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Familial hypercholesterolemia (FH), a well-known lipid disease caused by inherited genetic defects in cholesterol uptake and metabolism is underdiagnosed in many countries including Saudi Arabia. The present study aims to identify the molecular basis of severe clinical manifestations of FH patients from unrelated Saudi consanguineous families. Two Saudi families with multiple FH patients fulfilling the combined FH diagnostic criteria of Simon Broome Register, and the Dutch Lipid Clinic Network (DLCN) were recruited. LipidSeq, a targeted resequencing panel for monogenic dyslipidemias, was used to identify causative pathogenic mutation in these two families and in 92 unrelated FH cases. Twelve FH patients from two unrelated families were sharing a very rare, pathogenic and founder LDLR stop gain mutation i.e., c.2027delG (p.Gly676Alafs*33) in both the homozygous or heterozygous states, but not in unrelated patients. Based on the variant zygosity, a marked phenotypic heterogeneity in terms of LDL-C levels, clinical presentations and resistance to anti-lipid treatment regimen (ACE inhibitors, β-blockers, ezetimibe, statins) of the FH patients was observed. This loss-of-function mutation is predicted to alter the free energy dynamics of the transcribed RNA, leading to its instability. Protein structural mapping has predicted that this non-sense mutation eliminates key functional domains in LDLR, which are essential for the receptor recycling and LDL particle binding. In conclusion, by combining genetics and structural bioinformatics approaches, this study identified and characterized a very rare FH causative LDLR pathogenic variant determining both clinical presentation and resistance to anti-lipid drug treatment.
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INTRODUCTION

FH (OMIM 143890) is a relatively common metabolic disease in which patients demonstrate life-long elevation of plasma low-density lipoprotein (LDL) cholesterol (1). If left untreated, modified LDL particles enter arterial wall macrophages contributing to plaque formation, particularly within coronary arteries leading to premature development of coronary heart disease (CHD) (2). Cholesterol-laden macrophages lead to formation of not only atheromatous plaques, but also extensor tendon xanthomas (e.g., Achilles and fingers), xanthelasmata (yellow deposit underneath the skin of upper and lower eyelids), and arcus cornealis (cholesterol ring accumulating at the edge of the cornea) (3). Since FH is asymptomatic in the initial stages, most FH patients do not realize their illness until the onset of symptomatic atherosclerotic cardiovascular disease in their forties or fifties, which is sometimes fatal (4). The overall prevalence of FH in the Gulf region is estimated to be ~ 0.43% (1/232), however, in Saudi Arabia, prevalence of FH is not yet established due to the dearth of local FH clinical registries, epidemiological studies, and population genetic screening programs (5, 6). Diagnosis rates of FH are quite high among individuals who have a positive family history of premature CHD or hypercholesterolemia (7).

FH is caused by defective hepatic uptake of LDL receptor (R) mediated LDL-C particle degradation processes. About 30–60% of clinically diagnosed FH patients have a single copy of a pathogenic mutation (8). Majority of the clinically diagnosed FH patients (~80%) have a mono-allelic loss-of-function (LoF) variant in LDLR gene, while the rest are LoF variants in the receptor-binding domain of the APOB gene or a gain-of-function (GoF) variant in the PCSK9 gene. A very small proportion of FH have biallelic LoF mutations in LDLRAP1 which normally assists in LDL receptor internalization by liver cells. However, ~30–70% of clinically diagnosed FH patients are negative for LDLR, APOB, or PCSK9 pathogenic mutations. Few have very rare LoF mutations in secondary FH genes, including ABCG5, ABCG8, LIPA, or APOE, while many other patients with hypercholesterolemia carry several common genetic variants (also called single nucleotide polymorphisms), which collectively act to influence the serum LDL-C concentration (9).

