Investigating tumour
heterogeneity in a melanoma
arising in congenital
melanocytic nevus using in situ
spatial gene

expression analysis

Melanoma is one of the most aggressive
skin cancers with high mortality rates.’
It frequently exhibits high heterogeneity,
with diverse genetic and phenotypic char-
acteristics, which often complicate accu-
rate diagnosis, classification and treatment
planning.” A previous study showed that
melanoma tumours with high heteroge-
neity tend to exhibit reduced infiltration
of antitumour immune cells, lower expres-
sion of immunomodulatory genes and
poorer survival.®

Single-cell RNA sequencing has emerged
as a powerful technology for investigating
melanoma cell heterogeneity and identi-
fying subpopulations with distinct gene
expression profiles; however, it lacks
spatial resolution and cannot capture the
positional context of cells within tissue
samples.* °  Alternatively, spatial gene
expression technologies enable the direct
labelling of hundreds to thousands of tran-
scripts within tissue sections. However,
their application to skin tissue remains
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challenging due to the dense, fibrous
dermal stroma and layered architecture
of the epidermis, not to mention high
intrinsic autofluorescence from melanin
and other endogenous fluorophores
that may interfere with imaging-based
readouts.’

Here, we implement an in situ spatial
gene expression method, Xenium (10x
Genomics, Pleasanton, CA), to inves-
tigate cellular heterogeneity within a
congenital melanocytic nevus (CMN). A
woman in her 90s with diabetes, hyper-
tension and dyslipidaemia presented
with a 3-month history of a progressively
enlarging mass on her back. A biopsy
confirmed malignant melanoma arising
in a CMN (Breslow thickness 3.0 mm,
Clark level TII, ulcerated, mitotic rate
10-15 per mm?) without angiolymphatic
or perineural invasion. Genetic anal-
ysis using a multi-target next-generation
sequencing panel on a Formalin-Fixed
Paraffin-Embedded (FFPE) tissue iden-
tified a BRAF mutation. A wide local
excision and sentinel node biopsy were
performed, showing no residual mela-
noma and negative sentinel nodes (0/2).
CT imaging showed no distant metastasis,
and the patient was therefore diagnosed
with stage IIB melanoma (pT3bNOMO,
AJCC 8th edition). We performed spatial
gene expression analysis of the FFPE
tissue section (DV200=72.61%) from

the patient described above with the
predesigned ‘Human Skin’ panel (260
targeted genes) using the Xenium In Situ
platform. Additionally, H&E staining was
also conducted on the post-Xenium slide
(figure 1A). Data were generated from the
on-instrument Xenium Onboard Analysis
(XOA) pipeline, and we observed a total
of 502,626 cells detected and 80,004,559
transcripts (Q score=20), with a median
of 139 transcripts per cell. In the XOA
pipeline, before performing downstream
analysis, including clustering and differen-
tial expression, cells with zero transcript
counts were filtered (see full ‘Materials
and methods’ section in online supple-
mental material).

The sample obtained from the patient
described above represents a melanoma
arising within a CMN. Histopathologic
examination with H&E staining confirmed
that the lesion contains both malignant
melanoma (left) and benign melanocytic
nevus (right) components (figure 1A). The
CMN component showed bland-looking
melanocytes  with  vertical cytologic
maturation and no mitosis, whereas the
melanoma component exhibited densely
packed, atypical and pleomorphic melano-
cytes with some mitotic figures. Cells with
similar expression profiles were hierar-
chically clustered into 10 clusters with
unique expression patterns using K-means
clustering method implemented in the
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In situ spatial gene expression analysis showing 10 cell clusters with distinct gene expression patterns and revealed heterogeneity of the

melanoma sample. (A) Post-Xenium H&E-stained image of the melanoma skin cancer tissue section with insets of higher power views of different

