

  cardiogenetics-14-00013




cardiogenetics-14-00013







Cardiogenetics 2024, 14(4), 170-182; doi:10.3390/cardiogenetics14040013




Review



Review of p.(Val429Met), a Variant of LDLR That Is Associated with Familial Hypercholesterolemia



Eric F. Jotch 1,2,* and Mark S. Kindy 3,4





1



College of the Arts and Sciences, University of South Florida, Tampa, FL 33620, USA






2



Judy Genshaft Honors College, University of South Florida, Tampa, FL 33620, USA






3



Department of Pharmaceutical Science, Taneja College of Pharmacy, University of South Florida, Tampa, FL 33620, USA






4



Research Service, James A. Haley VA Medical Center, Tampa, FL 33620, USA









*



Correspondence: ejotch@usf.edu or ericjotch@gmail.com







Citation: Jotch, E.F.; Kindy, M.S. Review of p.(Val429Met), a Variant of LDLR That Is Associated with Familial Hypercholesterolemia. Cardiogenetics 2024, 14, 170–182. https://doi.org/10.3390/cardiogenetics14040013



Academic Editor: Giuseppe Limongelli



Received: 12 July 2024 / Revised: 23 August 2024 / Accepted: 26 September 2024 / Published: 29 September 2024



Abstract


Patients affected by familial hypercholesterolemia possess elevated low-density lipoprotein cholesterol and therefore have greater risk for cardiovascular disease. About 90% of familial hypercholesterolemia cases are associated with aberrant LDLR. Over 3500 LDLR variants have been identified, 15% of which are considered “pathogenic.” Given the genetic diversity of LDLR variants, specific variants rarely receive attention. However, investigators have proposed the critical evaluation of individual variants as a method to clarify knowledge and to resolve discrepancies in the literature. This article reviews p.(Val429Met) (rs28942078) in the areas of pathology, epidemiology, lipid-lowering therapy, and genetic testing. The p.(Val429Met) variant is associated with a missense point substitution in exon 9 of chromosome 19. Biochemical studies have found severely reduced low-density lipoprotein receptor protein in autologous and heterologous expression systems. Additionally, there are inconsistencies regarding the functional classification of p.(Val429Met). Considered to be of European origin, p.(Val429Met) is found in extant populations due to founder effects. Evidence from clinical trials have also demonstrated variable responses to newer lipid-lowering therapies in patients with a p.(Val429Met) variant. Proper clinical detection and adequate genetic testing have been shown to greatly improve outcomes. Future research may be aimed at resolving discrepancies to better comprehend the implications of familial hypercholesterolemia.
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1. Introduction


First described in 1938, familial hypercholesterolemia (FH) is a genetic disorder of cholesterol metabolism [1]. FH is caused by defective alleles in three regulatory genes (LDLR, ApoB, PCSK9). There are two disease states in FH. The most common is heterozygous familial hypercholesterolemia (HeFH), which is caused by one aberrant allele in the affected gene, whereas homozygous familial hypercholesterolemia (HoFH) is caused by two aberrant alleles in affected genes. Current diagnostic methods include physical examination, lipid-paneling, genetic testing, and cascade screening of family members [2]. It is estimated that HeFH occurs in 1 in 311 in the general population, while HoFH occurs in upwards of 1 in 300,000 in the general population [3,4]. Globally, FH is largely underdiagnosed and undertreated [5].



Variants in LDLR, the gene that encodes the low-density lipoprotein receptor (LDLR), are most associated with FH. It is estimated that around 90% of FH cases implicate variant LDLR [2]. As of August 2023, ClinVar (National Center for Biotechnology Information; NCBI) has identified more than 3500 LDLR variants, 15% of which are identified as “pathogenic,” based on guidelines set by the American College of Medical Genetics and Genomics (ACMG) [6]. Impaired LDLR limits the hepatic uptake of low-density lipoprotein cholesterol (LDL-C) from the bloodstream. Consequently, LDL-C is elevated by as much as two- to five-fold in FH patients, posing a serious risk for premature cardiovascular disease (CVD) [2,3]. Moreover, first-line statin therapy is ineffective at lowering LDL-C in FH patients due to statins’ dependence on functional LDLR. Fortunately, newer second-line therapies target alternative proteins involved in this pathway.



