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Abstract: Background: Despite advances in uveal melanoma (UM) diagnosis and treatment,
about 50% of patients develop distant metastases, thereby displaying poor overall survival.
Molecular profiling has identified several genetic alterations that can stratify patients
with UM into different risk categories. However, these genetic alterations are currently
dispersed over multiple studies and several methodologies, emphasizing the need for
a defined workflow that will allow standardized and reproducible molecular analyses.
Methods: Following the findings published by “The Cancer Genome Atlas-UM"” (TCGA-
UM) study, we developed an NGS-based gene panel (called the UMpanel) that classifies
mutation sets in four categories: initiating alterations (CYSLTR2, GNA11, GNAQ and
PLCB4), prognostic alterations (BAP1, EIF1AX, SF3B1 and SRSF2), emergent biomarkers
(CDKN2A, CENPE, FOXO1, HIF1A, RPL5 and TP53) and chromosomal abnormalities
(imbalances in chromosomes 1, 3 and 8). Results: Employing commercial gene panels,
reference mutated DNAs and Sanger sequencing, we performed a comparative analysis
and found that our methodological approach successfully predicted survival with great
specificity and sensitivity compared to the TCGA-UM cohort that was used as a validation
group. Conclusions: Our results demonstrate that a reproducible NGS-based workflow
translates into a reliable tool for the clinical stratification of patients with UM.
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1. Introduction

Uveal melanoma (UM) is the most common ocular cancer arising from the malignant
transformation of melanocytes localized in the uveal tract. Although UM is a rare tumor,
its high dissemination properties make it a deadly disease [1,2]. UM incidence varies
according to sex, race and country. Males have a 30% higher probability of developing
the disease compared to females. The incidence in Europe is higher in northern regions
(i.e., Denmark: 8/1,000,000) than in southern countries (i.e., Spain: 2/1,000,000), with a
lower number of cases in the African American and Asian populations (0.3/1,000,000) [2].

Aside from Tebentafusp-tebn, an FDA (Food and Drug Administration)-approved im-
munotherapeutic drug effective in HLA-A*02:01-positive patients [3-5], there are currently
no pharmacological treatments that can increase the survival rate of individuals diagnosed
with metastatic UM. Hence, the early identification of prognostic biomarkers may greatly
impact disease monitoring and management. Available genomic studies have reported
specific genetic alterations that cluster patients with UM into prognostically distinct cate-
gories [6,7]. Specifically, a study performed by The Cancer Genome Atlas (TCGA) project
on 80 patients with UM (TCGA-UM) showed that the mutation status of specific genes and
the imbalance of defined chromosomes are associated with overall survival rates. Indeed,
this report identified two groups of mutated genes: initiating genes (CYSLTR2, GNA11,
GNAQ and PLCB4) and genes with prognostic impact (BAP1, EIF1AX, SF3B1 and SRSF2).
In terms of chromosomal abnormalities, the monosomy of chromosome 3 was associated
with the highest metastatic potential, and its association with chromosome 8 alterations
further increased the reliability of its OS estimation power [8]. Alterations on chromosome
1 have also been investigated and may represent an additional prognostic biomarker [9,10].

Overall, these observations highlight the need for a detailed workflow that identi-
fies prognostic parameters that may improve the clinical management of patients with
UM. Here, we describe a custom DNA-based NGS panel that identifies genetic alter-
ations that allow the precise molecular characterization of patients with UM starting from
surgical enucleation.

2. Materials and Methods
2.1. Sample Collection

Formalin-fixed, paraffin-embedded (FFPE) tumor tissues were obtained from 44 Italian
patients with UM retrospectively recruited by the University of Naples “Federico 11”7,
selected according to the availability of archival and clinical data. Each tissue specimen,
derived from ocular enucleation, was used for DNA isolation and molecular profiling.

2.2. DNA Extraction and Quantification

For each specimen, 5-micron-thick slides were generated from FFPE samples, and
tumor content was determined with hematoxylin and eosin staining by a dedicated pathol-
ogist. All samples presented 85-95% tumor cellularity. Genomic DNA (gDNA) was isolated
using the automatic QIAsymphony platform employing a DNA mini kit according to the
manufacturer’s protocol (both from Qiagen, Hilden, Germania). Isolated gDNA was then
quantified using the Qubit 4.0 fluorometer with a dsDNA HS Assay kit (both from Ther-
moFisher, Waltham, MA, USA). The quality and purity of isolated gDNA was measured by
capillary electrophoresis using the Qiaxcell instrument with the DNA High-Sensitivity kit
(All from Qiagen).
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2.3. NGS Cancer Panel Design (UMpanel)

An NGS cancer panel, named the UMpanel, was generated using the Ion AmpliSeq
Designer tool (https://www.ampliseq.com/login/login.action, accessed on 21 July 2022)
(ThermoFisher) on chromosome coordinates based on the hg19 (GRCh37) reference genome.
The panel encompasses 418 amplicons in 2 primer pools recognizing 15 genes. BAPI,
CDKN2A, CENPE, FOXO1, HIF1A, RPL5, SRSF2 and TP53 are targeted for their entire
coding region (CDS), while for BRAF, CYSLTR2, EIF1AX, GNA11, GNAQ, PLCB4 and
SF3B1, we selected the more relevant exon alterations (Supplementary Table S1). In addi-
tion, 55 primer pairs were chosen for the analysis of specific single-nucleotide polymor-
phisms (SNPs) to detect imbalances in chromosomes 1, 3 and 8 as previously reported [9]
(Supplementary Tables S2 and S3).

2.4. NGS Library Preparation

Ten nanograms per primer pool of gDNA was used for multiplex PCR employing
the Ion Ampliseq Library kit 2.0 for both the UMpanel and the Ion AmpliSeq Cancer
HotSpot Panel v2 (CHPv2), followed by barcoding with the IonExpress adapter kit (all from
ThermoFisher). Each library was then quantified by qPCR with the Ion Library TagMan
Quantification kit (ThermoFisher) employing the ABI 7500 Real-Time PCR System (Applied
Biosystem, Waltham, MA, USA). We used the automatic Ion Chef platform for template
preparation with each chip employed for NGS library sequencing using the Ion GeneStudio
S5 plus System (all from ThermoFisher).

