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Abstract: Background: Familial hypercholesterolemia (FH) comprises high LDL-cholesterol (LDL-c)
levels and high cardiovascular disease risk. In the absence of pathogenic variants in causative genes, a
polygenic basis was hypothesized. Methods: In a population of 418 patients (excluding homozygotes)
with clinical suspicion of FH, the FH-causative genes and the regions of single nucleotide polymor-
phisms (SNPs) included in 12-SNP and 6-SNP scores were sequenced by next-generation sequencing,
allowing for the detection of pathogenic variants (V+) in 220 patients. To make a comparison, only
patients without uncertain significance variants (V−/USV−) were considered (n = 162). Results:
Higher values of both scores were observed in V+ than in V−. Considering a cut-off leading to
80% of V−/USV− as score-positive, a lower prevalence of patients positive for both 12-SNP and
6-SNP scores was observed in V+ (p = 0.010 and 0.033, respectively). Mainly for the 12-SNP score,
among V+ patients, higher LDL-c levels were observed in score-positive (223 mg/dL -IQR 187-279)
than in negative patients (212 mg/dL -IQR 162–240; p = 0.006). Multivariate analysis confirmed the
association of scores and LDL-c levels independently of age, sex, and presence of pathogenic variants
and revealed a greater association in children. Conclusions: The 12-SNP and 6-SNP polygenic scores
could explain hypercholesterolemia in patients without pathogenic variants as well as the variability
of LDL-c levels among patients with FH-causative variants.

Keywords: hypercholesterolemia; polygenic score; LDL-cholesterol; Familial hypercholesterolemia;
phenotype variability

1. Introduction

Familial hypercholesterolemia (FH) is a genetic disease comprising high LDL-cholesterol
(LDL-c) levels caused by pathogenic variants in genes involved in LDL uptake [1]. The
heterozygous form of FH is a frequent disease with an estimated prevalence of about
1:250 subjects [2], whereas the homozygous form is very rare, with different reported
prevalences in different populations [3–5]. The gene with the most pathogenic variants is
the LDLR gene, which encodes the LDL receptor, whereas less frequent variants have been
identified in genes encoding apolipoprotein B (APOB), i.e., the LDLR ligand and Proprotein
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Convertase Subtilisin/Kexin type 9 (PCSK9) [6,7]. The LDLRAP1 gene is involved in the
rare recessive form of FH [6,7]. Variants in other genes causative of different recessive
disorders characterized by hypercholesterolemia have also been described in patients
with clinical suspicion of FH; these genes were defined FH-phenocopies [8]. In particular,
patients with heterozygous pathogenic variants in both FH-causative genes and genes
causative of sitosterolemia (ABCG5 and ABCG8) have been described as having a more
severe phenotype than those with simple heterozygous FH [8]. This condition was defined
as oligogenic FH and may be responsible for some of the phenotypic variability in FH [9].

High variability in LDL-c levels was observed among patients with genetically deter-
mined FH, only partially due to the variant type and the affected gene. In fact, patients with
null variants in LDLR show higher LDL-c levels and an increased risk of cardiovascular
diseases (CVDs) compared to patients with missense variants [10,11], mainly because of
the very low LDLR activity typical of null variants [12].

Since the cholesterol contained in lipoprotein(a) contributes to LDL-c levels, lipopro-
tein(a) levels could be an additional factor impacting the phenotypic expression of FH [13].
In fact, a recent study conducted by the Italian network LIPIGEN showed that the correction
of LDL-c levels for lipoprotein(a) levels resulted in a lower percentage of FH patients with
LDL-c levels ≥190 mg/dL [14].

However, not all patients with clinical suspicion of FH have a pathogenic variant
in the canonical genes [6,7], suggesting that elevated levels of LDL-c could have a poly-
genic cause. Since the first identification of lipid-related loci [15], it was hypothesized
that the accumulation of low-impact variants (single nucleotide polymorphisms—SNPs)
could lead to increased LDL-c levels similarly to a high-impact variant (monogenic hyperc-
holesterolemia). Several weighted polygenic scores have been developed since then. The
first and most studied score was based on 12 SNPs and was developed based on the UK
population, with a score range of −0.5–1.46 [16]. Using this score, in patients above the
10th decile of the score distribution (1.16), hypercholesterolemia was considered to have
a higher probability to be polygenic. This score was then further refined to reduce the
number of SNPs to 6 without losing its performance, according to the original study [17].
Different polygenic scores have been developed to meet the genetic background of different
populations, highlighting that a single LDL-c score or a single cut-off cannot be universally
used [18–20].

