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Simple Summary: Recurrent CTNNB1 exon 3 mutations have been recognized in the distinct group
of melanocytic tumors showing deep penetrating nevus-like morphology and in 1-2% of advanced
melanoma. We performed a detailed genetic analysis of difficult-to-classify nevi and melanomas
with CTNNB1 mutations and found that benign tumors (nevi) show characteristic morphological,
genetic and epigenetic traits, which distinguish them from other nevi and melanoma. Malignant
CTNNBI-mutant tumors (melanoma) demonstrated a different genetic profile, grouping clearly with
other non-CTNNB1 melanomas in methylation assays. To further evaluate the role of CTNNB1
mutations in melanoma, we assessed a large cohort of clinically sequenced melanomas, identifying
38 tumors with CTNNBI exon 3 mutations, including recurrent S45 (n = 13, 34%), G34 (n = 5, 13%),
and S27 (n = 5, 13%) mutations. Locations and histological subtype of CTNNBI-mutated melanoma
varied; none were reported as showing deep penetrating nevus-like morphology. The most frequent
concurrent activating mutations were BRAF V600 (55%) and NRAS Q61 (34%).

Abstract: Melanocytic neoplasms have been genetically characterized in detail during the last decade.
Recurrent CTNNBI exon 3 mutations have been recognized in the distinct group of melanocytic
tumors showing deep penetrating nevus-like morphology. In addition, they have been identified
in 1-2% of advanced melanoma. Performing a detailed genetic analysis of difficult-to-classify nevi
and melanomas with CTNNBI mutations, we found that benign tumors (nevi) show character-
istic morphological, genetic and epigenetic traits, which distinguish them from other nevi and
melanoma. Malignant CTNNBI-mutant tumors (melanomas) demonstrated a different genetic profile,
instead grouping clearly with other non-CTNNB1 melanomas in methylation assays. To further
evaluate the role of CTNNBI mutations in melanoma, we assessed a large cohort of clinically se-
quenced melanomas, identifying 38 tumors with CTNNBI exon 3 mutations, including recurrent 545
(n =13, 34%), G34 (n = 5, 13%), and S27 (n = 5, 13%) mutations. Locations and histological subtype of
CTNNBI1-mutated melanoma varied; none were reported as showing deep penetrating nevus-like
morphology. The most frequent concurrent activating mutations were BRAF V600 (1 = 21, 55%) and
NRAS Q61 (n =13, 34%). In our cohort, four of seven (58%) and one of nine (11%) patients treated with
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targeted therapy (BRAF and MEK Inhibitors) or immune-checkpoint therapy, respectively, showed
disease control (partial response or stable disease). In summary, CTNNBI mutations are associated
with a unique melanocytic tumor type in benign tumors (nevi), which can be applied in a diagnostic
setting. In advanced disease, no clear characteristics distinguishing CTNNBI-mutant from other
melanomas were observed; however, studies of larger, optimally prospective, cohorts are warranted.

Keywords: deep penetrating nevus; deep penetrating melanoma; malignant melanoma; mutation
profiling; immune checkpoint inhibition

1. Introduction

Studies over the past decade have yielded a more detailed understanding of the ge-
netics of melanocytic tumors. Activating mutations of the MAPK pathway are present
in most nevi and melanomas. Genetically, melanoma has been classified based on driver
mutations activating the MAPK signaling pathway as (I) BRAF-mutant (50-60%), (II) RAS-
mutant (20-30%), (III) NFI-mutant (10-15%) or (IV) triple (BRAF, NRAS and NF1) wild-type
melanoma (~10%) [1,2]. Cutaneous melanoma harbors a larger number of mutations than
any other major cancer entity as a result of UV-exposure. In both, benign and malignant
melanocytic tumors, mutations in conjunction with MAPK mutations can occur. Another
pathway playing a critical role in melanocyte biology is the Wnt/3-catenin signaling
pathway. Inactivation of 3-catenin (CTNNBI) in neural crest cells during embryogenesis
can prevent development of the melanocytic lineage [3]. Activation of the pathway pro-
motes both differentiation and expansion from neural crest progenitors to melanocytes [4].
Activating mutations of CTNNB1 have been reported in a range of cancers including
melanoma [5]. Intracellular levels of CTNNB1 control canonical Wnt/ 3-catenin signaling.
In a physiological setting, in the presence of Wnt ligands, CTNNBI is translocated to
the nucleus and activates the transcription of downstream target genes by binding with
members of the Lef/Tcf transcription factors family [6,7]. In the absence of Wnt ligands,
cytoplasmic CTNNBI is targeted by a destruction complex that phosphorylates highly
conserved serine/threonine residues located in exon 3 of CTNNBI, leading to degradation
by the proteasome [7].

In melanocytic tumors, CTNNB1 mutations have been found to be present in al-
most all cases of deep penetrating nevi [8]. A recent review summarizing data from
multiple next generation sequencing (NGS) approaches found only eight CTNNBI muta-
tions in 686 melanomas (1.2%). In this study, CTNNB1 mutations only occurred in BRAF
or NRAS mutated melanomas, suggesting a cooperation between MAPK and Wnt/3-
catenin signaling pathways [9]. Another large retrospective study including NGS data from
467 melanoma patients identified ten primary melanoma patients harboring a CTNNBI mu-
tation [7]. Here, concurrent CTNNB1 and MAPK mutations were found to not necessarily
confer a deep penetrating nevi phenotype, and often progress to a metastatic stage [7]. The
role of Wnt/ 3-catenin signaling in melanoma remains controversial. Although CTNNB1
has been reported to induce melanoma metastasis [10], it has also been described to limit
invasion of melanoma in an experimental setting in both human and mice [11].

Deep penetrating nevi are rare, and even though most can be easily recognized by
a well-trained pathologist, they can, on occasion, be mistaken for melanoma. In cases of
deep penetrating melanocytic proliferations in which definitive diagnosis by morphology
and immunohistochemistry (IHC) alone is difficult, molecular assays including screening
for presence of CTNNBI1 mutations as well as other alterations such as CDKN2A loss or
TERT promoter mutations [12,13], may provide additional information to aid classification.
Accurately classifying melanocytic tumors as benign or malignant has important impli-
cations for the patient in terms of prognosis, follow-up and treatment (including newly
introduced adjuvant therapies, as targeted BRAF-inhibitors and MEK-inhibitors [14-18]
and immune checkpoint therapies [19,20] which have shown great promise). However,
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many melanomas still fail to respond to therapy or develop resistance to initially effective
therapies [21,22]. A better understanding of which tumors will respond to therapy and
how to identify and circumvent resistance in tumors would be of great clinical benefit to
affected patients.

In this retrospective study, our aim was to explore to what extent CTNNBI mutations
are associated with certain clinical, histological, genetic, epigenetic and therapeutic features
in melanocytic tumors. Mutation, copy number and methylation profiles were evaluated
in CTNNBI1-mutant melanocytic tumors and compared with those of CTNNB1-wild type
tumors. In addition, the role of CTNNB1I mutations in a large cohort of advanced melanoma
was analyzed to study potential associations with clinical characteristics, outcome and
therapy responses [23].

2. Materials and Methods
2.1. Patient Selection

Patient medical history and data were retrieved from the medical databases/documentation
system of the University Hospital Essen. The study was approved by and performed in ac-
cordance with the guidelines of the ethics committee of the University of Duisburg-Essen
(BO-9589-20). Molecular testing was performed in patients included, with informed consent.
To addpress all aims, three distinct cohorts were studied. (I) A cohort of seven CTNNBI-mutant
melanocytic tumors was analyzed using genome-wide DNA methylation in conjunction with
copy number variation (CNV) and mutation profiling (Sections 3.1 and 3.2). The control group
consisted of eight benign nevi, eight malignant melanoma, and five Spitz nevi. Clinical charac-
teristics of patients from the control group are shown in Supplementary Table S1. Additional
information regarding these cases can be found in a previous manuscript [24]. The seven
difficult to classify cases were either seen at our department or referred to our department from
other institutions for further analysis. Tumors with deep-penetration nevus-like morphology
characteristically show large cells with no maturation toward deeper tissue and an infiltrative
growth pattern, expanding in an interstitial fashion into the tissue. These are traits that can also
be seen in melanoma. In immunohistochemistry, deep penetrating nevus (DPN) like tumors
can express HMB45 at certain amounts and demonstrate some level of reactivity to MIB (or
Ki-67). All cases deemed not clearly benign by conventional histopathological analysis were
passed on for genetic analysis.

(II) Clinical and mutational data from n = 38 CTNNBI-mutant melanoma patients
were retrieved from routinely performed NGS melanoma panel analysis and the medical
databases/documentation system of the University Hospital Essen (Sections 3.3 and 3.4).
Only melanoma patients with metastatic disease (advanced melanoma) and therefore
clinically confirmed malignant disease in stages IIIA or higher were included (see also
Table 1). (IIT) Anti-PD1-treated melanoma patients were retrieved from [23]. Chi square
and Fisher t tests were used for comparison of categorical variables as applicable. A
Kruskal-Wallis test was used for continuous variables. Wilcoxon rank sum tests were used
for continuous variables in R 4.2.0 (Section 3.5). For survival analysis, progression-free
survival (PFS) and overall survival (OS) were defined as time from therapy start, until
disease progression or death, respectively; if no such event occurred, the date of the last
patient contact was used as endpoint of survival assessment (censored observation).