2.5. NGS Data Analysis

The Ion Torrent Suite v.5.12.3 was used to control the chip loading density, median
read length and percentage of both mapped reads and uniformity. Sequenced raw data
were aligned to the hgl9 (GRCh37) reference genome to obtain the relative BAM (Bi-
nary Alignment Map) file, which was exported to Ion Reporter Software v.5.18 for SNV
(Single-Nucleotide Variation), Ins/Del (Insertions/Deletions) and SNP (Single-Nucleotide
Polymorphism) annotation. For variant calling, we used a filter chain, applying a VAF
(variant allele frequency) cut-off of 10%, read depth > 100, Phred quality score > 40 and
p < 0.01 to eliminate false positives. All nucleotide variants were filtered according to the
interpretation reported in the ClinVar, Cancer Mutation Census and classified as Pathogenic,
VUS (Variant with Uncertain Significance), CIP (Conflicting Interpretation of Pathogenicity)
or novel, while all variants categorized as benign or common SNPs in ClinVar and in the
UCUS genome browser were excluded. Nucleotide variations causing synonymous vari-
ants in the protein sequence were also removed. Tile plots were generated using GraphPad
Prism v.8.0.

2.6. Performance Evaluation of the UMpanel

To evaluate the performance of our workflow, we compared the VAFs obtained with
the UMpanel with those observed using the commercially available CHPv2 or the OncoSpan
DNA reference (Horizon Discovery, Waterbeach, UK). Concordance was evaluated by
calculating sensitivity, specificity and Cohen’s k. For Cohen’s values, the agreement was
considered weak with a k < 0.4, moderate when k was between 0.4 and 0.8 and strong for «
values > 0.8. Moreover, we used PCR validation followed by Sanger sequencing for eight
common driver genes (BAP1, CYSLTR2, EIF1AX, GNA11, GNAQ, PLCB4, SF3B1 and SRSF2)
and for a newly identified BRAF mutation. For the detection of chromosome imbalances,
SNP analysis was validated employing the standard gDNA NA12878. This sample is a
pilot genome derived from the international HapMap (haplotype map) project focused
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on the analysis of variations in human DNA sequences. NA12878 is also certified by the
Coriell Institute as devoid of chromosomal aberrations.

2.7. Sanger Sequencing

HotSpot mutations for the BAP1, BRAF, CYSLTR2, EIFIAX (exons 1 and 2),
GNA11 (exons 4 and 5), GNAQ, PLCB4, SF3B1 and SRSF2 genes were analyzed by
the Sanger sequencing of PCR fragments obtained using the primers reported in
Supplementary Table S4. All amplicons were generated using the Platinum™ PCR Su-
perMix High Fidelity (ThermoFisher) according to the manufacturer’s instructions, with
annealing performed 5 °C below the melting temperature. PCR products were separated
on 1.8% agarose gels and then purified employing the QIAEX II Gel extraction kit (Qiagen).

2.8. Statistical Analysis and Overall Survival Estimation

To analyze data concordance, linear regression was applied using Prism Software v.8.0
(Irvine, CA, USA), which was also employed for the identification of outliers [11]. To
compare our findings with those of the TCGA analysis, we extracted patients” data from
the TCGA-UM cohort (sample: n = 80), focusing on the mutational status of BAPI and
on copy number alterations for chromosomes 1, 3 and 8, using the Xena UCSC platform
(https:/ /xenabrowser.net/datapages/, accessed on 2 November 2023). To estimate overall
survival (OS), we used survival data reported by Liu et al. [12] and employed a Kaplan-Meier
estimator generated using R software (v. 4.3.1), with the survfit function from the survival
library (v. 3.5-7) as well as the ggsurvplot function from the survminer library (v. 0.4.9).

3. Results

We employed the UMpanel to analyze a cohort of 44 patients with UM and compared
the results with those generated from the TCGA-UM dataset. Our population showed
an equal distribution between females (47.7%) and males (52.3%) with a median age of
62 years (range: 31-77). Tumor size ranged from 2 to 30 mm, and the predominant tumor
site was the choroid (97.7%). The clinical characteristics of our population are reported
in Table 1.

3.1. UMpanel Coverage Analysis

To detect mutations and chromosomal imbalances (on chromosomes 1, 3 and 8), we
used a total of 418 amplicons to sequence specific target regions (BRAF, CYSLTR2, EIF1AX,
GNA11, GNAQ, PLCB4 and SF3B1) the entire CDS (BAP1, CDKN2A, CENPE, FOXO1,
HIF1A, RPL5, SRSF2 and TP53) or single-nucleotide polymorphisms. Since coverage
describes the number of reads encompassing a known genomic region, we wanted to
establish the sequencing efficiency of our UMpanel in the entire patient cohort used in
this study (Figure 1). To this end, we initially calculated the mean coverage depth, finding
an average of 15.386 reads in the target regions. We identified only two outliers (95.5%
overlap) which showed an even higher number of reads, suggesting a lack of sequencing
gaps in the target regions (Figure 1A). We observed similar data when we plotted the total
number of reads and samples with a minimum total read number of 40,000 (n = 44) [9].
We detected a mean of 563,630 reads (n = 44), with only two outliers above average, again
suggesting the absence of gaps in our target regions (Figure 1B). Next, we evaluated the
constant ratio between the total number of reads and the mean coverage depth for each
sample. Dividing the total number of reads by the mean coverage depth, we observed a
constant relationship (Figure 1C) which, when plotted as a linear regression, showed a
Pearson’s r value of 0.9934 (Figure 1D). Finally, we analyzed “on-target” and “uniformity”
quality metrics and found values of 96.8% for on-target regions (in silico expected value of
97.8% obtained using the AmpliSeq Designer) and 97% for uniformity coverage.
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Table 1. Clinical characteristics of patients with uveal melanoma.