Correct genetic identification of the cause of hypercholesterolemia could help patient
management, particularly impacting therapy and CVD prevention from childhood on-
ward [1,21]. The aim of our study was to evaluate the impact of two polygenic scores,
the 12-SNP score [16] and the 6-SNP score [17], on the predisposition to high LDL-c lev-
els in patients with clinical suspicion of FH, while also considering the presence of FH
pathogenic variants.

2. Materials and Methods
2.1. Patients

A total of 424 patients with a clinical suspicion of FH were recruited at the Diparti-
mento di Medicina Clinica e Chirurgia and Dipartimento di Scienze Mediche Traslazion-
ali of Università degli Studi di Napoli Federico II and at the Dipartimento di Scienze
della Sanità Pubblica e Pediatriche of Università degli Studi di Torino. After the exclu-
sion of six patients with two pathogenic variants, the population consisted of 290 adults
(>16 years) and 134 pediatric patients (≤16 years). Most patients were index cases; only
10/290 (3.4%) adults and 7/134 (5.2%) children derived from cascade screening. Most pa-
tients were Italian; only 11/424 were from other countries (eight from Europe and three from
other continents).

Recruitment criteria are LDL-cholesterol (LDL-c) ≥ 140 mg/dL for adults and
LDL-c ≥ 120 mg/dL for children, together with a family history of hypercholesterolemia
and/or premature coronary artery disease (<55 years in men or <60 years in women). We
included patients with LDL-c levels lower than the usual thresholds of 190 mg/dL for
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adults and 160 mg/dL for children because we previously observed that some genetically
confirmed FH patients may show lower LDL-c levels [11,22].

Written informed consent was collected from each patient. The study was performed
according to the current version of the Helsinki Declaration and then approved by the
Ethical Committee of the “Università degli Studi di Napoli Federico II” (Number 262/17,
29 November 2017).

2.2. Biochemical Data

Total cholesterol, HDL-cholesterol (HDL-c), and triglycerides (TG) were measured
using standard enzymatic methods, whereas LDL-c was calculated using the Friedewald
formula. Lipid values were measured in the absence of lipid-lowering therapy. If patients
were on therapy at the first observation, the pre-therapy LDL-c was estimated using a
previously described formula [23]. Non-HDL-cholesterol (non-HDL-c) and the ratios
between lipid parameters were also calculated (LDL-c/HDL-c and LDL-c/TG). Since data
on lipoprotein(a) were not available for many patients, we did not include this parameter
in the analysis.

2.3. Genetic Screening

All patients were analyzed by next generation sequencing (NGS) using the Devyser FH
v2 kit (Devyser, Sweden), as previously described [11]. Briefly, we enriched the sequence of
all exons and the flanking intronic regions of LDLR, APOB, PCSK9, LDLRAP1, and APOE
genes, as well as SNPs for calculating LDL-c polygenic scores. This kit also allowed us
to identify copy number variants of the LDLR gene. Sequencing was performed using
2 × 150 base pair sequencing with Kit v2 Micro on the MiSeq platform (Illumina, San Diego,
CA, USA), and data analysis was performed using Amplicon Suite software version 3.5.1
(SmartSeq). Genes related to FH-phenocopies have not been evaluated.

Variant pathogenicity was evaluated following the American College of Medical
Genetics and Genomics (ACMG) guidelines [24], taking into account the recommendation
made by Chora et al. in 2018 for variants in APOB and PCSK9 genes [25] and in 2022 for
variants in the LDLR gene [26]. Rare variants were then divided into uncertain significance
variants (USVs) and pathogenic variants. According to the guidelines, USVs are variants
with contrasting evidence of pathogenicity or variants for which not enough pathogenicity
or benignity criteria are present, implying that new evidence could change the variant
classification in the future.