FH typically shows either autosomal dominant (HeFH; heterozygous FH) or autosomal recessive (HoFH; homozygous FH) mode of inheritance based on one or two copies of pathogenic variants in LDLR, APOB or PCSK9 genes (10, 11). In most of the studied populations, HoFH affects 1 in 160,000–300,000 individuals, while the HeFH affects out 1 in 250–300 individuals (8). There is evidence for higher prevalence rates of HeFH in founder subpopulations like Saudi Arabians, in which consanguineous marriages are practiced as part of a social norm. Furthermore, FH is underdiagnosed all around the world, with <5% of affected individuals in many countries being identified as having FH (12). Owing to the limited data describing the genetic and phenotypic characteristics of hypercholesterolemia among Saudi patients (13–15) this study aims at identifying the inherited basis of FH in two consanguineous families from Saudi Arabia. In this study, we show that LipidSeq targeted resequencing panel for monogenic dyslipidemias, can effectively detect FH causative LDLR founder variant (c.2027delG) in genetically isolated populations like Saudi Arabians.



MATERIALS AND METHODS


Recruitment of FH Patients and Their Families

The institutional Ethics Committee for Human Research of King Abdulaziz University Hospital (KAUH) gave the approval to conduct the present study according to standard international guidelines. This study has recruited FH patients from Genetic Dyslipidemia and Familial Hypercholesterolemia clinic at the King Abdulaziz University Hospital, Jeddah, Saudi Arabia. Initially two families with multiple members, fulfilling the combined FH diagnostic criteria of Simon Broome Register, and the Dutch Lipid Clinic Network (DLCN), were identified. In Simon Broome criteria for FH diagnosis, points are assigned for cholesterol concentrations, clinical characteristics, molecular diagnosis, and family history, which include risk of fatal heart disease (16). Although the Simon Broome Register criteria consider the molecular diagnosis as evidence for definite FH, the DLCN requires that at least one other criterion be met in addition to molecular diagnosis (17). All the affected individuals from these families underwent detailed physical examinations and their full family history was collected. Laboratory investigations for multiple parameters including Plasma lipid profile (LDL-C, HDL-C, Triglyceride and Total Cholesterol), blood glucose, thyroid function, and liver function were measured by a homogenous enzymatic assay. Clinical geneticist revisited the medical data of patients, interviewed them, drew three generation pedigree charts and enrolled the remaining relatives of the patient families. We have also recruited 92 unrelated FH patients following the DLCN criteria. Approximately 5 mL of blood sample (in EDTA vacutainers) was collected from all individuals after explanation of the study, along with risks and potential benefits. All the participants have signed the informed consent.



Genotyping
 
DNA Preparation

Genomic DNA from peripheral blood cells was isolated using the standard protocols supplied by commercial extraction kits. DNA's quality and quantity were assessed with Nanodrop spectrophotometer and DNA integrity was checked with 1% agarose gel. DNA dilutions at starting concentration of 2 ng/μL were prepared with help of a Qubit 2.0 fluorometer.



Targeted DNA Resequencing With LipidSeq

The DNA samples of the index cases and other members from both families were sequenced on LipidSeq, a targeted resequencing panel for monogenic dyslipidemias, at London Regional Genomics Center, London, Ontario, Canada (www.lrgc.ca). This LipidSeq resequencing panel can scan pathogenic mutations in 73 genes and 185 single nucleotide polymorphisms (SNPs) associated with dyslipidemia and other metabolic disorders (18). A latest article has reviewed the utility of LipidSeq technology in successfully diagnosing the monogenic dyslipidemias and metabolic disorders (19). The full details of DNA library preparation, sequencing, sequence alignment and variant calling (10-fold coverage and 20% read frequency) are described in the original publication (18). VarSeq software was used to annotate and prioritize the variants and for identifying the FH potential variants. Different nucleotide sequence-based prediction algorithms, such as CADD, SIFT and PolyPhen-2 which assess pathogenicity of variants were used to filter the likely deleterious variants (20). The minor allele frequency (MAF) of the variants was determined based on the data available like SHGP, 1,000 genomes, ExAC, ESP and GnomAD databases. From this data, we picked up the extremely rare (MAF is <0.01) mutation occurring in coding regions or splicing regions of the FH causative disease genes and validated its presence in remaining family members and unrelated FH cases.