2.2. Histopathology and Immunohistochemistry

Formalin-fixed, paraffin-embedded (FFPE) tissue samples were obtained. For histopatho-
logic examination, 2 pm-thin sections were routinely stained with hematoxylin-and-eosin.
Additional immunohistochemical staining was performed, including e.g., MelanA (1:100, Dako,
Glostrup, Denmark; M7196) and Ki-67/MIB1 (1:200, Zytomed, Berlin, Germany; MSK0810). All
histologic and IHC sections were reviewed by at least two board-certified dermatopathologists
(EH, KG).
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Table 1. Clinical and genetic characteristics.

Qg . . Tert Wnt .. CNV CNV
* - -
ID Sex Age Locali-Sation Diagnosis BRAF NRAS Promoter Other Pathway PD-L1 Staining Gains Losses
MAP2K1_
1103_K104
1 m 12 Ltowe'rt Spitz nevus ** wt wt wt del C"l;l;];;Bl
extremity M DACHI_
G82_G83del
CTNNB1
Deep penetrating S37F,
2 m 11 NA blue nevus V600E wt wt CTNNB1
N287S
Deep penetrating hTERTP CTNNB1
3 m 59 Head nevus like wt Q61R 1,295,250 EIFIAX W70S n.d. 59
S45P
Melanoma G>A
4 f 45 NA Combined Nevus ~ V600E wt wt ngBl na
Deep-penetrating MAP2K1 CTNNB1 negative (<1%
5 m 47 Trunk nevus wt wt wt 1103_K104del S37F of tumor cells)
Malignant
melanoma under
. hTERTP . o
6 m 64 Back the picture of wt wt 1295228  NFLRI1241* positive (5% of - 3,8, 9p
a deeply tumor cells) 13q, 19
R G>A
penetrating
blue nevus
Congenital nevus HRAS CTNNB1
7.m 4 Head cell nevus wt wt M72delins S33F na

Abbreviations: f, female; m, male; MM, malignant melanoma; na, not available; n.d. not determinable; PD-L1,
programmed death ligand-1; wt, wildtype; mut, mutated. * at diagnosis ** mainly intradermal.

2.3. DNA Isolation and Targeted Sequencing

Sections of 10 um-thick, were cut from formalin-fixed, paraffin embedded tumor
tissues. The sections were deparaffinized and manually microdissected according to
standard procedures. Genomic DNA was isolated using the Lotus DNA Library Prep Kit
from IDT®, according to the manufacturer’s instructions. DNA capture-based, targeted
next-generation sequencing was applied to analyze 611 target genes known to be mutated
in cutaneous melanoma and other human cancers (see Supplementary Table S2 for full
gene lists) in all samples where sufficient amounts of DNA were available. All samples
were sequenced applying a smaller 36 gene panel covering the most relevant melanoma
genes (Supplementary Table 52). Both sequencing panels were applied using the GeneRead
Library Prep Kit from QIAGEN according to the manufacturer’s instructions. Adapter
ligation and barcoding was performed, applying the NEBNext Ultra DNA Library Prep
Mastermix Set and NEBNext Multiplex Oligos for Illumina from New England Biolabs.
IDT for Illumina TruSeq DU Indexes from Illumina® were used and 24 samples run in
parallel. The 611 gene panel was sequenced on an Illumina® NextSeq 2000 sequencer the
36 gene panel on an Illumina® MiSeq sequencer.

2.4. Mutation Sequence Analysis

CLC Cancer Research Workbench from QIAGEN® was used for sequence analysis,
as has been previously reported [25-27]. In brief, the analysis workflow described in-
cluded adapter trimming and read pair merging, before mapping to the human reference
genome (hg19). Detection of insertions and deletions as well as single nucleotide variants
followed. Additional information regarding potential mutation type, known single nu-
cleotide polymorphisms and conservation scores was obtained by cross-referencing various
databases (COSMIC, ClinVar, dbSNP, 1000 Genomes Project, HAPMAP, and PhastCons-
Conservation_scores_hg19). Further analysis of csv files was performed by applying R
(version 4.0.3). The mean coverage of the targeted sequencing region achieved in targeted
DNA sequencing of all CTNNBI1 mutant samples 1776.3 reads with 99.9% of the target
region sequenced with a coverage > 30 reads. Mutations were considered if coverage of the
mutation site was >30 reads, >10 reads reported the mutated variant and the frequency
of mutated reads was >10%. Copy number variations determined by targeted sequenc-
ing were detected with CLC Cancer Research Workbench (QIAGEN®) and are based on
the following algorithms [28-30]. A >1.7 absolute fold copy number change involving a
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region with greater than 30 target sequences was chosen as a cut-off for detecting copy
number variations.

2.5. DNA-Methylation Profiling and Copy Number Analysis

Array-based copy number and methylation analysis required 500 ng of isolated DNA
and was performed on (Spitz nevi (n = 5), benign nevi (n = 8), malignant melanoma (1 = 8),
and CTNNBI mutant melanocytic tumors (1 = 7). The HumanMethylationEPIC (EPIC)
bead-based microarrays from Illumina were used to obtain genome-wide methylation data,
according to the manufacturer’s instructions [31,32]. Methylation analysis using EPIC ar-
rays was performed by the Genomics and Proteomics Core Facility, Heidelberg, Germany.
Unnormalized DNA methylation data were obtained as IDAT files, which were used as
input to the RnBeads software package implementing a comprehensive workflow for quality
control, preprocessing and analysis of data from DNA methylation microarrays [32,33]. In
brief, DNA-methylation data were normalized by performing background correction and
dye bias correction, whereupon low-quality and potentially biased measurements, e.g., from
probes obtained with too few microarray beads, probes with low signal/noise ratio (detection
p-value), probes containing single nucleotide polymorphisms and cross-reactive probes, are
removed or masked. 10,000 sites, most variable across all samples were used for both, prin-
cipal component analysis and clustering analysis and visualized as heatmaps [32,34]. The
copy number profile was generated from the array data using the “conumee” R package in
Bioconductor (http:/ /www.bioconductor.org/packages/release/bioc/html/conumee.html
(package version 1.26.0), accessed on 20 June 2022). The conumee median signals per bin
were summarized in chromosome arms, and the gains and losses were called for arms with
summarized median signal above 0.1 or below —0.1, respectively.

2.6. Reference-Free Methylome Deconvolution Using MeDeCom

DNA methylation data of the bulk tumor samples of the cohort were investigated
using the reference-free MeDeCom algorithm that dissects DNA methylation data into
major components of variation, called latent methylation components (LMC) [35]. DNA
methylation data of patients were processed according to a recently published protocol [36].
The protocol selected the 20,000 most variably methylated CpG sites across the samples as
input to MeDeCom. LMCs were functionally annotated within the FactorViz platform [36].

3. Results
3.1. CTNNB1 Mutations in Difficult-to-Classify Benign and Malignant Melanocytic Tumors

Challenging melanocytic cases sent for reference histopathology from experienced
dermatohistopathologists were sequenced using NGS. Seven cases with CTNNB1 mutations
were identified, two classified as malignant, one as a “deep blue nevus-like melanoma”
(case 3) and a “malignant melanoma morphologically resembling a deep penetrating
blue nevus” (case 6). The other cases had been classified as a mainly intradermal Spitz
nevus (case 1), a deep penetrating blue nevus (case 2), a combined nevus (case 4), a deep-
penetrating nevus (case 5), and a congenital nevus cell nevus (case 7) (Table 1). Six patients
were male and two tumors were localized on the head. Two tumors harbored additional
BRAF V600E mutations and one showed an NRAS Q61R mutation. Both melanomas
showed mutations in the TERT promoter region, and one additionally harbored an NF1
mutation (Table 1). (Full clinical details of the two melanoma cases are included in the
Supplementary Material).