2.4. Statistical Analysis

Categorical data were reported as absolute number and percentages, whereas con-
tinuous variables were expressed as medians and interquartile ranges (IQRs) because all
had non-parametric distribution according to the Kolmogorov–Smirnov test. Frequencies
were compared using the exact Fisher test. Continuous variables were compared using
the Mann–Whitney or Kruskal–Wallis test in cases of two or more than two groups, re-
spectively. Statistical analyses were performed with IBM SPSS Statistics, Version 29.0 (IBM
Corp, Armonk, NY, USA). A p-value < 0.05 was considered significant. Receiver operating
characteristic (ROC) curves were constructed with MedCalc Statistical Software version 22
(MedCalc Software bv, Ostend, Belgium) using the Hanley and McNeil method to evaluate
the significance of the area under the curve (AUC) versus the area under the bisector and
to compare different curves. Violin plots were constructed using GraphPad Prism version
10.2 (GraphPad Software, Boston, MA, USA).

3. Results
3.1. Identification of Monogenic Causes of Hypercholesterolemia

Among 424 patients with a clinical suspicion of FH, we identified 162 patients without
pathogenic variants and without USVs (V−/USV−), 36 patients with USVs (V−/USV+),
and 226 with pathogenic variants (V+) leading to a mutation detection rate of 53.3%.



Genes 2024, 15, 462 4 of 14

Six homozygotes/double heterozygotes (HoFH) and 220 heterozygotes were identified.
Among the 220 heterozygotes, most carried pathogenic variants in the LDLR gene (201;
91.4%), whereas 16 (7.3%) and 3 (1.3%) carried pathogenic variants in APOB and PCSK9
genes, respectively. Among the 6 HoFH, 2 homozygotes and 2 compound heterozygotes for
variants in LDLR and 2 double heterozygotes (variants in both LDLR and APOB; variants
in both LDLR and PCSK9) were identified. Since homozygous FH is an extremely severe
disease with biochemical and clinical features markedly evident and very different from
polygenic hypercholesterolemia, we decided to exclude these patients from subsequent
analyses, which were performed on a population of 418 patients.

Demographic and biochemical characteristics of the studied population are reported
in Table 1. LDL-c levels were higher in adults versus children, as well as in V+ patients
versus V− patients. Notably, in pediatric patients, a higher frequency of patients with
FH pathogenic variants was observed compared to adults (Table 1), probably because the
hypercholesterolemic phenotype in children is usually not related to secondary factors.

Table 1. Demographic and biochemical characteristics of studied patients with comparisons between
adults and children and between patients with (FH/V+) and without (FH/V−) pathogenic variants.

Total FH Patients
n = 418

Adults
n = 285

Children
n = 133 Significance 1 FH/V+ Patients

n = 220
FH/V− Patients

n = 198 Significance 2

Age (years) 31 (14–54) 47 (30–58) 11 (9–13) p < 0.001 20 (12–44) 45 (21–58) p < 0.001
Sex n males (%) 188.0 (45%) 120.0 (42.1%) 68.0 (51.1%) ns 103.0 (46.8%) 85.0 (42.9%) ns

Pediatric patients
n (%) 133.0 (31.8%) - - - 91.0 (41.4%) 42.0 (21.2%) p < 0.001

LDL-cholesterol
(mg/dL) 209 (176–251) 213 (181–260) 198 (155–232) p < 0.001 215 (183–263) 198 (172–234) p = 0.004

Total cholesterol
(mg/dL) 295 (253–345) 303 (262–367) 271 (230–312) p < 0.001 299 (253–350) 293 (253–332) ns

HDL-cholesterol
(mg/dL) 52 (44–62) 51 (43–62) 54 (47–64) p = 0.041 52 (45–61) 53 (44–67) ns

Non
HDL-cholesterol

(mg/dL)
241 (200–292) 249 (211–313) 214 (177–257) p < 0.001 245 (203–298) 236 (198–284) ns

Triglycerides
(mg/dL) 102 (75–155) 114 (84–166) 82 (65–110) p < 0.001 91 (67–142) 114 (86–166) p < 0.001

LDL/HDL ratio 4.0 (3.1–5.2) 4.3 (3.4–5.5) 3.5 (2.8–4.5) p < 0.001 4.2 (3.2–5.4) 3.9 (2.9–4.9) p = 0.012
Presence of
pathogenic

variants n (%)
220.0 (52.6%) 129.0 (45.3%) 91.0 (68.4%) p < 0.001 - - -

1 Comparison of adults and children. 2 Comparison of FH/V+ and FH/V−. ns = not significant.

3.2. Comparison of LDL-c Polygenic Scores in Patients with Different Genetic Statuses

We evaluated the distribution of both the 12-SNP and 6-SNP scores in the three groups
defined by genetic status, identifying a significant difference only for the 12-SNP score
(Figure 1).