Sanger Sequencing

The LipidSeq identified a potential FH causative variant was validated in index case, family members and unrelated FH cases, using the Sanger sequencing method. In brief, initially oligonucleotide primers (forward primer; 5′-CCCAACCTTGAAACCTCCTTGTGGAAA-3′ and reverse primer; 5′-CCATTTGACAGATGAGCAGAGAG-3′) spanning the potential mutation location were designed, followed by PCR reactions with dNTP and ddNTP mixture, and bidirectional sequencing in an automatic DNA sequencing machine. The sequence reads were analyzed with help of Bioedit program and nucleotide numbering of the mutations was done considering A of ATG code of mRNA sequence as the first nucleotide. Variant segregation in the family was determined by careful analysis of variant status in each family member.




Computational Functional Analysis of Pathogenic Mutations
 
Functional Analysis of Pathogenic Mutation on RNA Structure

Studying the impact of pathogenic variants on the RNA secondary structures gives hint about its possible functional consequences. Thus, we used a RNA fold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) prediction tool which estimates the back bone traces and minimum free energy (MFE) value differences on the optimal secondary structure of RNA molecule (21). This tool intakes the native and wildtype RNA sequences in FASTA format and uses Mccaskill's algorithm (22) for computing the probabilities of base pairing matrix, partition function, and structure of centroid molecules. The output of RNA folding is an interactive string representation RNA secondary structure and a mountain plot showing the folding of energy differences between native and mutant sequences. MFE differences between native and mutant RNA structures were compared to estimate the effect of pathogenic variant on their secondary structural features.



Functional Analysis of Pathogenic Mutation on Protein Structure

Studying the impact of pathogenic variants on protein structure provides insight into the complex dynamics of genotype vs. protein phenotype and structure-function relationships. In this study, we retrieved the x-ray crystallography solved tertiary structure of the query protein from Protein Data Bank (PDB). The construction of missing structural regions basing on original crystal structure coordinates was simulated through ab-initio method using I-Tasser webserver (23, 24). The full length tertiary model was subsequently processed for energy minimization and stereochemical assessment steps as described in our recent publication (25). We subsequently created mutant form of FH candidate protein by providing the mutant amino acid sequence and followed the similar steps involved in native protein structure modeling. The built 3D models were provided as an input to PDBSUM for examining the variant induced protein phenotype changes at secondary structure level. PyMOL software was used for visualizing and examining the salt bridges in, which the 3D models built. Stability changes induced by the variants on LDLR structure were estimated with help of DUET webserver (26).





RESULTS


Case Presentations in the FH Families
 
Family A

Family A is a native Saudi Arabian family from the North-Western region (Figure 1A). The index case (II.3) was clinically diagnosed as FH patient at the age of nine and later presented to our clinic when he was 34 years old for his lipid management. His clinical examination revealed signs of severe hyperlipidemia. All classical manifestations of FH were present including bilateral large Achilles tendon xanthomas, huge cholesterol depositions around both mid-thighs, severe bilateral eye xanthelasma and corneal arcus, and bilateral multiple extensor tendon xanthomas on hands. His biochemical profile revealed on an average high level of total cholesterol (15.18 ± 1.33 mmol/L), LDL-C (12.98 ± 2.08 mmol/L) and normal triglycerides (0.81 ± 0.16 mmol/L) (Table 1). He had a past history of hospitalization after chest discomfort and shortness of breath, during which electrocardiogram generated ischemic changes were noticed. A computerized tomography (CT) of the entire aorta was performed, which showed extensive atherosclerotic calcifications in the thoracic aorta, abdominal aorta and into the iliac vessels (Figure 2).
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FIGURE 1. Pedigrees showing the autosomal dominant inheritance mode for LDLR variant (c.2027delG) in two different Saudi FH Families (A,B). Arrow indicates the index case who was first seen in our clinic. The zygosity of the variant's genotype is mentioned under the subjects. Dark color circles or boxes in the pedigree indicates subjects with FH.