Given the diversity of LDLR variants, it is rare for a single variant to receive attention. However, critical evaluation of specific variants has been proposed as a method to clarify knowledge and to resolve discrepancies in the literature [7]. Additionally, focus on a single variant may expand the understanding of the functional class to which it belongs.



In this review, the LDLR variant of interest is p.(Val429Met) (p.V429M) (rs28942078), which has been associated with a severe form of FH. The function of p.V429M has been studied extensively. Investigators have also identified the variant globally and in ethnically diverse populations. This article reviews p.V429M in the areas of pathology, epidemiology, lipid-lowering therapy, and genetic testing as well as identifies disagreements in the literature.




2. Pathology


The p.V429M variant is associated with a missense point substitution in exon 9 of chromosome 19. In 1989, Leitersdorf et al. [8] first identified p.V429M in a population of Afrikaners. DNA sequencing revealed that adenine replaced guanine at nucleotide 1285 (1285G>A). As a result, methionine (Met, M) replaced valine (Val, V) at amino acid 429. Later studies by Pereira et al. (1995) [9] and by Fouchier et al. (2001) [10] confirmed the presence of p.V429M in Cuban and Dutch populations, respectively. The investigators all identified p.V429M as a cause of HoFH in the populations studied. Early on, genotype-phenotype relationships established p.V429M as a FH-associated variant of LDLR.



It is important to note that the nomenclature of this variant is inconsistent across the literature. The p.V429M variant was known as p.V408M when first discovered because the −21 position was labeled as the initiation codon [8,11]. Later, the initiation codon was revised to be at the +1 position [11]. Despite the change, studies from as late as 2018 still referred to the variant as p.V408M [12]. This disagreement may cause p.V429M and p.V408M to be misidentified as separate variants. Regardless, both refer to the same NCBI reference sequence: rs28942078. Furthermore, the allelic substitution of interest corresponds to transcript variant 1: NM_000527.5 [13]. In this review, p.(Val429Met) refers to rs28942078 but is abbreviated as p.V429M to follow recommendations from the Human Genome Variation Society [14].



2.1. Assessment of Disease


Evidence from biochemical assays have linked the p.V429M variant to significantly reduced concentrations of LDLR. In the first study of p.V429M, Leitersdorf et al. [8] transfected LDLR-naïve Chinese hamster ovary (CHO) cells with a plasmid that contained the p.V429M sequence. Immunoprecipitation followed by densitometry revealed that only 13% of LDLR remained after six hours of expression. A later study by Strøm et al. [15] measured the degradation of LDLR by serial immunoblotting. In that study, the investigators collected Western blots from p.V429M and wild-type expressing CHO cells. This method quantified LDLR expression by protein band opacity. After eight hours of expression, minimal LDLR was present on blots obtained from p.V429M expressing cells, compared to the amount found on blots obtained from wild-type expressing cells. Additional functional studies performed by Ranheim et al. [16] and Dušková et al. [17] found undetectable amounts of LDLR on the plasma membrane of p.V429M expressing CHO cells. As such, the p.V429M variant is classified as a “negative” or “null” variant because it produces LDLR with less than 2% of normal activity [18,19]. Overall, the literature agrees that p.V429M is associated with FH because of dysfunctional LDLR.



Elevated LDL-C is an independent risk factor for CVD [20]. As a result of reduced LDL-C uptake, patients with at least one p.V429M allele possess greater risk for CVD. A study by Umans-Eckenhausen et al. [21] found that carriers of p.V429M had a significant relative risk for CVD compared to noncarrier relatives (RR: 7.01; 95% CI: 2.18–22.59; p < 0.003). A similar study by Huijgen et al. [22] found that carriers of any FH-associated variant had a higher hazard ratio for CVD when compared to noncarrier relatives (HR: 3.64; 95% CI: 3.24–4.08; p < 0.001). Furthermore, a study by Bertolini et al. [23] found that the prevalence of CVD in heterozygotes with null variants was significantly greater than in heterozygotes with defective variants (i.e., variants with greater than 2% LDLR activity) (40.7% vs. 25.8%; p = 0.0001). The latter two studies did not evaluate p.V429M individually. However, both found that FH-associated variants significantly increased the risk for CVD. Additionally, the risk for CVD may have been underestimated because patients with FH-associated variants were more likely to receive lipid-lowering therapy [22]. Ultimately, carriers of p.V429M are at a potentially greater risk for CVD.



