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SOMATIC GENE VARIANTS IN UNRESECTABLE
CUTANEOUS MELANOMA CELLS AND DETECTION
OF PHARMACOGENOMIC MARKERS: INFLUENCE
ON STRATEGY OF EFFECTIVE CANCER TREATMENT

The study aimed to identify the clinically relevant gene variants in unresectable cutaneous melanoma samples from Ukrainian
patients using NGS technology and to investigate some pharmacogenomic markers useful for the development of cancer treat-
ment strategies. Materials and Methods. 30 samples of unresectable cutaneous melanomas of various localizations and differen-
tiation grades were analyzed. The Ion Torrent NGS technology of targeted gene sequencing (Custom AmpliSeq™ Cancer Hotspot
and Pharmacogenomic panels) was applied to identify the genetic alterations, which were classified using Franklin by Gennox
database and custom pharmacogenomic Ion Reporter Software pipeline. Results. A total of 148 different gene alterations were
identified in 40 genes (SNVs, MNVs, INDELs) by the Cancer Hotspot Panel, revealing the mutation patterns consistent with the
international data. However, notable discrepancies exist, such as a high KRAS mutation rate (29.3%), predominantly in stage III
tumors, suggesting their role in tumor aggressiveness and progression. We identified the frequent TP53 and BRAF mutations,
with BRAF V600E being the most common, and observed a higher prevalence of BRAF mutations in females. TP53 mutations
were prevalent (59.3%) and varied with age and sex, though their prognostic significance requires further validation. A second
key novel finding was the detection of FLT3 mutations in 22.2% of the samples, with a significantly higher prevalence in stage
IV disease, suggesting a potential role of FLT3 in melanoma progression and warranting further investigation as a prognostic
biomarker and a potential target for the existing FLT3 inhibitors. Ultimately, our pilot analysis of pharmacogenomic markers un-
derscored their potential clinical utility in choosing personalized treatment decisions. For instance, the identification of a patient
with the rs35599367 (G/A) risk allele for adverse drug reactions underscores the value of using pharmacogenetic data to make
a correct selection between approved therapies. Conclusions. Our study presents the first comprehensive analysis of somatic
mutations and pharmacogenomic markers in unresectable cutaneous melanoma tissue samples from Ukrainian patients. We
found that while common somatic variants generally align with global trends, the mutational landscape in this cohort presents
several unique features: a high KRAS mutation rate and its apparent stage-specific prevalence, and a high FLT3 mutation rate,
predominantly in stage IV tumors. Further validation on a larger number of samples, as well as more exhaustive analysis employ-
ing alternative methods, is necessary to substantiate these findings and to facilitate more effective melanoma treatment.
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Somatic Gene Variants in Unresectable Cutaneous Melanoma Cells and Detection of Pharmacogenomic Markers

Melanomas are aggressive malignant neoplasms
with high metastatic potential [1]. According to the
National Cancer Registry of Ukraine, in 2022, skin
melanoma was among the most prevalent oncologi-
cal pathologies detected in both men and women
aged 18—29 and 30—44 years [2]. The mortality rate
due to this pathology was approximately 28% of the
total number of cases detected during the specified
period. Approximately three-quarters of melanoma
patients received surgical treatment, while only a
quarter of patients received combined and compre-
hensive treatment [2]. Radiation therapy and che-
motherapy emerged as the predominant combined
modality. In recent years, there has been significant
progress in the field of oncology with the develop-
ment of novel treatment methods, including target-
ed therapy and immunotherapy. However, these
treatment modalities have limited efficacy due to the
adverse effects and drug resistance [3].

The molecular heterogeneity of melanoma is a
primary factor contributing to therapeutic ineffec-
tiveness. It is well established that melanomas ex-
hibit a broad spectrum of somatic mutations. The
most prevalent mutations have been identified in
genes such as BRAE NRAS, KIT, NF1, and TP53,
among others. This finding is corroborated by the
database evidence, particularly that from the COS-
MIC (https://cancer.sanger.ac.uk/cosmic/). Identify-
ing a specific spectrum of genetic alterations in me-
lanoma cells allows for the categorization of biolo-
gically distinct subtypes that respond differently to
treatment. The most well-known and common
BRAF mutations in melanoma (especially V600E)
are associated with sensitivity to BRAF/MEK inhib-
itors [4]. However, some patients with these muta-
tions do not respond to therapy or develop resis-
tance [5]. In such cases, pharmacogenomic markers,
defined as inherent genetic variations in patients,
may hold significant implications. These polymor-
phisms, which occur in genes associated with me-
tabolism, transporters, immune regulation, and
other processes, can influence the effectiveness of
targeted and immunotherapy treatments, as well as
the toxicity and tolerability of pharmaceuticals [6, 7].

