:4000
(ab131255; Abcam)], anti-HLA-DQ1 [1 : 6000 (ab128959;
Abcam)], anti-TAP1 [1 : 4000 (11114-1-AP; Proteintech,
Chicago, IL, USA)] and anti-panCK [1 : 400 (NCL-L-AE1/
AE3; Novocastra, Newcastle, UK)] antibodies. Moreover,
to validate the results from immune cell deconvolution, we
conducted IHC for anti-CD8[1 : 100 (108M-96; Cell Marque,
Rocklin, CA, USA)], anti-CD86 [1 : 1000 (ab53004; Abcam)]
and anti-CD31 [1 : 100 (108M-96; Cell Marque)]. We used
the independent acral melanoma cohort, which comprised
14 AAMs and 25 PAMs, for IHC. IHC intensity was rated
0-3 based on expression, using a semiquantitative method
as follows: 0, 1, 2 and 3 indicated < 10%, 10-30%, 30-50%
and>50%, respectively, of total melanoma cell areas for
DEG confirmation. The same parameter was used for the
confirmation of immune cell deconvolution, except that
the total area was calculated based on the immune cell-
infiltrated area. The results of IHC staining were evaluated
by two independent dermatologists (W.J.L. and M.E.C.)
atx 100 magnification.

Single-cell RNA sequencing using public database

Single-cell RNAseq (scRNAseq) was conducted for exter-
nal validation using one AAM sample (stored in Github:

https://github.com/TianJie327/acral-amelanotic-melanoma)
and 4 PAM samples from GSE215121. The data from all
samples were loaded in R (version 4.3.2) using the Read10X
function from the Seurat package (version 5), followed by
creating an aggregated gene expression matrix and Seurat
object. We used the FindClusters function on 24 principal
components with a resolution of 0.7 to perform the clus-
ter analysis. We used MLANA, PMEL and MITF activity for
melanoma cluster annotation. DEG analysis adopted the
pseudobulk approach and used DEseq2 for DEG analysis.
Additional pathway analysis with common DEGs was per-
formed using DAVID bioinformatic resources.

Statistical analysis

Gene expression in AAM and PAM samples was compared
using an independent Student's t-test and Mann-Whitney
U test. Two-sided P-values <0.05 were considered to be
statistically significant. Multiple hypothesis testing in every
analysis was controlled using the Benjamini-Hochberg
procedure. A false discovery rate cutoff of <0.05 was the
significance threshold. IHC staining results were analysed
using a x 2 or Fisher's exact test comparing low (IHC stain-
ing intensity of 0—1) and high (IHC staining intensity of 2-3)
expression. Statistical analysis was conducted using R ver-
sion 4.1.3.

Results

Dimension reduction plot

The UMAP results showed that AAM and PAM did not
form separate clusters in either S100b* and CD3+ segments
(Figure S1a, b; see Supporting Information). Additionally,
UMAP based on individual patients implied intratumoral
heterogeneity.

Differentially expressed genes in amelanotic acral
melanoma and pigmented acral melanoma

In S100b* areas (tumour cell areas), we found that 93 genes
were significantly differently expressed in AAMs com-
pared with PAMs; these included 11 upregulated and 82
downregulated DEGs [Figure 2b, Table S2 (see Supporting
Information)]. Approximately half of the upregulated DEGs
were associated with chaperone/chaperonin (CCT5, URII,
CRYAB) and ubiquitin (UBE2C, MARCHF6). PPl network
analysis and clustering of downregulated DEGS, which was
performed to analyse the functions and relations of the 82
downregulated DEGs, revealed 4 main clusters. The first
17 DEGs (CTSS, HLA-DPB1, HLA-DQB1, HLA-DPAT, HLA-
DQAT1, HLA-DRA, HLA-A, HLA-B, HLA-C, HLA-F, HLA-G,
CD74, A2 M, B2 M, CXCL9, PSMB9, TAP1) were associated
with antigen processing and presentation (Figure 2c), the
next 14 (KRT1, KRT5, KRT6A, KRT9, KRT10, KRT14, KRT16,
KRT17, FLG, SFN, DSG1, S100A2, TRIM29, CALML5) were
associated with the skin barrier (Figure 2d) and the next 9
(UBE2L6, IFITM1, BST2, IFI44L, MX1, XAF1, GBP1, EPSTIT,
WARS) were associated with the interferon (IFN) path-
way (Figure 2e). The fourth main cluster, which included
five genes (TYR, BCHE, RAB38, SLC24A5, RAB27A), was
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associated with melanin biosynthesis and expected to be
downregulated in AAMs vs. PAMs. Functional analysis
based on DEGs is presented in Figure S2.