We observed that patients with USVs showed a profile overlapping with both
V−/USV− and V+ patients (Figure 1). Since this result can be explained by the main
feature of USVs, i.e., the lack of evidence for a definite pathogenicity classification, we
excluded this patient group, which represents an undefined genetic status, potentially
confusing subsequent analyses.

The comparison of the polygenic scores between V−/USV− and V+ revealed a signif-
icant difference for both the 12-SNP and 6-SNP scores (Figure 2). The 12-SNP score was
1.03 (IQR 0.92–1.14) in V−/USV− and 0.99 (IQR 0.86–1.08) in V+ (p = 0.002), whereas
a lower but still significant difference was observed for the 6-SNP score, which was
0.73 (IQR 0.66–0.83) in V−/USV− and 0.73 (IQR 0.58–0.80) in V+ (p = 0.022). Despite
a notable overlap of scores, FH/V+ showed a tail in the lowest values of both polygenic
scores that was not present in FH/V− patients. However, the 12-SNP score showed more
marked differences than the 6-SNP score. We did not perform the analyses dividing adults
and pediatric patients because the genetic background is independent of age.
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Figure 1. Distribution of the 12-SNP score and 6-SNP score in patients with different genetic statuses.
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SNP score (B) in patients without pathogenic variants and without uncertain significance variants
(V−/USV−), without pathogenic variants and with uncertain significance variants (V−/USV+),
and with pathogenic variants (V+). The continuous horizontal line within each plot represents
the distribution median, whereas the dashed lines represent the first and third quartile of value
distribution. Statistical significance indicated in each panel was calculated by Kruskal–Wallis test.
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Figure 2. Distribution of the 12-SNP score and 6-SNP score in patients with and without pathogenic
variants. The violin shape represents the smoothed frequency distribution of the 12-SNP score
(A) and 6-SNP score (B) in patients without pathogenic variants, without uncertain significance
variants (V−/USV−), and with pathogenic variants (V+). The continuous horizontal line within
each plot represents the distribution median, whereas the dashed lines represent the first and third
quartile of value distribution. Statistical significance indicated in each panel was calculated by Mann–
Whitney test.

In summary, the results highlighted a different distribution of the 12-SNP and 6-SNP
scores between hypercholesterolemic patients with and without FH-causative variants.
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3.3. Evaluation of a Cut-Off to Identify Patients with a Polygenic Basis of Hypercholesterolemia

An unequivocal cut-off to identify patients with polygenic hypercholesterolemia
was not indicated by previous studies. Since all patients included in this study showed
hypercholesterolemia and familiarity for hypercholesterolemia, we identified possible
cut-offs to distinguish monogenic and polygenic hypercholesterolemia and evaluated
their performances. Firstly, we constructed the ROC curve for both 12-SNP and 6-SNP
scores, with AUCs of 0.594 (p = 0.001) and 0.568 (p = 0.020), respectively (Figure 3). The
direct comparison revealed a significant difference in AUC (p = 0.031), indicating better
performance of the 12-SNP score in discriminating monogenic hypercholesterolemia.
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Considering that we are facing a population of hypercholesterolemic patients, for each
score, we selected a cut-off score value to define 80% of V− as positive for the score, i.e.,
0.89 (sensitivity of 31.8% and specificity of 80.2%) for the 12-SNP score and 0.62 (sensitivity
of 29.5% and specificity of 80.2%) for the 6-SNP score. Using these cut-offs, the prevalence
of patients positive for both the 12-SNP score and the 6-SNP score was lower in V+ patients
than in V−/USV− patients (p = 0.010 and p = 0.033, respectively—Table 2). A larger
difference in score positivity prevalence was observed for the 12-SNP score compared with
the 6-SNP score.

Table 2. Frequency of patients positive for the 12-SNP and 6-SNP scores in groups defined by the
presence (FH/V+) or absence of pathogenic variants/USV (FH/V−/USV−).