Although identifying clinically significant genet-
ic features is standard practice for diagnosing and
predicting treatment efficacy in patients with can-
cer, particularly melanoma, pharmacogenetic fac-
tors are rarely considered in current treatment pro-
tocols [8]. The study aimed to identify clinically

ISSN 1812-9269. Experimental Oncology 47 (3). 2025

relevant gene variants in unresectable cutaneous
melanoma samples from Ukrainian patients using
NGS technology and to investigate some pharma-
cogenomic markers useful for the development of
cancer treatment strategies.

Materials and Methods

Patient samples. The present study examined a to-
tal of 30 Ukrainian melanoma patients, age range
from 28 to 76 years, males and females in approxi-
mately equal proportion (Table 1). The patients

Table 1. Clinical and pathological
characteristics of melanoma cases

Sample No. | Age | Gender B(lﬁlsrls;v (b; tSlgaerk)
1 50 F 2.5 111
2 29 F 1.5 111
3 62 F 1.3 111
4 62 | M 5.2 v
5 33 | M 1.1 v
6 4 | M 0.67 I
7 33 F 0.7 111
8 43 F 3 IV
9 32 | M 6 111

10 57 F 2.2 I11
11 66 F 0.3 I
12 42 F 6 111
14 43 M 0.7 I
16 49 M 3.75 v
17 63 F 0.9 11
20 36 | F L5 11
22 56 | F 2.7 v
24 64 | M 4.5 v
25 37 | F 1 11
26 76 | M 3 v
27 41 F 1.3 I
28 5 | M 0.6 11
30 50 | M 2.3 111
32 26 F 2.25 v
34 28| M 1.2 I
35 71 M 3.75 III
36 32 F 5 IV
41 49 | M 6 IV
44 37 | M 1 1T
46 38 F 43 v
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presented with unresectable cutaneous melanomas
of varying locations and differentiation grades, and
stages III to IV of the disease by Clark.

The Helsinki Declaration was followed in con-
ducting human sampling. The ethical approval was
obtained from the Ethics Commission of the Na-
tional Cancer Institute of Ukraine and the Ethics
Committee of the Institute of Molecular Biology and
Genetics of the National Academy of Sciences of
Ukraine (protocol number: 255/8, March 12, 2024).

Melanoma sample genotyping by targeted Ion
Torrent NGS. Library preparation and sequencing.
Genomic DNA (gDNA) from biopsy materials of can-
cer tissue samples was extracted using the GeneJET
FFPE DNA Purification Kit (Thermo Fisher Scien-
tific, Inc., USA). 15 ng of gDNA were used for library
preparation according to the manufacturer’s protocol.
DNA was amplified using Custom AmpliSeq™
Hotspot Panel Primer Pool and Custom AmpliSeq™
Pharmacogenomic Panel Primer Pools. PCR pools for
each sample were combined and subjected to primer
digestion with FuPa reagent (Thermo Fisher Scien-
tific, Inc., USA). The libraries were indexed using the
Ion Xpress Barcode Adapter Kit. The adapter-ligated
library (amplicons) was purified using MagMAX
Pure Bind beads (Thermo Fisher Scientific, Inc.,
USA). Quantification of the final libraries was per-
formed using an Ion Library TagMan™ Quantitation
Kit on the QuantStudio™ 5 Real-Time PCR System Kit
(Thermo Fisher Scientific, Inc., USA), following the
manufacturer’s protocols. The obtained libraries were
diluted to ~70 pM and then pooled together for fur-
ther processing. The clonal amplification of the bar-
coded DNA library on Ion Sphere Particles (ISP) was
performed on the Ion Chef System using the Ion 540
Kit-Chef, according to the manufacturer’s instructions
(Thermo Fisher Scientific, Inc., USA). The template-
positive ISPs were then loaded onto an Ion 540 Chip
for sequencing using an Ion GeneStudio S5 Plus Se-
quencer, following the manufacturer’s protocol (Ther-
mo Fisher Scientific, Inc., USA).

Ion torrent bioinformatics analysis, variants fil-
tering, assessment of pathogenicity (clinical sig-
nificance), pharmacogenomics markers, and cli-
nical treatment protocols. Primary sequence anal-
ysis was performed as described by us previously
[9]. The pathogenicity (clinical significance) of ge-
netic mutations was evaluated according to the AC-
MG-AMP and Oncogenic classifications [10—12].
Detection of pharmacogenomics markers was car-
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ried out using a custom-designed Ion Reporter
Software pipeline (Thermo Fisher Scientific, Inc.,
USA). The data processed through the Ion Report-
er pharmacogenomics pipeline were then classified
and filtered using the ClinPGx knowledgebase
(https://www.clinpgx.org/). The data were statisti-
cally processed using OpenEpi software and Fish-
er’s test, as well as odds ratio (OR) calculation.

The analysis of melanoma treatment strategies was
conducted taking into account the Ukrainian stan-
dards and approved treatment protocols by the State
Expert Center of the Ministry of Health of Ukraine
(GC 2023-1064, 09.06.2023, https://www.dec.gov.ua)
and methods approved by the FDA and EMA.

