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ABSTRACT
◥

Purpose:Acral melanoma is the major subtype of melanoma
seen in Asian patients with melanoma and is featured by its
insidious onset and poor prognosis. The genomic study that
elucidates driving mutational events is fundamental to the
development of gene-targeted therapy. However, research on
genomic profiles of acral melanoma in Asian patients is still
sparse.

Experimental Design:We carried out whole-exome sequencing
(WES) on 60 acral melanoma lesions (with 55 primary samples
involved), targeted deep sequencing in a validation cohort of
48 cases, RNA sequencing in 37 acral melanoma samples (all from
the 60 undergoing WES), and FISH in 233 acral melanoma speci-
mens (54 of the 60 undergoing WES included). All the specimens
were derived from Asian populations.

Results: BRAF, NRAS, and KIT were discerned as significantly
mutated genes (SMG) in acral melanoma. The detected COSMIC
signature 3 related to DNA damage repair, along with the high
genomic instability score, implied corresponding pathogenesis of
acral melanoma. Moreover, the copy number gains of EP300 were
associated with the response of acral melanoma to targeted therapy
of A485 (a p300 inhibitor) and immune checkpoint blockade
treatment. In addition, the temporal order in mutational processes
of the samples was reconstructed, and copy-number alterations
were identified as early mutational events.

Conclusions: Our study provided a detailed view of genomic
instability, potential therapeutic targets, and intratumoral heterogeneity
of acral melanoma, which might fuel the development of personalized
strategies for treating acral melanoma in Asian populations.

Introduction
Acral melanoma is the major subtype of melanoma in Asian

patients and is featured by its insidious onset and poor prognosis (1, 2).
Previously, some seminal genomic studies on European cohorts have
been conducted to outline the characteristics of mutations in acral
melanoma, which are prominently distinct from those in cutaneous
melanoma (3). Specifically, the overall point mutation burdens of acral
melanoma are markedly lighter compared with cutaneous melano-
ma (3). Besides, the majority (51%) of acral melanoma cases are
classified into the triple–wild-type (TWT; BRAF-RAS-NF1–wild-
type) while the proportion of which in cutaneous melanoma is merely
11% (3). More importantly, acral melanoma is more vulnerable to
whole-genome duplication, chromosomal aberrations like aneuploidy,
and complex rearrangements (4–6). In parallel, copy-number variants
(CNV) intensively favor potential driver genes in acral melanoma that
thus exhibit a heavy CNVmutational burden (3, 5). However, Smalley

and colleagues have analyzed the genome data and demonstrated that
acral nevi are not precursors to the majority of prototypical acral
melanomas, indicating that acral melanoma has an evolutionary
trajectory different from that of cutaneous melanoma (7).

Nonetheless, most of the genomic studies on acral melanoma were
performed amongWestern populations, whereas those based onAsian
patients were sparse. In addition, given that recurrent CNVs favor the
driver genes in acralmelanoma, as indicated by previous reports, it is of
great significance to correlate the CNVs with corresponding clinico-
pathologic information, so as to evaluate their potential as therapeutic
targets. Moreover, a number of metastatic samples were employed in
previous analyses, which might hinder the identification of driving
mutational processes in early oncogenesis of acral melanoma and
necessitates further investigation based on a large cohort of primary
lesions. Finally, the spatiotemporal evolutionary patterns of acral
melanoma remain uncharted, but advanced analytical approaches of
genetic study are yielding new insights into the problem, which could
help to comprehend the origins and vulnerabilities of acral melano-
ma (8). Herein, this study tried to delineate the genomic landscape of
acralmelanoma inAsian populations by integrating genomic sequenc-
ing data with the corresponding clinical information of the patients as
well as analyzing the mutational signature, significantly mutated
signaling pathways, and intratumoral heterogeneity of acral melano-
ma, based on primary lesion samples.

Materials and Methods
Patient description

All samples analyzed in the current study were acral melanoma
lesions arising from Asian patients collected from the melanoma
database of the Department of Dermatology, Xijing Hospital (Fourth
Military Medical University, Xi’an, Shaanxi, China). Samples under-
going next-generation sequencing (NGS) were extracted from fresh-
frozen tumors and matched adjacent normal tissue or whole blood.
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Informed written consent was obtained from each subject or each
subject’s guardian. The research protocol was designed and executed
according to the principles of the Declaration of Helsinki and was
approved by the ethics review board of Fourth Military Medical
University. Samples used for FISH assay were paraffin-embedded. All
samples were assessed by melanoma pathologists to confirm the
presence of melanoma with greater than 80% tumor content and less
than 30% necrosis. The following pathology features were recorded in
each patient: Breslow thickness, presence or absence of ulceration, and
lymphocytes scores (defined according to previous reports; ref. 9).
Patient information and clinicopathologic details of their tumors are
shown in Supplementary Table S1.

NGS, variant calling, and copy number analysis
DNAwas extracted usingOmegaTissueDNAkit (D3396-02) under

the manufacturer’s protocols. Agilent SureSelect Human All Exon
V5/V6 or Agilent SureSelect Kit (1 Kb-499 Kb) were used for the
capture of the exome or 77 targeted genes, respectively. Samples were
sequenced on Illumina HiSeq PE150. Sequence data were aligned to
the GRCh37 assembly using multi-threaded Burrows–Wheeler Align-
er (10) and Samblaster 0.1.22 (11) to obtain the comparison result in
BAM format. The discovery cohort underwent whole-exome sequenc-
ing (WES) to an average depth of 117� (range: 95–163�) and an
average coverage ratio of 99.46%. Targeted region sequencing in the
validation cohort resulted in an average depth of 1,676� (range: 1,125–
2,270�) with a mean coverage rate of 99.53%.

Somatic single-nucleotide variants (SNV) were detected using a
dual calling strategymuTect 1.1.4 (12), and insertions/deletions (indel)
of 1 to 50 bp in length were called with Strelka v1.0.13 (13). Signif-
icantlymutated genes (SMG)were identified usingMutSigCV (14) at a
threshold of q < 0.2. Genomic copy number assessment was performed
with CNVkit (15). GISTIC analysis was performed to determine
significant regions of recurrent copy number change (16).

Identification of mutational signatures
The deconstructSigs (https://github.com/raerose01/deconstructSigs)

assigning to Catalogue of Somatic Mutations in Cancer (COSMIC) V2
and V3.2 database was employed to identify the mutational signa-
tures (17). Input data for each sample was the deconstructSigs deter-

mined signature ‘‘weight’’ of each signature, where only signatures
appearing in at least 5% of the samples at a minimum ‘‘weight’’ of 0.2
were used. We further confirmed the curated Signature 3 using SigMA,
a computational tool using a likelihood-based measure combined with
machine-learning techniques, in order to accurately detect homologous
recombination deficiency (HRD)-related signatures even from samples
with low mutation counts (18).

