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Abstract

Introduction: Familial hypercholesterolemia (FH) is 
an autosomal dominant genetic disorder presenting in 
heterozygous (HeFH) and homozygous (HoFH) forms. 
Pathogenic variants in the APOB gene are associated with 
FH type 2 or HoFH, which may result in early cardiovascular 
manifestations. The identification and characterization of 
novel genetic variants, combined with techniques such as 
reverse phenotyping and integrative interpretative algorithms, 
are essential for early diagnosis, appropriate management, 
follow-up, and prevention of cardiovascular complications.

Clinical case: We report a 2-year-4-month-old female 
with persistently elevated LDL levels since 6 months of age, 
refractory to nutritional modifications and omega-3 fatty 
acid supplementation. The patient was born at term with 
an uncomplicated delivery. Family history was significant 
for a maternal grandmother with hypercholesterolemia and 
hepatic steatosis, and a maternal great-grandmother with 
cerebrovascular disease, with no other known genetic lipid 
disorders. Physical examination revealed acanthosis nigricans 
and mild hepatomegaly. Given the high clinical suspicion for 
a genetic lipid metabolism disorder, molecular analysis was 
performed using whole-exome sequencing (WES) and copy 
number variation (CNV) analysis.

Discussion: Molecular testing identified a heterozygous 
variant in the APOB gene (c.7681C>T, p.Leu2561Phe), initially 
classified as a variant of uncertain significance (VUS). This 
novel variant was not previously reported in major databases 
including NCBI, MedGen, HGMD, OMIM, 1000 Genomes 
Project, ExAC, LOVD3, Ensembl, ClinGen, or DGV. In silico 
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prediction algorithms subsequently modified its classification 
from benign to uncertain. Following the updated American 
College of Medical Genetics and Genomics criteria (2024), 
it was reclassified as likely pathogenic. Comprehensive 
analysis using biological databases, genomic annotations, 
molecular modeling, protein structure-function analysis, 
and artificial intelligence platforms predicted a deleterious 
effect, enabling genotype-phenotype correlation through 
reverse phenotyping. Recent literature has emphasized the 
significance of genetic testing in FH, particularly highlighting 
the heterogeneity of APOB variants and the importance of 
genotype-phenotype correlations.

Conclusion: This case underscores the significance 
of cascade screening and genetic counseling for family 
members. The implementation of advanced methodologies, 
including artificial intelligence and in silico prediction tools, 
facilitates the reclassification of uncertain variants, thereby 
supporting evidence-based clinical decision-making. 
Furthermore, early molecular diagnosis enables targeted 
therapeutic interventions, appropriate genetic counseling, 
segregation studies, clinical monitoring, and prognostication, 
advancing the field toward precision medicine: personalized, 
predictive, preventive, participatory, and proactive, with 
potential population-level applications (7P medicine).

Introduction

Familial Hypercholesterolemia (FH) is a rare autosomal domi-
nant disorder that occurs in two forms: Heterozygous Familial 
Hypercholesterolemia (HeFH) and Homozygous Familial Hyper-
cholesterolemia (HoFH). HeFH is the more common and less 
severe form of the disease, where one allele is affected and the 
other is normal. HoFH is characterized by the involvement of 
both inherited alleles, leading to greater severity that can trig-
ger fatal cardiovascular clinical manifestations from early child-
hood [1,2]. Historically, according to the European Atheroscle-
rosis Society (EAS) Consensus in 2014, the estimated prevalence 
of HeFH was 1:200 and consequently 1 in 160,000-300,000 for 
HoFH [3]. However, actual data are likely higher since both 
conditions are often underdiagnosed [2,3]. The overall current 
prevalence of familial hypercholesterolemia, including both 
forms, is 0.32% [4]; it is estimated that less than 5% of FH pa-
tients are diagnosed, highlighting the importance of timely ge-
netic diagnosis [2,3].

Genetic alteration in FH can lead to the synthesis of a dys-
functional or inactive protein, decreasing cellular absorption of 
cholesterol from Low-Density Lipoprotein (LDL) and increasing 
its serum level [5]. The genes mainly affected include the Low-
Density Lipoprotein Receptor (LDLR) in 95%, Apolipoprotein B 
(APOB) in 2-5%, Proprotein Convertase Subtilisin/Kexin Type 
9 (PCSK9) in 1%, the gene encoding the LDL Receptor Adapter 
Protein 1 (LDLRAP1), and Apolipoprotein E (APOE) [1,5,6].