Results

Clinically relevant gene variants in melanoma sam-
ples determined by the Custom Ion AmpliSeq™
Hotspot panel. A Custom Ion AmpliSeq™ Hotspot
panel for the mutation screening of 51 cancer-related
genes was designed using Ion AmpliSeq™ Designer
(https://www.ampliseq.com). The design included
hotspot regions of 51 oncogenes and tumor suppres-
sor genes, all of which had been previously associ-
ated with cancer. Overall, it represented approxi-
mately 23 kb of the target DNA sequence and 224
amplicons in 1 pool of primers for multiplex PCR.
Using targeted sequencing with the Custom Am-
pliSeq™ Hotspot Panel and subsequent processing
using Franklin by Genoox of 30 melanoma samples
of Ukrainian patients, 177 genetic variant alterations
were classified by Franklin as Tier 1—3 variants in
27 cancer samples. The Franklin by Genoox plat-
form was used primarily for variant filtering, analy-
sis, and identification of variants for reporting. Ac-
cording to the AMP/ASCO/CAP Tier Classification
for Somatic Variants, the detected variants fell into
three tiers: Tier I (variants of strong clinical signifi-
cance) — the largest group, Tier II (variants of po-
tential clinical significance), and Tier III (variants of
unknown clinical significance) (Fig. 1).

A total of 148 different unique gene variants were
identified in 40 genes (Fig. 2). Two variants were clas-
sified as Tier 1: BRAF c.1799T>A (V600E), which was
detected in 7 samples, and NRAS ¢.164T>C, detected
in 1 sample (Fig. 1, a). The other 28 variants were clas-
sified as Tier 2 and 118 as Tier 3 (Fig. 1, a, b).

The largest number of mutations was found in the
TP53 gene — 18 different variants in 16 cases. 9, 7,
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Fig. 1. (a) Distribution of the number of identified Tier 1—2 altered genetic variants; (b) Tier 3 altered genetic variants

by genes

and 6 different variants were detected in the SMAD4,
PDGFRA, and ERBB4 genes, respectively. Five vari-
ants were detected in each of the ABLI, EGFR, FLT3,
PIK3CA, and SMARCBI genes. The other genes had
between 1 and 4 detected variants (Fig. 1 and 2).

The average number of detected variants per pa-
tient was 6.56. The maximum number of variants
identified in a single sample was 7. These detected
Tier1-Tier3 genetic alterations belonged to single-
nucleotide variants (SN'Vs) or insertions and dele-
tions (INDELS).

Three tumor-associated genes (BRAE, KRAS,
and PIK3CA) showed the presence of clinically as-
sociated mutations in several melanoma samples at
a specific gene location (Fig. 1, a). Gene variants of
gene BRAF c.1799T>A and KRAS c.183A>C were
detected in 7 and 5 melanoma samples, respective-
ly. The following 3 mutation variants, KRAS
¢.35G>A, PIK3CA c.1201C>T, and ¢.1633G>A,
were detected twice each.

ISSN 1812-9269. Experimental Oncology 47 (3). 2025

The most clinically significant mutations in Tier
1—2 groups were found in 22 melanoma samples.
39 cases of Tier 1—2 gene variants were detected.
They were represented by 30 gene variants in 14
genes (Fig. 1, a). Among them, there were 10 Patho-
genic and 11 Likely pathogenic mutations according
to the ACMG classification. Oncogenic classification
showed the presence of 3 most oncogenic mutations,
PTEN c.49C>T, PTEN c.955_958del, and ATM
c.9139C>T, with the highest Oncogenicity scores of
15, 13, and 10, respectively. In the ClinVar database,
6 of the identified mutations are listed as oncogenic,
namely BRAF ¢.1799T>A, IDH1 ¢.395G>A, KRAS
c.183A>C, KRAS ¢.35G>A, PIK3CA c.1633G>A,
and PTEN ¢.955_958del.

Comparison of clinicopathological characteris-
tics of nonresectable cutaneous melanoma patients
based on the presence of mutations in the altered
genes. Given the variants of the BRAF gene identi-
fied in 10 unresectable cutaneous melanoma pa-
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Fig. 2. Oncoplot based on targeted hotspot region sequencing showing the altered genes

(rows) for 27 unresectable cutaneous melanomas (columns)

tients (a frequency of 37%), we were able to analyze
their association with the clinicopathological fea-
tures. A comparative analysis revealed that somatic
mutations in the BRAF gene are statistically signifi-
cantly more prevalent in unresectable cutaneous
melanoma samples from women than from men
(p = 0.034). In the present study, BRAF mutations
were detected in the samples from 8 out of 14 fe-
males and 2 out of 13 males (Fig. 2). It is noteworthy
that there was no statistically reliable difference (p =
=0.052) in the prevalence of BRAF V600E mutation
itself in the samples of females (6) and males (1).