Characteristic Value
Overall population 44 (100%)
Gender

Male 23 (52.3%)
Female 21 (47.7%)
Agelyears 62 (median with range of 31-77)
Side 2 N.A.
Left eye 15 (35.7%)
Right eye 27 (64.3%)
Thickness

<10 (mm) 22 (50%)
>10 (mm) 22 (50%)
Diameter

<10 (mm) 10 (22.7%)
>10 (mm) 34 (77.3%)
Tumor type

Choroid 43 (97.7%)
Choroid and ciliary body 1(2.3%)
Extraocular extension

Yes 3 (6.8%)
No 41 (93.2%)

N.A.: not available.
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Figure 1. Sequencing efficiency of the UMpanel in a 44-patient cohort. (A-C) Boxplots showing the
mean coverage depth (A), total number of reads (B) and reads/coverage ratio for all 44 patients (C).
(D) Linear regression obtained by plotting the total number of reads vs. the mean coverage depth
from each patient. Closed black dots indicate each individual patient with UM, while black dots
with an open circle indicate the outliers identified using the ROUT method with the setting Q = 1%
(GraphPad Prism v8).
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3.2. UMpanel Performance Validation and Comparative Analysis for Major Driver Genes

To evaluate the performance of the UMpanel, we initially used the OncoSpan DNA
reference standard, which contains specific regions for BRAF and TP53 that assess VAF
performance. Moreover, as OncoSpan lacks the target regions for CYSLTR2, GNA11, GNAQ,
PLCB4 and SF3B1, this enabled us to evaluate the potential false positive rate. Sequencing
was performed twice, and the VAF average (VAF%) for each gene was calculated by linear
regression, plotting the observed vs. the expected frequency rate in our samples and
obtaining a p < 0.001 and a Pearson’s r correlation of 0.999 (Figure 2A). To establish the
ability of the UMpanel to identify different VAF values for GNA11, GNAQ and TP53, we
applied a linear regression analysis comparing the VAFs obtained using either the UMpanel
or the commercial Cancer HotSpot v2 (CHPv2). We selected eight patients with VAFs
between 0 and 20%, between 30 and 60% and >60%. The patient with a 0% VAF for both
GNA11 and GNAQ confirmed that our UMpanel did not generate false positives and that
mutations with low VAFs were not lost. Indeed, we observed a high concordance for all
patients, with a p > 0.001 and a Pearson’s r correlation of 0.983 (Figure 2B). Lastly, we
compared the VAF generated by the UMpanel with that obtained using CHPv2. Employing
a Bland—Altman analysis, we plotted the difference (VAF%) vs. the average (VAF%) and
found that our data were distributed between the CI 95% limits of —14.18 and +11.46
(Figure 2C). For CDKN2A, which is also present in CHPv2, we could not perform any
comparison, as the unique mutation observed in one patient was not covered by the
CHPv2 amplicons.

A

100 7 p<0.001 100 1 p<0.001 TP5§P53
Pearson’s linear correlation r 0.999 P53 Pearson’s linear correlation r 0.983
80— 80
5 3
g ] GNAQ
[ o
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Figure 2. Performance evaluation of the UMpanel panel for SNV calling. (A) Linear regression
analysis for the expected VAF vs. the observed frequency in the OncoSpan DNA reference using
the UMpanel for BRAF, CYSLTR2, GNA11, GNAQ, PLCB4, SF3B1 and TP53. VAF is expressed as a
percentage derived from the average of two sequencing experiments. (B) Linear VAF correlation
for GNA11, GNAQ and TP53 in a comparative analysis between the UMpanel and CHPv2. VAF is
expressed as a percentage derived from the average allele frequency obtained by the two gene panels.
(C) Concordance of quantitative VAF% obtained using both the UMpanel and CHPv2 calculated as
the difference vs. the average using a Bland—Altman analysis (Prism Software v.8.0). Dashed lines
indicate the 95% CI as a limit of agreement between the data obtained with the two methods.
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Lastly, we wanted to estimate the VAF concordance between the two methods for
GNA11, GNAQ and TP53. We found high concordance between the UMpanel and CHPv2
in terms of sensitivity, specificity and Cohen’s k value (Table 2).

Table 2. Concordance between the UMpanel and CHPv2 for GNA11, GNAQ and TP53.

Variable GNA11/GNAQ/TP53
Samples analyzed with both CHPv2 and the UMpanel 9
Positive in both the UMpanel and CHPv2 8
Positive in CHPv2 and Negative in the UMpanel 0
Positive in the UMpanel and Negative in CHPv2 0
Negative in both the UMpanel and CHPv2 1
Cohen’s k 1
Sensitivity for CHPv2, % 100
Specificity for CHPv2, % 100
Sensitivity for NGS, % 100
Specificity for NGS, % 100

3.3. Validation of UMpanel SNV Calling by a Comparative Analysis with Conventional Sanger
Sequencing and with the Genome in a Bottle Consortium Data

To validate the variant calling for most UM driver genes including BAP1, CYSLTR2,
EIF1AX, GNA11, GNAQ, PLCB4 and SF3B1 (we also included the unique patient displaying
a BRAF mutation), we performed Sanger sequencing on specific mutated target regions
identified by the UMpanel (Supplementary Figure S1). We observed a 91% concordance
overlap (10/11). In our analysis, the p.S154N (c.461 G>A) mutation in CYSLTR2 was the
only outlier, as this substitution was detected by NGS but not by Sanger sequencing.

The Genome in a Bottle (GIAB) consortium (https://www.nist.gov/programs-
projects/genome-bottle, accessed on 25 November 2024) is a public—private academic
consortium hosted by the National Institute of Standard Technology (NIST) that has charac-
terized the pilot genome known as NA12878 from the HapMap project. To establish whether
the UMpanel would identify the reported nucleotide variants, we sequenced the NA12878
genome according to the target regions present in the UMpanel. Of the 104 nucleotide vari-
ants called, only 1 rs (chr1:189235262, rs10921611, genotype C>T) generated controversial
data. Indeed, although the UMpanel coverage for this target region was >500x, it failed to
identify the rs10921611 SNP as reported in the IGV analysis (Supplemental Figure S2).