3.2. Methylation Profiling with Comprehensive Copy Number Analysis

Methylation analysis was performed on the seven described CTNNBI1-mutant tumors
and the profiles were compared to control groups consisting of eight benign nevi, eight
malignant melanomas and five Spitz nevi [24] (Figure 1A). HumanMethylationEPIC data
were preprocessed using RnBeads workflow to obtain genome-wide DNA methylation
profiles [32]. To assess the global trends of DNA methylation variability of CTNNBI-mutant
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melanocytic tumors, we applied principal components analysis (PCA). We observed a dis-
tinction between the histopathological entities (nevi, Spitz nevi, and melanoma) within the
first two principal components (Figure 1B). CTNNBI-mutant melanocytic tumors showed a
methylation profile clustering between Spitz and normal nevi. The two malignant CTNNB1-
mutant tumors (ID 3 + 6) clustered towards the melanoma group. Hierarchical clustering
analysis of average methylation profiles of 10,000 gene regions confirmed two distinct
groups: (1) benign CTNNBI-mutant melanocytic tumors, nevi, Spitz nevi, and (2) ma-
lignant CTNNBI1-mutant tumors and CTNNBI-wild type melanoma (Figure 1D). A clear
separation was also observed regarding CNV, which were not detected in benign CTNNB1-
mutant tumors, but were present in CTNNBI-mutant melanoma (Figure 1B, Table 1). To
better understand cellular composition of CTNNBI mutant samples and control groups,
bulk DNA methylation data were deconvoluted assessed using reference-free algorithm
MeDeCom that dissects DNA methylomes into major components of variation, called
latent methylation components (LMC), and estimates their relative proportions. The cross-
validation error pointed at five LMCs (parameter k) during MeDeCom parameter selection
and the regularization parameter A value of 0.01 (Supplementary Figure S1A,B). The pro-
portions of the five LMCs (LMC1-5) in all samples are visualized in Figure 1E. Hierarchical
clustering analysis of LMC proportions revealed well-separated clusters corresponding to
the benign and malignant tumors (Figure 1E).

B C D1 ID 2

sample group

©  CTNNB1
©  Melanoma .

Principal component 2
Principal component 2

o E o 5 o
Principal component 1 Principal component 1

E. = Melanoma V‘;;‘; ST H >;??7~‘;
Nevus H
02 05 1 Spit
pon * e D5 b6
1 I I ' '
. 4
LMcC1 - ' = 81 ;. gl
i bl it o B
I LMC4 8 o
PTEIELE

I LMc2 D7

Figure 1. Oncoprint of all (n = 7) unclassified melanocytic lesions including CNV profiles (A).
Principal component analysis (PCA) of all subgroups for all sites and genes (B). Percentage of total
variance was 43.0% for PCA 1 and 8.2% for PCA 2 or genes and 33.5% for PCA 1 and 9.1% for PCA2
for sites. Predicted CNV profiles from all seven patients with CTNNBI-mutation by ID. Heatmap
showing average DNA methylation of 10,000 most differentially methylated sites. Hierarchical
clustering is based on a correlation distance and complete linkage (C). Heatmap showing proportions
of the LMCs in all patient samples ((D), rows: n = 8 nevi, n = 8 malignant melanoma, n = 5 Spitz
nevi, n =7 CTNNBI-mutant melanocytic lesions) (E). Lambda values of 0.01 were used. LMC, latent
methylation components.
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3.3. Clinical Characteristics of CTNNB1 Mutated Melanoma Patients

Data acquired from routinely performed NGS panel analysis of histopathologically
clearly diagnosed melanomas analyzed between 2014 and 2021 were assessed to identify
samples harboring CTNNB1 mutations. Mutations were found to be distributed across the
gene, however recurrent mutations were found in the known N-terminal hotspot region on
exon 3 ranging from amino acid 25 to 46 (Figure 2A,B) [5,37]. The remainder of the identified
mutations were distributed randomly across the gene and are assumed to be passenger
mutations (Figure 2A,B). In total, 38 mutations in melanoma from 38 patients in the exon
3 hotspot of CTNNB1 were identified. The majority of patients (n = 27, 71%) were male,
and the median age at melanoma diagnosis was 59 years (range 39-90 years). Eighteen
percent (1 = 7) of patients had a nodular melanoma, 13% (1 = 5) each a superficial spreading
melanoma or a melanoma of unknown primary (MUP), 8% (n = 3) an acrolentiginous
melanoma (ALM), 3% (n = 1) had a spitzoid melanoma, and 45% (n = 17) had an unspecified
histopathological subtype (Table 2). Forty-eight percent (n = 18) of primary melanoma were
ulcerated. Primary melanomas were localized on the lower extremity in 37% (n = 14), trunk
(32%, n = 12) and the head /neck region (13%, n = 5) (Table 2). Forty-two percent of patients
(n = 16) were stage IIIA or higher at diagnosis. During the disease course, 66% (1 = 25) of
patients with a CTNNB1 mutation developed lymph node metastasis, 32% (n = 12) lung
metastasis, 29% (n = 11) hepatic metastasis, 29% (1 = 11) metastasis within the central
nervous system (CNS), and 11% (n = 4) bone metastasis. Nine patients (24%) each received
either targeted therapy (TT) or immune checkpoint inhibitor-based therapy as a first-line
treatment. Patients treated with TT showed partial response (PR, n = 2), stable disease
(SD, n = 2) and progressive disease (PD, n = 3). In two cases the response was unknown.
Patients treated with immune checkpoint inhibitor-based therapy showed PR (n = 1) and
PD (n = 8). Other therapies administered for advanced disease included chemotherapy
(n =1, PD), the NIPAWILMA trial (n =1, PD) [38], and the TriN 2755 trial (n = 1, SD) [39].

Table 2. Clinical characteristic of melanoma patients with CTNNB1 mutation.

CTNNB 1 Mutant Melanoma Patients

(N =38)
SEX
MALE 27 (71.1%)
FEMALE 11 (28.9%)
AGE AT DIAGNOSIS
MEDIAN [MIN, MAX] 59.0 [39.0, 90.0]
HISTOLOGICAL SUBTYPE
MM (UNSPECIFIED SUBTYPE) 17 (44.7%)
NMM 7 (18.4%)
SSM 5 (13.2%)
MUP 5 (13.2%)
ALM 3 (7.9%)
SPITZOID MM 1(2.6%)
LOCALISATION
LOWER EXTREMITY 14 (36.8%)
TRUNK 12 (31.6%)
HEAD/NECK 5 (13.2%)
MUP 4 (10.5%)
UPPER EXTREMITY 2 (5.3%)
UNKNOWN 1(2.6%)
TUMOR THICKNESS (MM)
MEDIAN [MIN, MAX] 2.55[0.42, 14.5]
UNKNOWN 6 (15.8%)
ULCERATION
YES 18 (47.4%)
NO 11 (28.9%)

UNKNOWN 9 (23.7%)
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Table 2. Cont.

CTNNB 1 Mutant Melanoma Patients

(N =38)
STAGE AT DIAGNOSIS
1A 1(2.6%)
1B 4 (10.5%)
IIA 4 (10.5%)
1IB 3 (7.9%)
IIC 1(2.6%)
IIIA 3(7.9%)
IIIB 5 (13.2%)
II1C 4 (10.5%)
v 4 (10.5%)
UNKNOWN 9 (23.7%)
LYMPH NODE METASTASIS
NO 13 (34.2%)
YES 25 (65.8%)
LUNG METASTASIS
NO 26 (68.4%)
YES 12 (31.6%)
LIVER METASTASIS
NO 26 (68.4%)
YES 11 (28.9%)
UNKNOWN 1(2.6%)
BONE METASTASIS
NO 34 (89.5%)
YES 4 (10.5%)
CNS METASTASIS
NO 27 (71.1%)
YES 11 (28.9%)
OTHER METASTASIS
NO 14 (36.8%)
YES 24 (63.2%)
OS (DAYS FROM DIAGNOSIS)
MEAN (SD) 2480 (1790)
MEDIAN [MIN, MAX] 2060 [59.0, 6310]
SURVIVAL STATUS
ALIVE 24 (63.2%)
DECEASED 14 (36.8%)
STAGE AT DATA CUT
IITA 1
111B 4
IIIC 6
v 25
UNKNOWN 2
FIRST SYSTEMIC THERAPY
(IN ADVANCED DISEASE)
ICI 9 (1PR,8PD)
TT 9 (2 PR, 2SD, 3 PD, 2 unknown)
Chemo: 1 (PD)
OTHER NIPAWILMA: 1 (PD)

TriN 2755: 1 (SD)

Abbreviations: ALM, acrolentiginous melanoma; CNS, central nervous system; ICI, immune checkpoint inhibition;
MM, malignant melanoma; MUP, melanoma of unknown primary; NMM, nodular malignant melanoma; OS,
overall survival; PR, partial response; PD, progressive disease; TT, targeted therapy; SD, stable disease; SSM,
superficial spreading melanoma.
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Figure 2. Figure was generated and adapted using the MutationMapper provided by www.sbioportal.
org [40,41]. All identified mutations of melanoma harboring a CTNNBI mutation in the hotspot region in
exon 3 of CTNNBI and additional mutations within these tumors were mapped (A). Hotspot region exon
3 is shown in detail in (B). Oncoprint of all # = 38 CTNNB1 mutant melanoma samples (C).

3.4. Mutations within CTNNB1 in Melanoma

All patients showed somatic mutations of CTNNBI in the protein hotspot region of
exon 3 between W25 and G48 (Figure 2A,B, Table 3). In 12/38 patients, multiple mutations
within the CTNNB1 gene were present. Most frequent mutations were present at 545
(n =13, 34%), G34 (n =5, 13%), and S27 (n = 5, 13%). All mutations are shown in Table 3.
Fifty-five percent of patients (n = 21) had concurrent mutations in BRAF V600 (18 V207E, 1
V207D and 2 V207R) and 34% (n = 13) in NRAS Q61 (5 Q61K, 3 Q61R, 2 Q61L, 2 Q61H, and
1 Q61V) (Figure 2C). The majority (76%, n = 29) of patient samples had mutations in the
TERT promoter region (Table 3).
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Table 3. Mutations in CTNNB1 mutated melanoma.