In the presence of TP53 variants, no statistically
significant differences were observed between the
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genders (Fig. 2). However, it is noteworthy that the
carriers of two or more TP53 variants in unresec-
table cutaneous melanoma tissue were significant-
ly (p = 0.043) more common among females (7 cas-
es) than males (1 case). Furthermore, we found that
somatic variants in the TP53 gene are significantly
(p = 0.049) more prevalent in the melanomas from
patients under the age of 50 compared to the sam-
ples from older patients (Fig. 2).

We also found a significant association between
the presence of the somatic variants in the KRAS
(p=0.039) and FLT3 (p = 0.016) genes and the dis-
ease stage by Clark. A comparative analysis re-
vealed that somatic mutations in the FLT3 gene

ISSN 1812-9269. Experimental Oncology 47 (3). 2025
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Fig. 3. A brief outline of the melanoma treatment protocol in Ukraine

were statistically significantly more prevalent in the
stage IV melanoma samples compared to the stage
IIT samples. All variants identified in this study
within the KRAS gene were detected in 8 samples
of stage III tumors, whereas the KRAS variants
were not detected in any stage IV case (Fig. 2).
The most clinically relevant variants for melanoma
are BRAF gene mutations, especially at the position
600 — BRAF V600E (c.1799T>A). It is a Tier 1 and
Likely Oncogenic mutation. When this mutation is
present in melanoma cells, the FDA approves certain
targeted drugs for treatment. Another mutation be-
longing to Tier 1 was found in the studied tumor sam-
ples: this is NRAS ¢.164T>C. There are no FDA-ap-
proved melanoma drugs for this mutation, but there
are C- and D-level drugs being investigated for NRAS
gene alterations in melanomas and FDA-approved
drugs for other cancer types. In addition, some genes,
including BRAFE, NRAS, ATM, CDKN2A, KIT, KRAS,
and PTEN, have therapeutic significance for melano-
ma with the A-D approval levels. Only four of the
identified gene variants have FDA-approved drugs for
other types of cancer and are of therapeutic signifi-
cance, namely BRAF c.1799T>A, IDH1 c.395G>A,
KRAS c.183A>C, and PIK3CA c.1633G>A.
Clinically approved Ukrainian protocol of mela-
noma treatment and types of treatment according
to pathohistological characteristics and genetic fea-
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tures of melanoma samples. In Ukraine, the proto-
col for the treatment of melanoma approved by the
Ministry of Health of Ukraine on June 9, 2023, num-
ber GS 2023-1064 is currently valid. A brief outline
of the protocol is presented in Fig. 3.

This study examined samples of stage IIl and IV
melanomas considered unresectable. Table 2 pres-
ents the selection of 1—3 lines of therapy according
to the adopted Ukrainian protocol, clinicopatho-
logical characteristics of the samples, and their ge-
netic features, in particular BRAF status. As seen,
the samples belong to 3 treatment groups: stage I1I
and IV wild-type BRAF, stage III mutated BRAF,
and stage IV mutated BRAF. In the stage Il and IV
groups with mutated BRAF, there is a choice de-
pending on the safety of first-line therapy. Accord-
ing to the protocol approved in Ukraine, PD-1
blockers are the standard first-line therapy, regard-
less of the BRAF or NRAS status. However, there
are cases when immunotherapy in the first line is
not safe and requires the appointment of targeted
therapy: high levels of lactate dehydrogenase, high
tumor burden, and aggressive course of the disease,
which will leave insufficient time for the develop-
ment of an effective antitumor immune response.

For tumors with wild-type BRAF stage 3 and 4,
second-line therapy is chemotherapy with some
drug options or their combination: Dacarbazine, Te-
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Table 2. Treatment types according to pathohistological characteristics and genetic features of melanoma samples

BRAF status
(WT/Mut)

Stage First-line therapy

Second-line therapy

Third-line therapy Sample number

Pembrolizumab

Paclitaxel

Safe IT: Pembrolizumab /
or TT: Dabrafenib and

Trametinib brolizumab

Dacarbazine, Temozolo-
mide, Carboplatin and

After IT: Dabrafenib and
Trametinib/ After TT: Pem-

Safe IT: Pembrolizumab / | After I'T: Dabrafenib and After TT: ReIT or 22,36, 46
or Dabrafenib and Tra- | Trametinib or Vemurafenib | ChT/ After IT: Re TT

metinib or Vemurafenib |and Cobimetinib / After TT: | or ChT

and Cobimetinib Pembrolizumab

3,6,7,9,11, 20, 25, 27,
28, 30, 34, 44

4,5, 16, 26, 32,41
After TT: ReIT or 1,2,10,12,14,17,35
ChT/ After IT:Re TT

or ChT

Notes: IT— immunotherapy (Pembrolizumab); TT — target therapy (Dabrafenib and Trametinib or Vemurafenib and
Cobimetinib); ChT— chemotherapy (Dacarbazine, Temozolomide, Carboplatin, and Paclitaxel).