3.4. Validation of Bi-Allelic Imbalances Detected by the UMpanel

To determine whether the UMpanel allows the reliable detection of allelic imbalances
in chromosomes 1, 3 and 8, we used SNP genotyping measured by an analysis of highly
polymorphic single nucleotides amplifying specific genomic regions for each chromosome
arm (Supplementary Table S2). In designing the UMpanel, we included amplicons that
identify SNPs located in both arms of chromosomes 1, 3 and 8, and could therefore evaluate
the bi-allelic imbalance for each of them. To this end, we again employed the NA12878
HapMap sample displaying a normal bi-allelic distribution and compared the ensuing
data with those obtained from patients with UM (Figure 3). Amplicons and respective rs
numbers are reported in Supplementary Figure S3.
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Figure 3. Performance evaluation of the UMpanel for the detection of imbalances in chromosomes
1,3 and 8. (A,C) Dot plots showing each investigated SNP expressed as a VAF percentage using an
arbitrary deviation of 0-5% and 95-100% for the homozygosis range and +/—5% (from 45% to 55%)
for the heterozygosis range of the bi-allelic frequency. Chromosomal imbalance for NA12878 (A) or
for patients with UM (B,C) was called when each VAF was outside of these thresholds. For all panels,
the x axis shows the chromosome location for each SNP, while the y axis displays the VAF percentage.
Dashed lines indicate the heterozygosis and homozygosis range, respectively.

As expected, DNA reference NA12878 showed a balanced distribution for every single
nucleotide, with a VAF around 50% for SNPs in heterozygosis and a VAF near 0% or 100%
for those in homozygosis (Figure 3A). When we repeated the same analysis for patients with
UM, we observed a normal SNP distribution, indicating the absence of allelic imbalances
(Figure 3B), or a shifting of the SNPs to outside of the threshold, which demonstrated the
presence of chromosomal imbalance (Figure 3C).

3.5. Molecular Landscape of 44 Patients with Uveal Melanoma Using the UMpanel

The UMpanel was designed to identify two sets of gene mutations and imbalances
on chromosomes 1, 3 and 8. The first mutation set encompasses the eight UM driver
genes according to the TCGA study, divided into “uveal melanoma initiating mutations”
(CYSLTR2, GNA11, GNAQ and PLCB4) and “second hit mutations with prognostic impact”
(BAP1, EIF1AX, SF3B1 and SRSF2). The second mutation set contains seven further genes,
namely, BRAF, CDKN2A, CENPE, FOXO1, HIF1A, RPL5 and TP53. Among these genes,
BRAF was used as a positive control due the absence of reported mutations in UM, while
the remaining genes were included as emerging biomarkers for disease prognosis [13-15].
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Chromosomal imbalance was studied with SNP genotyping employing single-nucleotide
polymorphisms located on both arms of chromosomes 1, 3 and 8.

We determined the molecular landscape of 44 patients with UM, equally distributed
between females (47.7%) and males (52.3%) with a laterality of 34.1% for the left eye and 61.4%
for the right eye. Tumor size was between 2 and 30 mm and, as expected, the predominant
tumor site was the choroid (97.7%, n = 43) [16], with only one patient (2.3%, n = 1) presenting
both a choroidal and a ciliary body tumor (Figure 4A). Our mutational analysis revealed
that GNAQ, GNA11 and BAP1 were the most frequently mutated genes. For GNAQ and
GNA11, we found mutation rates of 59.1% (n = 26) and 29.6% (n = 13), respectively (88.7%
overall), which were mutually exclusive. For BAP1, the mutation rate was 41% (n = 18), in
agreement with previously published findings [17,18] (Supplementary Table S5). A lower
mutation percentage was observed for the remaining genes including SF3B1 (18.2%, n = 8),
FOXOT1 (13.6%, n = 6), RPL5 and EIF1AX (11.4%, n = 5), HIF1A (9.1%, n = 4), CENPE and
SRSF2 (6.8%, n = 3), PLCB4 and TP53 (4.6%, n = 2), BRAF (non-V600E) and CDKN2A and
CYSLTR2 (2.3%, n = 1) (Figure 4B). All mutations are reported in Supplementary Table S6.
Lastly, chromosomal imbalance was detected at a rate of 50% (1 = 22) for chromosome 1,
66% (n = 29) for chromosome 3 and 56.8% (n = 25) for chromosome 8 (Figure 4C).
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Figure 4. Molecular landscape of 44 patients with UM determined using the UMpanel. (A) Tile plots
reporting percentages for gender distribution, laterality (x indicates undetermined sample; L: left eye;
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R: right eye), tumor size expressed in millimeters and tumor site for each patient. (B,C) Tile plots
displaying mutated genes (B) and chromosomal imbalance (C).

3.6. Impact of BAP1 Mutations and Bi-Allelic Imbalances in Chromosomes 1, 3 and 8 on the
Survival of Patients with UM

To establish if the UMpanel could estimate the impact of driver alterations on UM
survival, we compared our OS findings with those observed in the TCGA-UM population.
A BAP1 mutation was confirmed as a negative prognostic factor [19], since in our patient
cohort, BAPI-mutated individuals (n = 17; 38.63%) displayed shorter survival compared
with BAP1 WT patients (Figure 5A), as previously reported in the TCGA-UM population
(Figure 5B).

A B
BAP1WTvsBAP1Mut-UM-seq BAP1IWTvsBAP1Mut-TCGA UM

100% 100%

75%

50% =+ MUT

== WT

= MUT
- WT

50%

Probability of Survival
Probability of Survival

25% 25%

B

0% p<005 0

p<0.01
50 100 150 200 0 12 24 36 48 60 72 84
OS (Months) OS (Months)

Figure 5. Kaplan—-Meier estimator showing the impact of BAP1 mutations on the OS of patients
with UM. (A,B) Survival probability in 44 patients with UM (overall population) analyzed with the
UMpanel (A) or in the TCGA-UM study (B). The x axis indicates time expressed in months, while the
y axis reports OS percentages.