0,
CTNNB1 Mutation N‘(‘;V“Ze;s()/")
S45 13 (34.2%)
G34 5 (13.2%)
$37 5 (13.2%)
T41 4 (10.5%)
33 2 (5.3%)
W25 2 (5.3%)
D32 1(2.6%)
G38 1(2.6%)
G48 1(2.6%)
146 1(2.6%)
P44 1(2.6%)
Q26 1(2.6%)
S47 1(2.6%)
BRAF MUTATION
V207E 18 (47.4%)
V207R 2 (5.2%)
W57+ 1(2.6%)
G73R 1(2.6%)
P177FS 1(2.6%)
P262L 1(2.6%)
V207D 1(2.6%)
WT 13 (34.2%)
NRAS MUTATION
Q61K 5 (13.2%)
Q61R 3 (7.9%)
Q61L 2 (5.3%)
Q61H 2 (5.2%)
E132K 1(2.6%)
G115R 1(2.6%)
Q61V 1(2.6%)
V1521 1(2.6%)
V188M 1(2.6%)
WT 21 (55.3%)
TERTP250 MUTATION
YES 14 (36.8%)
TERTP228 MUTATION
YES 11 (28.9%)
TERTP242 MUTATION
YES 4 (10.5%)

3.5. CTNNB1 Mutation Status and Transcriptomic Alterations in an Anti-PD1 Monotherapy
Treated Melanoma Cohort

A previously described cohort of 144 melanoma patients treated with anti-PD1 monother-
apy and mutational and transcriptomic data were used to investigate therapy response
and gene expression profiles in CTNNBI mutant patients (23). Nine (6.2%) showed a mu-
tation in exon 3 of CTNNBI, of which transcriptomic data were available in eight cases.
No significant differences within clinical characteristics and disease course were found be-
tween CTNNBI mutant and non-mutant patients (Table 4). Therapy response to anti-PD1
monotherapy showed an overall response rate (ORR) of 67% (6/9 patients) in patients with
CTNNBI-mutant melanoma compared to 36% (49/135 patients) in those with CTNNB1-wild
type tumors. Median number of total mutations, nonsynonymous mutations, clonal and
subclonal mutations were higher in CTNNBI mutant melanoma patients, albeit not signifi-
cantly (Table 4). Differentially regulated genes between CTNNBI mutant and non-mutant
melanoma patients can be found in Supplementary Table S3. As expected, Enrichr analysis
(https:/ /maayanlab.cloud/Enrichr/ (accessed in February 2022)) of the 100 top differentially
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expressed genes revealed the Wnt-f3 Catenin Signaling pathway as the second pathway after
fatty acid metabolism in the MSigDB Hallmark 2020 representing well-defined biological
states or processes (Supplementary Table S4). In addition, the Wnt signaling pathway and
pluripotency was the second pathway in BioPlanet 2019 and WikiPathway 2021 Human. Com-
parison of transcriptomic expression (measured in transcripts per million [TPM]) of multiple
genes involved in this Hallmark WNT f3-catenin signaling pathway (Supplementary Table S5)
showed significant differences in the expression of CTNNBI1-mutant and CTNNBI-wild type
melanoma patients (Figure 3A). Expression of AXIN2 (p < 0.0001), NKD1 (p = 0.003), TP53
(p =0.003), HEY1 (p = 0.03), PSEN2 (p = 0.001), and CUL1 (p = 0.01) was significantly higher in
CTNNB1 mutant melanoma, supporting these mutations leading to an over activation of the
Wnt pathway. Transcriptomic expression of CTNNB1 was not elevated in CTNNBI-mutant
melanoma. However, generally in the entire cohort, higher CTNNB1 expression levels were
correlated with expression of AXINT (p = 0.009), AXIN2 (p < 0.001), HEY1 (p < 0.0001), PSEN2
(p < 0.0001), PPARD (p < 0.0004), and CUL1 (0.04) (Figure 3B). No significant difference
in OS and PFS between CTNNBI-mutant and CTNNB1-wild type patients was observed
(Figure 3C,D).

Table 4. Clinical and transcriptomic characteristics of anti-PD-1 monotherapy treated melanoma
patients from [23].

CTNNB1 Wt CTNNB1 Mut p-Value Overall
(N =135) (N =9) (N =144)
GENDER 0.31
MALE 77 (57.0%) 2 (22.2%) 84 (58.3%)
FEMALE 58 (43.0%) 7 (77.8%) 60 (41.7%)
PRIMARY TYPE 0.29
SKIN 99 (73.3%) 6 (66.7%) 105 (72.9%)
OCCULT 18 (13.3%) 1(11.1%) 19 (13.2%)
MUCOSAL 10 (7.4%) 0 (0%) 10 (6.9%)
ACRAL 8 (5.9%) 2 (22.2%) 10 (6.9%)
STAGE 0.37
IIC 10 (7.4%) 0 (0%) 10 (6.9%)
MIA 7 (5.2%) 1(11.1%) 8 (5.6%)
M1B 16 (11.9%) 2 (22.2%) 18 (12.5%)
MIC 102 (75.6%) 6 (66.7%) 108 (75.0%)
LDH ELEVATED 0.75
NO 65 (48.1%) 5 (55.6%) 70 (48.6%)
YES 67 (49.6%) 4 (44.4%) 71 (49.3%)
UNKNOWN 3 (2.2%) 0 (0%) 3 (2.1%)
BRAIN METS 0.60
NO 119 (88.1%) 9 (100%) 128 (88.9%)
YES 16 (11.9%) 0 (0%) 16 (11.1%)
CUT/SUBCUT METS 0.32
NO 52 (38.5%) 5 (55.6%) 57 (39.6%)
YES 83 (61.5%) 4 (44.4%) 87 (60.4%)
LN METS 0.50
NO 48 (35.6%) 2 (22.2%) 50 (34.7%)
YES 87 (64.4%) 7 (77.8%) 94 (65.3%)
LUNG METS 0.74
NO 53 (39.3%) 4 (44.4%) 57 (39.6%)
YES 82 (60.7%) 5 (55.6%) 87 (60.4%)
LIVER/VISC METS 0.73
NO 76 (56.3%) 6 (66.7%) 82 (56.9%)
YES 59 (43.7%) 3 (33.3%) 62 (43.1%)
BONE METS 0.42
NO 105 (77.8%) 6 (66.7%) 111 (77.1%)
YES 30 (22.2%) 3 (33.3%) 33 (22.9%)
PROGRESSED 0.12
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Table 4. Cont.

CTNNB1 Wt CTNNB1 Mut Val Overall
(N = 135) (N=9) p-vatue (N = 144)
NO 36 (26.7%) 5 (55.6%) 41 (28.5%)
YES 99 (73.3%) 4 (44.4%) 103 (71.5%)
DEAD 0.17
NO 65 (48.1%) 7 (77.8%) 72 (50.0%)
YES 70 (51.9%) 2 (22.2%) 72 (50.0%)
BR 0.39
CR 15 (11.1%) 2 (22.2%) 17 (11.8%)
PR 34 (25.2%) 4 (44.4%) 38 (26.4%)
MR 4 (3.0%) 0 (0%) 4(2.8%)
SD 19 (14.1%) 1(11.1%) 20 (13.9%)
PD 63 (46.7%) 2 (22.2%) 65 (45.1%)
PURITY 0.61
MEAN (SD) 0.623 (0.238) 0.660 (0.249) 0.625 (0.238)
MEDIAN [MIN, MAX]  0.670 [0.100, 0.950] 0.700 [0.150, 0.930] 0.670 [0.100, 0.950]
TOTAL_MUTS 0.40
MEAN (SD) 823 (1530) 2550 (4910) 931 (1930)
MEDIAN [MIN, MAX] 370 [13.0, 9590] 491 [21.0, 15,300] 380 [13.0, 15,300]
NONSYN_MUTS 037
MEAN (SD) 542 (994) 1660 (3160) 612 (1250)
MEDIAN [MIN, MAX] 245 [10.0, 6250] 328 [17.0, 9840] 251 [10.0, 9840]
CLONAL_MUTS 037
MEAN (SD) 412 (725) 1430 (2870) 475 (1010)
MEDIAN [MIN, MAX] 188 [6.00, 5400] 273 [14.0, 8920] 191 [6.00, 8920]
SUBCLONAL_MUTS 0.22
MEAN (SD) 109 (467) 185 (243) 114 (456)
MEDIAN [MIN, MAX] 37.0 [2.00, 5230] 46.0 [3.00, 662] 37.5 [2.00, 5230]
HETEROGENEITY 0.72
MEAN (SD) 0.199 (0.135) 0.207 (0.121) 0.199 (0.134)
MEDIAN [MIN, MAX]  0.174 [0.0202, 0.971] 0.176 [0.0691, 0.469] 0.174 [0.0202, 0.971]
TOTAL_NEOANTIGENS 0.42
MEAN (SD) 1580 (2830) 4390 (7920) 1760 (3390)
MEDIAN [MIN, MAX] 726 [20.0, 18,500] 1090 [42.0, 24,600] 729 [20.0, 24,600]
CNA_PROP 0.03
MEAN (SD) 0.199 (0.124) 0.111 (0.0854) 0.193 (0.123)

MEDIAN [MIN, MAX]

0.181 [0.00670, 0.902]

0.0791 [0.0104, 0.236]

0.178 [0.00670, 0.902]
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Figure 3. Transcriptomic expression of hallmark Wnt/ 3-catenin signaling pathway genes in CTNNB1-
mutant versus non-mutant melanoma patients treated with anti-PD1 monotherapy (A). Gene ex-
pression was measured in transcripts per million (TPM). Wilcoxon sum rank test was used for
comparison. Spearman correlation of transcriptomic gene expression of CTNNBI (y-axis) and hall-
mark Wnt/ 3-catenin signaling pathway genes (B). Overall (C) and progression-free survival (D) in
CTNNBI-mutant compared to non-mutant melanoma patients treated with anti-PD1 monotherapy.
Survival was measured in days.