mozolomide, Carboplatin, and Paclitaxel, while for
the tumors with mutated BRAF, second-line therapy
depends on the choice for first-line therapy (immu-
notherapy or targeted therapy). Therefore, after im-
munotherapy; it is necessary to choose targeted ther-
apy, that is, Dabrafenib and Trametinib or Vemu-
rafenib and Cobimetinib. It depends on the stage of
melanoma. If targeted therapy was chosen for first-
line therapy, then the second-line therapy protocol
recommends choosing immunotherapy (Pembroli-
zumab). Third-line therapy is intended only for tu-
mors of stage 3—4 with mutated BRAF or NRAS.
Pharmacogenomic markers in patients with me-
lanoma, determined by Custom AmpliSeq™ Phar-
macogenomic panel. A Custom AmpliSeq™ Pharma-
cogenomic panel for the screening of 204 ClinPGx
Level 1-2 of evidence cancer drug-related markers
in 121 genes was designed using the Ion AmpliSeq™
Designer (https://www.ampliseq.com). The design
included loci of 204 Level 1—2 of evidence pharma-
cogenomic markers, which have been previously as-
sociated with 30 most commonly used cancer drugs
(https://www.clinpgx.org/page/clinAnnLevels).
Opverall, it represented approximately 39 kb of the
target DNA sequence and 208 amplicons divided
into 2 pools of primers for the multiplex PCR.
Level 1A summary annotations describe variant-
drug combinations that have variant-specific pre-
scribing guidance; Level 1B describes variant-drug
combinations that have a high level of evidence sup-
porting the association but no variant-specific pre-
scribing guidance; Levels 2A and B describe variant-
drug combinations with a moderate level of evidence
supporting the association; Level 3 describes vari-
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ant-drug combinations with a low level of evidence
supporting the association, and Level 4 does not
support an association between the variant and the
drug phenotype [13]. ClinPGx annotates peer-re-
viewed published literature that reports associations
between genetic variants and drug response. The as-
sociations between a variant and a drug phenotype
from a single publication are recorded as Variant
Annotations (VA) with no level of evidence.

As shown in Table 2, the Ukrainian protocol for
unresectable melanoma treatment involves the use
of 9 different drugs in various cases. However, it
should be noted that the pharmacogenetic markers
at the evidence Level 1 or Level 2 for these drugs
have not yet been described. For the drugs Pembro-
lizumab, Dabrafenib, Trametinib, and Cobimetinib,
the Level 3 and Level 4 markers are also missing.
However, our panel included and let us analyze in
this study Level 3 markers and ClinPGx Variant
Annotations for Dacarbazine, Temozolomide, Car-
boplatin, Paclitaxel, and Vemurafenib.

Our panel includes only one marker CYP1A2*3,
which is associated with Dacarbazine [14]. Fur-
thermore, we did not identify CYP1A2*3, associ-
ated with decreased clearance of Dacarbazine in
any of the studied samples. In addition, in this
study, we were able to genotype samples for both
markers, rs1045642 and rs35599367, associated
with toxic side effects of the targeted therapy drug
Vemurafenib [15]. As shown in Table 3, 1 of 3 pa-
tients who could have been prescribed therapy with
Vemurafenib in combination with Cobimetinib
turned out to be a carrier of rs35599367 (G/A), as-
sociated with increased risk for grade >3 nausea,

ISSN 1812-9269. Experimental Oncology 47 (3). 2025
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grade 1-4 hyperbilirubinemia, and cutaneous
squamous cell carcinoma.

Furthermore, the present study enabled the ge-
notyping of 17 patients with stage IIT and IV wild-
type BRAF tumors who could have been prescribed
chemotherapy with some drug options or their
combination: Dacarbazine, Temozolomide, Carbo-
platin, and Paclitaxel (Table 4).

As shown in Table 4, we were able to genotype
samples for 5 ClinPGx Variant Annotations mark-
ers and 28 evidence Level 3 pharmacogenetic
markers associated with Paclitaxel, 7 ClinPGx Vari-
ant Annotations markers and 16 Level 3 markers
associated with Carboplatin, as well as 1 ClinPGx
Variant Annotations marker and 2 Level 3 markers
associated with Temozolomide.

Discussion

To our knowledge, this is the first report describing
the distribution of somatic mutations in unresect-
able melanomas of Ukrainian patients and inter-
preting them using the current international clas-
sification systems, as well as the first attempt to an-
alyze the pharmacogenomic markers associated
with the drugs that are approved by the Ukrainian
protocol of melanoma treatment.