FH/V−/USV−
n = 162

FH/V+
n = 220 Significance

12-SNP score − 32 (19.8%) 70 (31.2%) p = 0.010
12-SNP score + 130 (80.2%) 150 (68.2%)

6-SNP score − 32 (19.8%) 65 (29.5%) p = 0.033
6-SNP score + 130 (80.2%) 155 (70.5%)
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In summary, a positive score was observed more frequently in patients without
pathogenic variants than in patients with FH-causative variants.

3.4. Association of Polygenic Scores with Lipid Traits/LDL-Cholesterol Levels

In the whole population, no differences in LDL-c levels were observed when compar-
ing patients with scores above or below the identified cut-offs, i.e., positive or negative
for the polygenic scores (Table 3). Considering the groups of patients separately without
(V−/USV−) and with pathogenic variants (V+), a significant difference in LDL-c levels
between score-positive and score-negative patients was observed only in V+ patients, with
a more significant difference for the 12-SNP score compared to the 6-SNP score (Table 3).
To also evaluate the role of age and sex on LDL-c levels in relation to score positivity, the
analysis was repeated, comparing data by ANCOVA, using age and sex as covariates. For
the 12-SNP score, a significant different was now observed in the total population, and it
was even more pronounced than before in V+ patients (Table 3).

Table 3. Comparison of LDL-c levels between patients positive and negative for 12-SNP and
6-SNP scores.

Total FH
Patients
n = 382

Mann-
Whitney 1 ANCOVA 2 FH/V−/USV−

n = 162
Mann-

Whitney 1 ANCOVA 2 FH/V+
n = 220

Mann-
Whitney 1 ANCOVA 2

12-SNP score − 210
(165–239) ns p = 0.027

204
(169–231) ns ns 212 (162–240) p = 0.017 p = 0.006

12-SNP score + 209
(177–261)

197
(173–236) 223 (187–279)

6-SNP score − 213
(163–241) ns ns

204
(166–231) ns ns 215 (159–246) p = 0.044 p = 0.048

6-SNP score + 209
(178–259)

197
(173–236) 217 (187–279)

1 Significance at Mann-Whitney comparing score − vs. score +. 2 Significance at ANCOVA comparing score − vs.
score + using age and sex as covariates. ns = not significant.

The linear univariate regression analysis showed that both scores were mainly asso-
ciated with LDL-c and, to a lesser extent, with total cholesterol and non-HDL cholesterol
(Table 4).

Table 4. Association of polygenic scores with lipid parameters by univariate linear regression.

Total FH Patients
n = 382

FH/V−/USV−
n = 162

FH/V+
n = 220

12-SNP Score 6-SNP Score 12-SNP Score 6-SNP Score 12-SNP Score 6-SNP Score
β-

Coefficient p-Value β-
Coefficient p-Value β-

Coefficient p-Value β-
Coefficient p-Value β-

Coefficient p-Value β-
Coefficient p-Value

LDL-
cholesterol
(mg/dL)

0.144 p = 0.005 0.134 p = 0.009 0.104 ns 0.032 ns 0.212 p = 0.002 0.227 p < 0.001

Total
choles-
terol

(mg/dL)
0.120 p = 0.020 0.111 p = 0.031 0.072 ns 0.021 ns 0.169 p = 0.012 0.183 p = 0.007

HDL-
cholesterol
(mg/dL)

−0.003 ns −0.003 ns 0.055 ns 0.092 ns −0.069 ns −0.089 ns

Non-HDL
choles-
terol

(mg/dL)
0.127 p = 0.014 0.118 p = 0.022 0.068 ns 0.008 ns 0.186 p = 0.006 0.203 p = 0.002

Triglycerides
(mg/dL) 0.045 ns 0.026 ns −0.015 ns −0.050 ns 0.026 ns 0.030 ns

LDL/HDL
ratio 0.089 ns 0.085 ns 0.041 ns −0.029 ns 0.157 p = 0.021 0.186 p = 0.006

ns = not significant.