4. Discussion

CTNNBI1 mutations occur in both benign and malignant melanocytic tumors with a
deep penetrating nevus-like phenotype. We identified CTNNB1 mutations in two types of
melanocytic tumors, benign nevi and malignant melanoma. Detailed histological, mutation,
copy number and methylation analysis can clearly distinguish benign from malignant
tumors. In addition, we investigated recurrent CTNNB1 exon 3 mutations in the largest
cohort reported to date to determine whether these mutations are associated with specific
features relevant in clinical patient management.

Mutations of the 3-catenin pathway have been reported to transform the phenotype of
a BRAF-mutated common nevus into that of a deep penetrating nevus, including increased
pigmentation, cell volume, and cyclin D1 levels in the nucleus [8]. Mutational activation of
the MAP kinase and [3-catenin pathways are practically pathognomic of the characteristic
DPN phenotype. Data have also suggested that constitutive 3-catenin pathway activa-
tion promotes tumorigenesis by overriding dependencies on the microenvironment that
constrain proliferation of common nevi, with DPN-like melanoma harboring additional
oncogenic mutations; further, these data identified DPN as an intermediate melanocytic
neoplasm, positioned between benign nevus and DPN-like melanoma [8]. Our histopatho-
logically challenging cases confirmed that in all seven cases, additional mutations in either
BRAF, NRAS, NF1 or further MAP kinase related genes were present. Interestingly, muta-
tions in the TERT promoter region were only present in tumors identified as melanoma,
and not in benign CTNNBI1-mutant melanocytic tumors. Methylation profiling allowed
a clear differentiation between benign and malignant (ID 3 + 6) CTNNBI1-mutant tumors,
underlining the potential of molecular and methylation analysis for further characterization
of challenging cases.
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Histopathologic evaluation remains the gold standard to classify melanocytic tumors
and assess their likely clinical /biological potential. In most cases, including deep penetrat-
ing nevi, conventional histologic analysis is sufficient to distinguish benign from malignant
tumors. However, in some histologically ambiguous tumors with deep penetrating mor-
phology pathologic classification and determination of biological potential may not be
clear-cut. In these difficult cases, genetic analysis may be a helpful additional tool in classi-
fying deep penetrating tumors, as mutation profiles differ between primary melanomas
and benign melanocytic tumors. The presented cases illustrate the potential diagnostic
value of mutation profiling in a clinical setting.

Activating mutations (i.e., BRAF, NRAS, etc.) are found in both benign and malignant
tumors, i.e., nevi and melanoma. A common theory is the acquisition of additional genetic
events lead to tumors progressing, eventually tipping the balance from benign to malignant
proliferations. Other potentially relevant events, such as DNA replication errors, have been
discussed in odontogenic cysts and tumors which are also mainly benign despite harboring
activating MAP Kinase or CTNNB1 mutations [42].

To assess the role of CTNNBI mutations in advanced melanoma, we screened our large
genetic melanoma database identifying 38 tumors—to our knowledge the largest cohort of
CTNNBI-mutated advanced melanoma reported to date. As described previously, these
tumors are rare [7,9]. Oules et al., reported three NMM (30%), three SSM (30%), two lentigo
malignant melanoma (LMM) (20%), one ALM (10%) and one deep-penetrating nevus-like
melanoma (10%). Our cohort included 18% NMM, 13% SSM, 13% MUP, and 8% ALM,
demonstrating a comparable distribution. In many cases, a specific melanoma subtype was
not reported. However, our data and previous studies underline that melanocytic tumors
harboring CTNNB1 mutations often do not have a deep penetrating phenotype.

Comparing CTNNB1 mutation frequencies with overall low mutation numbers is
difficult, but the distribution we observed is comparable to previous reports. The most
frequent CTNNB1 mutations we observed were in 545, G34, T41 and S33 (found in 34%,
13%, 11% and 5% in our and 60%, 10%, 20% and 10% of cases in the Oules et al., cohort,
respectively) [7]. Concurrent mutations present were similar to results by Oules et al., where
an additional BRAF mutation was present in 55% of patients in our cohort (compared to
60% in [7]), but NRAS mutations were more frequent in our patients (34% compared to
20% in [7]). In our cohort, 4/38 patients had no additional mutations in BRAF or NRAS
genes, showing that [9], CTNNBI mutations can occur in tumors not harboring these
gene mutations [7]. Two of these four melanomas had mutations in NF1, one in KIT
and one in GNA11 (data not shown). A high rate of co-occurrence of MAPK-activating
mutations (BRAF/NRAS/NF1) and CTNNBI mutations favors the hypothesis that mutations
in CTNNBI1 display Wnt/ 3-catenin signaling proliferative hallmarks and cooperate with
MAPK pathways [9].

For patients with advanced melanoma in whom CTNNB1 mutations are unexpectedly
discovered during routine molecular profiling, the extent to which they might impact pa-
tient therapy may be the most important question to consider. We found better therapeutic
responses in patients receiving targeted therapy regimes (ORR 22%; DCR 44%, PR 22%)
compared to immune checkpoint inhibition (ORR 11%; DCR 11%, PR 11%). These data are
consistent with the previously described synergistic activity between Wnt/ 3-catenin sig-
naling activation and BRAF inhibitors to reduce melanoma growth in vitro and in vivo [43].
Oncogenic signals have been postulated to mediate cancer immune evasion and resistance
to immunotherapies [44]. Data has suggested active [3-catenin signaling results in T cell
exclusion and lack of T cell infiltrate driving resistance to anti-PD-L1 and anti-CTLA-4
immunotherapies [45]. Within this work, Spranger et al. identified the Wnt/ 3-catenin path-
way as the first defined tumor-intrinsic oncogene pathway that can abort the induction of
antitumor T cell responses, prevent the T cell-inflamed tumor microenvironment, and gener-
ate resistance to checkpoint blockade therapy [46]. Using transcriptomic data from a cohort
of >700 melanoma patients (primaries and metastasis), Nsengimana et al. could show that
low-immune/ 3-catenin high expressing tumor patients show fewer pathologist-reported
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brisk tumor infiltrating lymphocytes (TILs) and significantly worsened melanoma-specific
survival, underlining oncogenic potential of the Wnt pathway [47]. Significant changes
on the transcriptomic level of genes involved in the Wnt/ 3-catenin signaling pathway
underline a biological regulation of this pathway in CTNNBI-mutant melanoma. The ORR
of 11% in our cohort would support CTNNBI-mutant tumors responding poorly to immune
checkpoint therapy. However, performing an additional analysis of outcomes of CTNNB1-
mutant and CTNNBI-wild type melanoma patients from a recently published anti-PD1
monotherapy-treated melanoma cohort [23] an ORR of 67% (DCR 78%) in CTNNBI-mutant
compared to 36% (DCR 50%) in CTNNBI1-wild type melanoma patients, was observed,
arguing immune checkpoint inhibition therapy can be effective for patients with CTNNB1-
mutant tumors. However, as the number of treated patients in both our and the Liu et al.
study remain limited, larger studies are required.

Based on our and existing data to date, we believe no clear-cut recommendation con-
cerning therapeutic approach or prognosis concerning survival can be made for CTNNBI-
mutant melanoma. Both types of therapy, targeted and immune-checkpoint inhibition,
have shown efficacy. Larger studies, optimally in a prospective fashion will be required to
further elucidate if CTNNB1 mutation status should be clearly linked to specific systemic
therapy recommendations in advanced melanoma patients. A limitation of the study is the
low number of patients. Studies with larger numbers of difficult to classify melanocytic
lesions as well as CTNNB1 mutated melanomas may offer further insights. Considering
performing both NGS sequencing and methylation arrays is cost intensive and not univer-
sally available, larger cohort studies may also help identify a selection of relevant gene
mutation and methylation sites enabling a more focused cost-effective analysis.