As described previously, biochemical assays are the standard method for functional determination. However, there is variation in the potential sources of DNA samples. Across multiple studies, variant p.V429M DNA has been isolated from skin fibroblasts, blood leukocytes, and saliva swabs [8,10,23,24,25]. Additionally, there is variation between heterologous and autologous expression systems. Heterologous expression systems have included ldlA-7 CHO (LDLR-naive) cells, tetracycline-induced CHO (T-Rex) cells, and human HepG2 cells [8,15,16,17]. Autologous expression systems have included human lymphocytes and skin fibroblasts [8,12,23]. Although saliva samples are easier to collect, there is evidence that blood samples provide more accurate copy number variant detection [26]. The choice of CHO cells or HepG2 cells is also debated. For instance, Banerjee et al. [27] noted that transfected CHO cells allowed for complete observation of the variant LDLR phenotype, while expression in wild-type HepG2 cells created a less severe heterozygous condition. Alternatively, Ranheim et al. [16] found that HepG2 cells better mimicked the in vivo environment due to presence of intracellular LDLR regulators, such as proprotein convertase subtilisin/kexin type 9 (PCSK9). In all, a variety of methods have been used to study the function and clinical consequences of p.V429M.




2.2. Variant Classification


In 1992, Hobbs et al. [19] described five functional classes of LDLR variants. Originally, p.V429M belonged to Class 5, defects in LDLR recycling. Early in vitro evidence of rapid LDLR degradation supported this classification [8,15,19]. Later studies identified defects in the epidermal growth factor (EGF) homology domain that were associated with poor recycling.



In Class 5 variants, impacted EGF homology domains fail to release LDL-C in the endosome [19]. An early study by Davis et al. [28] found that a conformational change that was required to release lipoprotein in acidic pH (i.e., the endosome) did not occur in variant LDLR with a deleted EGF homology domain. A later study by Rudenko et al. [29] identified the folding of the six-bladed β-propeller as the previously unknown conformational change. The EGF homology domain and the β-propeller are proximal to each other in the basic LDLR structure [30]. Thus, defects in the EGF homology domain spread to the β-propeller, affecting its release mechanism. In summary, failed release of LDL-C causes the LDLR complex to be completely digested by the endosome, preventing LDLR from being reused.



Recent evidence has supported the p.V429M variant as Class 2, defects in intracellular trafficking [19]. In 2020, Dušková et al. [17] found that p.V429M CHO cells accumulated immature LDLR in the endoplasmic reticulum (ER), as well as overexpressed stress-induced ER chaperonins. As a result, p.V429M cells failed to process LDLR into its mature form at the Golgi apparatus, which led to no LDL-C uptake at the plasma membrane. This finding conflicted with previous knowledge because it alternatively explained the lack of LDLR on the plasma membrane. As opposed to the degradation of matured LDLR, this proposed that LDLR never matured to begin with.



Interestingly, prior studies alluded to impaired intracellular processing. Although Leitersdorf et al. [8] concluded that p.V429M induced rapid degradation of LDLR, the investigators also identified the 120 kD (immature) and 160 kD (mature) forms within the immunoprecipitated LDLR. Additionally, Bertolini et al. [23] found the weight of LDLR in skin fibroblasts from p.V429M-affected individuals to range between 117.15 and 149.21 kD. Throughout its study, p.V429M has been associated with immature LDLR.



Furthermore, prior studies found that p.V429M deviated from other Class 5 variants. In a study that compared LDLR variants from different classes, Ranheim et al. [16] found that p.V429M had an LDL-C staining pattern that was similar to p.Gly565Val (p.G565V), a Class 2 variant. Additionally, measures of LDL-C uptake, binding, and degradation were most similar between these two variants. Notably, the investigators acknowledged the potential for misclassification but still assigned p.V429M to Class 5 because they observed some LDLR in the endosome, as evidenced by confocal laser imaging. In another study that only compared Class 5 variants, Strøm et al. [15] found that p.V429M had remarkably reduced LDLR when compared to p.Glu387Lys (p.E387K). Like Ranheim et al. [16], Strøm et al. [15] acknowledged the parallels between Class 2 and Class 5 variants but did not offer any reclassification. Due to the similarities between Class 2 and Class 5 variants, there is a crossover of evidence (Figure 1). This is not to say that impaired endosomal release and intracellular processing are mutually exclusive. It may be the case that p.V429M belongs in both classes due to the overlap between the EGF homology domain and the β-propeller. Alternatively, there may be more evidence favoring one class over another depending on the analytical methods used.