Considering that the presence of a pathogenic variant is the major determinant of LDL-
c level differences, the same analysis was performed by dividing patients into V−/USV−
and V+. The association was still present only in the group of patients with pathogenic
variants (V+), with a higher coefficient compared to the total population (Table 4), suggest-
ing that both polygenic scores could be relevant in determining the phenotypic variability
observed among genetically determined FH patients.
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To further verify this association, we constructed two models of multivariate linear
regression using LDL-c levels as the dependent variable and age, sex, the presence of
pathogenic variants, and the polygenic score (the 12-SNP score for the first model (Table 5)
and the 6-SNP score for the second model (Table 6)) as independent variables. In the total
population, the major determinants of LDL-c levels were age and the presence of pathogenic
variants, although both scores showed a significant role independently of other factors.

Table 5. Factors associated with LDL-c levels by multivariate linear regression, including the 12-SNP
score in the total population and in groups defined by the presence (V+) or absence of pathogenic
variants (V−/USV−) or in adult/pediatric patients.

Total Population
n = 382

FH/V+
Patients
n = 220

FH/V−/USV−
Patients
n = 160

Adults
n = 257

Children
n = 125

Independent
Variables β Significance β Significance β Significance β Significance β Significance

Age 0.274 p < 0.001 0.151 p = 0.025 0.415 p < 0.001 0.218 p = 0.001 −0.052 ns
Sex 0.017 ns 0.044 ns −0.010 ns 0.023 ns 0.043 ns

Presence of
pathogenic

variants
0.240 p < 0.001 - - - - 0.175 p = 0.007 0.407 p < 0.001

12-SNP
score 0.169 p = 0.001 0.199 p = 0.003 0.154 p = 0.037 0.149 p = 0.016 0.242 p = 0.005

ns = not significant.

Table 6. Factors associated with LDL-c levels by multivariate linear regression, including the 6-SNP
score in total population and in groups defined by the presence (V+) or absence of pathogenic variants
(V−/USV−) or in adult/pediatric patients.

Total Population
n = 382

FH/V+
Patients
n = 220

FH/V−/USV−
Patients
n = 160

Adults
n = 257

Children
n = 125

Independent
Variables β Significance β Significance β Significance β Significance β Significance

Age 0.273 p < 0.001 0.149 p = 0.027 0.405 p < 0.001 0.213 p = 0.001 −0.043 ns
Sex 0.017 ns 0.038 ns 0.003 ns 0.027 ns 0.029 ns

Presence of
pathogenic

variants
0.233 p < 0.001 - - - - 0.166 p = 0.009 0.400 p < 0.001

6-SNP
score 0.152 p = 0.002 0.211 p = 0.002 0.083 ns 0.146 p = 0.017 0.201 p = 0.021

ns = not significant.

Dividing the population according to the presence of a pathogenic variant, both
polygenic scores were associated with LDL-c levels in FH/V+ patients (Tables 5 and 6),
confirming the polygenic influence on the expression of biochemical variability among
this group of patients. In the multivariate model, the association of the 12-SNP score with
LDL-c levels was also present among FH/V−/USV− patients, although a major role of
age was identified.

Polygenic scores were associated with LDL-c levels independently from age, sex, and
the presence of pathogenic variants, with substantial differences in adults and children.
In fact, when dividing the population into adults and children, the association of both
scores with LDL-c levels was more pronounced in children than in adults (Tables 5 and 6),
whereas age was the leading factor influencing LDL-c levels in adults.

Taken together, results confirmed the association of both polygenic scores with LDL-c
levels independently of other cholesterol-impacting factors. A greater impact of genetic
factors, both monogenic and polygenic, was observed in children.

4. Discussion

The prevalence of patients with pathogenic variants among FH-suspected patients is
extremely variable, partially depending on the strength of clinical suspicion and the specific
population [6,7,27–29]. To explain the severe hypercholesterolemia observed in patients
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without FH-causative variants, the hypothesis of a polygenic basis was formulated [16].
The role of polygenic scores in FH is still debated because great overlap of scores was
observed between patients with and without a monogenic cause of FH [16,17,30,31], and
no dominant inheritance was observed within families [32].

Since the characterization of the 12-SNP and 6-SNP scores, the 12 SNPs useful for
calculating both the 12-SNP and 6-SNP scores have been included in several NGS enrich-
ment panels for FH diagnosis, allowing for the detection of both monogenic and polygenic
bases of hypercholesterolemia. Although scores based on several hundreds or thousands of
variants could be more tailored for a personalized evaluation of a polygenic trait, especially
thanks to the most recent computational methods [33–37], the genetic analysis of these
scores would require a cost even higher than the one needed for the screening of monogenic
causes of FH, hampering their application in routine diagnosis.