As for chromosomal imbalances, the TCGA-UM study segregated patients into
two prognostic groups based on the presence or absence of chromosome 3 monosomy
alone or associated with chromosome 1 and 8 aberrations. We compared our cohort
with the TCGA-UM dataset using the disomy of chromosome 3 as a baseline to calcu-
late the OS of five different groups displaying an imbalance in chromosomes 3, 1 and
8 alone or combined (Figure 6 and Supplementary Figure S4). In our UM cohort, all
patients with bi-allelic imbalances in chromosomes 1, 3 or 8 showed inferior OS when
compared with those presenting a disomy of chromosome 3 (Figure 6A-C, left panels).
We observed similar data when we analyzed the OS of patients displaying the combi-
nation of imbalances in chromosome 3 associated with chromosome 1 or chromosome
8 alterations (Supplementary Figure S4A,B, left panels). For both analyses, our findings
were comparable with those reported in the TCGA-UM study (Figure 6A-C, right panels)
(Supplementary Figure S4A,B, right panels).
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Figure 6. Kaplan—Meier estimator showing the impact of bi-allelic imbalances in chromosomes
1, 3 and 8 on the OS of patients with UM. (A-C) Survival probability analyzed for the UMpanel
cohort (left panels) or in the TCGA-UM study (right panels), comparing patients showing D3vsImbl1
(D3 n =13, Imb1 n =15) (A), D3vsImb3 (D3 n = 15, Imb3 n = 29) (B) or D3vsImb8 (D3 n = 11, Imb8
n = 24) (C). The x axis indicates time expressed in months, while the y axis reports OS percentages.
D3 = chromosome 3 disomy; Imb 1 = imbalance in chromosome 1; Imb 3 = imbalance in chromosome
3; Imb 8 = imbalance in chromosome 8.

4. Discussion

The concept of precision medicine postulates that individuals diagnosed with the
same disease may present distinct genetic alterations, influencing therapeutic responses
and clinical outcomes [19]. Indeed, the identification of such genetic differences has
already improved the diagnostic and therapeutic approaches employed for several tumor
types [20-23]. Uveal melanoma is a deadly disease caused by a specific set of mutated genes
and chromosomal aberrations, associated with the risk of developing distant metastases [24].
Several prognostic biomarkers have been investigated in UM, including BAPI mutations
and chromosomal abnormalities [25]. However, a standardized approach to define the
genetic profile of patients with UM has not yet been defined.

Expanding the results of the TCGA-UM project, we provide a custom DNA-based NGS
panel—named the UMpanel—associated with an optimized pipeline capable of generating
a genetic profile for patients with UM that reliably estimates their survival probability after
surgical intervention. Our workflow is cost-effective, simple, accurate and can replace
multiple laborious techniques such as FISH, SNP arrays and Sanger sequencing. Our
workflow can also detect mutations and chromosomal imbalances in one step and analyze
additional biomarkers such as CDKN2A, CENPE, FOXO1, HIF1A, RPL5 and TP53. These
genes have recently been reported to be involved in UM pathogenesis and progression and
may provide new insights into disease pathogenesis and molecular evolution [13,14,26].

When we investigated the performance of our UMpanel, we observed excellent cover-
age and high concordance between the different methods used for comparative analysis.
Indeed, coverage analysis showed a satisfactory linear correlation, with only two outliers
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showing high coverage, suggesting no sequencing gaps in the target regions. When we ana-
lyzed on-target and uniformity coverage, we found comparable results with those expected
by the in silico prediction analysis generated by the AmpliSeq Designer, suggesting that in
the UMpanel, individual reads were distributed across each covered region of interest.

Additionally, a performance evaluation comparing our results with those gener-
ated with a standard DNA reference (OncoSpan) or with CHPv2 (the commercial Cancer
HotSpot Panel) displayed 100% specificity and sensitivity, as confirmed by a Blant-Altman
analysis. When we performed a comparative analysis using the Sanger method, we detected
a 91% overlap. The same high-quality data were observed for imbalances in chromosomes
1, 3 and 8, as the chromosomal aberrations identified in our UM cohort were not identified
in the NA12878 DNA reference. Interestingly, when we performed a comparative SNP
analysis employing the NA12878 pilot genome, we observed an overlap of 99.03% between
the UMpanel and GIAB sequencing, again confirming the accuracy of our workflow.

As expected, in our UM cohort, mutations in GNA11 and GNAQ were highly prevalent
and mutually exclusive, followed by sequence alterations in BAP1 and SF3B1. Lower
mutational frequencies were detected for CYSLTR2, EIF1AX, PLCB4 and SRSF2 [8,27]. The
molecular classification of our patient cohort generated by the UMpanel allowed individ-
ual stratification based on the presence or absence of BAPI1 mutations or chromosomal
abnormalities, generating OS estimates comparable to those reported by the TCGA-UM
study, further validating our methodological approach.

While our NGS-based workflow displayed excellent performance levels, several issues
need to be addressed. The first issue concerns the copy number variation (CNV) analysis for
BAPI and CDKN2A. Both CNVs typically occur due to gene deletion, and their detection
has important implications for the prognosis of patients with UM [26,28]. While the
imbalance in chromosome 1 could be used as a surrogate for BAP1 CNVs, this approach
would not detect a CDKN2A deletion. Hence, alternative methodological approaches
(e.g., fluorescence in situ hybridization for CDKN2A) may be required to tackle this problem.
However, further analyses are in progress to establish whether the UMpanel can be used to
detect BAP1 and CDKN2A CNVs. A second issue concerns the limit of detection (LoD) in
samples with low tumor content. In our study, all specimens displayed a tumor cellularity
of 85-95%, and additional analyses in a larger patient cohorts will be needed to define the
accuracy of our workflow in samples with lower tumor content. Lastly, the UMpanel does
not include genes involved in the PI3K/AKT/mTOR pathway that may also display genetic
alterations in patients with UM, although no correlation with individual risk categorization
has yet been recognized [13,29].

5. Conclusions

In summary, similarly to what we previously reported for patients with glioma [30], we
describe a DN A-based NGS panel suitable for the molecular classification of patients with
UM who can be categorized into high- or low-risk groups. This early survival prediction
may be clinically relevant, as patients with UM may receive a tailored clinical approach
based on their individual risk. Furthermore, this genetic test is applicable to all patients
with UM eligible for primary or secondary enucleation who may be stratified into a specific
risk category, improving their clinical management. Finally, since the availability of tumor
samples may represent a limit in genetic testing for patients with UM undergoing eye-
preserving irradiation [31], the UMpanel has also been implemented to test cell-free DNA,
and a liquid biopsy program is currently under investigation.