Microsatellite instability
Microsatellite instability (MSI) was assessed using two algorithms:

mSINGS andMSIsensor. mSINGSwas used as previously described by
Salipante and colleagues (19). Based on previous validation studies, a
fraction of more than 0.2 unstable loci were considered MSI-positive.
MSIsensor score was calculated by dividing the number of microsat-
ellite unstable by the total number ofmicrosatellite stable sites detected
as previously reported (20). A threshold of 3.5% (of loci called
unstable) was recommended for MSIsensor.

Calculation of HRD score
For the determination of HRD scores using WES, BAM files of

tumor samples were applied to the Sequenza 2.2.0 followed by the
scarHRD R package with a default parameter as previously described
(https://github.com/sztup/scarHRD; ref. 21).

Variant calling and clinical annotation of genes associated with
homologous recombination repair pathways or PARP inhibitor
sensitivity

The variants in the germline exomes of 60WES samples were called
using samtools (22). Germline or somatic variants among 142 protein-
coding genes that are either operative in homologous recombination
repair (HRR) pathways or unambiguously implicated in PARP inhib-
itor sensitivity according to Lord and colleagues (23) were extracted
from the call set.We searched for the presence ofmutations in both the
tumor and nonneoplastic tissue from the same individual, which was
normally filtered out of the data when looking for somatic mutations.
All genotype calls with a genotype quality score <20 were removed,
along with sites with a mapping quality score of <30 or sequencing
depth <4.

Germline events were considered to be pathogenic if they resulted in
a premature stop codon (i.e., nonsense mutation) or a frameshift
(excluding BRCA2 p.Lys3326�, which is known to be a low-penetrance
allele and is consequently a special case). In addition, missense
mutations that were annotated as pathogenic in ClinVar (https://
www.ncbi.nlm.nih.gov/clinvar/) were also considered pathogenic in
our analysis. We treated splice-site variants similarly to missense
mutations.

In addition, for each of the heterozygous germline variants, we also
annotated their allelic imbalance in the corresponding tumor. We
assessed the allelic imbalance by tallying reads that supported the
reference and the nonreference alleles at the germline site in the
corresponding tumor WES data (BAM file). pyLOH 2.2.0 was
employed to determine whether the alternate allele was lost in cases
of loss of heterogeneity (LOH); cases in which the test yielded P < 0.05
were considered “alternate retained”. For P > 0.05, we defined the LOH
status as undetermined (24).

RNA sequencing processing and analysis pipeline
RNA sequencing (RNA-seq) library for acral melanoma samples

was generated using NEBNext Ultra� RNA Library Prep Kit. The
library preparations were sequenced on an Illumina Hiseq platform
and 150 bp paired-end reads were generated. Index of the reference

Translational Relevance

Genomic studies on acral melanoma in Asian populations will
provide an important reference for diagnosing and exploring new
therapeutic strategies for Asian patients with limited treatment
options. Firstly, the detected homologous recombination deficien-
cy in fractional acral melanoma samples reflected by mutational
signatures in the present study raised the possibility of targeting
DNA repair defects in treating acral melanoma. Moreover, our
study showed that copy number gains of EP300 were not only
associated with acral melanoma malignancy and the response to
targeted therapies embodyingA485 (a p300 inhibitor), but could be
employed as a potential biomarker for the response to immuno-
therapy. In addition, the detected genomic differences between
acral melanoma lesions arising from different primary sites might
refine the targeted therapies with more precision. More impor-
tantly, the reconstruction of acral melanoma clonal architecture
underpinned the importance of checking clonal status in addition
to screening mutations in driver genes in clinical practice.
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genome was built using Bowtie v2.2.3 (25) and paired-end clean reads
were aligned to the reference genome using HISAT2 v2.0.5 (26).
HTSeqwas used to count the reads numbersmapped to each gene (27).
And then FPKM (Fragments Per Kilobase of exon model per Million
mapped fragments) of each gene was calculated based on the length of
the gene and the reads count mapped to this gene. Differential
expression analysis was performed using the edgeR package (28).
GSEA v3.0 was performed using JAVA program and run in preranked
mode to identify enriched signatures (29). The gene set enrichment
analysis (GSEA) plot, normalized enrichment score, and q values were
derived from GSEA output for hallmark signature. The characteriza-
tion of cell composition was calculated from gene expression of acral
melanoma samples via xCell (30).

Statistical analysis
Statistical analyses were performed using SPSS 26.0 software. All

statistical analyses were two-sided, and P < 0.05 was considered
statistically significant. Corrections for multiple comparisons were
performed and the acquired q value was indicated where necessary.

Data availability
The processed data generated in this study are available within the

article and its supplementary files. The raw data can only be made
available following approval from the ethics review board of the Fourth
Military Medical University. Request for access should be directed to
the corresponding author.

Additional materials and methods can be found in supplementary
materials and methods.

Results
Paired tumor/constitutional WES (average depth: 117�) of acral

melanoma samples was performed in a discovery set of 60 acral
melanoma samples from Chinese patients, of which 55 (91.7%)
provided primary lesions and 5 (8.3%) gave locally recurrent lesions
(Supplementary Table S1). Sequentially, targeted deep sequencing
(average depth: 1,676�) of 77 candidate genes (Supplementary
Table S2) was performed in a validation cohort of 48 specimens
(Supplementary Table S1). All the tumors were from primary sites
except for one from the locally recurrent site in the validation cohort.

The mutational burden and SMGs
WES identified 11,630 somatic SNVs and 163 somatic small indels.