Our study, based on hypercholesterolemic patients with family history of hypercholes-
terolemia, allowed us to perform analyses aimed at evaluating the ability of polygenic
scores to distinguish between monogenic and polygenic hypercholesterolemia. Since FH-
causative variants and the SNPs included in the scores are inherited independently of each
other, high polygenic scores were present, even in FH/V+ patients, but it is interesting that
none of the FH-suspected patients without pathogenic variants showed very low scores.
The absence of low polygenic score values in FH-suspected patients without pathogenic
variants was also observed in a recent study that analyzed a different score, based on 223
SNPs [31]. The score differences between hypercholesterolemic patients with and without
pathogenic variants was the basis for its potential utility and is often observed [16,17].

Several studies were conducted on FH populations after the exclusion of patients
with USVs in order to highlight an association with well-defined genetic statuses [30,31,38].
Before doing the same, we also reported the distribution of polygenic scores in V−/USV−
patients, highlighting that the score in this group of patients was intermediate between
V−/USV− and V+ patients.

As for genetically diagnosed FH patients (FH/V+), our results showed that high
values of both the 12-SNP and 6-SNP scores were associated with increased LDL-c levels,
representing one of the possible causes of the extreme variability usually observed among
FH patients, even among patients sharing the same pathogenic variant [11,39–41]. The
association of these polygenic scores with LDL-c remains debated according to published
studies. In fact, in another Italian study, the association of the 12-SNP score with LDL-c was
present in all clinically suspected patients, regardless of the presence of pathogenic variants,
although it was more prominent in the presence of pathogenic variants [30]. In a Portuguese
study that analyzed a control population to determine the 6-SNP score percentiles, subjects
with significantly higher LDL-c levels were observed in the last quartile than in the first
quartile, suggesting the use of the 75th percentile (0.76) as a cut-off to define the presence
of polygenic hypercholesterolemia [38]. However, no differences in score values were
observed between FH patients with and without pathogenic variants [38]. More recently,
using the 75th percentile as a cut-off, no differences in LDL-c levels were observed between
FH patients with and without pathogenic variants [42]. Also, in a Brazilian population, the
association of both 6-SNP and 12-SNP scores with LDL-c levels was observed only in the
healthy population and not in the FH group [43].

These discrepancies could be due to the different genetic backgrounds of the different
populations, even though the 6-SNP score was tested in seven populations. Our results
were obtained from a population composed mainly of Italians. Discordant results among
different populations suggest that the polygenic score for LDL-c levels should be tailored to
the genetic background of each population. In fact, ethnicity has been demonstrated to be
relevant for the distribution of score values and for the association with LDL-c levels [20,43].

We then considered both the presence of pathogenic variants and polygenic scores
together with demographic features impacting cholesterol levels to verify the association
between polygenic scores and LDL-c levels. In children, the presence of a pathogenic variant
was the most relevant factor influencing LDL-c levels, with a considerable role played by
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both polygenic scores, suggesting that genetic predisposition based on monogenic and
polygenic data should be greatly considered in the evaluation of cumulative LDL-c from
childhood. On the other hand, in adults, age emerged as the factor with the greatest
impact, although the association of the presence of pathogenic variants and both polygenic
scores were still present. We previously observed similar differences between adults
and children [11], probably due to a greater impact of lifestyle modifications, especially
diet-related ones, occurring with age.

Children can be considered the best population group for estimating the role of genetic
determinants of hypercholesterolemia, both monogenic and polygenic, because their LDL-
c levels are less influenced by the physiological cholesterol increase observed with the
advancement of age and by unhealthy lifestyle factors, which are less frequent in children
than in adults. In fact, when comparing adults and children, the impact of both the 12-
SNP and 6-SNP scores on LDL-c levels was greater in children than in adults. We did
not observe any impact of sex on LDL-c levels, although it is well-known that male sex is
associated with increased cardiovascular risk; this aspect sometime induces undertreatment
of women [44].