The APOB gene, located on the short arm of chromosome 
2 (2p24.1), encodes apolipoprotein B, which is crucial for the 
formation of chylomicrons and is the ligand for the LDL recep-
tor. There are two isoforms of this apolipoprotein: APOB 48 and 
APOB 100. The APOB gene, which includes 29 exons and 28 in-
trons, encodes APOB 100, a 4536-amino acid protein expressed 
in hepatocytes and enterocytes [6]. Excess APOB has been as-
sociated with an increased risk of myocardial infarction and ath-
erosclerotic cardiovascular disease [7].

Currently, variants in the APOB gene (gene identifier: NCBI 
Gene:338) associated with three pathologies have been docu-
mented on genetic ontology platforms like The Human Pheno-
type Ontology (HPO) [8]: Homozygous Familial Hypercholester-
olemia- ORPHA:391665 [10], Familial Hypercholesterolemia 2 
(FH2) HPO: 1440109- OMIM 144010, and Familial Hypobetali-
poproteinemia 1 HPO: 615558 OMIM:615558 [9]. 

Familial hypobetalipoproteinemia is autosomal recessively 
inherited, causing low levels of apoB and LDL-C cholesterol, 
with clinical manifestations including hepatic pathologies, fat-
soluble vitamin deficiencies, intestinal malabsorption, and 
malnutrition [11]. Type 2 familial hypercholesterolemia, with 
autosomal dominant inheritance and HoFH with both autoso-
mal dominant and autosomal recessive inheritance [1,23] lead 
to increased LDL-C cholesterol and an elevated risk of early 
cardiovascular disease [1,23]. It has been reported that around 
5 to 10% of variants in the APOB gene are associated with FH 
[3]. Described variants in the literature include: c.10030A>G; 
p.(Lys3344Glu) and c.11401T>A; p.(Ser3801Thr) [1], c.10579C>T 
[12] Thr1558Ala P (LDLRE288K) in the European population 
p.Arg3527Gln [13], and in the African population rs6752026 
and rs679899 [14], among others.

HoFH causes elevated LDL-C levels, leading to a high risk 
of atherosclerotic disease with an unfavorable cardiovascular 
prognosis that can result in early death. It may present asymp-
tomatically, with cardiovascular disease being the first mani-
festation in some patients. Other less common clinical signs 
include corneal arcus, xanthomas, and xanthelasma [2,3,15-17] 
Lipid profile studies typically show LDL levels ≥500 mg/dl; if lev-
els are ≥400 mg/dl, HoFH should be suspected, highlighting the 
importance of early diagnosis to reduce the risk of disease-as-
sociated complications [3,16]. It is essential to consider a family 
history of premature coronary disease and consanguinity [3].

FH diagnosis is made according to the Dutch Lipid Clinics 
Network Diagnostic Criteria or Simon Broome Register Criteria 
[14], taking into account perinatal, personal, and family history 
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as well as paraclinical findings of elevated LDL-C levels with or 
without clinical signs [2,3,16]. Recent familial hypercholester-
olemia guidelines from the European Atherosclerosis Society 
(2023) [3] emphasize early detection of hypercholesterolemia 
through screenings starting at age 2 in children with a family 
history of hypercholesterolemia or premature disease [3].

In childhood, diagnosing Familial Hypercholesterolemia (FH) 
can be challenging due to often nonspecific clinical manifesta-
tions; patients usually do not present a hypercholesterolemia 
and arterial atherosclerosis phenotype, leading to late diagno-
sis at an average age of 12 years [15,18]. Therefore, diagnosis 
through serum LDL-C measurement and family history should 
be complemented with molecular genetic testing [15,18].

For pathogenic variants of the LDLR, PCSK9, and APOB genes, 
patients are at higher risk of having elevated LDL-C levels (often 
>95th percentile according to country-specific age and gender 
criteria) and a family history of premature cardiovascular death 
[3,17]. Diagnostic confirmation is based on LDL levels, and ide-
ally, genetic testing should be performed [14,18-24].