A thorough review of the scientific literature al-
lowed us to conclude that our data on the most
common somatic variants are generally consistent
with those reported in other studies [16—19]. Not-
withstanding, some discrepancies were observed.
For instance, the detection of somatic KRAS muta-
tions in 29.3% of unresectable cutaneous melano-
ma samples in our cohort is a striking finding, es-
pecially when contextualized with the existing lit-
erature. Previous studies have consistently reported
the KRAS mutation rates in cutaneous melanoma
to be low, typically around 5% [17, 18]. Higher
KRAS mutation rates have been observed in muco-
sal and female genital tract melanomas (up to 32%),
but not in the cutaneous subtypes [20—22]. The

elevated frequency in the studied unresectable cas-
es may reflect the selection for more aggressive or
therapy-resistant tumor clones, since the KRAS
mutations are associated with poor prognosis and
resistance to targeted therapies in melanoma and
other cancers [23, 24]. The most common KRAS
mutation detected was c.183A>C (Q61H) in 5 sam-
ples, followed by ¢.35G>A (G12D) in 2 samples,
and ¢.170A>G (D57G) in 1 sample. The predomi-
nance of Q61H in our cohort aligns with the find-
ings that this allele is more frequent in melanoma
compared to other cancers, where codon 12 muta-
tions (like G12D) are more common [21]. D57G is
less common but has been reported as an activating
mutation [21].

Strikingly, the KRAS mutations were present in 8
of 18 stage III samples but absent in all 9 stage IV
samples, suggesting a stage-specific pattern of KRAS
involvement in melanoma progression. While RAS
mutations (including NRAS and KRAS) have been
associated with tumor progression and thicker, more
advanced primary melanomas [24], our data suggest
that the KRAS-mutant clones may be selected against
or outcompeted as melanoma progresses to distant
metastasis. This is consistent with findings that
KRAS mutations are often mutually exclusive with
other driver mutations and may define a distinct bi-
ological subset [25]. Additionally, studies of brain
metastases have shown that the KRAS mutations are
clonal and concordant with the extracranial disease,
but their frequency remains low in widespread met-
astatic settings [26]. Alternatively, the microenviron-
mental or therapeutic pressures in stage IV disease
may favor other oncogenic pathways.

As shown by our findings, 18 variants of the TP53
gene were identified in the tumor tissue from 59.3%
of patients, making it the most frequently mutated
gene. However, as expected, the most common sin-
gle nucleotide variant in melanoma samples in our
cohort is V60OE (c.1799T>A) in the BRAF gene,
which was found in 7 cases (25.9%). The somatic

Table 3. Genotyping results for patients with stage IV BRAF-mutated tumors

Genotype by ABCB1 Genotype by CYP3A4
Sample number Age Gender Breslow 151045642 £$35599367
22 56 F 2.7 A/G G/A
36 32 F 5 G/G G/G
46 38 F 4.3 A/G G/G
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TP53 mutations are among the most common ge-
netic alterations in cutaneous melanoma, though
their reported frequency varies (typically 20%-30%,
but higher in some cohorts) [16—19]. Our finding
of the higher TP53 variant prevalence in patients un-
der 50 aligns with the evidence that the mutation
rates and selection pressures can differ by age and
tumor stage [26, 27]. However, most large-scale
studies did not consistently report strong age-speci-
fic differences, suggesting they may be cohort-de-
pendent or influenced by environmental/genetic fac-
tors. The observed higher frequency of the multiple
TP53 variants in females is consistent with some
studies that note sex-based differences in gene ex-
pression and mutation patterns, but robust, consis-
tent sex-specific associations for TP53 in melanoma
remain limited and require further validation [28,
29]. The TP53 somatic mutations are frequent in
melanoma, but their prognostic and predictive value
is complex and context-dependent, with the stron-
gest evidence for a negative impact on anti-CTLA-4
therapy outcomes [30]. Further research is needed
to clarify their role in melanoma management.

Our data also indicate a significantly higher
prevalence of the BRAF mutations in unresectable
cutaneous melanoma samples from females com-
pared to males (57% vs. 15%, p = 0.034). This aligns
with some large-scale studies showing that the
BRAF V600E mutation is more frequent in women,
while the V600K mutation is more common in
men [31]. However, other studies have not found
significant sex-based differences in overall BRAF
mutation rates [32].

In the design of the Cancer Hotspot panel, our
objective was to incorporate as many known sig-
nificant therapeutic, diagnostic, and prognostic
markers as possible for the maximum number of
solid and hematological tumor types. For these
reasons, 6 variants of the FLT3 gene were identi-
fied in the tumor tissue from 7 patients (22.2%),
making it the fourth most frequently mutated gene
in our study. FLT3 mutations are well-character-
ized in hematological cancers, especially acute my-
eloid leukemia (AML) but not in melanoma. To
our knowledge, only one study directly addresses
FLT3 mutations in the context of a solid tumor,
specifically glioma, where the FLT3 mutations
were associated with significantly poorer overall
survival, suggesting their potential pathogenic role
in this tumor type [33].
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The findings of this study indicate that the somat-
ic FLT3 mutations are significantly more prevalent
in stage IV compared to stage III cutaneous melano-
mas. The increased prevalence of FLT3 mutations in
stage IV melanomas suggests that these mutations
may be associated with disease progression or meta-
static potential. It is possible that the FLT3 mutations
act as «passenger» mutations in early stages but ac-
quire functional significance in the metastatic con-
text, or that they represent a subset of patients with
distinct biological features. This is consistent with
the broader concept that certain genetic alterations
accumulate as tumors advance, potentially confer-
ring selective advantages such as an increased inva-
siveness or resistance to therapy [34]. Notably, lower
FLT3 expression was associated with more advanced
pathological stages and higher T grade, and higher
FLT3 expression correlated with better prognosis
[35, 36]. This suggests a complex role for FLT3 in
melanoma biology, potentially involving both gene
expression and mutational status.

