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Simple Summary: Identifying individuals at high risk of developing melanoma is a crucial starting
point for prevention and early detection, which are still the best treatment options for cutaneous
melanoma. However, despite the scientific advances, unraveling the missing heritability of melanoma-
prone patients without an inherited pathogenic variant in a known melanoma predisposition gene
remains a great challenge. For this reason, we aim to define a polygenic risk score (PRS) that
could be associated with the risk of developing melanoma, also considering non-genetic risk factors.
Interestingly, we found that individuals with a high PRS are more likely to develop not only one
melanoma but also subsequent melanomas. Moreover, our findings are indicative of an association of
the PRS with some individual phenotypic/behavioral characteristics and also with a younger age
at diagnosis. The PRS, as a new tool to be included in clinical practice, could help stratify patients
according to their individual risk of developing melanoma, improving early diagnosis, known to be
a key factor in determining the prognosis of patients.

Abstract: Recent genome-wide association studies (GWASs) have identified many single nucleotide
polymorphisms (SNPs) that alone weakly affect melanoma risk, but their combined effect on a
polygenic risk score (PRS) can have a far bigger impact on estimating risk. However, the PRS is
not yet at the stage of being utilized in clinical practice, and further evidence is needed. In this
study, 270 melanoma patients fulfilling the criteria for a suspected genetic predisposition but with
a negative genetic test for high/medium-penetrance genes were genotyped for 57 SNPs selected
in previous GWASs to construct a PRS model. We found a significantly higher mean PRSs;y in all
melanoma cases than in controls (0.58 vs. 0.00, p < 0.001), and the mean PRSs; in multiple primary
melanoma cases was twice that in single melanoma cases (0.689 vs. 0.362, p = 0.025). Interestingly,
our results confirm the association of the PRSs; not only with other melanoma risk factors but also
with a younger age at diagnosis. This evidence supports the potentially powerful discriminative role
of PRS in the selection of high-risk patients who should undergo stricter surveillance protocols.
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1. Introduction

Melanoma is a cancer arising from the uncontrolled proliferation of melanocytes.
Even though these neural crest-derived cells are primarily involved in skin pigmentation
and skin protection from UV-induced DNA damage, they can develop into malignant
melanoma, either spontaneously or in response to external triggers (e.g., sun exposure) [1].
In normal melanocytes, melanin pigment is usually synthesized in a highly controlled
process, thus playing a protective role against environmental threats and UVR-induced
transformations. However, under certain conditions, melanin can also exhibit phototoxic
activity due to its atypical physico- and photo-chemical properties [2]. Therefore, un-
controlled melanogenesis could critically contribute to the malignant transformation of
melanocytes. In 1998, Whiteman proposed the compelling “two divergent pathways” hy-
pothesis, which sought to explain the combined impact of host and environmental factors
on melanoma development [3]. Furthermore, in 2018, the World Health Organization
(WHO) introduced a new melanoma classification based on the progression model, in
which nine main pathways attributable to two groups, UV-related or not, underlie the
different histological types of melanocytic tumors with intermediate lesions as simulators
and/or precursors of melanoma [4].

Melanoma incidence is increasing worldwide, especially in countries with a predomi-
nantly fair-skinned population and a high ultraviolet (UV) index [5-7]; this supports the
implication of host characteristics (i.e., number of common and atypical nevi, phenotypic
traits, a positive personal or familial history of melanoma and/or other tumor types) and
environmental factors (UV exposure pattern) on the etiology of melanoma and thus on
individual melanoma risk [8-11]. Even though some of these risk factors are well de-
fined, there are still factors with roles in the complex process of melanomagenesis that
are not yet fully understood [12]. Broadening the knowledge of the complex polygenic
inheritance and molecular mechanisms underpinning the development of melanoma as
well as identifying individuals at high risk of developing the disease are crucial starting
points for improving prevention and early detection, which currently remains the best
treatment option for the disease. High-risk individuals are also more likely to have multiple
primary melanoma (MPM) diagnoses or several affected relatives in the same parental
branch (familial melanoma, FM). It is estimated that about 8.2% of melanoma patients
develop melanoma again during their lifetime and that about 5-10% of all melanoma cases
have at least a first- or second-degree relative affected [13-15]. These high-risk patients
are suspected to have a genetic background predisposing them to melanoma and should
be offered genetic counseling and then genetic testing. In countries with a low-medium
incidence of melanoma, like Italy, having two relatives with cutaneous melanoma and/or
other related cancers (i.e., pancreatic cancer) or two primary melanoma diagnoses is a
sufficient criterion for access to genetic melanoma predisposition tests [16].