In 2015, the ACMG published a five-tier classification system for genetic variants, regardless of disease. These guidelines classify variants as “pathogenic”, “likely pathogenic”, “uncertain significance”, “likely benign”, or “benign”. For pathogenic variants, the ACMG employs an algorithm that accounts for strength of evidence. Evidence may be considered “very strong”, “strong”, “moderate”, or “supporting”. For example, “very strong” evidence may be the presence of a known nonsense or frameshift variant, whereas “supporting” evidence may come from in silico analysis (e.g., SIFT, MutationTaster). An algorithm that combines evidence type and strength ultimately decides the variant’s pathogenicity [31]. Full description of individual ACMG criteria is beyond the scope of this paper. Instead, this discussion focuses on pathogenicity assessments that were reported to ClinVar.



According to ClinVar, 14 ACMG-guided assessments have been submitted for NM_000527.5. Moreover, “clinical testing” was the most common method for classification. Two submissions classified p.V429M as “likely pathogenic,” whereas the remainder classified p.V429M as “pathogenic.” The most recent ACMG-guided submission is from April 2024. The comments for this report cited inconclusive in silico data, individual variant rarity, and functional studies that demonstrated less than 2% functional activity in affected LDLR. As such, p.V429M was classified as “pathogenic.” Notably, a submission from December 2016 cited similar evidence, and yet classified p.V429M as “likely pathogenic.” All submissions were rated one star out of a possible four, which indicated that these reviews were from single submitters, as opposed to an expert panel [32]. The ACMG admits that there is no concrete method to quantify a “likely” rating, although they advise laboratories to use the term if there is 95% confidence of pathogenicity [31]. In general, these submissions somewhat conflict from lack of detail and source subjectivity.



The ACMG guidelines are more comprehensive than the classifications proposed by Hobbs. Nonetheless, the ACMG still regards validated functional studies as “strong” evidence for pathogenicity. This provides an opportunity to apply the antiquated functional classes to current practice. Previously, Chora et al. [33] performed a systematic review of FH-associated variants in the context of ACMG guidelines. The investigators found that functional studies were not widely performed on FH-associated variants. Additionally, they concluded that functional studies require more influence on pathogenicity determination than the ACMG currently assigns. This field may benefit from revised ACMG criteria that distinctly addresses unique factors of FH.




2.3. Additional Factors


Due to the presence of the wild-type allele in heterozygous patients, a less severe phenotype is observed. A study by Thedrez et al. [12] found that LDLR expression was two- to four-fold lower in heterozygous cells and three- to five-fold lower in homozygous cells with an FH-associated variant, compared to wild-type lymphocytes. Moreover, Ranheim et al. [16] and Chora et al. [33] proposed that homozygous patients with an FH-associated variant provide the best opportunity for study, as the wild-type allele cannot interfere. However, patients with the homozygous condition are very rare. As such, study in heterologous cells, such as LDLR-naïve CHO cells, is a popular alternative [8,17,33]. No matter the zygosity, the presence of one p.V429M allele is associated with markedly reduced LDLR on the plasma membrane [12]. Furthermore, the p.V429M variant appears to have an additive effect, as evidenced by the two-fold difference in LDLR concentration between heterozygous and homozygous lymphocytes. In sum, the heterozygous condition is one consideration that must be made when assessing phenotypes associated with LDLR variants.