Table 1. Clinical and biochemical characteristics of FH families studied in this investigation.
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FIGURE 2. A computerized tomography (CT) scan showing the evidence of stenosis. CT cross-section of the thoraco-abdomen illustrating (A) Calcification within the aortic wall in the thoracic region (T11–T12). (B) Calcification within the aortic wall in the lumber region (L1–L2). (C) Calcification within the aortic wall in the lumber region (L4–L5). (D) Calcification within the iliac artery in the sacral region.


At the time of his visit to our lipid clinic, II.3 was on the following regimen; dual antiplatelet agents, angiotensin converting enzyme (ACE) inhibitors, β-blockers, ezetimibe 10 mg/day and intensive statin treatment with rosuvastatin 40 mg/day, without showing any signs of improvement in his lipid profile (and even when PCSK9 inhibitors were given). He has been undergoing a bimonthly LDL- apheresis therapy in the Cardiovascular Prevention and Rehabilitation Unit of a major referral hospital in Saudi Arabia over the last 10 years. The patient reported his strict adherence to diet and medications as per the physician's instructions. With each apheresis session, his LDL cholesterol level drops by 70 to 83 percent, but within 1 week, returns back to the pre-apheresis level.

Pedigree analysis of the index case suggested positive family history of dyslipidemia, consistent with an autosomal dominant mode of inheritance. The biochemical findings of his parents (I.1 and I.2), five siblings including two brothers (II.1 and II.3), and 3 sisters (II.2, II.6 and II.6) were consistent with an FH diagnosis. However, one sister (II.4) has showed a healthy lipid profile and normal clinical features. Clinical and medication details of family members are shown in Table 1. Furthermore, proband has reported that three of his grandparents (both maternal and paternal), two maternal uncles, three paternal uncles, and three siblings suffered from cardiovascular complications including multiple myocardial infarctions (MI). Of the three paternal uncles, two had percutaneous coronary interventions with insertion of coronary stents; one underwent coronary artery bypass grafting (CABG) in his forties.



Family B

The second consanguineous family comes from the Southern region of Saudi Arabia (Figure 1B). The proband (I.2) was referred to our clinic after undergoing CABG surgery together with replacement of two valves. His past medical history revealed that he was hypercholesterolemic since early adulthood, has undergone cardiac catheterization four times, and had multiple stent placements at the ages of 39 (1 stent), 42 (4 stents), and 44 (1 stent) due to coronary artery narrowing. At the age of 47, the patient was admitted for an open-heart surgery to perform CABG to improve blood flow and oxygen supply to the heart. Clinical examination did not reveal the presence of severe physical signs including the absence of Achilles and tendon xanthomas. The only physical finding was the presence of mild corneal arcus. At the time of his presentation at the lipid clinic, his on-treatment lipid measurements were as follows; total cholesterol 3.86 mmol/dL, LDL-C 2.69 mmol/Dl, and triglyceride level 1.13 mmol/L (Table 1). Despite receiving combination of lipid lowering drugs i.e., ezetimibe 10 mg daily, and evolocumab subcutaneous injections 140 mg/mL once every 2 weeks, there was no improvement in his blood LDL cholesterol, which ranged between (2.47–3.09 mmol/L).