Genetic Cascade Screening (CGC) has been the main strategy 
for identifying patients with FH [3,20,21-24] showing effective 
results in the Netherlands [25]. This strategy is used to study 
first-degree relatives of an individual affected by FH variants by 
applying clinical criteria and genetic analysis. CGC is an effec-
tive method to increase the detection of patients with FH and 
avoid late diagnosis of the disease. If a relative tests positive 
for FH, testing expands to other relatives in a cascade, starting 
with the first degree of consanguinity and continuing succes-
sively through the rest of the family group. The goal is to estab-
lish appropriate treatment from childhood to control LDL levels 
and reduce the inherent cardiovascular risk in these patients 
[3,20,21-24].

The molecular diagnosis of FH is performed by identifying 
heterozygous or biallelic pathogenic variants in the LDLR, PCSK9 
(gain or loss of function), APOB genes, or biallelic LDLRAP1 
type genes [5,23,24]. Studies on causative variants of FH, in-
cluding variants in regions of the APOB gene, have utilized ge-
netic studies ranging from Sanger sequencing, Next-Generation 
Sequencing (NGS), MLPA (multiplex ligation-dependent probe 
amplification), to Exome Sequencing (ES) or Whole-Genome 
Sequencing (WGS). These diagnostic tools are useful as they al-
low for the identification of variants outside the usually investi-
gated regions, contributing to new diagnostic approaches in FH 
[23,24,26].

Performing both individual and cascade genetic testing pro-
vides greater diagnostic certainty, facilitating timely and specific 
therapeutic access along with the patient’s clinical phenotype 
[23]. This contributes to reducing morbidity and mortality and 
ruling out differential diagnoses. However, it is important to 
consider the limitations of these tests, such as cost, possible 
interpretive errors, and lack of knowledge about the clinical rel-
evance of many detected genetic variants [23-26].

The treatment of FH requires a comprehensive approach 
that combines lifestyle changes and pharmacological therapy, 
indicated if there are no significant changes in LDL-C levels or 
in Homozygous Familial Hypercholesterolemia (HoFH) [3]. First-
line medications are statins, which should be started between 
ages 6 and 10 to reduce LDL-C levels. The second line of treat-
ment includes ezetimibe from age 10, and in severe cases, 
PCSK9 inhibitors can be used. In children over 10 years old, the 

goal is to achieve LDL-C levels below 135 mg/dL [3].

In this report, we present the clinical case of a 2-year and 
4-month-old patient with no confirmed family history of genetic 
diseases related to lipid metabolism. During a screening study, 
elevated LDL levels were detected, raising suspicions of a poten-
tial genetic origin at the initial diagnosis age (6 months), with 
subsequent clinical and imaging findings. Based on these con-
cerns, a genetic test was conducted to identify potential vari-
ants associated with familial hypercholesterolemia.

The genetic analysis of the patient revealed a heterozygous 
missense variant, c.7681C>T (p.Leu2561Phe), not previously 
described in the literature, with extremely low population prev-
alence. Based on the observed heterozygous phenotype, it is 
suggested that the associated pathologies could follow an auto-
somal dominant inheritance pattern.

Bioinformatics tools were used to deepen the genetic analy-
sis, especially in situations where the test identifies variants of 
uncertain significance [27-41]. These tools employ advanced al-
gorithms and rely on genetic databases, which allow for proper 
interpretation and prediction of the impact of these variants on 
the function of genes involved in lipid metabolism.

The results obtained facilitated comparison with other clini-
cal cases and were integrated into new biomedical research 
approaches, such as reverse phenotyping, bioinformatic tools, 
and algorithms that predict the potential biological, molecular, 
and functional pathogenicity, allowing for a personalized diag-
nostic approach to genotype/endotype/phenotype correlation 
[27], thus improving diagnostic accuracy. Moreover, it enables 
a better understanding of genetic function, the replication of 
findings in animal and cellular models, and advances research 
into rare diseases by identifying new therapeutic targets. All of 
this brings us closer to personalized medicine [28,29] guiding 
therapeutic decisions based on the patient’s individual genetic 
profile.