Interestingly, acute infection from SARS-CoV-2 may reduce LDL-C to optimal levels in patients with an FH-associated variant. A case report by Bampatsias et al. [34] found that SARS-CoV-2 infection reduced LDL-C to 9 mg/dL in a HoFH patient with the p.V429M variant just 10 days after a positive test. After one month, LDL-C increased to 105 mg/dL on maximally tolerated lipid-lowering therapy, which consisted of rosuvastatin, ezetimibe, and lomitapide. The drastic decrease in LDL-C during acute infection may be attributed to the replication of SARS-CoV-2, which requires lipoprotein, whereas later increases in LDL-C may be attributed to impaired hepatic function caused by liver stiffness and steatosis following infection, in addition to the FH condition [35,36]. In a recent cohort study, general patients infected with SARS-CoV-2 had a 55.4% chance of having LDL-C levels greater than 130 mg/dL one year after infection (HR: 1.24; 95% CI: 1.20–1.29) [37]. Further research could elucidate the connections between lipid disorders and infectious disease as well as clarify the role of lipid disorders in the grand scheme of body systems.



There is some evidence that p.V429M is more harmful when inherited maternally. A study by Versmissen et al. [38] compared the standardized mortality ratio (SMR) between FH patients who inherited p.V429M maternally versus paternally. The SMR for maternal inheritance was significant (SMR: 2.49; 95% CI: 1.45–3.99; p = 0.001), whereas the SMR for paternal inheritance was insignificant (SMR: 1.30; 95% CI: 0.65–2.32; p = 0.234). Prior research found that a mother’s history of FH could induce aortic plaque formation in fetuses [39]. In this case, the risk for CVD is not due to differences in molecular architecture between maternally and paternally inherited p.V429M. Instead, epigenetic effects from the uterine environment explain the increased risk. In sum, maternal FH is a determinant for CVD prior to birth due to elevated LDL-C in mothers with identified FH-associated LDLR variants.



In addition to elevated LDL-C, elevated lipoprotein(a) (Lp(a)) is an independent risk factor for CVD [40]. Currently, the relationship between FH-associated variants and elevated Lp(a) is not resolved. An early study by Lingenhel et al. [41] found significantly elevated Lp(a) in carriers of FH-associated variants, including p.V429M, compared to unaffected relatives (p = 0.0047). However, a recent study by Marco-Benedi et al. [42] found that subjects without genetic hypercholesterolemia had greater mean Lp(a) levels than subjects with an LDLR variant (37.4 mg/dL vs. 21.7 mg/dL). Additionally, there was no significant difference between an LDLR variant’s functional class and associated Lp(a) concentration. Furthermore, a recent study by Medeiros et al. [43] found that the prevalence of elevated Lp(a), defined as >50 mg/dL, was significantly more prevalent in subjects without genetic hypercholesterolemia than in subjects with an FH-associated variant (38% vs. 32%; p = 0.035). Cohort heterogeneity may explain the conclusions of the latter two studies, as the polygenic variability (e.g., number of kringle IV2 repeats) between subjects could confound results [12], while a strength of Lingenhel et al. [41] was that analysis occurred in sibling pairs, which mitigated genetic differences. In all, conclusive research in this area is limited by the diverse genetic causes of hyper-Lp(a), as well as by differences in methodology.





3. Prevalence Across Populations


The p.V429M variant is one of only seven LDLR variants found on every populated continent [33]. Studies of FH-associated variants have identified populations in which p.V429M is more common. For example, Leitersdorf et al. [8] identified the p.V429M allele in 29.2% of LDLR samples from Afrikaners [8]. Additionally, Whitall et al. [44] identified p.V429M in 14.3% of Greek FH patients (n = 28). Despite the low sample size, an earlier study by Traeger-Synodinos et al. [45] identified p.V429M in a similar proportion of Greek FH patients (14.7%, n = 150). Furthermore, Pereira et al. [9] identified p.V429M in 10.7% of Cuban patients (n = 28). In an Asian population, Mak et al. [46] identified p.V429M in 6.7% of Chinese patients (n = 30). These results are not generalizable due to small population sizes. Additionally, the accuracy of prevalence estimates may be attenuated by varying clinical presentations, which impact rates of genetic testing. However, recognition of affected populations is important for awareness, which informs detection and treatment.