This finding is novel and suggests that, while be-
ing rare, the FLT3 mutations may have clinical rel-
evance in certain solid tumors. Additional studies
are needed to clarify whether the FLT3 mutations
are true drivers of metastasis or simply correlate
with advanced disease, and to determine their im-
pact on patient outcomes. If the FLT3 mutations are
indeed more common in advanced melanoma, they
could serve as biomarkers for disease progression
or poor prognosis. Given the success of the FLT3
inhibitors in hematologic malignancies, there may
be a rationale to explore targeted therapies in FLT3-
mutant metastatic melanoma, pending the func-
tional validation.

Pharmacogenetics is increasingly recognized as a
multifactorial polygenic trait. The polygenic risk
scores offer a promising approach to predict drug
response, but their clinical utility is currently limited
by methodological and population challenges. In the
next stage of the study, an attempt was made to eva-
luate the possibility of using the pharmacogenetic
markers as part of a personalized melanoma treat-
ment strategy and as a supplement to the analysis of
therapeutic markers such as BRAF V600E.

According to the pathohistological characteristics,
identified by Cancer Hotspot panel genetic features of
melanoma samples and treatment protocol in
Ukraine, the samples belong to 3 treatment groups:
stage IIT and IV wild-type BRAF, stage III mutated

ISSN 1812-9269. Experimental Oncology 47 (3). 2025
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BRAE, and stage IV mutated BRAF. The analysis of
pharmacogenetic markers was possible for 5 of 9
drugs that constituted first-line and second-line treat-
ment for these three groups (Table 2). We did not
identify CYP1A2*3, which is associated with de-
creased clearance of Dacarbazine in any of the sam-
ples we studied [13]. Therefore, in this study, no con-
clusions can be drawn regarding therapy with Dacar-
bazine. But 1 of 3 patients who could have been
prescribed therapy with Vemurafenib in combination
with Cobimetinib turned out to be a carrier of
rs35599367 (G/A) associated with increased risk for
grade >3 nausea, grade 1—4 hyperbilirubinemia, and
cutaneous squamous cell carcinoma (Table 3) [14].
The treatment protocol in Ukraine entails the admin-
istration of combinations of Dabrafenib and Tra-
metinib or Vemurafenib and Cobimetinib for the
treatment of stage IV mutated BRAF melanoma.
Medical professionals would be better equipped to se-
lect one of these two combinations if they were aware
of the rs35599367 risk allele.

For the treatment group stage III and IV wild-
type BRAE we analyzed 38 pharmacogenetic mark-
ers associated with Temozolomide, Carboplatin, and
Paclitaxel (Table 4). The group under discussion in-
cluded 17 patients who, according to the second-line
therapy protocol, could have been prescribed che-
motherapy, with some drug options or their combi-
nation. Limited data prevent us from using the poly-
genic risk score (PRS-PGx) methods. Therefore, we
calculated a primitive PGx-score to assess the gen-
eralized contribution of all 38 markers (Table 4) —
ratio of risk genotypes (“highlighted in red”) to pro-
tective genotypes (“highlighted in green”) identified
in the sample for each of 38 markers. The risk geno-
types are associated with reduced efficacy, and/or
increased toxicity, and/or impaired metabolism. The
protective genotypes are associated with increased
efficacy and/or reduced toxicity.

The most widely used Carboplatin and Paclitaxel
combination chemotherapy provides a moderate dis-
ease control in melanoma, but the response rates and
survival are low. As a combination, these drugs yield
objective response rates (ORR) of 13—20%, disease
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COMATHMYHI TEHHI BAPIAHTU B KJIITUHAX HEPE3EKTABEJIbHOT
MEJTAHOMM HIKIPU TA BMABJIEHHA PAPMAKOTEHOMHNMX MAPKEPIB:
BIIUIVB HA CTPATETTIO EOEKTVIBHOI'O IIKYBAHHA PAKY