Case report

A 2-year and 4-month-old female patient was referred to 
the genetics service due to abnormal laboratory results taken 
at 6 months of age during routine screening for growth and de-
velopment, which showed the following lipid levels: Total Cho-
lesterol (TC): 238 mg/dL (laboratory reference <200 mg/dL), 
Triglycerides (TG): 130 mg/dL (laboratory reference <150 mg/
dL), HDL: 44 mg/dL (laboratory reference >50 mg/dL), LDL: 216 
mg/dL (laboratory reference <100 mg/dL), Thyroid-Stimulating 
Hormone (TSH): 2.1 μIU/mL (laboratory reference 0.7-4.5 μIU/
mL), and Estradiol: 14 pg/mL (prepubertal laboratory reference 
<10 pg/mL). Based on these results, the patient was initially 
referred to pediatric endocrinology with recommendations for 
healthy dietary habits.

The patient was the product of the mother’s first pregnancy, 
without complications during pregnancy or delivery, full-term 
pregnancy, delivered vaginally, with good neonatal adaptation, 
normal anthropometry, and non-consanguineous parents. Her 
family history included a maternal great-grandmother with 
cerebrovascular disease at age 50 and her maternal grand-
mother diagnosed with hypercholesterolemia and hepatic ste-
atosis at 60 years. There were no known or confirmed other 
family cases of genetically inherited lipid metabolism disorders. 
No reports of premature death or sudden death were found in 
other family members. Her medical history included tonsillar 
hypertrophy.
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Paraclinical history and medical interventions

At 1 year and 4 months: LDL: 326 mg/dL, triglycerides: 85 
mg/dL, HDL: 55 mg/dL, VLDL: 17 mg/dL, and glucose: 93 mg/
dL (laboratory reference 70-100 mg/dL). At this age, nutritional 
modifications and treatment with Alpha-Linolenic Acid (ALA), 
Eicosapentaenoic Acid (EPA), and Docosahexaenoic Acid (DHA), 
two capsules daily, were initiated.

At 1 year and 10 months: Laboratory results showed TC: 315 
mg/dL, TG: 96 mg/dL, LDL: 265 mg/dL. No additional studies 
were conducted.

Additional laboratory results showed apolipoprotein B: 134.5 
mg/dL (laboratory reference 50-150 mg/dL), TSH: 4.59 μIU/mL 
(laboratory reference 0.7-4.5 μIU/mL), free T4 (T4L): 1.10 ng/
dL (laboratory reference 0.8-1.8 ng/dL), Aspartate Aminotrans-
ferase (AST): 32 U/L, Alanine Aminotransferase (ALT): 11 U/L, 
Erythrocyte Sedimentation Rate (ESR): 24 mm/h (laboratory 
reference <20 mm/h), leukocytes: 6,470 cells/μL (laboratory 
reference 6,000-17,500 cells/μL), C-Reactive Protein (CRP): 0.20 
mg/L (laboratory reference <5 mg/L), hemoglobin: 11.1 g/dL 
(laboratory reference 11-13 g/dL), hematocrit: 33.8% (labora-
tory reference 34-40%). No other data were reported. Enzyme 
assays for Mucopolysaccharidosis (MPS) types I, II, IVA, VI, and 
VII in blood collected on filter paper showed no significant re-
sults. An abdominal ultrasound revealed hepatomegaly, with 
the right lobe measuring 8.6 cm, which is enlarged for her age.

On physical examination at the age of 2 years and 4 months, 
the patient weighed 9.20 kg and measured 76 cm, with a BMI of 
16.14 kg/m². She presented generalized pallor, acanthosis nigri-
cans on the neck folds, a non-incarcerated umbilical hernia, and 
mild hepatomegaly on abdominal palpation.

Based on the above findings and the high clinical, laboratory, 
and imaging probability of a genetic lipid metabolism disorder, 
a molecular study with whole exome sequencing using Next-
Generation Sequencing (NGS) and Copy Number Variant (CNV) 
analysis was requested for genes associated with familial hy-
percholesterolemia (four candidate genes reported by the labo-
ratory): APOB, LDLR, LDLRAP1, and PCSK9. Genetic counseling 
was provided to the father before the test.

Results

Sequencing by NGS + CNV in genes associated with familial 
hypercholesterolemia (four genes): APOB, LDLR, LDLRAP1, and 
PCSK9 was performed by the laboratory.