tissue areas, namely the non-proliferative melanoma, proliferative melanoma and nevus zones. (B) Spatial visualisation of 10 clusters on the Xenium
image using K-means clustering (K=10) using the Xenium Onboard Analysis pipeline. White boxes indicate the same regions as shown in (A). Spatial
distribution of cells in cluster 1 (C, shown in blue), cluster 4 (D, red) and cluster 5 (E, purple). Each dot represents a cell, and the colours in the tissue
section represent the different cell clusters (clusters 1-10).
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Figure 2 Expression levels of selected marker genes of melanoma and cell cycle. (A) The violin plots showing the expression levels of melanoma-
associated marker genes, namely MLANA and PMEL, which were mainly seen in clusters 1 and 4. (B) The expression levels of cell cycle-associated
genes, namely NUSAP1, TOP2A, UBE2C and RRM2, which were most prominent in cluster 4 but also seen to a lesser extent in cluster 1. The log-
normalised transcript counts were calculated by dividing the transcript counts of a gene by total transcript counts in a cell and multiplying by scale
factor (default=1000). The normalised values were then natural-log transformed. The colours of violin plots represent the different cell clusters as in

figure 1B.

XOA, as shown in figure 1B. The spatial
gene expression analysis can differentiate
between benign and malignant melanoma
regions, as shown in three different groups
of cell clusters (figure 1C-E). Notably, the
malignant region consisted of two cell
clusters with clearly distinct expression
patterns (figure 1C, D).

To determine the characteristics of
each cell cluster, we further explored the
differentially expressed genes between
clusters and investigated the gene func-
tions. Interestingly, the top five highly
expressed genes in cluster 1, located
beneath the ulcer, are C1107/96, TRPM1,
PMEL, MLANA and PLP1 (see online
supplemental file and figure 2A). The
presence of melanocytic markers, PMEL
and MLANA, confirms that the cells in

this cluster are predominantly melanoma.”

In cluster 4, located beneath cluster 1, the
top five highly expressed genes compared
with other cells in the tissue sample are
NUSAP1, TOP2A, UBE2C, RRM2 and
TYMS (see online supplemental file). These
genes, which are associated with cell cycle
regulation, DNA replication and repair
functions, showed significantly higher
expression levels than those observed
in cluster 1 (figure 2B).*'! Additionally,
we found that the expression of MKI67
(marker of proliferation Ki-67)” was also
elevated in cluster 4 (online supplemental
figure 1). Expectedly, the melanoma-
associated genes, MLANA and PMEL, were
also highly expressed at similar levels as
in cluster 1 (figure 2A). Notably, MLANA
was also expressed in cluster 5 (figure 2A),

which is regularly distributed in the CMN
as well as in the melanoma part. In accord-
ance with this finding, immunohisto-
chemical (IHC) results using the markers
HMB-45, Melan-A and Ki-67 showed that
the benign melanocytic nevus exhibited
markedly lower staining intensity than
the melanoma (online supplemental figure
2). These findings suggest that the mela-
noma cells in clusters 1 and 4 represent
distinct stages, with cluster 4 likely corre-
sponding to a proliferating state, as high
expression levels of cell cycle-associated
genes were seen specifically in cluster
4 melanoma cells (figure 2B). Cluster 1
also mainly consists of melanoma cells;
however, more likely in a senescent state,
as melanoma-associated marker genes
are highly expressed at similar levels
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(figure 2A), whereas only a small number
of cells exhibit expression of cell cycle-
associated genes (figure 2B and online
supplemental figure 1).

In this exploratory single-patient study,
we use spatial transcriptomic technology
to illustrate intratumoural gene expression
heterogeneity in melanoma arising from a
CMN. We have shown that conventional
H&E and IHC staining alone cannot
distinguish malignant lesions with hetero-
geneous gene expression, whereas spatial
analysis revealed distinct subpopulations
based on a combination of melanocytic,
cell cycle, DNA replication and repair
genes. These findings highlight the impor-
tance of assessing cellular heterogeneity to
better understand melanoma development
and identify potential biomarkers for
diagnosis and treatment. However, this
study was based on a single patient and a
limited pre-designed ‘Human Skin’ panel
of 260 target genes. Further studies with
larger cohorts and larger gene panels will
be essential to validate and extend these
observations. Overall, this work demon-
strates the potential of single-cell spatial
gene expression imaging to uncover
molecular differences between benign
and malignant lesions, as well as intratu-
moural heterogeneity within melanoma,
beyond what is detectable by standard
histopathology.
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