In summary, we report the largest cohort of CTNNBI-mutated melanocytic tumors
identified so far. CTNNBI mutations can be found in difficult-to-classify tumors with
deep penetrating morphology and additional molecular and methylation analysis can
help differentiate between benign and malignant tumors in these cases. CTNNBI-mutant
melanomas were found to originate from different locations and only rarely demonstrated
a deep penetrating phenotype. Therapeutic responses to both targeted and ICI therapy
were observed.

5. Conclusions

- Mutation analysis in conjunction with methylation analysis can be a diagnostic aid in
determining the dignity in some cases of deep penetrating melanocytic tumors

- CTNNBI-mutant melanoma comprises ~1-2% of melanoma

- Histologic characteristics can show a deep penetrating nevus, but can also be any
melanoma subtype

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers14174066/s1. Figure S1. Parameter selection for MeDeCom
analysis in the total cohort. A. Cross validation (CV) error plotted against the number of LMCs k.
Cross validation error tends to decrease with more components being included and we selected
k =5 as the value where the error starts to level out. B. Selection of the regularization parameter A
for k = 5. We selected A = 0.01 as the point where the cross-validation error is still low, while the
objective function tends to increase. ID number of patients depicted. Lambda values of 0.01 were
used. LMC, latent methylation components. Figure S2. An extensive melanocytic tumor consisting
of two components is seen. The covering epithelium is inconspicuous and shows no melanocytes.
Underlying and reaching into the subcutaneous adipose tissue there are melanocytes with slightly
increased pigment content aggregated in large nests, associated with interspersed melanophages.
There is also a larger population of very strongly pigment-bearing partly spindle cell, partly large
epithelioid cell melanocytes in large nests and strands. In the nevoid part, occasional mitoses are seen
(A, measuring bar represents 4 mm). Immunohistochemical staining for Ki67 (B), tumor markers
5100 (C) MelanA (D), and HMB-45 (E), as well as BCAT (F), and PHH3 (G) were performed. Table S1.
Clinical characteristics of patients from the control group. Table S2A. Targeted next generation
sequencing panel. Table S2B. 611 oncogene Panel Genes. Table S3. Differentially regulated genes


https://www.mdpi.com/article/10.3390/cancers14174066/s1
https://www.mdpi.com/article/10.3390/cancers14174066/s1

Cancers 2022, 14, 4066

16 of 18

References

between CTNNB1 mutant and non-mutant melanoma patients. Table S4. Enrichr analysis (https:
//maayanlab.cloud/Enrichr/ (accessed in 02/2022)) of the 100 top differentially expressed genes
revealed the Wnt-fbeta Catenin Signaling pathway as the second pathway after fatty acid metabolism
in the MSigDB Hallmark 2020 representing well-defined biological states or processes. Table S5.
Hallmark WNT f-catenin signaling pathway (HALLMARK_WNT_BETA_CATENIN_SIGNALING).

Author Contributions: Conceptualization, A.Z. and K.G.; methodology, A.Z., PL. and K.G.; formal
analysis, A.Z. and K.G.; software, A.M., A.R.,, M.P. and P.L.; investigation, A.Z. and K.G.; resources,
A.Z.,PL. and K.G,; data curation, A.Z., PJ.,, D.K,, H.B.,S.].,, C.G, ].K, M., NS., AS.,, AP,SU, LZ.,
E.L., C.P, D.S. and E.H.; writing—original draft preparation, A.Z. and K.G. writing—review and
editing, all authors; visualization, A.Z., P.L. and K.G.; supervision, PL. and K.G.; funding acquisition,
D.S.,S.H., A.P.and R.M. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation)—SCHA 422/17-2, HO 6389/2-2, PA 2376/1-2 (KFO 337) and the NIH/NCI
Cancer Center Support Grant P30 CA008748.

Institutional Review Board Statement: The study was approved by and performed in accordance
with the guidelines of the ethics committee of the University of Duisburg-Essen (BO-9589-20). Molec-
ular testing was performed in informed consent of patients included. The study was conducted in
accordance with the Declaration of Helsinki.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The raw Illumina HumanMethylationEPIC BeadChip array data gen-
erated in this study are available in EGA upon acceptance. Other data that support the findings of
this study are available from the corresponding author upon request.

Conflicts of Interest: A.Z.: received travel support from Novartis, Sanofi Grenzyme, and Bristol-
Myers Squibb, outside the submitted work. P.J.: No relevant conflict of interest. R.M.: No relevant
conflict of interest. D.K.: No relevant conflict of interest. M.P.: No relevant conflict of interest. C.R.:
No relevant conflict of interest. ].K.: No relevant conflict of interest. .M.: No relevant conflict of
interest. A.S.: No relevant conflict of interest. A.P.: reports research grant support and provision of
reagents from Bristol-Myers Squibb (BMS) and Merck Sharp & Dohme (MSD) outside the submitted
work. S.U.: Declares research support from Bristol Myers Squibb and Merck Serono; speakers and
advisory board honoraria from Bristol Myers Squibb, Merck Sharp & Dohme, Merck Serono, Novartis
and Roche, and travel support from Bristol Myers Squibb, Merck Sharp & Dohme, and Pierre Fabre;
outside the submitted work. S.H.: No relevant conflict of interest. E.L.: served as consultant and/or
has received honoraria from Amgen, Actelion, Roche, Bristol-Myers Squibb, Merck Sharp & Dohme,
Novartis, Janssen, Medac, Sanofi, Sunpharma and travel support from Amgen, Merck Sharp &
Dohme, Bristol-Myers Squibb, Amgen, Pierre Fabre, Sunpharma and Novartis, outside the submitted
work. L.Z.: served as consultant and/or has received honoraria from Roche, Bristol-Myers Squibb
(BMS), Merck Sharp & Dohme (MSD), Novartis, Pierre Fabre, Sanofi, and Sunpharma and travel
support from MSD, BMS, Amgen, Pierre Fabre, Sunpharma and Novartis, outside the submitted
work. D.S: reports grants and other from BMS, personal fees from BMS, during the conduct of the
study; personal fees from Amgen, personal fees from Boehringer Ingelheim, personal fees from
InFlarX, personal fees and other from Roche, grants, personal fees and other from Novartis, personal
fees from Incyte, personal fees and other from Regeneron, personal fees from 45C, personal fees from
Sanofi, personal fees from Neracare, personal fees from Pierre Fabre, personal fees and other from
Merck-EMD, personal fees from Pfizer, personal fees and other from Philiogen, personal fees from
Array, personal fees and other from MSD, outside the submitted work. E.H.: No relevant conflict of
interest. K.G.: No relevant conflict of interest.

1. Hodis, E.; Watson, LR.; Kryukov, G.V.; Arold, S.T.; Imielinski, M.; Theurillat, J.-P.; Nickerson, E.; Auclair, D.; Li, L.; Place, C.; et al.
A Landscape of Driver Mutations in Melanoma. Cell 2012, 150, 251-263. [CrossRef] [PubMed]

2. Cancer Genome Atlas, N. Genomic Classification of Cutaneous Melanoma. Cell 2015, 161, 1681-1696. [CrossRef]

3. Hari, L.; Brault, V.r,; Kléber, M.; Lee, H.-Y;; Ille, E; Leimeroth, R.; Paratore, C.; Suter, U.; Kemler, R.; Sommer, L. Lineage-specific
requirements of 3-catenin in neural crest development. . Cell Biol. 2002, 159, 867-880. [CrossRef] [PubMed]

4. Dunn, K]; Williams, B.O.; Li, Y.; Pavan, W.]. Neural crest-directed gene transfer demonstrates Wntl role in melanocyte expansion
and differentiation during mouse development. Proc. Natl. Acad. Sci. USA 2000, 97, 10050. [CrossRef] [PubMed]


https://maayanlab.cloud/Enrichr/
https://maayanlab.cloud/Enrichr/
http://doi.org/10.1016/j.cell.2012.06.024
http://www.ncbi.nlm.nih.gov/pubmed/22817889
http://doi.org/10.1016/j.cell.2015.05.044
http://doi.org/10.1083/jcb.200209039
http://www.ncbi.nlm.nih.gov/pubmed/12473692
http://doi.org/10.1073/pnas.97.18.10050
http://www.ncbi.nlm.nih.gov/pubmed/10963668

Cancers 2022, 14, 4066 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Gao, C; Wang, Y,; Broaddus, R.; Sun, L.; Xue, F.; Zhang, W. Exon 3 mutations of CTNNBI1 drive tumorigenesis: A review.
Oncotarget 2017, 9, 5492. [CrossRef] [PubMed]

Nusse, R.; Clevers, H. Wnt/-Catenin Signaling, Disease, and Emerging Therapeutic Modalities. Cell 2017, 169, 985-999.
[CrossRef]

Oules, B.; Mourah, S.; Baroudjian, B.; Jouenne, E; Delyon, J.; Louveau, B.; Gruber, A.; Lebbé, C.; Battistella, M. Clinicopathologic
and molecular characterization of melanomas mutated for CTNNB1 and MAPK. Virchows Arch. 2021, 480, 475-480. [CrossRef]

[PubMed]