A heterozygous variant in the APOB gene (NM_000384.3) 
was identified, consisting of a cytosine-to-thymine change at 
position 7,681 (c.7681C>T) in the cDNA corresponding to exon 
26/29. At the protein level, this results in a missense change 
from leucine to phenylalanine at codon 2,561 (p.Leu2561Phe), 
reference rs748303489. This variant was initially reported as 
having Uncertain Clinical Significance (VUS). No CNVs were 
identified in the analyzed genes.

Methodology and limitations

Upon further review of this variant using additional tools 
and algorithms, it was identified as NM_000384.3 (APOB): 
c.7681C>T (p.Leu2561Phe), a single-nucleotide variant. Cyto-
genetic location: 2p24.1 2: 21009187 (GRCh38) [NCBI UCSC] 2: 
21232059 (GRCh37) [NCBI UCSC]. It is classified as a germline 
missense variant, Canonical SPDI: NC_000002.12:21009186:G, 
resulting in a protein change L2561F. It is listed in ClinVar (cri-

teria provided, single submitter) and InterVar as a variant of 
uncertain significance. The allele frequency is extremely low 
across databases, classified with a recommended PM2 frequen-
cy threshold for the gene: 0.125%.

According to gnomAD v.4.1, exome frequency is ƒ = 0.0000103 
(CoV: 69.6), and genome frequency is ƒ = 0.0000329 (CoV: 31.4). 
It is not reported in reference databases such as The Human 
Gene Mutation Database (HGMD) or the Leiden Open Variation 
Database (LOVD). In-silico predictors classify its significance as 
uncertain: BLOSUM score of 0 (BLOSUM100 version); DANN 
score of 0.9962; CERNIR score of 0.007; and SIFT4G score of 
0.007 (dbNSFP version 4.9).

Using additional interpretation strategies, such as artifi-
cial intelligence, Var Chat reports that the genomic variant 
c.7681C>T is a single nucleotide substitution in the APOB gene, 
resulting in the amino acid change from leucine to phenylala-
nine at position 2561 (p.Leu2561Phe) in the apolipoprotein B 
protein. This variant is cataloged in the dbSNP database with 
reference SNP ID rs748303489. The c.7681C>T variant results in 
a non-conservative amino acid change in the apoB-100 isoform, 
potentially affecting the protein’s structure and function. Given 
the significance of apoB-100 in lipid transport and metabolism, 
alterations in its structure could disrupt normal lipoprotein for-
mation and function, leading to dyslipidemia and related disor-
ders. Variants in the APOB gene account for a notable percent-
age of FH cases, though they are less common than those in 
the LDLR gene. The c.7681C>T (p.Leu2561Phe) variant in this 
case has not been previously described, underscoring the im-
portance of reporting new variants and utilizing methods like 
reverse phenotyping to clarify their clinical implications. The ab-
sence of other known variants and the persistence of elevated 
LDL levels suggest that other genetic or environmental factors 
may contribute to the patient’s hypercholesterolemia.

According to Genome Explorer AI, the potential impact is as 
follows: Leucine (Leu) is a hydrophobic amino acid, while phe-
nylalanine (Phe) is also hydrophobic but has a bulkier aromatic 
side chain. This substitution may impact protein structure or 
function, depending on where it occurs in the apolipoprotein B 
protein. Variants in APOB are associated with conditions like fa-
milial hypercholesterolemia, a genetic disorder leading to high 
cholesterol levels and increased cardiovascular risk. The clinical 
significance of this variant would depend on additional informa-
tion, such as population frequency, functional studies, or clini-
cal presentation.

According to UniProt, apolipoprotein B is a major constitu-
ent of chylomicrons (apo B-48), LDL (apo B-100), and VLDL (apo 
B-100), with apo B-100 serving as a recognition signal for cel-
lular binding and internalization of LDL particles via the apoB/E 
receptor.