Concerning nonsynonymous events (missense, nonsense, indels, and
splice-site), a median of 31 mutations (range: 4–103) across all tumor
samples were observed with a median tumor mutational burden
(TMB) of 1.09 mutations per megabase (range: 0.18–3.32 per mega-
base; Supplementary Table S3; Fig. 1A). NRAS, KIT, and BRAF were
identified to be SMGs (q < 0.2) in the discovery cohort by MutSigCV
(Supplementary Tables S4 and S5). Of these genes, KIT garnered the
highest frequency of somatic mutation (n ¼ 10, 16.7%; Fig. 1A).
Mutations in KIT were distributed in multiple exons (exon 9, 11, 13,
and 17; Fig. 1B). BRAF mutations were mainly V600E substitution
(n ¼ 8 of 9) with one infrequent G466V substitution (Fig. 1B). The
SNVs of NRAS consisted of variants in Q61R (n ¼ 6), Q61L (n ¼ 2),
and Q61K (n¼ 1; Fig. 1B). Two of four NF1mutations detected were
inactivating mutations (1 nonsense and 1 splice-site indel). Only one
sample harbored a concurrent hotspot, i.e., oncogenic Q61L NRAS
mutation, and an uncommonG466V BRAFmutation (Supplementary
Table S6). The driver genes identified in the discovery cohort also had

mutations in parallel loci in the validation cohort (Supplementary
Fig. S1A).

Some other potentially pathogenic genes in melanoma showed
somatic mutations with lower frequencies in our discovery cohort,
including CBL, CTNNB1, GNAQ, TRRAP, EGFR, MTOR, and TERT
(Supplementary Table S5; Fig. 1A). Another five identified candidate
genes, including ANAPC1,MYH9, CBLB, BCR, andH3F3A, have been
appreciated as driver mutated genes in other cancers (Supplementary
Table S5; Fig. 1A). Notably, a number of latent driver genes for
cutaneous melanoma, including TYRP1, TP53, PTEN, DDX3X,
RASA2, PPP6C, RAC1, and RB1, carried neither SNVs nor indel
mutations in our discovery cohort, implicating that the driving
molecular events in acral melanoma differ markedly from those in
cutaneous melanoma.

We found that TMB was higher in the ulcerated acral melanoma
group (Mann–Whitney U test, P ¼ 0.0097; Fig. 1C). There was no
significant difference in TMB between patients with different degrees
of lymphocyte infiltration (Kruskal–Wallis test; Fig. 1D). The samples
with KIT aberration had higher TMB than those with NRASmutation
(P ¼ 0.0002) or without any mutation of SMGs (Kruskal–Wallis test,
P ¼ 0.012; Fig. 1E). We then compared genetic mutational profiles
between nail apparatus melanoma (NAM) and nonnail acral mela-
noma (NNAM) in hand or foot. Significant difference of the SNV
burden was observed only between NNAM in foot (n¼ 40) and NAM
in foot (n ¼ 5; Kruskal–Wallis test, P ¼ 0.045; Fig. 1F). Besides, we
found significantly differential proportions occupied by the three
SMGs between NAM and NNAM based on the combined discovery
and validation cohort (25 NAM and 83 NNAM). Most of the mutated
BRAF (91.7%) and NRAS (90%) targeted samples of NNAM. NAM
samples obtained 53.3% of the total KIT mutations, which was
significantly higher than that in BRAF- (P ¼ 0.019), NRAS- (P ¼
0.041), and other genes- (P ¼ 0.023) mutated subgroups, respectively
(Fisher exact test; Fig. 1G).

We leveraged computational workflow that integrates tumor muta-
tion and expression data (DNA sequencing and RNA-seq) by HLA-
PRG, NetMHCpan, and pVAC-Seq (31–33), for identification of
neoantigens in the discovery cohort (Supplementary Fig. S2A and
Supplementary Table S3). Sequentially, in tumors with matching
RNA-seq (n ¼ 37), no significant correlation between the neoantigen
load of acral melanoma and mutation burden was observed (Pearson
correlation, P ¼ 0.19, r ¼ 0.22; Supplementary Fig. S2B). Notably,
neoantigens were markedly different among tumors with different
lymphocytes scores (Kruskal–Wallis test, P ¼ 0.022; Supplementary
Fig. S2C and S2D). However, the neoantigens between NAM and
NNAM exhibited no significant difference (Mann–Whitney U test,
P ¼ 0.23; Supplementary Fig. S2E).

The mutational signature and DNA damage repair deficiency of
acral melanoma

Analysis on the mutation spectrum of the discovery cohort
highlighted C > T transitions as dominant somatic base substitutions,
which have also been observed in most cancers including cutaneous
melanoma (Supplementary Fig. S3). Nevertheless, merely 17.2% to
41.6% of C > T transitions occurred at dipyrimidine sites, which was
much lower than that (about 60%) in typical UV-induced mutation
signature (ref. 34; Fig. 2A; Supplementary Table S3). The proportions
of CC > TT mutations (0.7%, range: 0.5%–1.6%) were also similarly
lower than the recognized threshold (5%; Supplementary Table S3).
Thus, UV is probably not a cardinal mutagen of acral melanoma in
Asian populations.
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To determine mutational processes most likely acting on the
development of acral melanoma, we identified six single-base substi-
tutionmutational signatures in the COSMICV2 database in the cohort
using deconstructSigs (Fig. 2A). Of the identified signatures, Signature

3 represents HRDof double-strand breaks (DSB) and has been curated
inmucosalmelanoma andTWTmelanoma (35, 36). Of the 33 samples
identified to harbor Signature 3, 19 showed more than 25% contri-
bution of Signature 3, and 10 samples were simultaneously annotated

Figure 1.

Somatic variant burden and SMGs.A, From top to bottom:mutation burdens including SNVs and small indels permegabase; age; sex; site of the primary tumor (NAM
and NNAM in hand or foot); ulceration; lymphocyte score; thickness; specimen type (primary or recurrent); mutations in driver genes previously described in
melanoma and other cancers of the discovery cohort.B, The distribution ofmutation sites on the protein coded byBRAF,NRAS, andKIT. Ig, immunoglobulin domain;
RBD, Raf-like Ras-binding domain; C1_1, Phorbol esters/diacylglycerol binding domain. C, The difference of mutation burden between ulceration and nonulceration
groups. The data are represented as a boxplot, where the middle line is the median, and the bottom and top edges of the box are the first and third quartiles (Mann–
Whitney U test). D, The difference of mutation burden between lymphocyte score groups (Kruskal–Wallis test). NS, not significant. E, Mutation burden was
significantly different between the genomic subtypes (Kruskal–Wallis test). F, The difference ofmutation burden between NAM and NNAM in hand or foot (Kruskal–
Wallis test). G, Proportion of NAM and NNAM with BRAF, NRAS, and KIT gene mutations (Fisher exact test).
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by Signature 3 in further SigMA validation (Fig. 2A). The age-related
Signature 5 that had been discerned in acral melanoma previously was
the most prevalent in our discovery cohort (n¼ 37 of 60; ref. 3). Four
other signatures (Signature 16, 9, 12, and 20) presented in our results
were not identified in melanoma previously. Signature 16, which has

been described exclusively in liver cancers despite being of unknown
etiology, was present with more than 25% contribution in 26 acral
melanoma specimens (37). Signature 9 that is related to polymerase h
with activation-induced deaminase activity during somatic hypermu-
tation and Signature 12 that is also marked as unknown etiology

Figure 2.