Biomolecules 2025, 15, 146

13 of 15

References

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/biom15010146/s1, Figure S1: Comparative analysis between
the Sanger pherogram and IGV report of the NGS analysis for each indicated mutation; Figure S2:
IGV-derived images of rs1092161; Figure S3: IGV-derived images showing the location of each SNP
used for chromosome imbalance analysis; Figure S4: OS of patients with imbalances in CHR:3 + 1 and
CHR:3 + 8; Table S1: Genomic coordinates of the amplicon for the 15-gene panel; Tables S2 and S3:
List of the SNPs covered by the uveal melanoma panel; Table S4: Primer sequence for each gene
analyzed with the Sanger method; Table S5: Comparative analysis of VAF% for GNAQ, GNA11 and
BAP1 genes with published data; Table S6: Clinical variants (SNVs, Ins/Dels).

Author Contributions: Conceptualization, M.M., E.T. and P.V,; Data curation, M.M., S.S. (Stefania
Stella), C.T., S.D.B., C.C., M.P, RM.D.C,, S.V,, EM. (Francesco Merolla), G.B., EM. (Federica Mar-
torana), AR, R.C., S.S. (Stefania Staibano) and P.V.; Formal analysis, M.M. and S.D.B.; Investigation,
MM, E.T, S.S. (Stefania Stella) and C.T.; Methodology, M.M. and E.T.; Project administration, L.M.,
AR, GS., RC,S.S. (Stefania Staibano) and P.V.; Resources, RM.D.C., S.V., EM. (Francesco Merolla),
G.B., AR, RC,SS. (Stefania Staibano) and P.V,; Software, M.M. and S.D.B.; Supervision, LM., G.S.,
R.C., S.S. (Stefania Staibano) and P.V,; Validation, M.M., S.S. (Stefania Stella) and C.T.; Visualization,
MM, E.T, S.S. (Stefania Stella), C.T., S.D.B., EM. (Federica Martorana) and A.R.; Writing—original
draft, M.M. and P.V.; Writing—review and editing, M.M., E.T., S.S. (Stefania Stella), C.T., S.D.B.,
SV, C.C,M.P, RM.D.C,, SR.V, EM. (Francesco Merolla), G.B., EM. (Federica Martorana), A.T.,
M.G., LM, AR, GS, R.C,SS. (Stefania Staibano) and P.V. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the European Union’s NextGenerationEU initiative un-
der the Italian Ministry of University and Research as part of the PNRR—M4C2-I1.3 Project
PE00000019 “HEAL ITALIA” awarded to Michele Massimino, Federica Martorana, Paolo Vigneri
(CUP E63C22002080006), Sebastiano di Bella and Giorgio Stassi (CUP B73C22001250006). Alice Turdo
has been supported by PNRR-MAD-2022-12376183 (CUP B75E22001760005).

Institutional Review Board Statement: FFPE tumor tissues were obtained from 44 Italian patients
with UM, retrospectively recruited by the University of Naples “Federico II” and selected based on
the availability of archival and clinical data. The study was conducted according to the Declaration of
Helsinki and in compliance with the Italian law for studies based solely on retrospective analyses of
routine archival FFPE tissue. A written informed consent form for each living patient was obtained
at the time of surgery, in accordance with Italy’s Legislative Decree No. 196/03 (Privacy Code), as
amended by the EU Regulation 2016/679 of the European Parliament and Council.

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

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Zbytek, B,; Carlson, J.A.; Granese, ].; Ross, J.; Mihm, M.C,, Jr.; Slominski, A. Current concepts of metastasis in melanoma. Expert
Rev. Dermatol. 2008, 3, 569-585. [CrossRef] [PubMed]

2. Krantz, B.A.; Dave, N.; Komatsubara, K.M.; Marr, B.P,; Carvajal, R.D. Uveal melanoma: Epidemiology, etiology, and treatment of
primary disease. Clin. Ophthalmol. 2017, 11, 279-289. [CrossRef] [PubMed]

3.  Koch, E.AT,; Heppt, M.V,; Berking, C. The Current State of Systemic Therapy of Metastatic Uveal Melanoma. Am. J. Clin.
Dermatol. 2024, 25, 691-700. [CrossRef] [PubMed]

4. Hua, G.; Carlson, D.; Starr, J.R. Tebentafusp-tebn: A Novel Bispecific T-Cell Engager for Metastatic Uveal Melanoma. ]. Adv. Pract.
Oncol. 2022, 13, 717-723. [CrossRef]

5. Hassel, ].C,; Piperno-Neumann, S.; Rutkowski, P.; Baurain, J.F; Schlaak, M.; Butler, M.O.; Sullivan, R.J.; Dummer, R.; Kirkwood,
J.M.; Orloff, M.; et al. Three-Year Overall Survival with Tebentafusp in Metastatic Uveal Melanoma. N. Engl. ]. Med. 2023, 389,
2256-2266. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/biom15010146/s1
https://www.mdpi.com/article/10.3390/biom15010146/s1
https://doi.org/10.1586/17469872.3.5.569
https://www.ncbi.nlm.nih.gov/pubmed/19649148
https://doi.org/10.2147/OPTH.S89591
https://www.ncbi.nlm.nih.gov/pubmed/28203054
https://doi.org/10.1007/s40257-024-00872-1
https://www.ncbi.nlm.nih.gov/pubmed/38907174
https://doi.org/10.6004/jadpro.2022.13.7.8
https://doi.org/10.1056/NEJMoa2304753
https://www.ncbi.nlm.nih.gov/pubmed/37870955

Biomolecules 2025, 15, 146 14 of 15

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Vichitvejpaisal, P.; Dalvin, L.A.; Mazloumi, M.; Ewens, K.G.; Ganguly, A.; Shields, C.L. Genetic Analysis of Uveal Melanoma
in 658 Patients Using the Cancer Genome Atlas Classification of Uveal Melanoma as A, B, C, and D. Ophthalmology 2019, 126,
1445-1453. [CrossRef] [PubMed]