According to BIOGPS, the APOB gene has accessions: 338 
(NCBI Gene), ENSG00000084674 (Ensembl), ENSG00000291544 
(Ensembl), P04114 (UniProt), 107730 (OMIM), and 328 (Ho-
moloGene). Molecular Function includes protein binding 
(GO:0005515), phospholipid binding (GO:0005543), hepa-
rin binding (GO:0008201), lipase binding (GO:0035473), re-
ceptor ligand activity (GO:0048018), low-density lipoprotein 
particle receptor binding (GO:0050750), cholesterol transfer 
activity (GO:0120020). Biological Process involves in utero 
embryonic development (GO:0001701), triglyceride mobiliza-
tion (GO:0006642), signal transduction (GO:0007165), sper-
matogenesis (GO:0007283), nervous system development 
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(GO:0007399), cholesterol metabolic process (GO:0008203), 
and more. ApoB interacts with apo(a), PPIB, the Calcitonin re-
ceptor, and HSP90B1, and its interaction with proteoglycans, 
collagen, and fibronectin is believed to cause atherosclerosis.

Currently, variants in the APOB gene (gene identifier: NCBI 
Gene:338) associated with three pathologies have been docu-
mented on genetic ontology platforms like The Human Pheno-
type Ontology (HPO): Homozygous Familial Hypercholester-
olemia - ORPHA:39166510, Familial Hypercholesterolemia 2 
(FH2) HPO: 1440109- OMIM 144010, and Familial Hypobetali-
poproteinemia 1 HPO: 615558 OMIM:615558.

In light of the above findings, current methodological and 
interpretative limitations, and the importance of reverse phe-
notyping-through a multimodal and transdisciplinary assess-
ment in such diagnostically challenging cases, and given the 
characteristics of the patient (diagnosis at 6 months of age; 
persistent abnormal clinical, laboratory, and imaging findings 
despite age-appropriate therapeutic options; altered imaging 
studies; absence of confirmed family diagnosis or genetic stud-
ies; with a genetic result showing a variant in the APOB gene 
associated with autosomal dominant inheritance according to 
related ontological platforms like HPO, OMIM, Gene Ontology 
(GO), ORPHANET), further examination of this variant using 
computational tools and algorithms suggests multiple lines of 
computational evidence supporting a deleterious effect on the 
gene or gene product. This variant results in a non-conservative 
amino acid change in the apoB-100 isoform, which may impact 
protein structure and function. It is not reported in reference 
databases such as NCBI, MedGen, HGMD, OMIM, the 1000 Ge-
nomes Project, ExAc, LOVD3, Ensembl, ClinGen, or DGV. How-
ever, in-silico predictive algorithms (BLOSUM, DANN, CERNIR, 
SIFT4G) have reclassified its significance from benign to uncer-
tain. Several platforms with biological, genomic annotations, 
molecular bases, and protein structure and function databases 
(BioGPS, UniProt), as well as artificial intelligence tools (VarChat, 
Genome Explorer AI), predict a deleterious effect. According to 
Richards et al., Standards and Guidelines for the Interpreta-
tion of Sequence Variants, 2015, American College of Medical 
Genetics and Genomics, Association for Molecular Pathology, 
ClinGen, and using pipeline algorithms, this variant is classified 
with evidence: PM2, PM6, PP3; suggesting that from a holistic, 
integrated, and personalized approach, it should be considered 
likely pathogenic, de novo occurrence with extremely low pop-
ulation prevalence.

Figure 1: Genome Browser - Interactively visualize genomic data 
GEN APOB.
ttps://genome.ucsc.edu/cgibin/hgTracks?db=hg38&lastVirtModeT
ype=default&lastVirtModeExtraState=&virtModeType=default&vi
rtMode=0&nonVirtPosition=&position=chr2%3A21001429210440-
73&hgsid=2355535821_oXHabCnI9GcncHfwua2QDmD2P8Zd.
(https://www.medschool.umaryland.edu/genetic_variant_inter-
pretation_tool1.html/)

Discussion

Familial Hypercholesterolemia (FH) is associated with el-
evated LDL cholesterol levels from an early age, involving genes 
such as LDLR, LDLRAP1, PCSK9, APOE, and APOB [1,5,6]. Patho-
genic variants in the APOB gene play a significant role in FH [30], 
as this gene is crucial for LDL particle binding and catabolism, 
contributing to the various phenotypes of FH and serving as a 
key marker in assessing atherosclerosis and cardiovascular risk 
[5,31]. Identifying genetic variants in these genes may offer 
more precision than direct LDL measurements [3,1].