Among the high-penetrance genes that affect melanoma risk, CDKN2A is the one that
most frequently presents pathogenic variants in FM and MPM cases and, with its CDK4
binding partner, was the first gene to be identified [17]. An Italian Melanoma Intergroup
(IMI) familial melanoma study by Bruno et al. demonstrated that Italian families with
at least two affected first-degree members carried a CDKN2A germline mutation with
a frequency of 33% [18]. In addition, in a subsequent IMI study focused on multiple
melanomas, CDKN2A germline mutations were found in 4.4% of patients with a single
primary melanoma (SPM) and in 19% of MPM cases, regardless of family history. The
prevalence of CDKN2A variants increased from 2.1% to 24.6% in SPM and from 10.8%
to 44.4% in MPM without and with a positive melanoma family history, respectively.
Focusing on the different trends across Italian regions [19], in the Veneto region, CDKN2A
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mutations occurred only in a small number (8,5%) of familial melanoma cases with at
least two relatives affected by melanoma, suggesting the contribution of other genetic
factors to melanoma susceptibility [20]. On the other hand, in agreement with previous
studies [18-21], in Veneto, the presence of at least one MPM case in melanoma-prone
families increased the frequency of pathogenic CDKN2A variants to 31.6% [20].

Over the last few decades, the advent of next-generation sequencing (NGS) technology
has allowed for the identification of novel, rare high-risk variants in other susceptibility
genes, such as BAP1, which is involved in cell-cycle control; MITF, which is involved
in different stages of melanocyte development and differentiation [22]; ATM, which is
involved in DNA damage response [23]; and TERT, POT1, TERF2IP, and ACD, which are
implicated in the telomere maintenance pathway [24-28]. Nevertheless, less than 25% of
genetic predisposition can be explained by high-penetrance genetic variants (approximately
19% by CDKN2A and 3% by other genes) [17,29,30]. Furthermore, in Italy, a pathogenic
variant in high- or medium-penetrance genes was detected in only 9% of 273 Italian
CDKN2A-negative melanoma cases [29].

Recent genome-wide association studies (GWASs) [31-35] have identified many com-
mon genetic variants (single nucleotide polymorphisms, SNPs) with a modifying effect
on melanoma susceptibility. Although the effect sizes for any given disease-associated
SNP are typically small and of limited predictive power, using the polygenic risk score
(PRS) approach, the individual effect of multiple SNPs can be aggregated by summing the
effect of the risk alleles as estimated by GWAS data. A recent genome-wide association
meta-analysis of 36,760 cases of cutaneous melanoma identified 85 cutaneous melanoma
susceptibility loci [35]. Most lead SNPs in these loci have been associated with nevogenesis
(i.e., in MTAP, PLA2G6, ASIP genes), telomere maintenance (i.e., in OBFCI1, PARP1, and
FTO genes), and pigmentation (i.e., MCIR, OCA2, TYR, and SLC45A2 genes); some of them
are associated with more than one trait. These SNPs associated with cutaneous melanoma
susceptibility and involved in different biological pathways [31,33,34,36] highlight the
complexity of cutaneous melanoma etiology, also reinforcing the importance of identifying
potential new pathways for cutaneous melanoma pathogenesis.

The utility of the PRS in clinical practice has already been demonstrated for other
cancers, such as coronary artery disease (CAD), diabetes (types 1 and 2), obesity (and body
mass index), prostate cancer, and Alzheimer’s disease [37]. The PRS was also incorporated
into breast cancer risk prediction models such as BOADICEA [38], and commercial panels
including SNPs are now available [39].

Regarding melanoma, in a study utilizing data from a large meta-analysis of melanoma
GWASs of the Melanoma Meta-Analysis Consortium (MMAC), Gu et al. described a
204-SNP PRS model with an AUC of 64.4%. The PRS improved risk prediction by 1.4%
(AUC = 69%) in an Italian cohort compared to a model based on established phenotypic
risk factors alone [40]. The study of Wong et al. also combined a PRS with traditional
clinical risk factors (such as skin type, sun exposure), showing a more comprehensive
and accurate way to predict an individual’s melanoma risk [41]. Moreover, Potjer et al.
investigated whether a polygenic risk score (PRS) was associated with melanoma risk
in genetically unexplained cases with a family history, finding that a 46-SNP PRS was
significantly associated with melanoma risk, with an AUC of 0.77 [42].