Mutational signature contributions and enrichment of DNA repair–related genetic lesion in acral melanoma. A, From top to bottom: TMB; site of the primary tumor
(NAMandNNAM in hand or foot); percent of C> T transitions occurring in dipyrimidine sequences; proportions of somaticmutations in the sixmutation signatures for
each individual; Signature 3–annotated or not by SigMA; HRD score; genetic lesions by type in selected HR-related genes, with mutation type indicated by color-
coding according to the key. HomDEL, homozygous deletion. B,Distribution of values of HRD-LOH, telomeric allelic imbalances, large-scale state transitions events,
and HRD-sum between Signature 3þ samples (showing contribution of Signature 3 by both deconstructSigs and SigMA) and others (Mann–Whitney U-test).
C,Comparison of HRD-sumvalues in acral melanoma, BRCA1- orBRCA2-deficient TNBC samples and non–BRCA1/2-deficient TNBC samples (Mann–WhitneyU test).
D, The correlation between the percentage of the genome affected by CNVs [gains of copy number (CN ≥ 3) and copy number loss (CN ≤ 1)] and HRD-sum values in
acral melanoma samples (Spearman correlation test). E, The comparisons of Signature 3þ sample proportions between TWT samples and non-TWT samples when
annotated (Fisher exact test). NS, not significant.
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presented with minor contributions (<25%) in most of the annotated
samples (17/24 and 13/20, respectively). Finally, only 12 tumors (6/12
having a <25% contribution) were annotated by Signature 20 which is
associated with defective DNA mismatch repair. Doublet Base Sub-
stitution (DBS) signature analysis establishedDBS11 (APOBECmuta-
genesis) as the most similar signature (Supplementary Fig. S4A and
S4B). While small indel–signature analysis identified a total of four
signatures, including ID8, ID10, ID12, and ID16 (the latter three
are etiology unknown; Supplementary Fig. S5). ID8 was established
to be the characteristic of DNA DSB repair by non–homologous
recombination–based end-jointing mechanisms, which repairs DSBs
compensatively in the absence of effective HRR (23, 38). In addition,
deconstructSigs assigning to COSMIC V3.2 also detected some acral
melanoma specimens having HRD-related Signature 3 (Supplemen-
tary Fig. S6). It deserves noting that a mutational signature that was
similar to the UV radiation-related Signature 7 in our cohort was not
identified using deconstructSigs assigning to COSMIC V2 or V3.2,
though it is reported to dominate most cutaneous melanoma and
fractional acral melanoma samples in previous studies (3, 39).

In search of the underlying genetic alteration that contributed to the
observed HRD, we examined these 60 cases for any deleterious
alterations [e.g., clinically relevant germline or somatic frameshift/
nonsense variants, well-characterized pathogenic missense/splice-site
germline variants (ClinVar), and/or homozygous deletion] in a catalog
of classical genes that are operative HRR pathways or unambiguously
implicated in PARP inhibitor (a classical therapeutic approach that
target HRD) sensitivity according to Lord and colleagues (23). Besides,
we analyzed the LOH (the most common second-hit event) status of
the same loci. Concerning alterations of HRD-related genes, 2 patients
harbored pathogenetic germline variants of BRCA2 (nonsense with
LOH of the wild-type allele and frame-shift insertion, respectively).
Two patients carried FANCA (a gene responsible for DNA interstrand
cross-link repair) germline mutation, one of which was frame-shift
deletion while the other was nonsense with LOH of FANCA. Germline
mutations of RECQL4, which promotes DNA end resection in the
repair of DNA DSBs (40), were observed in seven tumors. Of the
somatic mutations identified, copy number gains of EMSY (a gene that
abrogates HRR by causing inactivation of BRCA2; ref. 41) were
observed in 14 samples. Additional mutations in ZSWIM7 (germline,
frame-shift insertion with LOH), WRN (somatic, homozygous dele-
tions), and MAPK12 (somatic, homozygous deletions) were also
detected in our patient cohort (Fig. 2A). Besides, HRD-related muta-
tional events are enriched in Signature 3þ acral melanoma lesions
(showing contribution of Signature 3 by both deconstructSigs and
SigMA; Mann–Whitney U test, P ¼ 0.026).

We continued to ascertain the HRD by leveraging the correspond-
ing biomarker indices, including HRD-LOH, large-scale state transi-
tions (LST), the number of telomeric allelic imbalances (TAI), and a
combination of the three scores (HRD-sum; ref. 21). As a result, in the
comparison between Signature 3þ acral melanoma lesions and other
lesions, no significant difference was observed in numbers of HRD-
LOH events (P ¼ 0.78), TAI (P ¼ 0.49), and LST (P ¼ 0.12), while
Signature 3þ lesions tended to have higher HRD-sum values with
marginal significance (Mann–Whitney U test, P ¼ 0.09; Fig. 2B). Of
note, the distribution of HRD-sum values in acral melanoma lesions
was similar to the situation in BRCA1-deficient triple-negative breast
cancer (TNBC) samples as reported by de Luca and colleagues (42),
and was significantly higher than BRCA2-deficient and non–BRCA1/
2-deficient group (Mann–Whitney U test, P < 0.0001; Fig. 2C) and
much higher than the value reported in Signature 3–enriched TWT
melanoma (35), thus implying that acral melanoma probably harbors

features of genomic instability due to HRD. We also found a positive
correlation between HRD-sum and the percentage of the genome
affected by CNVs [gains of copy number (CN ≥ 3) and copy number
loss (CN ≤ 1); Spearman correlation test, r¼ 0.26, P¼ 0.046; Fig. 2D].
Furthermore, 19.4% TWT acral melanoma and 12.5% non-TWT acral
melanoma samples were identified to be Signature 3þ with no statis-
tical significance between them (Fisher exact test, P ¼ 0.73; Fig. 2E).
For the putative mismatch repair deficiency, we sought to identify
tumors with mutations in polymerase proofreading and the mismatch
repair pathway (POLE, POLD1,MLH1,MSH2,MSH6, and PMS2), but
alterations of these genes were not discerned. Next, we measured the
somatic microsatellite instability index using a bioinformatics
approach with mSINGS and MSIsensor (19, 20). All the 60 acral
melanoma samples, however, did not show greatly elevated micro-
satellite instability levels (Supplementary Fig. S7A and S7B). There-
fore, mismatch repair deficiency probably contributes little to acral
melanoma arising fromAsian populations, at least in the perspective of
our samples.