Yeh, I; Lang, U.E.; Durieux, E.; Tee, M.K.; Jorapur, A.; Shain, A.H.; Haddad, V.; Pissaloux, D.; Chen, X.; Cerroni, L.; et al.
Combined activation of MAP kinase pathway and [3-catenin signaling cause deep penetrating nevi. Nat. Commun. 2017, 8, 644.
[CrossRef]

Palmieri, G.; Colombino, M.; Casula, M.; Manca, A.; Mandala, M.; Cossu, A.; For the Italian Melanoma, I. Molecular Pathways in
Melanomagenesis: What We Learned from Next-Generation Sequencing Approaches. Curr. Oncol. Rep. 2018, 20, 86. [CrossRef]

Damsky, W.E.; Curley, D.P,; Santhanakrishnan, M.; Rosenbaum, L.E.; Platt, ].T.; Rothberg, B.E.G.; Taketo, M.M.; Dankort, D.;
Rimm, D.L.; McMahon, M.; et al. 3-Catenin Signaling Controls Metastasis in Braf-Activated Pten-Deficient Melanomas. Cancer
Cell 2011, 20, 741-754. [CrossRef]

Chien, A.J.; Moore, E.C.; Lonsdorf, A.S.; Kulikauskas, R.M.; Rothberg, B.G.; Berger, A.]J.; Major, M.B.; Hwang, S.T.; Rimm, D.L.;
Moon, R.T. Activated Wnt/f3-catenin signaling in melanoma is associated with decreased proliferation in patient tumors and a
murine melanoma model. Proc. Natl. Acad. Sci. USA 2009, 106, 1193. [CrossRef] [PubMed]

Horn, S.; Figl, A.; Rachakonda, P.S.; Fischer, C.; Sucker, A.; Gast, A.; Kadel, S.; Moll, I; Nagore, E.; Hemminki, K.; et al. TERT
promoter mutations in familial and sporadic melanoma. Science 2013, 339, 959-961. [CrossRef] [PubMed]

Huang, EW.; Hodis, E.; Xu, M.J.; Kryukov, G.V.; Chin, L.; Garraway, L.A. Highly recurrent TERT promoter mutations in human
melanoma. Science 2013, 339, 957-959. [CrossRef] [PubMed]

Robert, C.; Grob, J.].; Stroyakovskiy, D.; Karaszewska, B.; Hauschild, A.; Levchenko, E.; Chiarion Sileni, V.; Schachter, J.; Garbe, C.;
Bondarenko, I; et al. Five-Year Outcomes with Dabrafenib plus Trametinib in Metastatic Melanoma. N. Engl. J. Med. 2019, 381,
626-636. [CrossRef]

Hauschild, A.; Dummer, R.; Schadendorf, D.; Santinami, M.; Atkinson, V.; Mandala, M.; Chiarion-Sileni, V.; Larkin, J.; Nyakas, M.;
Dutriaux, C.; et al. Longer Follow-up Confirms Relapse-Free Survival Benefit with Adjuvant Dabrafenib Plus Trametinib in
Patients with Resected BRAF V600-Mutant Stage III Melanoma. J. Clin. Oncol. 2018, 36, 3441-3449. [CrossRef]

Davies, M.A.; Saiag, P; Robert, C.; Grob, J.-J.; Flaherty, K.T.; Arance, A.; Chiarion-Sileni, V.; Thomas, L.; Lesimple, T,;
Mortier, L.; et al. Dabrafenib plus trametinib in patients with BRAFV600-mutant melanoma brain metastases (COMBI-MB): A
multicentre, multicohort, open-label, phase 2 trial. Lancet Oncol. 2017, 18, 863-873. [CrossRef]

Bastian, B.C. The Molecular Pathology of Melanoma: An Integrated Taxonomy of Melanocytic Neoplasia. Annu. Rev. Pathol.
Mech. Dis. 2014, 9, 239-271. [CrossRef]

Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P.; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.].; Bottomley, W.; et al.
Mutations of the BRAF gene in human cancer. Nature 2002, 417, 949-954. [CrossRef]

Hodi, ES.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.-J.; Rutkowski, P.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Wagstaff, J.;
Dummer, R.; et al. Nivolumab plus ipilimumab or nivolumab alone versus ipilimumab alone in advanced melanoma (CheckMate
067): 4-year outcomes of a multicentre, randomised, phase 3 trial. Lancet Oncol. 2018, 19, 1480-1492. [CrossRef]

Wolchok, ].D.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.-J.; Rutkowski, P.; Lao, C.D.; Cowey, C.L.; Schadendorf, D.; Wagstaff, J.;
Dummer, R.; et al. CheckMate 067: 6.5-year outcomes in patients (pts) with advanced melanoma. J. Clin. Oncol. 2021, 39, 9506.
[CrossRef]

Long, G.V.; Schachter, J.; Arance, A.; Grob, J.-].; Mortier, L.; Daud, A.; Carlino, M.S,; Ribas, A.; McNeil, C.M.; Lotem, M.; et al.
Long-term survival from pembrolizumab (pembro) completion and pembro retreatment: Phase Il KEYNOTE-006 in advanced
melanoma. J. Clin. Oncol. 2020, 38, 10013. [CrossRef]

Long, G.V.; Weber, ].S.; Larkin, J.; Atkinson, V.; Grob, ].J.; Schadendorf, D.; Dummer, R.; Robert, C.; Mdrquez-Rodas, I.;
McNeil, C.; et al. Nivolumab for Patients with Advanced Melanoma Treated Beyond Progression: Analysis of 2 Phase 3 Clinical
Trials. JAMA Oncol. 2017, 3, 1511-1519. [CrossRef] [PubMed]

Liu, D.; Schilling, B.; Liu, D.; Sucker, A.; Livingstone, E.; Jerby-Amon, L.; Zimmer, L.; Gutzmer, R.; Satzger, I.; Loquai, C.; et al.
Integrative molecular and clinical modeling of clinical outcomes to PD1 blockade in patients with metastatic melanoma. Nat.
Med. 2019, 25,916-1927. [CrossRef] [PubMed]

Zaremba, A.; Jansen, P.; Murali, R.; Mayakonda, A.; Riedel, A.; Philip, M.; Rose, C.; Schaller, J.; Miiller, H.; Kutzner, H.; et al.
Genetic and methylation profiles distinguish benign, malignant and spitzoid melanocytic tumors. Int. J. Cancer 2022. [CrossRef]
[PubMed]

Cosgarea, I.; Ugurel, S.; Sucker, A.; Livingstone, E.; Zimmer, L.; Ziemer, M.; Utikal, J.; Mohr, P,; Pfeiffer, C.; Pfohler, C.; et al.
Targeted next generation sequencing of mucosal melanomas identifies frequent NF1 and RAS mutations. Oncotarget 2017, 8,
40683. [CrossRef]

van de Nes, J.; Gessi, M.; Sucker, A.; Moller, I; Stiller, M.; Horn, S.; Scholz, S.L.; Pischler, C.; Stadtler, N.; Schilling, B.; et al.
Targeted next generation sequencing reveals unique mutation profile of primary melanocytic tumors of the central nervous
system. J. Neurooncol. 2016, 127, 435-444. [CrossRef]


http://doi.org/10.18632/oncotarget.23695
http://www.ncbi.nlm.nih.gov/pubmed/29435196
http://doi.org/10.1016/j.cell.2017.05.016
http://doi.org/10.1007/s00428-021-03119-0
http://www.ncbi.nlm.nih.gov/pubmed/34013383
http://doi.org/10.1038/s41467-017-00758-3
http://doi.org/10.1007/s11912-018-0733-7
http://doi.org/10.1016/j.ccr.2011.10.030
http://doi.org/10.1073/pnas.0811902106
http://www.ncbi.nlm.nih.gov/pubmed/19144919
http://doi.org/10.1126/science.1230062
http://www.ncbi.nlm.nih.gov/pubmed/23348503
http://doi.org/10.1126/science.1229259
http://www.ncbi.nlm.nih.gov/pubmed/23348506
http://doi.org/10.1056/NEJMoa1904059
http://doi.org/10.1200/JCO.18.01219
http://doi.org/10.1016/S1470-2045(17)30429-1
http://doi.org/10.1146/annurev-pathol-012513-104658
http://doi.org/10.1038/nature00766
http://doi.org/10.1016/S1470-2045(18)30700-9
http://doi.org/10.1200/JCO.2021.39.15_suppl.9506
http://doi.org/10.1200/JCO.2020.38.15_suppl.10013
http://doi.org/10.1001/jamaoncol.2017.1588
http://www.ncbi.nlm.nih.gov/pubmed/28662232
http://doi.org/10.1038/s41591-019-0654-5
http://www.ncbi.nlm.nih.gov/pubmed/31792460
http://doi.org/10.1002/ijc.34187
http://www.ncbi.nlm.nih.gov/pubmed/35737508
http://doi.org/10.18632/oncotarget.16542
http://doi.org/10.1007/s11060-015-2052-2