However, the inclusion of a PRS test in clinical practice is not yet considered appropri-
ate by the American College of Medical Genetics and Genomics (ACMG) [43], so further
evidence is needed. For this reason, we evaluated the effect of a 57-SNP PRS (PRSs7) on
melanoma risk in a cohort of 270 patients from the Veneto region in Italy with a suspected
genetic melanoma predisposition but with a non-informative melanoma genetic test result
for high/medium-penetrance genes.
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2. Materials and Methods
2.1. Study Population

Among patients who were referred to oncogenetic counseling at the Familial Melanoma
Clinic of the Veneto Institute of Oncology (IOV) in Padova between October 2019 and March

2023, 270 melanoma cases with a non-informative genetic test for high /medium-penetrance
genes (i.e.,, CDKN2A, CDK4, POT1, BAP1, ATM, MITF, ACD, TERT) were selected (Table 1).

Table 1. Characteristics of the study population. N/A = data missing because not collected.

Cases Controls
Number 270 296
Age at sampling Mean (SD) 56.76 (13.42) 41.12 (12.08)
Median (Q1, Q3) 56.00 (48.00, 66.00) 42.00 (36.00, 49.00)
Age at diagnosis Mean (SD) 49.59 (14.90) -
Median (Q1,Q3)  51.00 (40.00, 59.00) -
Sex F 155 (57.4%) 82 (27.7%)
M 115 (42.6%) 214 (72.3%)
Eye color Dark 111 (47.0%) -
Light 125 (53.0%) -
N/A 34 -
Hair color Brown/black 127 (53.8%) -
Blonde 88 (37.3%) -
Red 21 (8.9%) -
N/A 34 -
Fitzpatrick skin phototype I-I 125 (53.0%) -
M-IV 111 (47.0%) -
N/A 34 -
Sunburn frequency Rarely/never 103 (44.2%) -
Often 130 (55.8%) -
N/A 37 -
Nevi <50 115 (53.7%) -
>50 99 (46.3%) -
N/A 56 -
Family history of melanoma  Yes 163 (60.4%) -
No 107 (39.6%) -
No. of primary melanomas =1 93 (34,4%) -
>1 177 (65,6%) -

These melanoma patients had a suspected genetic predisposition to melanoma due
to their familial or personal history of this disease (two affected first-degree relatives
in the same familial branch or MPM cases) or for other related cancers (i.e., pancreatic
adenocarcinoma, uveal melanoma, mesothelioma, renal cancer). At the last follow-up
date, 93 patients were SPM cases and 177 were MPM cases. Information about phenotypic
features, sunburns, and nevus counts were collected during counseling for almost all the
cases according to a consensus questionnaire developed to standardize epidemiologic and
clinical data collection for melanoma risk assessment [44].

A control series was used consisting of 296 healthy individuals without a personal or
family history of melanoma enrolled at the Blood Collection Centre, Hospital Transfusion
Centre of Padova. These controls had complete SNP data for PRSsy calculation, as they had
already undergone genome-wide genotyping for a previous study [35].

Written informed consent was obtained from all participants of this study under local
ethics committee-approved protocols.
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2.2. Single Nucleotide Polymorphism (SNP) Analysis

The 270 cases were genotyped through NGS analysis, performed using a QIAseq
Custom Targeted DNA Panel (Qiagen, Hilden, Germany) based on amplicon technology.
The panel included high/medium-penetrance genes (i.e., CDKN2A, exon 2 of CDK4, POT1,
BAP1, ATM, exon 9 of MITF, ACD, promoter region and exon 1 of TERT) and SNPs
previously identified via GWAS (prior to 2020) [31,33,34,40]. A total of 1454 amplicons
(of these, 1393 covering genes) were sequenced using a Mi-Seq instrument (Illumina, San
Diego, CA, USA).

Data analysis was performed using the CLC Genomic Workbench software (Qiagen,
Hilden, Germany) to generate genotype data for all SNPs per sample. In brief, the FastQ
sequences were aligned to human reference genome GRCh37; variant calling, with a
minimum read depth of 30x, was subsequently performed to produce a genomic VCF
(gVCEF) for each sample that was finally analyzed using the Identify QIAseq DNA Germline
Variants pipeline (Qiagen, Hilden, Germany). After quality control (QC), we first removed
ambiguous SNPs and those with a low pair-wise LD (maximum r2 of 0.45) and then
obtained the genotype data of 57 SNPs (Supplementary Table S1) passing the quality
parameters set according to the manufacturer’s instructions.