Plasseraud, K.M.; Wilkinson, ].K.; Oelschlager, K.M.; Poteet, T.M.; Cook, R.W.; Stone, ].E; Monzon, EA. Gene expression profiling
in uveal melanoma: Technical reliability and correlation of molecular class with pathologic characteristics. Diagn. Pathol. 2017, 12,
59. [CrossRef]

Lamas, N.J.; Martel, A.; Nahon-Esteve, S.; Goffinet, S.; Macocco, A.; Bertolotto, C.; Lassalle, S.; Hofman, P. Prognostic Biomarkers
in Uveal Melanoma: The Status Quo, Recent Advances and Future Directions. Cancers 2021, 14, 96. [CrossRef]

Smit, K.N.; van Poppelen, N.M.; Vaarwater, J.; Verdijk, R.; van Marion, R; Kalirai, H.; Coupland, S.E.; Thornton, S.; Farquhar, N.;
Dubbink, H.J.; et al. Combined mutation and copy-number variation detection by targeted next-generation sequencing in uveal
melanoma. Mod. Pathol. 2018, 31, 763-771. [CrossRef] [PubMed]

Coupland, S.E.; Lake, S.L.; Zeschnigk, M.; Damato, B.E. Molecular pathology of uveal melanoma. Eye 2013, 27, 230-242. [CrossRef]
Motulsky, H.J.; Brown, R.E. Detecting outliers when fitting data with nonlinear regression—A new method based on robust
nonlinear regression and the false discovery rate. BMC Bioinform. 2006, 7, 123. [CrossRef] [PubMed]

Liu, J.; Lichtenberg, T.; Hoadley, K.A.; Poisson, L.M.; Lazar, A.J.; Cherniack, A.D.; Kovatich, A.J.; Benz, C.C.; Levine, D.A ; Lee,
A.V; et al. An Integrated TCGA Pan-Cancer Clinical Data Resource to Drive High-Quality Survival Outcome Analytics. Cell 2018,
173,400-416.e411. [CrossRef] [PubMed]

Yu, J.; Wu, X;; Yan, J.; Yu, J.; Yin, T; Dai, J.; Ma, M.; Xu, T.; Yu, H.; Xu, L.; et al. Potential Mutations in Uveal Melanoma Identified
Using Targeted Next-Generation Sequencing. J. Cancer 2019, 10, 488-493. [CrossRef] [PubMed]

Russo, D.; Di Crescenzo, R.M.; Broggi, G.; Merolla, F; Martino, F.; Varricchio, S.; Ilardi, G.; Borzillo, A.; Carandente, R.; Pignatiello,
S.; et al. Expression of P16INK4a in Uveal Melanoma: New Perspectives. Front. Oncol. 2020, 10, 562074. [CrossRef] [PubMed]
Johansson, P.A.; Brooks, K.; Newell, E.; Palmer, ].M.; Wilmott, ].S.; Pritchard, A.L.; Broit, N.; Wood, S.; Carlino, M.S.; Leonard,
C.; et al. Whole genome landscapes of uveal melanoma show an ultraviolet radiation signature in iris tumours. Nat. Commun.
2020, 11, 2408. [CrossRef]

Soliman, N.; Mamdouh, D.; Elkordi, A. Choroidal Melanoma: A Mini Review. Medicines 2023, 10, 11. [CrossRef]

Piaggio, F; Croce, M.; Reggiani, F; Monti, P.; Bernardi, C.; Ambrosio, M.; Banelli, B.; Dogrusoz, M.; Jockers, R.; Bordo, D.; et al. In
uveal melanoma Galpha-protein GNA11 mutations convey a shorter disease-specific survival and are more strongly associated
with loss of BAP1 and chromosomal alterations than Galpha-protein GNAQ mutations. Eur. J. Cancer 2022, 170, 27-41. [CrossRef]
Szalai, E.; Wells, ].R.; Ward, L.; Grossniklaus, H.E. Uveal Melanoma Nuclear BRCA1-Associated Protein-1 Immunoreactivity Is an
Indicator of Metastasis. Ophthalmology 2018, 125, 203-209. [CrossRef]

Tsimberidou, A.M.; Fountzilas, E.; Nikanjam, M.; Kurzrock, R. Review of precision cancer medicine: Evolution of the treatment
paradigm. Cancer Treat. Rev. 2020, 86, 102019. [CrossRef]

Di Nicolantonio, F.; Vitiello, PP.; Marsoni, S.; Siena, S.; Tabernero, J.; Trusolino, L.; Bernards, R.; Bardelli, A. Precision oncology in
metastatic colorectal cancer—From biology to medicine. Nat. Rev. Clin. Oncol. 2021, 18, 506-525. [CrossRef]

Massimino, M.; Stella, S.; Tirro, E.; Pennisi, M.S.; Stagno, F; Vitale, S.R.; Romano, C.; Tomarchio, C.; Parrinello, N.L.; Manzella,
L.; et al. High BCR::ABL1 Expression Defines CD34+ Cells with Significant Alterations in Signal Transduction, Short-Proliferative
Potential and Self-Renewal Ability. Onco Targets Ther. 2023, 16, 803-816. [CrossRef]

Stella, S.; Massimino, M.; Manzella, L.; Parrinello, N.L.; Vitale, S.R.; Martorana, F.; Vigneri, P. Glucose-dependent effect of insulin
receptor isoforms on tamoxifen antitumor activity in estrogen receptor-positive breast cancer cells. Front. Endocrinol. 2023, 14,
1081831. [CrossRef]

Massimino, M.; Stella, S.; Micale, G.; Motta, L.; Pavone, G.; Broggi, G.; Piombino, E.; Magro, G.; Soto Parra, H.J.; Manzella, L.; et al.
Mechanistic Translation of Melanoma Genetic Landscape in Enriched Pathways and Oncogenic Protein-Protein Interactions.
Cancer Genom. Proteom. 2022, 19, 350-361. [CrossRef] [PubMed]