Copy number alterations and signaling pathway activation in
acral melanoma

The percentage of the genome affected by CNVs [gains of copy
number (CN ≥ 3) and copy number loss (CN ≤ 1)] was variable with a
median of 14.2% of the genome affected (range: 0.1–54.7%; Fig. 3A;
Supplementary Table S3). A total of 110 recurrent focal CNVs were
determined using GISTIC (q < 0.2; Supplementary Fig. S8; Supple-
mentary Table S7). Major gain events comprised KIT, KDR, and
PDGFRA (23.3%, 14/60, each) in the same amplicon on chromosome
(Chr) 4; TERT (33.3%, 20/60) on Chr 5; CCND1 (35%, 21/60), GAB2
(close to PAK1, 31.7%, 19/60), and YAP1 (13.3%,8/60) on Chr 11;
CDK4 (23.3%, 14/60) andMDM2 (16.7%, 10/60) onChr 12; andEP300
(31.7%, 19/60) on Chr 22, and major loss events comprised CDKN2A
(38.3%, 23/60) on Chr 9 and NF1 (11.7%, 7/60) on Chr17. CNV
frequency of the genes, which were simultaneously mentioned above
and included in targeted deep sequencing, were broadly in line with
those in the validation cohort (Supplementary Fig. S1B; Supplemen-
tary Table S3). Intriguingly, 57.1% (8/14) of the samples that had copy
number gains of CDK4 showed the cooccurrence of MDM2 gains.

We compared the patterns of CNVs between NAM and NNAM in
the discovery cohort. The 4q12 focal gains containing the oncogene
KIT were detected with a marginal significance (q ¼ 0.061) in NAM,
whereas in NNAM, we observed notable copy number gains of TERT,
EP300, and CDK4 (Supplementary Fig. S9A). Except for the regions of
recurrent copy-number aberrations included in lymphocyte score-low
group (lymphocyte score ¼ 0 or 1, n ¼ 28), focal gains of 4q12
containing the oncogene KIT and 11q14.1 containing PAK1 were
detected with significance (q < 0.05) in lymphocyte score-high group
(lymphocyte score ¼ 2 or 3, n ¼ 30; Supplementary Fig. S9B).

We integrated SNVs and CNVs to identify recurrently targeted
pathways and found the three most impacted signaling pathways,
including MAPK (81.7%), cell-cycle progression (80%), and histone
modification (66.7%; Fig. 3B and C). The patients acquiring CNVs of
histone modification pathway tended to have worse overall survival
(OS) though with no significance (log-rank, P ¼ 0.099; Fig. 3D).

Genetic aberrations in the EP300 are associated with the
responsiveness to p300 inhibitor

Our data showed a higher frequency of EP300 copy number gain
in acral melanoma compared with cutaneous melanoma (11.75%) and
other cancers (range: 0–10.71%) according to The Cancer Genome
Atlas (Supplementary Fig. S10). EP300 encodes the histone
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acetyltransferase paralogue p300 that manipulates a host of cellular
processes (e.g., growth, survival, apoptosis, and DNA repair) and
promotes the growth of tumor through its downstream oncogene
targetMITF (43). To further evaluate the correlation ofEP300 pathway
aberrations to clinicopathologic features of acral melanoma, we ver-
ified the frequency of EP300 and its crucial downstream target MITF

affected by copy number gains in acral melanoma by performing the
FISH assay in a larger patient cohort (233 paraffin-embedded acral
melanoma samples including 54 available tumors from the discovery
cohort; Supplementary Table S8). The frequency of copy number gains
of EP300 and MITF was 24.5% (n ¼ 57) and 7.3% (n ¼ 17),
respectively. In total, 30% (70/233) of the acral melanoma lesion

Figure 3.

Copy-number variants and signaling pathway alterations in acral melanoma. A, From top to bottom: percent of the genome affected by copy-number aberrations
[gains of copy number (CN ≥ 3), normal copy number (CN¼ 2), and copy number loss (CN ≤ 1)]; age; sex; site of the primary tumor (NAM and NNAM in hand or foot);
ulceration; lymphocyte score; Breslow thickness; specimen type (primary or recurrent); CNVs of selected melanoma-associated genes: gain (CN ≥ 3, red), gain and
mutation (gain with SNV or indel, dark red), loss (CN ≤ 1, green), loss and mutation (loss with SNV or indel, dark green), and homozygous deletion (CN¼ 0, black).
B, Percentage of tumors with protein-affecting aberrations in candidate driver genes grouped by pathway: substitution/indels (blue), copy number gain (red), and
copy number loss (green). C, Frequency of aberrations in pathways as a percentage of tumors in the discovery cohort. D, Kaplan–Meier curves of patients with acral
melanoma by CNV and/or SNV in histone modification pathway (with vs. without). HomDEL, homozygous deletion.
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samples carried the copy number gains of the EP300-MITF axis. No
significant differences in the median age and sex distribution were
observed between patients with different EP300 pathway CNVs.
However, we found that the Breslow thickness wasmarkedly increased
in subgroups that carried EP300 gains [3.1 (0.75–12.0) vs. 2.7 (0.2–
46.0) mm, P ¼ 0.019], MITF gains [4.5 (1.5–46.0) vs. 2.7 (0.2–20.0)
mm, P ¼ 0.006], or both [3.8 (0.75–46.0) vs. 2.5 (0.20–20.0) mm, P <
0.001] compared with controls (Table 1). Meanwhile, ulcerations were
significantly enriched in tumors with gains of the EP300-MITF axis
compared with controls (83.8% vs. 66.9%, P ¼ 0.009). Furthermore,
the patients with the copy number gains of EP300 demonstrated a
trend toward a higher proportion of stage III/IV (36.8% vs. 24.4%)with
borderline significance (P ¼ 0.068). These results indicated that acral
melanoma with copy number gains of EP300 pathway tended to be
more aggressive.