Mertoto focipKeHHs Oy/I0 BUABUTY KTiHIYHO SHAYYIi FeHHI BapiaHTK B 3pasKax Hepe3eKTabeIbHOI MeTaHOMI IIKipH
YKpaiHChKIX MALIiEHTIB Ta JOCTIAUTY HU3KY apMaKOreHOMHIX MapKepiB 3a JooMoroo TexHooril NGS a1 pospo6xu
cTpareriit nikyBaHHA paKy. MaTepianu Ta MeTomu. Y gocrimkeHHi 6y10 BUKopucTaHo 30 3paskiB yKpalHCHKVX MAIli€HTIB
BikoM 28—76 poOKiB, fIKi Ma/u HepeseKTa6eany MeJIAaHOMY LIKipy pisHOI nokasisanii Ta crynens pudepenuianii. s
BUSIBJICHHS TeHETMYHNX 3MiH BUKOpucToByBanacs texHonorisa lon Torrent NGS TapreTHOro cekBeHyBaHHsA I'eHiB (IaHe
Custom AmpliSeq™ Cancer Hotspot i Pharmacogenomic), siki xmacudikysanucs 3a 6asoro ganux Franklin by Gennox
i BmacHnM papmMakoreHoMHUM Marimiaitiom y lon Reporter Software. Pesynbrarn. 3a sornomoroto maseri Cancer Hotspot
6yro BusiBIeHO 148 pisHux reneTnyHux 3miH y 40 renax (SNV, MNV, INDEL), mpuyomy BusiB/IeHI My TaLjiiiHi maTepHu Bif-
noBifam MbkHapogHUM AaHuM. OfHAK iCHYIOTb IIOMITHI PO36DKHOCTI, TaKi K BUCOKUIT piBeHb MyTauiit KRAS (29,3%),
AKi epeBaykHO 3ycTpivamuca B myximHax III cTapii, mo Bkasye Ha iXHIO pO/Ib B arpeCMBHOCTI Ta IPOrPECYBaHHI ITyX/IMH.
Mu BusaBumm yacti mytanii TP53 Ta BRAF, cepen sakux Harmommupeninoo € BRAF V600E, Ta crioctepiranyu BuIly mo-
mpenicTb MyTanit BRAF y >xinok. Mytaunii TP53 € nommpennmu (59,3%) i BapiloroTbcs 3a/IeKHO Bifj Biky Ta crarti, Xo4ya
iX MPOTHOCTIMYHe 3HAaYeHHs MOTpebye MOofaIbLIOl IepeBipku. [IpyruM BaXkK/IMBUM HOBYIM BiIKPUTTAM CTaJIO BUABJICHHS
myTaniit FLT3y 22,2% 3paskiB, i3 CTaTUCTUYHO JJOCTOBIpPHO BUILOIO NOIIMPEHICTIO Ha IV cTaii 3aXxBoproBaHHs, 1110 BKa-
3y€ Ha IOTeHIilHy ponb FLT3 y mporpecyBaHHi MeTAaHOMU Ta BYMAra€ MOJa/IbIIOTO HOCII/KEHHA K IIPOTHOCTIYHOTO
6iomMapkepa Ta MOTEHLITHOI MillleHi A1 icHylounX iHribiTopis FLT3. 3peruToo, Halll MiIOTHWIT aHa/Ii3 (papMaKOreHOMHIX
MapKepiB MiJIKPEC/TIOE IX MOTEHLiIHY KIiHIYHY KOPUCHICTD [/IA NPUITHATTA PillleHb WIOZIO0 II€PCOHATi30BAaHOIO JiKyBaH-
HA. Hanpukiaz, BusABIeHHA HaljieHTa 3 ajneneM rs35599367 (G/A) pusuky mo6iuHoi peakijii Ha iKY MiKpeCIoe LiH-
HICTb BUKOPUCTaHHS (apMaKOTeHETUYHMX JaHNX /I BUOOPY MK 3aTBepIKeHUMI MeTOJaMN JKyBaHH:. BUCHOBKIML.
Lle mocmimkeHHA € BIIeplile IPOBeeHIM KOMIUIEKCHIM aHa/Ii30M COMaTHYHMX MyTalill Ta JapMaKOreHOMHUX MapKepiB
y 3pasKax Hepe3eKTabelbHOI MeTaHOMM LIKipy y BUOOpL YKpalHChKIUX IaliieHTiB. Mu IoKasay, 1o IOopyY i3 3arajibHu-
MI BapiaHTaMV COMATMYHMX MYTALiil, 110 BiAOBifAOTh [106ANbHUM TPEHAAM, BUSB/IIOTHCS 7 YHIKaIbHI MyTariiitHi
IIaTepHN, 30KpeMa BIMCOKa YacToTa MyTaniit KRAS, acomiiioBaHa 3 IeBHMMU CTafIiAMY 3aXBOPIOBAHHS, Ta BICOKA JaCTOTa
myTauiit FLT3, nepeBakHO B pasi myximHHOro npouecy B cragil IV. [Toganpira Banifanis Ha 6inpiumx Brbipkax Ta Oibu
peTe/IbHIIT aHaI3 i3 3aCTOCYBAaHHIM Q/IBTEPHATUBHIX METOZIB HO3BO/IATH BCEOIIHO OOIPYHTYBATH OffepyKaHi [jaHi, 110
CIIpUATHME HiIBUIEHHIO epeKTUBHOCTI JIIKyBaHHS XBOPYX Ha METTAaHOMY.

Knrouosi cnoBa: NGS, xniniuna 3Ha4yLiicTh, BapiaHTH T'eHiB, MelaHOMa, (papMaKOIreHOMHI MapKepy, epeKTUBHE Ji-
KyBaHHA paKy.
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