2.3. Polygenic Risk Score (PRS) Calculation

PRSs; was calculated for both healthy controls and melanoma cases using the follow-
ing formula:
PRSs; = B1x1 + B2x2 + B3x3... + B57x57 (1)

Biis the estimated per-allele log OR for melanoma risk associated with the alternative
allele at the ith SNP, taken from the most recent melanoma GWAS from the GenoMEL
consortium [35], and xi is the number of alternative alleles carried by each individual,
being 0 for those homozygous for the reference allele, 1 for heterozygotes, and 2 for those
homozygous for the alternative allele. The PRS57 was then standardized to the mean and
SD in the control series; before standardization, the mean PRSs; in population controls was
1.48 with an SD of 0.64.

2.4. Statistical Analysis

Quantitative variables were summarized as median or mean and quartiles or standard
deviation (SD); categorical variables were reported as counts and percentages. The overall dis-
tribution of the PRSs; was compared among different groups using the Kruskall-Wallis test.

The PRSsy, as a categorical variable, was first analyzed for association with melanoma
risk using deciles of controls as cut-off points, and then for association with MPM risk using
deciles of cases as cut-off points, considering the 5-6th and the 1st decile, respectively, as
references. The relationship between the PRSs; and the probability of developing melanoma
was evaluated by univariate logistic regression and adjusted for age at sampling and sex.
The univariate and the adjusted models were specified as follows, respectively:

logit(p) = 0 + 31PRSsy (2)

logit(p) = 0 + B1PRSs7 + 2age + 3sex 3)

where p represents the probability of the outcome occurring, 30 is the intercept, and (31,
2, and (33 are the coefficients for the predictors.

To quantify the effect size of the PRS5; independent variable, the crude and adjusted
odds ratios (ORs) were reported with their 95% confidence intervals (Cls). In order to verify
the discriminative ability of the PRSsy, after adjusting for age at sampling and sex, the area
under the curve (AUC) was estimated and compared between models with and without
confounding factors using the DeLong’s test.
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Similarly, the relationship between the melanoma risk factors, PRSs7, and the prob-
ability of developing more than one melanoma was estimated using univariate logistic
regression models. The univariate models were specified as follows:

logit(p) = 0 + p1X1 4)

where p represents the probability of the outcome occurring, X1 represents the independent
variable, 30 is the intercept, and 31 the coefficient for the predictor. To quantify the effect
size of each independent variable, the crude odds ratios (ORs) were reported with their
95% confidence intervals (ClIs).

The independent role of each melanoma risk factor was verified in a multivariable
logistic model considering all characteristics significantly associated with the outcome in
the univariate analyses.

In order to verify the discriminative ability of PRSsy, the area under the curve (AUC)
was then estimated and compared between multivariable models with and without PRSs;
using the DeLong’s test.

All tests were two-sided, and a p-value < 0.05 was considered statistically significant.
No adjustment for multiple testing was performed. Statistical analyses were performed
using RStudio (RStudio: Integrated Development for R. RStudio, Inc., Boston, MA, USA)
and SAS version 9.4 (SAS Institute, Cary, NC, USA).

3. Results
3.1. PRS and Risk of Developing Melanoma

The genotypes of the 57 selected SNPs were used to calculate the PRS for each of the
270 melanoma cases with a suspected predisposition to melanoma but without pathogenic
variants in high/medium-penetrance genes and 296 controls. Comparing overall melanoma
cases vs. healthy controls, we observed a significant difference in the PRSs; distribution
(Table 2, Figure 1). On average, melanoma cases had a significantly higher PRSs; than
healthy controls, with a mean PRSs; of 0.577 (SD = 0.990).

Table 2. Polygenic risk score (PRS) distribution by melanoma risk. p-value from Kruskall-Wallis test.

Polygenic Risk Score (PRS)

Mean (SD) Median (Q1, Q3) p-Value

Cases (N = 270) 0.577 (0.990) 0.551 (—0.075, 1.301) <0.001
Controls (N = 296) 0.000 (1.000) 0.041 (—0.505, 0.584)

04 !

03 .
z -
g 1 1 controls
Q 0.21 v cases

|

B

-2 0 2
Polygenic Risk Score

Figure 1. Smoothed kernel density estimates of the standardized PRSs; in all cases and controls.
Dotted lines correspond to the means of the PRSs;.