Smit, K.N.; Jager, M.].; de Klein, A.; Kilig, E. Uveal melanoma: Towards a molecular understanding. Prog. Retin. Eye Res. 2020, 75,
100800. [CrossRef] [PubMed]

Gallenga, C.E.; Franco, E.; Adamo, G.G.; Violanti, S.S.; Tassinari, P.; Tognon, M.; Perri, P. Genetic Basis and Molecular Mechanisms
of Uveal Melanoma Metastasis: A Focus on Prognosis. Front. Oncol. 2022, 12, 828112. [CrossRef] [PubMed]

Karlsson, J.; Nilsson, L.M.; Mitra, S.; Alsen, S.; Shelke, G.V.; Sah, V.R.; Forsberg, EM.V.,; Stierner, U.; All-Eriksson, C.; Einarsdottir,
B.; et al. Molecular profiling of driver events in metastatic uveal melanoma. Nat. Commun. 2020, 11, 1894. [CrossRef] [PubMed]
Silva-Rodriguez, P.; Fernandez-Diaz, D.; Bande, M.; Pardo, M.; Loidi, L.; Blanco-Teijeiro, M.J. GNAQ and GNA11 Genes: A
Comprehensive Review on Oncogenesis, Prognosis and Therapeutic Opportunities in Uveal Melanoma. Cancers 2022, 14, 3066.
[CrossRef] [PubMed]

Liu-Smith, F; Lu, Y. Opposite Roles of BAP1 in Overall Survival of Uveal Melanoma and Cutaneous Melanoma. J. Clin. Med.
2020, 9, 411. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ophtha.2019.04.027
https://www.ncbi.nlm.nih.gov/pubmed/31026493
https://doi.org/10.1186/s13000-017-0650-3
https://doi.org/10.3390/cancers14010096
https://doi.org/10.1038/modpathol.2017.187
https://www.ncbi.nlm.nih.gov/pubmed/29327717
https://doi.org/10.1038/eye.2012.255
https://doi.org/10.1186/1471-2105-7-123
https://www.ncbi.nlm.nih.gov/pubmed/16526949
https://doi.org/10.1016/j.cell.2018.02.052
https://www.ncbi.nlm.nih.gov/pubmed/29625055
https://doi.org/10.7150/jca.26967
https://www.ncbi.nlm.nih.gov/pubmed/30719144
https://doi.org/10.3389/fonc.2020.562074
https://www.ncbi.nlm.nih.gov/pubmed/33154942
https://doi.org/10.1038/s41467-020-16276-8
https://doi.org/10.3390/medicines10010011
https://doi.org/10.1016/j.ejca.2022.04.013
https://doi.org/10.1016/j.ophtha.2017.07.018
https://doi.org/10.1016/j.ctrv.2020.102019
https://doi.org/10.1038/s41571-021-00495-z
https://doi.org/10.2147/OTT.S413825
https://doi.org/10.3389/fendo.2023.1081831
https://doi.org/10.21873/cgp.20325
https://www.ncbi.nlm.nih.gov/pubmed/35430568
https://doi.org/10.1016/j.preteyeres.2019.100800
https://www.ncbi.nlm.nih.gov/pubmed/31563544
https://doi.org/10.3389/fonc.2022.828112
https://www.ncbi.nlm.nih.gov/pubmed/35480119
https://doi.org/10.1038/s41467-020-15606-0
https://www.ncbi.nlm.nih.gov/pubmed/32313009
https://doi.org/10.3390/cancers14133066
https://www.ncbi.nlm.nih.gov/pubmed/35804836
https://doi.org/10.3390/jcm9020411
https://www.ncbi.nlm.nih.gov/pubmed/32028647

Biomolecules 2025, 15, 146 15 of 15

29. Geng, Y.; Geng, Y,; Liu, X.; Chai, Q.; Li, X.; Ren, T.; Shang, Q. PI3K/AKT/mTOR pathway-derived risk score exhibits correlation
with immune infiltration in uveal melanoma patients. Front. Oncol. 2023, 13, 1167930. [CrossRef]

30. Tirro, E.; Massimino, M.; Broggi, G.; Romano, C.; Minasi, S.; Gianno, F.; Antonelli, M.; Motta, G.; Certo, F; Altieri, R.; et al. A
Custom DNA-Based NGS Panel for the Molecular Characterization of Patients With Diffuse Gliomas: Diagnostic and Therapeutic
Applications. Front. Oncol. 2022, 12, 861078. [CrossRef]

31. de Bruyn, D.P; Beasley, A.B.; Verdijk, R.M.; van Poppelen, N.M.; Paridaens, D.; de Keizer, R.O.B.; Naus, N.C.; Gray, E.S.; de
Klein, A.; Brosens, E.; et al. Is Tissue Still the Issue? The Promise of Liquid Biopsy in Uveal Melanoma. Biomedicines 2022, 10, 506.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fonc.2023.1167930
https://doi.org/10.3389/fonc.2022.861078
https://doi.org/10.3390/biomedicines10020506
https://www.ncbi.nlm.nih.gov/pubmed/35203714

	Introduction 
	Materials and Methods 
	Sample Collection 
	DNA Extraction and Quantification 
	NGS Cancer Panel Design (UMpanel) 
	NGS Library Preparation 
	NGS Data Analysis 
	Performance Evaluation of the UMpanel 
	Sanger Sequencing 
	Statistical Analysis and Overall Survival Estimation 

	Results 
	UMpanel Coverage Analysis 
	UMpanel Performance Validation and Comparative Analysis for Major Driver Genes 
	Validation of UMpanel SNV Calling by a Comparative Analysis with Conventional Sanger Sequencing and with the Genome in a Bottle Consortium Data 
	Validation of Bi-Allelic Imbalances Detected by the UMpanel 
	Molecular Landscape of 44 Patients with Uveal Melanoma Using the UMpanel 
	Impact of BAP1 Mutations and Bi-Allelic Imbalances in Chromosomes 1, 3 and 8 on the Survival of Patients with UM 

	Discussion 
	Conclusions 
	References