Cancers 2022, 14, 4066 18 of 18

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Griewank, K.G.; Koelsche, C.; van de Nes, ].A.P,; Schrimpf, D.; Gessi, M.; Moller, L; Sucker, A.; Scolyer, R.A.; Buckland, M.E,;
Murali, R.; et al. Integrated Genomic Classification of Melanocytic Tumors of the Central Nervous System Using Mutation
Analysis, Copy Number Alterations, and DNA Methylation Profiling. Clin. Cancer Res. 2018, 24, 4494-4504. [CrossRef]

Tan, R.; Wang, Y.; Kleinstein, S.E.; Liu, Y.; Zhu, X.; Guo, H.; Jiang, Q.; Allen, A.S.; Zhu, M. An evaluation of copy number variation
detection tools from whole-exome sequencing data. Hum. Mutat. 2014, 35, 899-907. [CrossRef]

Li, J.; Lupat, R.; Amarasinghe, K.C.; Thompson, E.R.; Doyle, M.A.; Ryland, G.L.; Tothill, R.W.; Halgamuge, S.K.; Campbell, L.G;
Gorringe, K.L. CONTRA: Copy number analysis for targeted resequencing. Bioinformatics 2012, 28, 1307-1313. [CrossRef]

Niu, Y.S.; Zhang, H. The Screening and Ranking Algorithm to Detect DNA Copy Number Variations. Annu. Appl. Stat. 2012, 6,
1306-1326. [CrossRef]

Pidsley, R.; Zotenko, E.; Peters, T.J.; Lawrence, M.G.; Risbridger, G.P.; Molloy, P.; Van Djik, S.; Muhlhausler, B.; Stirzaker, C.;
Clark, S.J. Critical evaluation of the Illumina MethylationEPIC BeadChip microarray for whole-genome DNA methylation
profiling. Genome Biol. 2016, 17, 208. [CrossRef] [PubMed]

Miiller, F,; Scherer, M.; Assenov, Y.; Lutsik, P.; Walter, J.; Lengauer, T.; Bock, C. RnBeads 2.0: Comprehensive analysis of DNA
methylation data. Genome Biol. 2019, 20, 55. [CrossRef] [PubMed]

Assenov, Y.; Miiller, F; Lutsik, P.; Walter, ]J.; Lengauer, T.; Bock, C. Comprehensive analysis of DNA methylation data with
RnBeads. Nat. Methods 2014, 11, 1138-1140. [CrossRef] [PubMed]

Lutsik, P; Baude, A.; Mancarella, D.; Oz, S.; Kiihn, A.; Toth, R; Hey, J.; Toprak, U.H.; Lim, J.; Nguyen, V.H.; et al. Globally altered
epigenetic landscape and delayed osteogenic differentiation in H3.3-G34W-mutant giant cell tumor of bone. Nat. Commun. 2020,
11, 5414. [CrossRef] [PubMed]

Lutsik, P.; Slawski, M.; Gasparoni, G.; Vedeneev, N.; Hein, M.; Walter, J. MeDeCom: Discovery and quantification of latent
components of heterogeneous methylomes. Genome Biol. 2017, 18, 55. [CrossRef] [PubMed]

Scherer, M.; Nazarov, P.V.; Toth, R.; Sahay, S.; Kaoma, T.; Maurer, V.; Vedeneev, N.; Plass, C.; Lengauer, T.; Walter, J.; et al. Reference-
free deconvolution, visualization and interpretation of complex DNA methylation data using DecompPipeline, MeDeCom and
FactorViz. Nat. Protoc. 2020, 15, 3240-3263. [CrossRef] [PubMed]

Kim, S.; Jeong, S. Mutation Hotspots in the beta-Catenin Gene: Lessons from the Human Cancer Genome Databases. Mol. Cells
2019, 42, 8-16. [CrossRef]

Fischer, I; Riedner, C.; Bojko, P; Heim, M.E.; Riiffer, ].U.; Besseler, M. Targeting both Tumor and Stroma Cells to Treat Melanoma:
NIPAWILMA. Orncol. Res. Treat. 2016, 39, 652—654. [CrossRef]

Hilger, R.A.; Wegener, T.; Richly, H.; Ludwig, G.; Mross, K.; Scheulen, M.E. Abstract 1293: A phase I dose-escalation study with
pharmacokinetics (PK) of TriN 2755 in patients with advanced solid tumors: A study in cooperation with the Central European
Society for Anticancer Drug Research (CESAR-EWIV). Cancer Res. 2011, 71, 1293. [CrossRef]

Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al.
Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal. Sci. Signal. 2013, 6, 11. [CrossRef]

Cerami, E.; Gao, ].; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al.
The cBio Cancer Genomics Portal: An Open Platform for Exploring Multidimensional Cancer Genomics Data. Cancer Discov.
2012, 2, 401-404. [CrossRef]

Diniz, M.G.; Gomes, C.C.; de Sousa, S.F,; Xavier, G.M.; Gomez, R.S. Oncogenic signalling pathways in benign odontogenic cysts
and tumours. Oral. Oncol. 2017, 72, 165-173. [CrossRef] [PubMed]

Biechele Travis, L.; Kulikauskas Rima, M.; Toroni Rachel, A.; Lucero Olivia, M.; Swift Reyna, D.; James Richard, G.; Robin Nick, C.;
Dawson David, W.; Moon Randall, T.; Chien Andy, J. Wnt/3-Catenin Signaling and AXIN1 Regulate Apoptosis Triggered by
Inhibition of the Mutant Kinase BRAFV600E in Human Melanoma. Sci. Signal. 2012, 5, ra3. [CrossRef]

Driessens, G.; Zheng, Y.; Locke, F.; Cannon, ].L.; Gounari, F.; Gajewski, T.F. Beta-catenin inhibits T cell activation by selective
interference with linker for activation of T cells-phospholipase C-y1 phosphorylation. J. Immunol. 2011, 186, 784-790. [CrossRef]
[PubMed]

Spranger, S.; Bao, R.; Gajewski, T.F. Melanoma-intrinsic (3-catenin signalling prevents anti-tumour immunity. Nature 2015, 523,
231-235. [CrossRef] [PubMed]

Spranger, S.; Gajewski, T.F. Tumor-intrinsic oncogene pathways mediating immune avoidance. Oncoimmunology 2016, 5, e1086862.
[CrossRef]

Nsengimana, ].; Laye, J.; Filia, A.; O’Shea, S.; Muralidhar, S.; PoZniak, J.; Droop, A.; Chan, M.; Walker, C.; Parkinson, L.; et al.
-Catenin-mediated immune evasion pathway frequently operates in primary cutaneous melanomas. J. Clin. Investig. 2018, 128,
2048-2063. [CrossRef]


http://doi.org/10.1158/1078-0432.CCR-18-0763
http://doi.org/10.1002/humu.22537
http://doi.org/10.1093/bioinformatics/bts146
http://doi.org/10.1214/12-AOAS539
http://doi.org/10.1186/s13059-016-1066-1
http://www.ncbi.nlm.nih.gov/pubmed/27717381
http://doi.org/10.1186/s13059-019-1664-9
http://www.ncbi.nlm.nih.gov/pubmed/30871603
http://doi.org/10.1038/nmeth.3115
http://www.ncbi.nlm.nih.gov/pubmed/25262207
http://doi.org/10.1038/s41467-020-18955-y
http://www.ncbi.nlm.nih.gov/pubmed/33110075
http://doi.org/10.1186/s13059-017-1182-6
http://www.ncbi.nlm.nih.gov/pubmed/28340624
http://doi.org/10.1038/s41596-020-0369-6
http://www.ncbi.nlm.nih.gov/pubmed/32978601
http://doi.org/10.14348/molcells.2018.0436
http://doi.org/10.1159/000449332
http://doi.org/10.1158/1538-7445.AM2011-1293
http://doi.org/10.1126/scisignal.2004088
http://doi.org/10.1158/2159-8290.CD-12-0095
http://doi.org/10.1016/j.oraloncology.2017.07.021
http://www.ncbi.nlm.nih.gov/pubmed/28797453
http://doi.org/10.1126/scisignal.2002274
http://doi.org/10.4049/jimmunol.1001562
http://www.ncbi.nlm.nih.gov/pubmed/21149602
http://doi.org/10.1038/nature14404
http://www.ncbi.nlm.nih.gov/pubmed/25970248
http://doi.org/10.1080/2162402X.2015.1086862
http://doi.org/10.1172/JCI95351

	Introduction 
	Materials and Methods 
	Patient Selection 
	Histopathology and Immunohistochemistry 
	DNA Isolation and Targeted Sequencing 
	Mutation Sequence Analysis 
	DNA-Methylation Profiling and Copy Number Analysis 
	Reference-Free Methylome Deconvolution Using MeDeCom 

	Results 
	CTNNB1 Mutations in Difficult-to-Classify Benign and Malignant Melanocytic Tumors 
	Methylation Profiling with Comprehensive Copy Number Analysis 
	Clinical Characteristics of CTNNB1 Mutated Melanoma Patients 
	Mutations within CTNNB1 in Melanoma 
	CTNNB1 Mutation Status and Transcriptomic Alterations in an Anti-PD1 Monotherapy Treated Melanoma Cohort 

	Discussion 
	Conclusions 
	References