The clinical screening, biochemical investigations and pedigree analysis of this family were consistent with an autosomal dominant mode of inheritance. As per biochemistry reports, spouse of the index case (I.1), elder son (II.1) and two daughters (II.2 and II.3) were also dyslipidemic. However, his younger son (II.4) and younger daughter (II.5) were healthy and free from any symptoms related to dyslipidemia (Table 1). The index case (I.2) and his wife (I.1) both have reported that their mothers have died before the age of 60 due to myocardial infarction (MI) and other heart associated related complications. Moreover, the elder sister of the index case (I.1) and younger brother of the spouse (I.2) were reported to have had open-heart surgery before their fifties due to severe MI after they had cardiac catheterizations initially at the age of 25. All these cardiac events in the family and elevated blood lipid profiles strongly suggests premature atherosclerosis which is consistent with severe heterozygous or homozygous FH.




Genetic Analysis

The LipidSeq data of both families were analyzed for pathogenic mutations in LDLR, APOB, PCSK9, ARH, APOE, ABCG5, ABCG8, and LIPA owing to their known involvement in FH. Out of all FH candidate genes screened, only one a rare pathogenic c. 2027delG (g.11231084delG) variant localized to exon 14 of the LDLR gene, which is positioned on chromosome 19 p13.2 was noticed in 8 affected individuals in family A and five individuals in family B. This deletion mutation results in a frameshift in coding sequence of the LDLR gene and subsequently substitutes the native amino acid glycine to variant alanine at 676th position, followed by 33 nonsense residues, leading eventually to a premature stop gain signal to truncate the LDLR protein (UniProtKB - P01130) at 709th amino acid (G676AfsX33). This variant is expected to result in a prematurely truncated protein which likely undergoes nonsense-mediated protein decay (Figure 3).


[image: Figure 3]
FIGURE 3. Chromosomal location of human LDLR gene at chromosome19p13.2. exonic position and multiple sequence alignment showing the LDLR, EGF like domain sequence across different mammalian species and chromatograms of c.2027delG variant showing wild type (GG), heterozygote (G/−), and homozygous mutant (−/−) genotypes.


This LDLR variant is listed in both dbSNP (ID: rs875989937) and ClinVar (ID: 226383). The rare prevalence of this variant is also ascertained through its absence in Exome Aggregation Consortium (ExAC), 1,000 genomes, EURO-WABB (LOVD), Greater Middle East (GME) Variome and Saudi Human Genome Program (SHGP) databases. This variant has a very low frequency of 0.0001 (six homozygotes and one heterozygote out of 4,706 individuals) in Saudi population as per the Saudi Human Genome Program database. According to variant interpretation standards and guidelines set out by American College of Medical Genetics and Genomics (ACMG), this variant is very strongly predicted to be pathogenic because it's a null variant in coding region of the LDLR gene whose loss of function (LOF) is a well-known mechanism for FH. Moreover, this mutation has been reported to fully segregate with FH in few Saudi families (27, 28) and is also listed in Human Genome Mutation Database (HGMD) to cause FH. Sanger sequencing results have confirmed the autosomal dominant mode of inheritance of variant in FH patients from both families. The distribution of mutation in family A is as follows; both parents (I.1 and I.2), four siblings (one brother- II.1 and three sisters- II.2, II.5 and II.6) were heterozygote carriers of the variant. Whereas, the index case (II.3) was homozygote for the c. 2027delG variant. As described in previous section, this index case has presented with severe clinical features of FH, including Achilles tendon xanthomas. However, the younger sister (II.4) of index case was homozygous for the reference G allele. In family B, the proband (I.2), his wife (I.1), elder son (II.1) and two daughters (II.2 and II.3) were heterozygotes, whereas his younger son (II.4) and younger daughter (II.5) were homozygote carriers of the reference G allele. The genotyping results in both families corroborate with the biochemical and clinical findings. This frameshift deletion variant was found to be completely absent in an unrelated 92 FH cases tested in this study, which suggests a strong possibility that c.2027delG of the LDLR gene is a potential FH founder mutation in Saudi patients. Furthermore, this variant was seen to be located in evolutionarily highly conserved region of gene sequence across different species like Gorilla, Panicus, Pongo abelli, Callithrix jachchus, Microcebus murinus, Theropithecus gelada, Macaca fascicularis, Macaca mulatta etc.