To assess intratumoral heterogeneity, we evaluated
z-scores from DEGs involved in these main clusters, in
addition to chaperone (CCT5, URI1, CRYAB) and ubiqui-
tin (UBE2C, MARCHFG6) genes, which showed modest
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variation across individual ROls (Figure 3a). Furthermore,
different ROls from the same tumour revealed different
gene expression levels related to melanogenesis (Figure 3b).

We evaluated the expression of keratin 1 (KRT1) and kera-
tin 10 (KRT10) in S100b areas, which revealed four ROls with
high KRT1/KRT10 expression, because of possible keratino-
cyte contamination due to close spatial overlap between
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CD74, A2 M, B2 M, CXCL9, PSMB9, TAP1); the interferon cluster included
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9 DEGs (UBEZ2L6, IFITM1, BST2, IFI44L, MX1, XAF1, GBP1, EPSTIT,
SLC24A5, RAB27A); the skin barrier cluster included 14 DEGs (KRT7,

KRT5, KRT6A, KRT9, KRT10, KRT14, KRT16, KRT17, FLG, SFN, DSG1, S100A2, TRIM29, CALML5); the chaperon cluster included 3 DEGs (CCT5, URI1,
CRYAB); and the ubiquitin cluster included 2 DEGs (UBE2C, MARCHF®6). (b) Two ROls from a patient with amelanotic melanoma (patient 6) and
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malignant melanocytes and keratinocytes (Figure S3a; see
Supporting Information). DEG analysis excluding these 4
ROls revealed that 69 genes were differentially expressed
between AAMs and PAMs. Ten genes were significantly
upregulated, including CCT5, UBE2C and MARCHF6, while
59 were significantly downregulated [Figure S3b, Table S3
(see Supporting Information)]. The PPl network analysis
with downregulated DEGs showed three main clusters
with melanin biosynthesis (KIT, OCA2, RAB27A, RAB38,
SLC24A5, STXBP1, TYR), IFN signalling (UBE2L6, IFITM1,
BST2, IFI44L, IFI6) and antigen processing and presentation
(B2M, HLA-A, HLA-C, HLA-F, HLA-G) (Figure S3c—e).

The list of DEGs in CD3* areas (tumour-associated
immune cell areas) is provided in Figure S1(c) and Table S2.
The list of DEGs according to age, sex, tumour location,
Breslow thickness, ulceration and mitotic rate is presented
in Table S4 (see Supporting Information). Additionally,
Figure S4 (see Supporting Information) shows the pathway
analysis based on these DEG lists.

Pathway analysis of amelanotic acral melanoma
vs. pigmented acral melanoma

Pathway analysis was conducted with the exclusion of
ROls expressing high KRT1/KRT10 and showed that 302
pathways were significantly upregulated and 42 signif-
icantly downregulated in AAMs compared with PAMs
(Figure 4). The upregulated pathways included eukary-
otic translation initiation [normalized enrichment score
(NES)=8.28, adjusted P (P,;)=0.003)], cap-dependent
translation initiation (NES=8.28, P,;=0.003), L13a-
mediated translational silencing of ceruloplasmin expres-
sion (NES=8.27, P,;=0.003), guanosine triphosphate
hydrolysis and joining of the 60S ribosomal subunit
(NES=8.20, P,;;=0.003), and nonsense-mediated decay
independent of the exon junction complex (NES=7.80,

P.;;=0.003). The representative downregulated pathways
included IFN-a/p signalling (NES=-4.85, P,;=0.003),
IFN-y signalling (NES=-4.68, P,;=0.003), IFN signalling
(NES=-4.48, P,;=0.003), class A/1 rhodopsin-like recep-
tors (NES=-4.34, P,;=0.003), chemokine receptors bind
chemokines (NES=-3.79, P,;;=0.003) and immunoregula-
tory interactions between lymphoid and nonlymphoid cells
(NES=-3.61, P,;;=0.003). The detailed pathways that were
significantly different between AAMs and PAMs are provided
in Table S5 (see Supporting Information), while Table S6
(see Supporting Information) shows the list of genes that
were included in the representative Reactome pathways.
Furthermore, Table S7 (see Supporting Information) pro-
vides the pathway analysis results, including all ROls.