Generally, the genewith a higher copy number could be expressed at
a higher level. Indeed, we found a positive correlation between EP300
copy number and p300 expression level in the RNA-seq data of 37 acral
melanomas in the discovery cohort (Spearman correlation test,
r ¼ 0.33, P ¼ 0.046; Fig. 4A), which was also confirmed by results
from Cancer Cell Line Encyclopedia (CCLE) database (Spearman
correlation test, r ¼ 0.50, P < 0.0001; Fig. 4B). Moreover, the
expression level of MITF was also significantly correlated with the
copy number of EP300 (data from CCLE database, Spearman corre-
lation test, r ¼ 0.48, P < 0.0001; Fig. 4C). We observed that A485 (a
p300-specific inhibitor) inhibited the acetylation of histone H3K18
and H3K27 and the expression ofMITF in a dose-dependent manner
in melanoma cell lines MM34, XYAM-4, SKMEL-1, and A2058 (the
former two are acral melanoma cell lines; Fig. 4D; ref. 44). However,
A485 treatment could only block cell cycle progression of the cell lines
with EP300 gain (MM34 and SKMEL-1) instead of those without
EP300-MITF axis gain (A2058 and XYAM-4; Fig. 4E; Supplementary

Fig. S11), which indicates that the suppressive effect of A485 on the
melanoma is associated with EP300-MITF axis aberrations. To assess
the efficacy of A485 in suppressing melanoma and further confirm the
correlation, we tested the IC50 value of A485 in melanoma cell lines
with various EP300 pathway variations. We noted that cell lines
containing EP300 gain or MITF gain or gain of both genes were
significantly more sensitive to A485 than those without EP300/MITF
gains (Fig. 4F–H). Also, copy numbers of both EP300 andMITF were
markedly higher in cell lines sensitive toA485 (IC50 value< 10mmol/L)
than those not sensitive (IC50 value > 10 mmol/L; Supplementary
Fig. S12). Therefore, the copy number gain of EP300 pathway could be
a biomarker of the sensitivity to p300 inhibitor in acral melanoma.
Intriguingly, despite that MITF downregulation reportedly switches
tumor cells to a more aggressive phenotype (45), Western blotting
assays (Fig. 4D) combined with Transwell assays (Supplementary
Fig. S13) showed that A485 did not alter the capacity of invasion or
migration of the four cell lines in the context of downregulation of
MITF expression.

EP300 gain reflects the responsiveness of acral melanoma to
anti–PD-1 treatment

We evaluated intratumoral immune cell compositions in acral
melanoma by xCell with the RNA-seq data of 37 acral melanoma
samples (30). It turned out that acral melanoma samples without
EP300 gains were infiltrated by more neutrophils (Mann–Whitney
U test, P¼ 0.049; Fig. 5A). The GSEA found that genes from several
pathways exhibited significantly different expression between
EP300-gain and normal samples, among which the enriched inflam-
matory response pathway indicated the negative correlation
between EP300 copy number gain and "smoldering" inflammatory
environment that may support the evolution of tumoral immune
escape in acral melanoma (q ¼ 0.0005; Fig. 5B). Further analysis

Table 1. Correlation of the copy number variation with the EP300-MITF axis to clinicopathologic features in 233 acral melanoma
samples.

EP300 aberration MITF aberration Overall aberrationClinicopathologic
features Gain Normal Pa Gain Normal Pa Gainb Normal Pa

Age (year)
Median (range) 61 (29–82) 58 (18–89) 0.146 53 (31–81) 60 (18–89) 0.235 61 (29–82) 59 (18–89) 0.377

Sex n (%)
Male 27 (47.4) 75 (42.6) 0.529 9 (52.9) 93 (43.1) 0.429 32 (45.7) 70 (42.9) 0.696
Female 30 (52.6) 101 (57.4) 8 (47.1) 123 (56.9) 38 (54.3) 93 (57.1)

Ulceration n (%)
Yes 45 (81.8) 117 (68.8) 0.062 15 (88.2) 147 (70.7) 0.121 57 (83.8) 105 (66.9) 0.009
No 10 (18.2) 53 (31.2) 2 (11.8) 61 (29.3) 11 (16.2) 52 (33.1)

Missing 2 6 0 8 2 6
Thickness (mm)

Median (range) 3.1 (0.75–12.0) 2.7 (0.2–46.0) 0.019 4.5 (1.50–46.0) 2.7 (0.2–20.0) 0.006 3.8 (0.75–46.0) 2.5 (0.20–20.0) 0.001
Stagesc, n (%)

I 7 (12.3) 39 (22.2) 0.135 0 (0) 46 (21.3) 0.061 7 (10.0) 39 (23.9) 0.032
II 29 (50.9) 94 (53.4) 13 (76.5) 110 (50.9) 39 (55.7) 84 (51.5)
III 16 (28.1) 28 (15.9) 4 (23.5) 40 (18.5) 19 (27.1) 25 (15.3)
IV 5 (8.8) 15 (8.5) 0 (0) 20 (9.3) 5 (7.1) 15 (9.2)

Advance stagesd, n (%) 21 (36.8) 43 (24.4) 0.068 4 (23.5) 60 (27.8) 0.706 24 (34.3) 40 (24.5) 0.127
Total, n (%) 57 (24.5) 176 (75.5) 17 (7.3) 216 (92.7) 70 (30.05) 163 (69.95)

aFor evaluation of age, the two independent sample t testswere used. For evaluation of sex, ulceration, and stages, thex2 testswere used. For evaluation of thickness,
Mann–Whitney U tests were used.
bSamples with copy number gains of either EP300 or MITF or both.
cClinical stages were assessed according to American Joint Committee on Cancer (AJCC) Cancer Staging Manual (seventh edition).
dIII and IV stages.
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showed that EP300-gain samples had decreased expression of
proinflammatory genes (IL8, IL1B, IL1RN, and PTGS2; Fig. 5C–
F). The expression levels of IL1B, IL1RN, and PTGS2 were nega-
tively correlated with the copy number of EP300 according to CCLE
database (Fig. 5G–I). Moreover, the results of quantitative real-time
PCR demonstrated that the interference of EP300 by siRNA pro-
moted the expression of IL8 (Fig. 5J).

Previous studies have reported that a neutrophil-dominated
immune microenvironment hinders the therapeutic efficiency of
immune checkpoint blockade (ICB) treatment in tumors (46–49).
And it is reported that high systemic and tumor-associated IL8
correlates with the reduced clinical benefit of PD-L1 blockade (50).
Hence, we speculated that acral melanoma with downregulated IL8
could be more sensitive to anti–PD-1 treatment. Immunophenoscore

Figure 4.