We then assigned melanoma cases to decile groups of the PRSs; distribution deter-
mined using the control series (Figure 2A). In a logistic regression model including sex and
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age at sampling as possible confounders, we observed that a higher melanoma risk was
significantly associated with the highest PRSs; deciles. In particular, compared with those
in the 5-6th decile, individuals with a PRSsy in the 9th and 10th deciles had an adjusted
OR of 2.18 (95% CI 1.06 to 4.48) and 3.13 (95% CI 1.58 to 6.23) for developing melanoma,
respectively. In contrast, the lower decile categories had a lower risk of melanoma, with an
adjusted OR of 0.32 (95% CI 0.12 to 0.82, Table 3). We also observed a monotonic increase
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Figure 2. (A) Distribution of controls and cases in each decile; (B) ORs (points) with 95% ClIs (vertical
bars) by decile for melanoma cancer risk, using the 5-6th decile as the reference.

Table 3. The ORs (95% ClIs) of each decile for melanoma risk were estimated from logistic regression
using the 5-6th decile as reference, and the ORs * (95% Cls) were adjusted including age at sampling
and sex.

Cases Controls OR OR* Val
(N=270) (N =296) (95%CI) (95%CI) p-vatue
PRSs; 1 10 (3.7%) 30 (10.1%) 0.39 (0.18,0.89) 0.32(0.12,0.82) 0.017
2 14 (5.2%) 30 (10.1%)  0.55(0.26,1.16) 0.47 (0.19, 1.16) 0.102
3 15 (5.6%) 29 (9.8%) 0.61(0.29,1.27) 0.55(0.23,1.32) 0.181
4 21 (7.8%) 30 (10.1%) 0.83(0.42,1.63) 0.70(0.31, 1.58) 0.389
5-6 49 (18.1%) 58 (19.6%) ref. ref.
7 17 (6.3%) 30(10.1%) 0.67 (0.33,1.36) 0.82 (0.35, 1.88) 0.636
8 32 (11.9%) 30(10.1%) 1.26 (0.67,2.36) 1.33(0.63,2.79) 0.450
9 42 (15.6%) 29 (9.8%) 1.71 (0.93,3.15) 2.18 (1.06, 4.48) 0.033
10 70 (25.9%)  30(10.1%) 2.76 (1.56,4.90) 3.13 (1.58, 6.23) 0.001

The univariate PRS5; model had an AUC of 0.66, which significantly increased to 0.84
when age at sampling and sex were included (Figure 3).

3.2. PRS, Melanoma Risk Factors, and Risk of Developing Multiple Melanoma

Additional information on well-established melanoma risk factors such as eye/hair/
skin color, sunburn frequency, and nevus count were available only for cases and not
controls. Nevertheless, we observed a nominally significant association between PRSs;
and almost all the features considered in the analysis (Table 4). Indeed, melanoma patients
with light phenotypic colors, high sunburn frequency, and a young age at diagnosis had a
significantly higher PRSs;. In particular, individuals with light eyes were twice as likely
to have a mean PRSsy higher than those with dark eyes, and individuals with red hair or
skin phototype I-I had an almost three-fold higher PRSs; than those with dark hair or skin
phototype III-1V, respectively. On the other hand, PRS5; was not significantly associated
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with the number of nevi, nor did PRSs; differ between patients with or without affected
relatives. Interestingly, the mean PRSs; in the multiple melanoma group (0.689) was twice
that in the single melanoma group (0.362) (Table 4).

sensitivity
o
g

0.25
— PRS (AUC: 0.66)
== PRS, age and sex (AUC: 0.84)
. P < 0.0001
0.00
1.00 0.75 0.50 0.25 0.00
specificity

Figure 3. Area under the curve (AUC) for the prediction of developing melanoma based on PRSs;
(categorized according to deciles) (blue) and a model based on PRSs;, with age at sampling and
sex included as possible confounders (red). p-value for the difference between the two AUCs
(DeLong’s test).

Table 4. Polygenic risk score (PRS) distribution by patient characteristics. p-value from Kruskall-
Wallis test.