Immune cell deconvolution

In the immune cell deconvolution analysis using the GeoMx
DSP profiler, we found that the number of endothelial cells
was statistically significantly increased in AAMs compared
with PAMs (P=0.04; Figure ba). For a specific analysis of
immune cell types, we employed CIBERSORTx, which
revealed that the numbers of CD8* T cells (P=0.04) and
M1 macrophages (P=0.01) were significantly decreased,
whereas the number of monocytes (P=0.04) was signifi-
cantly increased in AAMs compared with PAMs (Figure 5b).

Immunohistochemistry

Among chaperone/ubiquitin-related proteins, the expression
of UBE2C was similar between AAMs and PAMs (P=0.75;
Figure 6a), while CRYAB was more frequently stained in
AAMs (P=0.03; Figure 6b). However, UBE2L6 (P=0.005),
XAF1 (P=0.003) and GBP1 (P=0.01) — proteins related to
interferon signalling — were significantly more intensely
stained in PAMs compared with AAMs (Figure 6c—e).

(a) Upregulated pathways in amelanotic acral melanoma
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(b) Downregulated pathways in amelanotic acral melanoma
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Figure 4 Representative pathways with normalized enrichment score and —log,,(adjusted P-value) that were significantly different between
amelanotic acral melanoma (AAM) and pigmented acral melanoma (PAM) analysed by digital spatial profiling. (a) Upregulated pathways included

dysregulated translation and nonsense-mediated decay (NMD)-associated pathways, and (b) downregulated pathways included interferon signalling,

keratinization and others. EJC, exon junction complex; GPCR, G protein-coupled receptor; GTP, guanosine triphosphate; NMD, nonsense-mediated

decay; TCR, T-cell receptor.
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Figure 5 Immune cell profiling of amelanotic acral melanoma (AAM) and pigmented acral melanoma (PAM).

(a) Diagram of cell composition of 35

CD3+ regions of interest (tumour-associated immune cell areas) analysed with GeoMx® DSP analysis software version 2.1. (b) Pairwise box plots
of immune cell scores (CD8 T cells, monocytes, M1 macrophages and M2 macrophages) determined by CIBERSORTx (https://cibersortx.stanford.
edu/). mDC, myeloid dendritic cell; NK, natural killer; pDC, plasmacytoid; Treg, regulatory T cell.

Furthermore, proteins associated with antigen presentation
and processing [HLA-DQA1 (P=0.03) and TAP1 (P=0.02)]
were also significantly more intensely stained in PAMs
compared with AAMs (Figure 6f—g). As panCK was stained
within the epidermal layer, we assessed the IHC staining of
invasive AAMs and PAMs only in the dermis. None of the
invasive AAMs was stained with panCK, while 43% of inva-
sive PAMs were stained with panCK in the dermal tumour
area [Figure 6h; Figure S5 (see Supporting Information)].

CD8 and CD86 were more frequently stained in PAMs
vs. AAMs [P=0.03 and P=0.06, respectively; Figure S6a, b
(see Supporting Information)]. AAMs were more frequently
stained with CD31 than PAMs (567.2% vs. 32.0%), but this
was not statistically significant (P=0.13; Figure S6¢c).

Single-cell RNA sequencing using a public
database

We found that two upregulated (CACNA2D1, PTPRS) and
14 downregulated DEGs (KRT70, HORMAD1, RAB38, LYZ,
IFITM1, KRT9, ENPP2, HLA-G, MX1, TAP1, EPSTI1, FSTL5,
ANK1, PSMB9) in AAM vs. PAM were also included in the
list of DEGs in scRNAseq using the public database Gene
Expression Omnibus (GEO). Pathways using these DEGs

also included antigen presentation and process pathways,
IFN signalling pathways and the intermediate filament organ-
ization pathway (Figure S7; see Supporting Information).