As for other lipid traits, we observed that patients without pathogenic variants showed
slightly higher triglyceride levels than patients with pathogenic variants, suggesting a
potential combined hyperlipidemia as the actual dyslipidemia in this group. We and
other groups have previously observed that among patients with a clinical suspicion of
familial combined hyperlipidemia (FCH), several patients with FH-causative variants
were identified [45,46], highlighting the biochemical and clinical overlap of these two
diseases. FCH is a polygenic disease in which different SNPs have been implicated for their
association with LDL-c and triglyceride levels [47,48].

Only a modest association of both scores was observed with the LDL/HDL ratio,
which in children emerged as the best parameter to discriminate patients with and without
pathogenic variants [22].

Our study also allows for a direct comparison of the performance of the 12-SNP and
6 SNP scores. Firstly, when comparing patients with and without pathogenic variants, a
greater difference was observed in the 12-SNP score compared to the 6-SNP score. This
result could be explained by the wider number of score combinations that can be obtained
with a larger number of SNPs, allowing for a more detailed definition of the score.

The better performance of the 12-SNP score compared to the 6-SNP score was also
proven by the analysis of patients positive and negative, considering cut-off score values
associated with a detection of 80% of score-positive patients in V−/USV− (0.89 for the
12-SNP score and 0.62 for the 6-SNP score). Using these cut-offs, a positive score was
observed more frequently in V−/USV− patients than in V+ patients, indicating that both
polygenic scores could be considered as an alternative cause of hypercholesterolemia when
no monogenic causes are present. However, despite the same specificity, the sensitivity of
the 12-SNP score was higher, as was the significance level. This result, together with the
direct comparison of ROC curves, further confirms that the 12-SNP score showed greater
power in discriminating polygenic from monogenic hypercholesterolemic patients.

Most of the studies on the 12-SNP and 6-SNP scores have defined their own cut-offs
based on the studied population [20,30,31,38]. Defining a single cut-off valid for all popula-
tions is even more difficult than using the same polygenic score in different populations.

The clinical utility of polygenic scores was also evaluated with respect to predisposition
to CVD, allowing for accurate risk stratification. It has been well-demonstrated that
the presence of a monogenic cause of FH is associated with an increased risk for CVD
events, independently of LDL-c levels, as well as for subclinical atherosclerosis [10,29,49].
Among patients with a monogenic cause of hypercholesterolemia, positivity to a score
based on 28 SNPs was associated with increased CVD risk, whereas this association was
not present in the absence of FH-causative variants [50]. Using another score based on
223 SNPs, a progressive increase in CVD risk was observed from genetically negative
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patients to patients with polygenic hypercholesterolemia and to patients with monogenic
hypercholesterolemia [51].

Polygenic risk scores could also be integrated with functional evaluations, including
LDL uptake and lipid mobilization in peripheral blood cells, to construct hybrid scores
useful for identifying subjects more prone to hypercholesterolemia [52]. Also, integration
of polygenic scores with biochemical data, in particular, lipoprotein(a) levels that are
genetically determined, could be used to evaluate the role of all possible genetic causes
of hypercholesterolemia [31,42]. Extended genetic screening, including the evaluation of
other genes associated with hypercholesterolemia, could further enhance the identification
of patients at high risk of hypercholesterolemia.

Several innovative cholesterol-lowering therapies have been developed for FH pa-
tients, mainly based on PCSK9 inhibition through antibodies or small interfering
RNA [53–55]. Future studies could focus on cost–benefit analysis about the use of these
therapies in patients with polygenic hypercholesterolemia.

Study limitations include the lack of a control population to establish percentiles of
12-SNP and 6-SNP scores in the Italian population and the lack of genetic screening for
genes causative of other dyslipidemias that could be FH-phenocopies. In addition, due
to the lack of data, the impact of high lipoprotein(a) levels on FH clinical suspicion was
not evaluated.

In conclusion, high polygenic scores should be considered as predisposing factors
to hypercholesterolemia, with a lower impact on the phenotype than an FH-causative
variant but still notable. Furthermore, polygenic scores can also modulate the phenotype in
patients with a monogenic cause of FH, integrating the definition of the genetic background.
Research efforts are still required to translate polygenic scores into clinical practice, weight-
ing the impact of scores in determining high LDL-c levels both in the general population
and in genetically diagnosed FH patients.
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