Other studies have found lower prevalences of p.V429M in certain European populations. For example, Huijgen et al. [11], Umans-Eckenhausen et al. [21], and Fouchier [10] identified p.V429M in 1.7% (n = 5467), 3.0% (n = 1695), and 3.1% (n = 1645) of Dutch FH patients, respectively. In addition, Bertolini et al. [23] identified p.V429M in 1.4% of Italian FH patients (n = 1018). Similarly, Brænne et al. [7] identified p.V429M in 1.6% of German FH patients (n = 255). These prevalences may be skewed by the characteristics of the populations sampled. For example, Brænne et al. included German patients with a history of premature myocardial infarction, a condition already associated with p.V429M [7], whereas Huijgen et al. sampled patients from a national cascade screening program in the Netherlands [11]. In all, there is a lack of standardized prevalence data across populations. For proper epidemiology, prevalence estimates may require data from each nation’s lipid clinic registry, proving a challenge in regions with low detection rates.



The p.V429M variant is thought to be of European origin [47]. As a result of global migration, a founder effect has been observed between related populations [8,46]. For instance, the prevalence of p.V429M in the Netherlands is between 1 and 3% [10,11,21], while the prevalence in Afrikaners approaches 30% [8]. This drastic difference indicates a greater concentration of p.V429M in the smaller Afrikaner population, as explained by the Dutch colonization of South Africa. A similar relationship can be seen between Spanish Caucasians and Cubans. For instance, Aparicio et al. [9] identified p.V429M in 6.0% of FH patients in mainland Spain (n = 182), compared to the 10.7% found in Havana [24]. Although the effect is observed to a lesser extent, this is an interesting finding within the context of genetic drift. The distinction between national identity and genetic identity is another important consideration, as nations with genetically heterogeneous populations may confound estimates. Additionally, allelic frequency may be a more comprehensive measure because it accounts for individual zygosity. Altogether, the p.V429M variant is of global interest due to its presence in diverse populations.



Despite the identification of populations in which p.V429M is more commonly found, small sample sizes and dated, single-country studies weaken the accuracy of prevalence estimates. More accurate allelic frequencies may be found in large, public genomic databases. For rs28942078, the global allelic frequencies are reported as 0.0013% in gnomAD v4.1.0 (n = 1614000) and as 0.0008334% in ExAC (n = 119988). In total, gnomAD reported 21 total alleles, whereas ExAC reported one allele. By genetic ancestry, European participants enrolled in gnomAD contributed the most alleles. The single allele identified in ExAC belonged to a South Asian participant [48,49]. Despite the contributions of these databases, they possess their own limitations. For instance, Chora et al. indicated a general lack of reporting outside of research studies. Additionally, most countries do not require reporting for FH variants [33]. There is great potential for these global databases. Yet, most countries do not have the infrastructure to realize this utility. As these databases currently stand, individual research studies provide more insight into prevalence, despite possessing significant limitations. Maintenance and synchronization of global prevalence data may fill these reporting gaps.




4. Studied Responses to Lipid-Lowering Therapy


Alirocumab (Praluent, Sanofi: Paris, France/Regeneron: Tarrytown, NY, USA) is a PCSK9 inhibitor. Overactive PCSK9 induces LDLR degradation. Therefore, inhibition of PCSK9 allows more LDLR for improved LDL-C clearance. ODYSSEY-HoFH, a randomized, placebo-controlled trial, investigated alirocumab as a lipid-lowering therapy in HoFH patients. Genetic testing identified three subjects who were homozygous for p.V429M. Notably, all p.V429M subjects had a prior history of CVD. In true homozygotes, baseline LDL-C ranged between 156 and 256 mg/dL. The primary endpoint was the percent reduction in LDL-C after 12 weeks, which ranged between −25.8% and +1.9%. All p.V429M homozygotes received 150 mg subcutaneous alirocumab every two weeks [50]. From this, a highly variable response to alirocumab was observed. Interestingly, the subject with the greatest LDL-C at baseline saw the 25.8% decrease, whereas the subject with lowest LDL-C at baseline saw the 1.9% increase [50]. Background lipid-lowering therapy may have not affected these results, as all subjects took concomitant rosuvastatin, ezetimibe, and lomitapide in consistent doses [50]. In p.V429M homozygotes, alirocumab did not reduce LDL-C by 50%, nor reduced LDL-C to less than 70 mg/dL, thereby underperforming American Heart Association (AHA) guidelines [51].