Polygenic Risk Score (PRS)

Mean (SD) Median (Q1, Q3) p-Value
Age at diagnosis <51 (N =141) 0.731 (1.048) 0.827 (0.002, 1.454) 0.002
>51 (N =129) 0.408 (0.895) 0.381 (—0.156, 0.924)
Sex F (N =155) 0.484 (1.055) 0.450 (—0.168, 1.257) 0.100
M (N =115) 0.701 (0.884) 0.640 (0.099, 1.329)
Eye color Dark (N =111) 0.349 (1.027) 0.317 (—0.258, 0.962) <0.001
Light (N = 125) 0.798 (0.900) 0.810 (0.165, 1.454)
Hair color Brown/black (N = 127) 0.376 (0.958) 0.462 (—0.158, 1.030) 0.001
Blonde (N = 88) 0.741 (0.923) 0.561 (0.064, 1.513)
Red (N =21) 1.216 (1.064) 1.397 (0.193, 1.916)
Fitzpatrick skin phototype I-II (N = 125) 0.850 (0.972) 0.886 (0.143,1.517) <0.001
-1V (N = 111) 0.303 (0.917) 0.318 (—0.211, 0.855)
Sunburn frequency Rarely/never (N = 103) 0.321 (0.947) 0.318 (—0.211, 1.017) <0.001
Often (N = 130) 0.798 (0.973) 0.726 (0.138, 1.468)
Nevi <50 (N = 115) 0.468 (1.006) 0.485 (—0.142, 1.153) 0.075
>50 (N =99) 0.723 (0.990) 0.719 (—0.017, 1.450)
Familv history of melanoma Yes (N = 163) 0.546 (0.971) 0.556 (—0.049, 1.228) 0.683
y y No (N = 107) 0.623 (1.020) 0.485 (—0.089, 1.450)
No. of melanomas =1 (N =93) 0.362 (1.042) 0.322 (—0.156, 1.031)
>1 (N =177) 0.689 (0.944) 0.597 (0.002, 1.390) 0.025
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In particular, a total of 93 patients with one melanoma had a median PRSs; of 0.322,
which increased to 0.498 in 78 cases with two melanomas and 0.451 in 40 cases with three
melanomas, up to 0.925 in 59 patients with four or more melanomas, with a p-value of 0.005
(Figure 4).

Polygenic Risk Score

3 4 ©
(=]

2

] -

0 J

-1

-2 J

o
single melanema two melanomas three melanemas  four or mare melanomas

Figure 4. Box plot showing the different distributions between cases with one, two, three, or four or
more melanomas. The bottom and the top of the box correspond to the first and third quartiles, and
the bold-black line in the middle represents the median. The upper/lower whiskers extend to the
largest/smallest value no further than 1.5x the inter-quartile range, or the distance between the first
and third quartiles. Data beyond the end of the whiskers are outlying points.

Then, we evaluated the impact that other melanoma risk factors considered so far
could have on the risk of developing MPM. Our results were indicative of a higher risk of
developing more than one melanoma during the lifetime in individuals with more than
50 nevi and in males. We also assigned melanoma cases to decile groups of the PRSs;
distribution determined using the case series to explore if the risk of developing MPM
increased with an increase in PRSs;. We found that patients with a PRSsy in the 5th, 8th,
9th, and 10th deciles had a higher risk of MPM, especially those in the top decile, having
an OR of 4.74 (Table 5).

It is noteworthy that the inclusion of the PRSs; in the risk prediction model, together
with the risk factors that reached statistical significance from the univariate logistic regres-
sion analysis, significantly improved the discrimination of MPM-prone individuals, with
the AUC increasing from 0.62 to 0.72 (p-value < 0.0250) (Figure 5).

Table 5. The ORs (95% Cls) for MPM were estimated from univariate logistic regression models.

MPM SPM OR

(N =177) (N = 93) (95%CI) p-Value

Age at diagnosis <51 97 (54.8%) 44 (47.3%) ref. 0.242
>51 80 (45.2%) 49 (52.7%) 0.74 (0.45, 1.23)

Sex F 93 (52.5%) 62 (66.7%) ref. 0.027
M 84 (47.5%) 31 (33.3%) 1.81 (1.07, 3.05)

Eye color Dark 81 (49.7%) 30 (41.1%) ref. 0.222
Light 82 (50.3%) 43 (58.9%) 0.71 (0.4, 1.23)

Hair color Brown/black 83 (50.9%) 44 (60.3%) 0.83 (0.47, 1.49) 0.544
Blonde 61 (37.4%) 27 (37.0%) ref.
Red 19 (11.7%) 2 (2.7%) 4.2 (091, 19.33) 0.065

Fitzpatrick skin phototype I-1I 90 (55.2%) 35 (47.9%) ref. 0.302
-1v 73 (44.8%) 38 (52.1%) 0.75 (0.43, 1.3)

Sunburns frequency Rarely/never 67 (41.6%) 36 (50.0%) 0.71 (0.41, 1.25) 0.234

Often 94 (58.4%) 36 (50.0%) ref.