Computational Functional Analysis of Pathogenic Mutation
 
Functional Impact of Pathogenic Mutation on RNA Structure

The minimum free energy (MFE) calculation of LDLR centroid structures revealed that mutant mRNA molecule of LDLR (c.2027delG) possesses a relatively lower stability of secondary structures with −50.70 kcal/mol compared to native LDLR mRNA molecules (MEF was −52.80 kcal/mol). Hence, it is assumed that the lower stability of mRNA with c.2027delG is likely to affect the mRNA folding pattern and tertiary structure formation (Figure 4).
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FIGURE 4. RNA secondary structure prediction of the human LDLR by RNA Fold. (A,B) Shows the LDLR, RNA secondary structure predictions for wildtype and mutant (c.2207delG), respectively, based on minimum free energy (MFE) calculations of nucleotide base pairing, which is represented by color gradient in the scale of 0–2. (C,D) Shows the mountain plot (MP) representation of MFE, thermodynamic ensemble (pf) and the centroid structure predictions, of the LDLR native and mutant (c.2207delG) RNA secondary structures, respectively. MP shows the secondary structures in a height vs. position, where the helices are represented in slopes, loops in plateaus and hairpin loops in the peaks. The bottom graph represents the entropy of predicted RNA structure, where higher the entropy means the RNA structure has lower stability.




3-Dimensional (3D) Protein Modeling and Secondary Structure Analysis

The BLASTP program search for LDLR protein (860 aa) identified that the PDB sourced experimentally solved structure (3M0C: chain C) has 91% (1–715 aa) of amino acid sequence coverage. However, the remaining 9% of the sequence spanning 786–860th amino acids is not yet solved. The structure of LDLR spans over LD repeat domain (20–311), EGF like domain (314–712), oligosaccharide linked sugars (700–758), membrane domain (residues 759–781) and cytoplasmic domain (811–860). Hence, the missing chain portions from EGF like and cytoplasmic domains were simulated by using I-Tasser, which predicted 5 probable models. The best fit LDLR model was selected based on confidence (1.25), template modeling (0.54 ± 0.12) and root mean square deviation scores (4.5 ± 2.8). The built protein models were subsequently energy minimized and taken as reference in constructing mutant model, which were later used to predict the effect of variant on secondary structural features. The native LDLR secondary structure is characterized by 3 α-helices, 11 sheets, 164 β-strands (11 β-sheets, 22 β-hairpins, 20 β-bulges, 77 β-turns, 34 β-pleated strands), 12 loops (12 γ-turns) and 243 other components like disulphide bridges. The G676A missense variant is localized to 3rd helix, does not change the secondary structure conformation as such, but truncation of the protein at Asp 707 residue eliminates/skips 34th β-strand and 12th loop spanning from 714 to 860th amino acid toward C-terminal region of the protein (Figure 5).


[image: Figure 5]
FIGURE 5. LDLR protein structure visualization. (A) 3D structural representation of the protein molecule. (B) Functional domains distribution. (C) The p.G676Afs*33 variant effect on the secondary structure organization on the protein.






DISCUSSION

FH occurs in two clinical forms, namely homozygous or heterozygous, depending upon the gene dosage of the variant alleles, i.e., bi-allelic and mono-allelic, respectively (29). In the current study, we identified both homozygous (one patient) and several heterozygous FH patients (12 patients) from two unrelated Saudi Bedouin families bearing a pathogenic c.2027delG (p.G676Afs*33) stop gain mutation. This mutation was reported as c.2026delG in 5 among 4 HoFH patients and 14 HeFH patients belonging to different tribes from Saudi Arabia (27, 28). So far, five different LDLR mutations (p.D445*, p. R471R, p. G676Afs*33, p.Y419D, p.W577*) were identified in 27 FH patients from five studies from Saudi Arabia (Table 2). Hence, most likely c.2027delG is the founder FH mutation in Saudi population, where both inter- and intra- consanguineous marriages among tribal communities is a normal practice. A few other FH founder mutations in the LDLR gene have been previously identified among French Canadians from Quebec Province (33–35), Finnish from Finland (36) and Dutch from Netherlands (37).