Discussion

Although most studies have found that amelanosis is asso-
ciated with lower survival outcomes, the reasons for the
higher mortality seen in AM have not been widely investi-
gated.®>”81% A previous murine model study demonstrated
that amelanotic melanomas are characterized by the expres-
sion of epithelial-mesenchymal transition-like and trans-
forming growth factor-f signatures.?° Furthermore, another
study using mass spectrometry-based proteomics revealed
that a set of proteins involved in cell adhesion/migration was
highly expressed in metastatic amelanotic melanomas vs.
metastatic pigmented melanomas.?' Nevertheless, mela-
noma is one of the most heterogeneous cancers, and acral
melanoma has unique characteristics of a higher proportion
of amelanotic melanomas and fewer UV signature muta-
tions than other subtypes.'®416.22-24 Therefore, we investi-
gated the genetic differences based on amelanosis within
the acral melanoma subtype.
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Figure 6 Immunohistochemistry results of amelanotic acral melanoma (AAM) and pigmented acral melanoma (PAM). (a) Ubiquitin-conjugating
enzyme E2 C (UBE2C), (b) crystallin alpha B (CRYAB), (c) ubiquitin-conjugating enzyme E2 L6 (UBE2L6), (d) XIAP-associated factor 1 (XAF1),

(e) guanylate binding protein 1 (GBP1), (f) major histocompatibility complex class Il DQ alpha 1 (HLA-DQAT1), (g) transporter associated with antigen
processing 1 (TAP1) and (h) pan-cytokeratin (panCK). Magnification in (a), (c) and (g)x 100 (scale bar=200 um); magnification in (b), (d), (e), (f) and

(h)x200 (scale bar=100 um).

In the DEG analysis, we found that several chaperone-
associated (URI1, CCT5, CRYAB) and ubiquitin-associated
(UBE2C) genes were upregulated in AAMs vs. PAMs.
Molecular chaperones are proteins that assist with the con-
formational folding or unfolding of large proteins, and play
pivotal roles in controlling protein quality.?® Previous reports
have supported the hypothesis that chaperones are impli-
cated in antiapoptosis and have a role in the cell prolifera-
tion, invasiveness, angiogenesis, metastasis and immune
tolerance of various cancers.?6-3" Hence, the overexpression
of chaperones may be correlated with the poor prognosis
of cancers, including melanoma.??:23 In addition, UBE2C (a
product of UBEZ2C) is essential for cell cycle progression
through M phase and is thus involved in the tumorigenesis
and progression of several types of cancers.34-39

The DEG and pathway analyses demonstrated that IFN
signalling was significantly decreased in AAMs compared
with PAMs. The importance of IFN signalling in melanoma
has already been widely recognized, and pegylated IFN
was frequently used as an adjuvant therapy in patients with
advanced melanoma before the advent of immune check-
point inhibitors (ICls).*® Furthermore, in our study, DEGs

associated with the biological process of hemidesmosome
assembly and skin barrier establishment were downregu-
lated in AAMs vs. PAMs. We conducted panCK IHC staining
with AE1/AE3 antibody and found that panCK was signifi-
cantly more frequently stained in invasive PAM compared
with invasive AAM in melanoma cells in the dermal tumour
area, with scRNAseq of the GEO public database confirm-
ing the result. However, we should be cautious interpreting
keratin-related DEG data because of possible keratinocyte
contamination in the tumour cell ROls due to the close prox-
imity to melanoma cells. Nevertheless, similar results were
observed in DEGs and pathway analysis after excluding
superficially located ROls with high KRT1/KRT10 expression.

Furthermore, in the present study, several DEGs asso-
ciated with human leucocyte antigen (HLA) genes were
downregulated in AAMs vs. PAMs. Previous studies have
revealed that decreased HLA gene expression is generally
associated with lower immune cell infiltration, poorer sur-
vival in the majority of cancer types and lower response
to ICls.*" Finally, we identified several downregulated mel-
anogenesis-related DEGs in AAM (TYR, BCHE, RAB38,
SLC24A5, RAB27A), while the RNA level of MITF was not
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significantly different between AAM and PAM [log2(fold
change)=-0.30; P=0.59], consistent with the fact that
melanocyte inducing transcription factor activity is mainly
modulated by several factors at post-transcriptional and
post-translational levels.*> We also found that RAB38 was
significantly downregulated in AAM compared with PAM
in scRNAseq of the GEO public database. Reflecting the
role of RAB38 in the control of melanosome biogenesis and
transport, downregulation of RAB38 RNA expression could
play significant role in the AAM phenotype.*?