Biology 2024, 13, 954 10 of 15
Table 5. Cont.
MPM SPM OR Value
(N =177) (N = 93) (95%CI) P
Nevi <50 75 (49.3%) 40 (64.5%) ref. 0.045
>50 77 (50.7%) 22 (35.5%) 1.87 (1.01, 3.43)
PRSsy Cont 1.41 (1.08, 1.83) 0.011
PRSs; 1 13 (7.3%) 14 (15.1%) ref.
2 18 (10.2%) 9 (9.7%) 2.15 (0.72, 6.47) 0.172
3 18 (10.2%) 9 (9.7%) 2.15 (0.72, 6.47) 0.172
4 14 (7.9%) 13 (14.0%) 1.16 (0.40, 3.37) 0.786
5 21 (11.9%) 6 (6.5%) 3.77 (1.16, 12.27) 0.028
6 17 (9.6%) 10 (10.8%) 1.83 (0.62, 5.42) 0.275
7 13 (7.3%) 14 (15.1%) 1.00 (0.34, 2.91) 1.000
8 21 (11.9%) 6 (6.5%) 3.77 (1.16, 12.27) 0.028
9 20 (11.3%) 7 (7.5%) 3.08 (0.98, 9.67) 0.054
10 22 (12.4%) 5 (5.4%) 4.74 (1.39,16.21) 0.013
1.00
0.75

sensitivity
o
3

0.25
== sex and nevi (AUC: 0.62)
= PRS, sex and nevi (AUC: 0.72)
P=0.0250
0.00
1.00 0.75 0.50 0.25 0.00
specificity

Figure 5. Area under the curve (AUC) for the prediction of developing multiple melanoma using
either established risk factors for melanoma (sex and nevi (>50, <50)) (blue) or sex, nevi, and PRSsy
(categorized according to deciles) (red).

4. Discussion

In this study, we defined a PRS based on 57 SNP genotypes that was found to be
significantly associated with melanoma risk in a cohort of 270 melanoma patients with a
suspected genetic predisposition but with a non-informative genetic test in high/medium-
penetrance melanoma genes. Indeed, melanoma cases had a higher PRSs; than controls,
and individuals in the top decile of the PRSs; distribution were more at a more that
than three-fold higher risk of having melanoma than individuals in the middle decile
(5-6th decile).

When studying only the cases, we first observed a significantly higher PRSs7 in pa-
tients with an earlier age at melanoma diagnosis (51 vs. >51 years), suggesting a genetic
background for melanoma susceptibility, and second, our results are indicative of a sig-
nificant association of PRSs; with established risk factors for melanoma, such as multiple
diagnoses of melanoma, pigmentary traits, and number of sunburns, but not with nevus
count or family history. In particular, MPM cases had a significantly higher mean PRSs;
than SPM cases, and the PRSs; increased proportionally with the increase in the number



Biology 2024, 13, 954

11 of 15

of melanomas until reaching a mean PRSsy value of 0.975 in individuals with more than
four melanomas. On the other hand, the lack of a significant association of PRSs; with
family history could be explained by considering that not only our familial cases but also
the selected sporadic cases have a suspected genetic predisposition to melanoma. In fact,
about 76% of the sporadic patients were MPM cases, and the remainder had a personal or
familial (at least one first/second-degree relative) history of melanoma-related neoplasms
(e.g., pancreatic carcinoma, mesothelioma). Thus, in our cohort of patients, the distinction
between familial and sporadic melanoma is much less clear.

Then, we focused on assessing the impact of the factors considered so far on the risk
of developing multiple melanoma. Among the cases, individuals with PRSs; values in the
highest deciles (8th, 9th, 10th) had a higher risk of having MPM than SPM. In addition,
when the PRSs; was considered a continuous variable, we observed that the per-SD OR
increased to 1.41 for MPM. Consistent with our findings, Potjer et al. reported a per-SD
OR increase to 2.86 for multiple primary melanomas, suggesting that individuals with a
high PRS are not only more likely to develop melanoma but also to develop subsequent
melanomas [42].