MelanomacellswithEP300orMITF copy number gains are sensitive to p300 inhibitor A485.A, The correlation betweengene copy number and themRNAexpression
of EP300 in our WES samples, n¼ 60 (Spearman correlation test). B and C, The correlation between EP300 copy number and the mRNA expression of EP300 and
MITF by data fromCCLE (Spearman correlation test).D, The effect of A485 on the expression of TGFB1, AXL,WNT5A, MITF, total H3 and acetylated H3K9, H3K18, and
H3K27 inMM34 (acralmelanoma cell linewithEP300gain), XYAM-4 (acralmelanomacell linewithoutEP300gain), SKMEL-1 (nonacralmelanomacell linewithEP300
gain), and A2058 (nonacral melanoma cell line without EP300 gain). E, The effect of A485 on the cell cycle of melanoma cell lines was examined by flow cytometry.
F, The comparisons of cell viability after 5 mmol/L A485 treatment between cell lines with MITF/EP300 gains and those without. G and H, Viable cell titer was
determined in differentmelanoma cell lines under the treatment ofA485 in concentration gradient. The IC50 values and the state of EP300 orMITF gene copy number
variation for these cell lines are shown. � P < 0.05, �� P < 0.01, ��� P < 0.001. NS, not significant.
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(IPS) is amachine learning-based scoring scheme, which could predict
patients’ responses to ICB in silico (51). We used two subtypes of IPS
values (IPS-PD-1/PD-L1/PD-L2_pos and IPS-CTLA-4_pos) as the
surrogates of melanoma patients’ responses to anti–PD-1/PD-L1 and
anti–CTLA-4 treatment. In this predictive model, the relative prob-

abilities to respond to anti–PD-1/PD-L1 and anti–CTLA-4 treatment
were lower in the IL8-high group (Mann–Whitney U test, P ¼ 0.025
and P ¼ 0.03, respectively; Fig. 5K). The results indicate that patients
with EP300 copy number gains and downregulated IL8 expression in
acral melanoma might be responsive to ICB treatment.

Figure 5.

Correlation of EP300 copy-number aberrations with patterns of immune infiltration and response to ICB treatment. A, Histograms represent the proportion of
neutrophils (from xCell) for different EP300 copy number groups (Mann–Whitney U test). Error bars show the SEM. B, The difference of enriched pathways revealed
by GSEA analysis of RNA-seq data between EP300-gain and EP300-normal sample. C–F,Differential expression of IL8, IL1B, IL1RN, and PTGS2 between EP300-gain
and EP300-normal tumors. EP300-normal, n¼ 24; EP300-gain, n¼ 13. G–I, The correlation between EP300 copy number and the mRNA expression of IL1B, IL1RN,
and PTGS2 by data from CCLE (Pearson correlation test). J, The effect of EP300 interference by siRNA on the expression of IL8 in MM34 and A2058 cells. K, The
relative probabilities to respond to anti–PD-1/PD-L1 and anti–CTLA-4 treatment between EP300-gain and EP300-normal melanoma groups. NES, normalized
enrichment scale; q. val, q value; NS, not significant.
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Figure 6.

Characterization of the clonal architecture of driver mutations in acral melanoma. A, Aggregating single-sample ordering reveals preferential ordering diagrams of
driver mutations for acral melanoma. B and C, The point mutation (B) and the percentage of the genome affected by CNVs [gains of copy number (CN ≥ 3) and copy
number loss (CN ≤ 1; C) along acral melanoma progression (stratified by Breslow thickness). The data are represented as a boxplot, where the middle line is the
median, and the lower and upper edges of the box are the first and third quartiles (Mann–WhitneyU test).D, The copy-number landscape at each phase ofmelanoma
progression (stratified by Breslow thickness). Significantly different regions affecting copy-number aberrations are highlighted. E, From top to bottom: number of
clonal and subclonal mutations identified in 60 acral melanoma cases; sample subtypes; Breslow thickness. F, The correlation between number of subclonal and
Breslow thickness (Pearson correlation test). G, Clonality of candidate driver genes in 60 acral melanoma cases studied. Color spectrum: dark blue to light blue
corresponds to estimated CCF (Cancer Cell Fraction). Samp, sample.
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Temporal ordering of genetic changes in acral melanoma
development

Sequencing data from a single biopsy represent a snapshot collected
across the time axis of somatic evolution. Although timing estimates of
individual events reflect evolutionary periods that differ from one
sample to another, they partly define the order in which driver
mutations and copy number alterations have occurred in each sample.
Assembling those orderings of all the samples in our cohort by
PhylogicNDT helped to describe a probabilistic order of somatic
mutations acquisition (Fig. 6A). We found that highly enriched copy
number events occurred before the formation of the key coding
mutation. Specifically, losses in arms 10q, 10p, and 16p were among
the earliest events, followed by losses or gains in many chromosomes.
Mutations in KIT, BRAF, and NRAS tended to occur at intermediate
time points, whereas other rare driver mutations were discerned as
later events.

Sequentially, we stratified the tumors by Breslow thickness that
reflects the progression of acralmelanoma and found that the SNV and
the percentage of the genome affected by CNVs [gains of copy number
(CN ≥ 3) and copy number loss (CN ≤ 1)] escalated significantly with
the acral melanoma progression (Fig. 6B and C). It is noteworthy that
copy-number aberrations preferentially affected certain chromosomal
regions in a stereotypic sequential order. Specifically, copy number
aberration frequencies in 8q24.22 and 7p11.2 were significantly higher
in samples with higher Breslow thickness (q < 0.1; Fig. 6D). Further-
more, a median of 108 subclonal SNV mutations (only missense
mutations) were identified in each tumor (range: 32–266). The pro-
portion of subclonal SNV mutations was significantly higher in acral
melanoma samples with deeper Breslow thickness (Spearman corre-
lation test, r ¼ 0.34, P ¼ 0.01; Fig. 6E and F), suggesting that in these
tumors the SNV subclonal populations were more genetically
heterogeneous.

The clonal status of 56 driver SNVs (only missense mutations) was
identified by ABSOLUTE in 45 out of 60 acral melanoma specimens in
the discovery cohort (Fig. 6G; Supplementary Fig. S14). Twenty-nine
out of 45 patients were carriers of clonal mutations (2 of 29 with
additional subclones) and the remaining 16 harbored isolated
subclonal point mutations. A driver mutation in KIT was clonal in
all the tumors (n ¼ 9) garnering this alteration, implicating KIT
mutation as an early and critical SNV event in the evolutionary history
of acral melanoma. In addition, a group of mutated genes like BRAF,
NRAS, and NF1 was identified to comprise both clonal and subclonal
mutations, respectively.