The genetic criteria defined by the European Atherosclero-
sis Society (EAS) are based on identifying pathogenic or likely 
pathogenic biallelic variants in the LDLR, APOB, PCSK9, or LD-
LRAP1 genes, or detecting at least two of these variants in dif-
ferent loci [3].

In our clinical case, we describe a patient with persistently 
abnormal LDL results from six months of age, despite dietary 
adjustments and age-appropriate pharmacological treatment, 
later accompanied by clinical and imaging abnormalities. The 
patient had no known or confirmed family history of genetic 
lipid metabolism disorders. Genetic analysis identified a variant 
in the APOB gene, initially classified as a Variant of Uncertain 
Significance (VUS). With the development of multimodal re-
sources and interpretative tools, including artificial intelligence, 
we highlight the importance of a personalized evaluation for 
potential phenotype-endotype-genotype correlation.

It is essential to complement this with other strategies, 
such as segregation studies and cascade screening, which is in-
valuable for identifying other affected family members. In our 
patient’s case, genetic counseling recommended diagnostic 
testing for first- and second-degree relatives who had not yet 
undergone cardiovascular risk evaluation [3,20-24].

Among the variants reported in the literature, recent studies, 
such as that by Li Bobby et al. in 2024 [32], conducted a case-
control study in New Zealand adults, including 213 patients with 
positive genetic panels for LDLR, APOB, PCSK9, and APOE genes. 
Of these, 14.6% had pathogenic or likely pathogenic FH vari-
ants, and 4.7% had variants of uncertain significance [32].

In 2023, Kammal et al. sequenced three patients from a da-
tabase of 1000 genomes, identifying the p.Arg3527Trp variant 
in the APOB gene in one patient. This variant was classified as 
pathogenic because it replaces arginine with tryptophan, alter-
ing protein folding and stability due to its critical position in the 
APOB gene [15].

In Qingdao, China, Zhou Y et al. reported in 2024 [33] the 
results of whole-genome sequencing of 6,820 newborns, iden-
tifying FH variants in the LDLR, APOB, and PCSK9 genes, with 
35 heterozygous carriers of FH variants and no homozygous or 
compound heterozygous cases. Notable variants included LDLR 
c.1747C>T, LDLR c.1448G>A, and APOB c.10579C>T, with an FH 
prevalence of 0.47% (95% CI: 0.32%-0.66%). Two novel muta-
tions, LDLR (c.1592T>A p.Met531Lys) and PCSK9 (c.706G>A 
p.Gly236Ser), were reported as variants of uncertain signifi-
cance [33].

At the Children’s Hospital in Turin, Italy, Buganza et al. (2024) 
[14] examined 180 pediatric patients at the Lipid Clinic with an 
average age of 10.4±4.6 years. Among these, 64 patients were 
diagnosed with FH. Mutations in LDLR were identified in most 
subjects, with only two cases in the APOB and PCSK9 genes. The 
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overall mutation detection rate was 91.1% [14].

In 2024, Cardozo Gasparin et al. [34] investigated APOE and 
APOB polymorphisms in adults of European ancestry from 
southern Brazil, studying the association between the R3500Q 
mutation in the APOB gene and dyslipidemia. The R3500Q vari-
ant has been linked to Familial Defective Apolipoprotein B-100 
(FDB) [34]. They noted that the ε4 allele of APOE was more fre-
quent in individuals with high total cholesterol and LDL-C lev-
els, whereas the ε2 allele was more frequent in individuals with 
high HDL-C, indicating a protective effect [34].

The APOB gene contributes to 2-5% of FH cases [5,6]. Ro-
dríguez-Jiménez C et al. (2023) [35] found that among 825 hy-
percholesterolemic patients, 40% had a variant in LDLR, APOB, 
PCSK9, or LDLRAP1. Of these, 12% had APOB variants [35]. The 
p.(Arg3527Gln) variant was most frequently observed, with 
other variants such as c.10030A>G and p.(Lys3344Glu) recently 
reported [35].

In the Amish community, the APOB variant c.10580G>A 
(p.Arg3527Gln) has a minor allele frequency of 6.7%, compared 
to 0.08% in European populations. Heterozygous carriers of this 
variant have been associated with elevated LDL-C and coronary 
artery calcification, emphasizing the value of genetic screening 
[36,37].