We also confirmed the nevus count as an important risk factor for the development
of MPM. It is noteworthy that the PRSs7, in addition to nevus count and sex, significantly
improved the discrimination between SPM and MPM (AUC 0.62 vs. 0.72, p = 0.0250).

Our patients could be at high risk for disease through the combined effect of multiple
common, low-risk genetic variants, reflected in a high PRS and high-risk phenotypes (such
as pale pigmentation and propensity to sunburn). Otherwise, as already hypothesized [45],
a second scenario could exist wherein the risk of melanoma is potentially less strongly
modified by PRS and other risk factors because of the presence of high/medium-penetrance
variants. This hypothesis agrees with previous findings that showed a lower PRS in cases
of families carrying high-penetrance variants than in cases of families without [46] and in
cases of families with high density compared to those with low density [42].

A major strength of our study is that it considered a group of patients strongly sus-
pected of having a genetic background predisposing them to melanoma development
despite an absence of pathogenic variants in high/medium-penetrance melanoma genes.
Further studies in large cohorts of individuals carrying pathogenetic variants in melanoma
genes could instead clarify whether and to what extent the PRS could modify the penetrance
of such a variant.

Another advantage of this study is the inclusion of some traditional risk factors in our
analysis to explore their possible association with the PRS. We confirmed an association
between PRS and traditional risk factors, with higher PRS values for individuals with light
eyes, red or blonde hair, skin phototype I-1I, and frequent sunburns. Notably, individuals
with a high nevus count, a risk factor associated with nearly double the likelihood of more
than one melanoma, were more likely to have higher PRS values. These findings agree with
a previous study that investigated the association between a 204-SNP PRS and traditional
risk factors such as age, sex, skin phototype, number of nevi, and eye and hair color,
genotyping for the first time individuals from a Mediterranean population. Importantly, it
showed that this PRS strongly differentiated the melanoma risk in an Italian population in
combination with the other melanoma risk factors, enabling the stratification of subjects
into high- and low-risk groups [40].

However, it is still unclear to what degree genomic and traditional risk factors overlap
in their prediction of melanoma risk, and further studies are needed. The main challenge
remains how to determine which SNPs should be included in the PRS calculation and the
weighting parameters (3 values) to assign.

One of the limitations of our study is the small sample size, as this was a single-center
investigation. This constraint complicates the broader interpretation of our findings and
may limit their generalizability to larger populations. However, this pilot study has the
advantage of a consistent and uniform data collection process, which enhances the reliability
of the results obtained. The insights gained from this research will serve as a foundation
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for future studies with a wider cohort. Such subsequent research will not only validate our
findings but also allow for a more comprehensive exploration of the associations identified
in this study, thereby contributing to a deeper understanding of the underlying factors
influencing melanoma. Another limitation of this study is that genetic analysis cannot
represent the entire Italian population, considering the non-homogeneous prevalence of
mutations in susceptibility genes, in particular CDKN2A, due to the geographical origin of
the patients. Currently, this is still an intrinsic limitation of PRS validity, as the majority of
studies in the PRS field are based on GWAS data from individuals with European ancestry,
with little benefit for minority ancestry groups [47]. There are currently no guidelines
for the inclusion of PRS in clinical practice, and the implementation of this approach
must be carefully examined, especially for its ethical implications [43,48-50]. Avoiding
misleading communication is crucial for appropriate genetic counseling and PRS testing,
and the patient should be correctly informed on how the PRS results will be used in clinical
management. Importantly, it should be clear that the PRS provides a relative and not an
absolute risk of developing the considered disease. Therefore, an individual with a high
PRS may never develop the disease, and individuals with low PRS might. Nevertheless,
as genetic and phenotypic data increase in size, variety, and accuracy, the clinical utility
and validity of the PRS will improve, especially through collaborations with other research
groups within national and international consortia in a global effort.

5. Conclusions

In conclusion, our findings highlight the role of PRS as an additional useful tool in
clinical practice to identify subjects at an elevated risk of developing not only melanoma but
also multiple melanomas, especially in the context of a suspected melanoma predisposition
but with a non-informative test for high/medium-penetrance genes.

It is noteworthy that some traditional risk factors were included in our analysis to
assess their possible association with the PRS. This could lead to the definition of an
individual’s genomic profile, which could further refine risk prediction models for this
disease, considering that all the subjects with a high PRS should undergo more stringent
protocols of surveillance for earlier detection and thus prompt treatment.
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