Discussion
The current study presented genomic mutational features of acral

melanoma and delineated their correlation to clinicopathology. In the
jigsaw puzzle of the fitting-together global studies on genomic path-
ogenesis of acralmelanoma, the current studymight contribute to some
pieces of the “Asian acral melanoma” that otherwise would be lacking.
The dominance of primary lesion samples in our patient cohort could
substantially reduce the confounding biases that arise from the driver
mutations acquired in metastasis and confine the present genomic
aberrance to early mutations in acral melanoma evolvement.

The UV-related signatures were not found to be consistently
curated or contribute much in the mutational signature analysis using
various algorithms based on our cohort. The well-established char-
acteristics of highly frequent C > T or CC > TT mutations at the
dipyrimidine sites were not observed in our samples due to the lower
proportions than the recognized threshold, either.HenceUV radiation

might not be the cardinal reason for the formation of driver mutations
inAsian patientswith acralmelanoma, in contrast with the definiteUV
footprints in the genome of acral melanoma arising from European
cohorts. We surmise the explanation might be that Asians relatively
lack sun-seeking behavior and that the skin color of the Asians (mainly
Fitzpatrick type III and IV) is more UV-protective compared with
Europeans.

Of note, HRD-related mutational signature was observed in acral
melanoma samples. Furthermore, mutations in a series of genes (e.g.,
BRCA2, FANCA) detected in our cohort were probably responsible for
genomic HRD borne in corresponding acral melanoma specimens. In
addition, HRD-sum value was relatively higher with marginal signif-
icance in samples identified to harbor Signature 3 by both decon-
structSigs and SigMA when compared with those that do not have.
Moreover, the HRD-sum values of the acral melanoma cohort were so
high that they approximated to that of BRCA1-mutated TNBC.
Therefore, we speculated that the observed footprint of DNA repair
deficiency in our samples might result from the separate or synergistic
work ofmutations or aberrant epigeneticmodification of related genes,
and baseline endogenous DNA damage overwhelming the originally
proficient DNA restorative capacity.

Reliable quantification ofHRD inhuman tumor biopsies is expected
to identify patients that are particularly sensitive to platinum or PARP
inhibitor–based therapy. A prior randomized phase II trial concluded
that the PARP inhibitor, veliparib, could not significantly prolong the
OS of patients withmetastatic melanoma (52). However, pretreatment
verifications of BRCA mutations or HRD were not performed in the
trial to screen out potentially sensitive patients, and patients with acral
melanoma were not included in the trial. Therefore, the feasibility of
using HRD quantification to evaluate the potential of PARP inhibitors
in acral melanoma treatment needs further verification.

Our findings may facilitate the selection of therapeutic targets
among the enriched CNVs of candidate driver genes in acral mela-
noma. The EP300-MITF axis was gained at a high rate of 30% in
patients with acral melanoma patients. Moreover, melanoma cell lines
with copy number gains of theEP300-MITF axis weremore sensitive to
A485, a p300-targeted inhibitor. As stable genomic lesions, CNVswere
superior to mRNA expression levels in predicting the sensitivity to
gene-targeted drugs. Therefore, CNVs of the EP300-MITF axis could
be targeted and utilized to optimize the screening of patients who may
be potentially responsive to p300 inhibitors. Notably, we found that
EP300 copy number gains had inherent relation with both decreased
expression of IL8 and enhanced neutrophil infiltration as well as levels
of inflammatory cytokines. Accordingly, the inclusion of abrogating
IL8 function in the treatment strategy for acral melanoma without
EP300 copy number gains might enhance the efficacy of immuno-
therapy to acral melanoma (53).

Intratumoral genetic heterogeneity of acral melanoma was another
concern of the current study. We inferred a stereotypical pattern of
gradually increased SNVs and CNVs along acral melanoma progres-
sion. Single patient trajectories can be aggregated together to build
preferential timingmodels and elucidate the average order of events in
a specific cancer type. In this way, our findings implicated that
sufficient chromosomal instability is acquired at the initial stages of
acralmelanoma, which is further supported by a prior study suggesting
that gene amplifications occur before the formation of the invasive
portion in acral melanoma (54). This is not the case with the known
rules of cutaneous melanoma clonal evolution that pathogenic SNVs
are often early events while CNVs occur later (54, 55). The findings
substantiate both the fundamentality of mechanisms that trigger the
genomic instability, especially the occurrence of CNVs, in acral
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melanoma oncogenesis and the feasibility of employing CNVs as an
early diagnostic marker of acral melanoma. Furthermore, the clonal
mutations affecting a specific gene suggest that these alterations are
possibly acquired at or prior to the most recent selective sweep before
sampling. Conversely, the subclonal mutations of driver genes imply
the late presence of the variants that probably occur after clonal
selection. In this study, KIT mutations were identified to be consis-
tently clonal, and thus might be a critical driver of acral melanoma.
Mutations in other common driver genes, such as BRAF and NRAS,
could be either clonal or subclonal. Accordingly, a targeted therapy
directed at subclonal driver mutations may wane the sensitive clones
but conceivably trigger a net growth of neighboring resistant sub-
clones (56). This suggests that the survey of clonal status in addition to
screening mutations in driver genes clinically might benefit patients
with acral melanoma.

Moreover, our studies, together with previous reports, illustrated
the heterogeneity in clinicopathologic phenotypes and the genome
among patients with acral melanoma with different primary sites. Wei
and colleagues analyzed data of 1,157 patients with acral melanoma
and found those with primary lesions in sole were at more advanced
stages upon initial diagnosis and had aworse prognosis comparedwith
the patients with primary lesions in palm or nail bed (57). In this study,
NAM significantly accumulated SNVs and CNVs of KIT, whereas
mutations of BRAF, NRAS, CDK4, EP300, and TERT preferentially
targeted NNAM, which indicates differential targeted treatment strat-
egies for the two subtypes of acral melanoma. Furthermore, NAM in
the foot harbored higher TMB compared with NNAM in the foot. The
genomic differences between different subtypes of acral melanoma
primary sites should be explored in a larger patient cohort to propose
strategies of more precise targeted therapy.

In aggregate, this WES study provides an overview of the genome
aberrations in acral melanoma lesions fromAsian patient populations.
Acral melanoma mutational signature indicates that DNA damage
repair deficiency like HRD might be implicated in acral melanoma
development and progression. The study also identifies EP300-MITF
axis affected by copy number gains to be clinically targetable. More-
over, the clarification of acral melanoma clonal structure necessitates

the exploitation of the clonal status of mutated driver genes in the
patients before setting on gene-targeted therapy.
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