In Japanese patients, Chaudhry A et al. (2023) [38] reported 
the APOB variant p.(Pro955Ser) with an allele frequency of 0.15 
in heterozygous FH (HeFH) patients, significantly higher than in 
the general Japanese population (0.034), with an odds ratio of 
4.9. This variant may moderately influence FH severity, with age, 
diet, and environmental factors affecting its expression [38].

Other polymorphisms in APOB, such as rs5742904 (R3500Q), 
have been linked to LDL-C levels and coronary calcification [38]. 
The absence of this polymorphism has been associated with 
better cardiovascular health in studies of longevity [39].

The updated EAS criteria for diagnosing HoFH include mea-
suring untreated plasma LDL-C levels >10 mmol/L (>∼400 mg/
dL), with additional clinical findings like xanthomas before age 
10 [3]. Recent findings by Li BV et al. (2024) [32] and Kamal A et 
al. (2023) [15] highlight the importance of early clinical mani-
festations, such as tendon xanthomas and corneal arcus, in di-
agnosing HoFH.

Aparicio A et al. (2023) described pathogenic variants in 
LDLR, APOB, PCSK9, and LDLRAP1 in 182 Spanish patients, not-
ing that the average age of diagnosis was between 25 and 35 
years, with genetic confirmation around 42 to 54 years [16].

In our patient, physical examination revealed no xanthomas, 
xanthelasmas, or corneal arcus abnormalities. However, a non-
incarcerated umbilical hernia, mild hepatomegaly, and acantho-
sis nigricans were noted at age two, with LDL levels reaching a 
maximum of 326 mg/dL, consistent with reports in the litera-
ture [3].

FH treatment combines lifestyle modifications and pharma-
cological therapy, with statins recommended for children aged 
6 to 10 to reduce LDL-C levels [3]. In our case, initial treatment 
involved dietary changes and omega-3 supplementation. Since 
the patient was under six, other therapies were not initiated 
due to age-related restrictions.

Timely genetic diagnosis is crucial to mitigate future cardio-
vascular risks, such as premature atherosclerosis. Identifying 

affected children early enables therapeutic strategies, includ-
ing lifestyle changes and statins, which improve long-term out-
comes. Genetics is essential for diagnosis, treatment guidance, 
and family counseling [3].

Integrating new evidence is vital for interpreting variants, 
especially those not characterized in databases. A multimodal 
approach, including bioinformatics, enhances the identification 
of variants of uncertain significance [39,40].

This multidisciplinary approach advances personalized medi-
cine, allowing therapeutic decisions based on individual genetic 
profiles and enabling targeted treatments that improve out-
comes for hereditary diseases like FH [39,40].

Conclusion

FH is a significant genetic disease in pediatrics, associated 
with high morbidity and mortality due to cardiovascular com-
plications from prolonged exposure to elevated LDL-C levels. 
Early detection is essential, as underdiagnosis is common when 
based solely on clinical criteria. Cascade genetic screening sig-
nificantly impacts the pediatric population by enabling early in-
tervention to reduce the disease burden.

Inverse phenotyping is a valuable diagnostic strategy, trans-
forming clinical significance from uncertain to pathogenic 
through detailed phenotype analysis. Multimodal tools, includ-
ing computational systems, enable personalized diagnoses. 
Advanced genetic studies, such as exome or whole-genome se-
quencing, offer accurate diagnoses.

Continued characterization of genetic variants in FH is nec-
essary to confirm pathogenicity and improve diagnostic and 
therapeutic approaches within precision medicine. Early phar-
macological interventions reduce cardiovascular risk, enhanc-
ing quality of life and prognosis. Diagnostic approaches, such 
as inverse phenotyping and computational tools, reclassify 
uncertain variants, leading to precise, personalized diagnoses. 
Despite current methodological and interpretative limitations, 
personalized, targeted, and transdisciplinary assessments are 
essential for contemporary medical challenges. Early diagnoses 
support targeted treatments, genetic counseling, segregation 
studies, and monitoring, bringing us closer to 7P Medicine per-
sonalized, predictive, preventive, participative, proactive, preci-
sion, and population-based.
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