Table 2. LDLR variants reported in Saudi FH patients.
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In the current study, we noticed that a clinically severe patient with a phenotype resembling HoFH (II.3) from family A, has inherited two copies LDLR c.2027delG stop gain mutation from his HeFH parents (i.e., bi-allelic), although one defective copy is sufficient enough to develop the disease in heterozygotes. The severe clinical signs observed in this patient could undoubtedly be the result of an extremely compromised receptor capacity, a null variant with <2% functional activity, therefore homozygosity would explain their particularly severe biochemical and clinical phenotype. The LDL-C levels in HoFH due to bi-allelic null variants can increase by 4 to 10-fold from normal (38). It is notable that this HoFH patient despite having severe coronary stenoses, has not yet reported any cardiovascular events like myocardial infarctions (MI). Although this HoFH patient has presented with severe atherosclerosis, we speculate that early disease diagnosis (9 years), continuous medications, regular clinical monitoring and lifestyle modifications, would have averted the possibility of severe or fatal cardiac event. Literature review suggests that untreated HoFH patients by their 2nd decade of life present with CVD due to the development of advance atherosclerotic plaques and stenosis in blood vessels (38). A clinical assessment and follow-up study of 39 HoFH patients under <16 years of age reported cardiovascular events in 88% of the subjects (39). The HoFH patients show worse prognosis even on maximum treatment doses of lipid lowering drugs these patients show LDL-C levels >7.8 mmol/L. Our HoFH patient has also manifested tendon xanthomas which are known to be formed by huge cholesterol depositions in the tendons and joints that may account for pain and disability (38). Arcus cornealis, are bright zone of cholesterol deposits around the rim of the cornea before the age of 40 and is an additional clinical feature observed in HoFH patients (40).

Most FH patients from both family (A and B) are heterozygous and carry one copy of the LDLR, c.2027delG stop mutation, which could have been inherited from either of their parents following an autosomal dominant mode of inheritance. These patients demonstrate 2/3rd reduction in LDL clearance rate, which subsequently elevates the circulating LDL-C by 2 to 3-folds (5–10 mmol/L; 200–400 mg/L) (10, 29, 41). FH patients manifest the disease in their adulthood, spanning 3−7th decades of their life (10, 41). We have observed that the majority of our HeFH patients have presented with MI before their 60th birthday. These clinical signs point us toward chronic deposits of cholesterol that induce arterial atherosclerotic damages. Careful physical examination in childhood often could prompts the early clinical diagnosis of HoFH. The undiagnosed and untreated HeFH patients have a very high risk of (10 to 20-folds) of developing premature coronary artery disease (CAD) (42), while the risk in untreated HoFH can be 100 to 200-fold increased from normal (38). The variable expressivity of FH can be attributed to modifier variants in LDLRAP1, EPHX2, ABCG5, ABCG8, LIPA, or APOE genes or polygenic risk variants (2, 43, 44). Early intervention to control the high LDL-C levels is clearly beneficial in reducing the cardiovascular events among young FH patients (45). The genetic testing of LDLR, c.2027delG variant in extended family members of both family A and B could potentially offer an advantage of early identification of FH cases, planning lifelong lipid lowering therapy, genetic counseling, and prenatal diagnosis (46).