The cancer cell is characterized by unrestricted prolif-
eration for which an increased rate of protein synthesis is
requisite.*® Eukaryotic translation initiation, which showed
the highest pathway score in AAMs and not PAMs in
this study, is the rate-limiting step and thus subject to
regulation in cancers. We found that 199 pathways were
significantly upregulated, whereas 32 pathways were
significantly downregulated in both NUMs and NNUMs,
and — interestingly — eukaryotic translation initiation was
one of the most importantly upregulated pathways in both
NUMs and NNUMs (Table S8; see Supporting Information).
Dysregulation of translation is a critical driving force of tum-
origenesis, as well as of tumour progression.*' Furthermore,
the components of the eukaryotic initiation factor-4F com-
plex could mediate resistance to targeted therapies, as well
as conventional chemotherapies in several cancers.*244-47 |n
addition, translational reprogramming is currently emerging
as a key factor in melanoma plasticity, switching between
proliferative and invasive phenotypes.*348:49

Immune cell deconvolution revealed significantly
decreased numbers of CD8 T cells and M1 macrophages but
increased numbers of monocytes in AAMs compared with
PAMs. The downregulated pathway of chemokine receptors
bind chemokines in the S100b* segments, as well as several
downregulated DEGs (CXCL9, CCL19) in the CD3+* segments
of AAMs could be closely linked to this observation. CD8
T cells and M1 macrophages induce an immune response
against tumours, whereas the number of monocytes serves
as a surrogate marker of high tumour burden.®° In melanoma,
the peripheral and intratumoral lymphocyte-to-monocyte
ratio has been identified as an independent poor prognos-
tic factor for survival, as well as a negative indicator of ICls
in melanoma.®'5? We observed these changes in immune
cell distribution in both total acral samples and NUMs but
not in NNUMSs (Figure S8; see Supporting Information). This
finding could imply a different tumour microenvironment
between NUMs and NNUMs; however, further studies are
required to clarify this assumption. Moreover, we found that
the number of endothelial cells in the GeoMx DSP profiler
was statistically significantly increased in AAMs compared
with PAMs. A recent study that analysed factors influencing
the type of acral melanoma metastasis (first metastasis to
lymph node vs. first distant metastasis) demonstrated that
AAM was associated with first distant metastasis, whereas
heavy pigmentation was associated with first lymph node
metastasis.?® The degree of pigmentation could impact on
the pathway of tumour cell migration from the original site to
a distant location; further studies are necessary to clarify the
exact mechanism underlying this difference.

This study has several limitations. Firstly, the sample
size of AAMs and PAMs was relatively small, because spa-
tial transcriptome profiling techniques require the delicate

selection of fresh tissues. Additionally, the number of ROls
was not equally selected per patient (2 ROls for 16 patients,
1 ROI for 2 patients, and 3 ROIs for 2 patients) owing to
differences in the immunofluorescence level of morphology
makers. Moreover, despite the fact that spatial transcrip-
tome profiling is a cutting-edge and advanced technique,
it could not completely separate melanoma tumour cells
from tumour-surrounding cells in close proximity. Although
further analysis was conducted with the exclusion of ROls
expressing high KRT1 and KRT10, an admixture of keratino-
cytes in some ROIs could be a limitation of this study. We
could not perform subgroup analysis based on melanoma
location or amelanosis because of limited information.

In conclusion, AAMs were associated with increased dys-
regulated translation pathways in addition to protein quality
control and chaperone DEGs and decreased IFN signalling,
HLA-associated genes and melanin biosynthesis in addi-
tion to an immunosuppressive tumour microenvironment
(Figure S9; see Supporting Information). This novel finding
could widen our understanding of the pathophysiological
differences between AAMs and PAMs, which might lead
to different clinical features and survival outcomes.
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