The LDLR allelic makeup determines the molecular diagnosis (i.e., heterozygous vs. homozygous) and in turn determines the severity of clinical manifestation in FH. HoFH patients who have lost most or all receptor function, show very high circulating LDL-C levels and manifest cholesterol deposits in the body compared to HeFH patients who can still maintain 50% of functional receptors (47–49). Deleterious LDLR mutations are known to either eliminate or considerably reduce the LDLR function (50). This is true for the c.2027delG (p.G676Afs*33) frame shift mutation identified in this study, that introduces a protein termination codon (PTC) at 33rd codon downstream, and leads to the truncation of the LDLR protein at the Asp709th residue located in EGF like domain. The truncated protein will be 152 amino acid (aa) shorter than the native LDLR and lacks 5 aa residues from the EGF like domain, 58 aa residues of oligosaccharide linked sugars domain and 22 aa residues of the receptor transmembrane domain. Spanning between 314 and 712 aa is the EGF like domain the largest LDLR protein domain where more than 50% of FH causative mutations are reported highlighting its functional importance. EGF homology domain controls the release of lipoproteins in low pH environment and take part in receptor recycling (51). It is therefore fair to assume that the truncated LDLR may undergo degradation that may reduce the LDLR protein level and subsequently interfere with the receptor assembly in those individuals who harbor the mutation.

Indeed, the mRNAs with PTC may potentially activates nonsense mediated mRNA decay (NMD) (52) or leave a markedly truncated LDLR protein (at variant residue 709) which may eventually undergo degradation by ubiquitin mediated proteasomal pathway (53). The correlation between LDLR variant zygosity and its effect on protein expression is shown through functional biology experiments on lymphocytes obtained from FH patients with nonsense mutations (W23X, S78X, E207X, and W541X) (52). Human mRNAs with PTC were reported to reduce both mRNA abundance and stability (54). Our free energy-based RNA stability investigation predicted that the LDLR, p.G676Afs*33 variant destabilizes the mRNA structure, and eventually affect its folding pattern. Free energy changes are also affect the protein structure stability for disease causative stop gain mutations (55). Therefore, we predict that p.G676Afs*33 is a loss-of-function (LoF) variant or null allele leading to abolition of LDLR protein synthesis, hence it belongs to LDLR class 1 category of mutations (56).

Recent advances in molecular and cell biology present an alternative therapeutic opportunity to counter the genetic defects (PTC mutations) by pharmacological modulation (NMD or proteasomal degradation inhibitors) and help to control disease pathogenesis (54, 57, 58). In theory, HoFH patients who are unresponsive to statins might benefit from the use of pharmacological modulators like aminoglycosides in restoring partial sized LDLR molecules arising from stop gain mutations. In experiments, treating lymphocytes bearing different nonsense FH mutations with different translation modulator drugs, Holla et al has successfully demonstrated the increased mRNA levels of LDLR and LDL-C clearance (52). There are numerous other treatments in development for severe HeFH and HoFH, including inhibitors of angiopoietin like 3 protein (ANGPTL3), long-acting inhibitors of proprotein convertase subtilisin/kexin type 9 (PCSK9) in addition to gene therapies (59).

In conclusion, this study reports a very rare, pathogenic and FH founder LDLR stop gain variant i.e. c.2027delG (p.Gly676Alafs*33) in 12 FH patients belonging to two different Saudi families. Founder FH mutations concentrate due to low genetic variability in genetically isolated populations. Nevertheless, identifying FH founder confer advantages like targeted screening, early genetic diagnosis, genetic counseling and adoption of effective anti-lipid treatment strategies (i.e., LDL-apheresis) to prevent the cardiovascular disease burden among the FH patients. Based on the variant zygosity of the stop gain variant, we have noticed marked phenotypic heterogeneity in terms of LDL-C levels and clinical presentations of the FH patients. This loss-of-function variant was predicted to alter the free energy dynamics of RNA molecule hence its stability. Protein structure mapping has predicted that this variant eliminates key LDLR functional domains and eventually undergoes degradation. However, future functional biology studies are required to study the effect of c.2027delG variant on LDL-C clearance in the body.
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