Evolocumab (Repatha, Amgen: Thousand Oaks, CA, USA) is another PCSK9 inhibitor. TAUSSIG, an open-label, single-arm trial, investigated evolocumab as a lipid-lowering therapy in HoFH patients. Genetic testing identified five subjects who were compound heterozygous for p.V429M and p.Asp206Glu (p.D296E), another FH-associated variant. Like Odyssey-HoFH, baseline LDL-C ranged between 173.2 and 273.9 mg/dL in these subjects. Percent reduction in LDL-C after 24 weeks ranged between −7% and −28%. All subjects received 420 mg subcutaneous evolocumab every two weeks for the duration of the trial [12,52]. As opposed to ODYSSEY-HoFH, the background lipid-lowering therapy that each subject took is not disclosed. Additionally, the investigators of TAUSSIG defined p.V429M as a “receptor-defective” variant, whereas the investigators of ODYSSEY-HoFH defined p.V429M as a “receptor-null” variant [12,50]. From this, clinical trials have inconsistently defined the function of p.V429M.



The functional definition of the variant is important because it guides the explanation of the lipid-lowering therapy’s efficacy. For example, “receptor-negative” (null) variants do not express enough functional LDLR for lipid-lowering therapy to have a benefit, as opposed to “receptor-defective” variants, which possess enough LDLR function for lipid-lowering therapy to reduce LDL-C [12]. The Leiden Open Variation Database (LOVD3) represents p.V429M as having less than 2% LDLR activity [53]. This agrees with the definition set by the investigators of ODYSSEY-HoFH [44]. If p.V429M were truly a “receptor-null” variant, the reductions in LDL-C observed in ODYSSEY-HoFH and TAUSSIG would not have occurred. This inconsistency may affect the reliability of data across different trials. Regardless of definition, however, alirocumab and evolocumab showed variable LDL-C reductions in HoFH subjects with at least one p.V429M variant.



Lomitapide (Juxtapid, Aegerion: Defunct 2019) inhibits the microsomal triglyceride transfer protein (MTP), which aids in the conversion of very low-density lipoprotein cholesterol (VLDL-C) to LDL-C. Therefore, inhibition of MTP reduces LDL-C concentration. A study by Kolovou et al. [54] investigated the efficacy of lomitapide in Indian HoFH patients. Genetic testing identified one p.V429M homozygote. This patient had a mean baseline LDL-C of 330 mg/dL. After 13 months of follow-up, this patient’s LDL-C decreased to 114 mg/dL (65% reduction). This patient received 10 mg lomitapide concomitant to maximally tolerated lipid-lowering therapy and apheresis treatment. Although the data on the efficacy of lipid-lowering therapy in p.V429M patients are scarce, this study found that lomitapide achieved a superior reduction in LDL-C. Furthermore, the investigators emphasized the influence of individual MTP variants on the efficacy of lipid-lowering therapy through genetic and environmental interactions [54]. Additionally, a cohort study that compared lomitapide to lipoprotein apheresis found that lomitapide significantly reduced the proportion of subjects who experienced major adverse cardiovascular events (13.3% vs. 55.2%; p < 0.001) [55], although in this study, none of the subjects possessed the p.V429M variant. The published LDL-C reductions, by subject, for alirocumab, evolocumab, and lomitapide are found in Table 1.



Inclisiran (Leqvio, Novartis: Basel, Switzerland) is a small-interfering RNA (siRNA) that inhibits PCSK9. Inclsirian improves LDL-C metabolism by silencing the mRNA transcript that encodes the PCSK9 protein [56]. ORION-9 and ORION-5 were randomized, placebo-controlled trials that investigated the efficacy of inclisiran in HeFH and HoFH patients, respectively. Of note, the genotypes of individual subjects were not published. Therefore, the following results may not apply to subjects with the p.V429M variant. In HeFH patients (n = 482), inclisiran significantly reduced LDL-C by 39.7% after 24 months (between-group difference: 38.1%; 95% CI: −53.5% to −42.4%; p < 0.001) [57]. In HoFH patients (n = 56), however, inclisiran did not significantly reduce LDL-C (p = 0.90). The investigators of ORION-5 attributed the results to a small sample size and heterogeneity of FH genotypes [58]. An alternative explanation is that inclisiran was more effective for HeFH patients due to some functional LDLR activity. The study of inclisiran in HoFH patients, with consideration of individual genotypes, is an avenue for future research. Importantly, awareness of an individual LDLR variant’s function and its response to lipid-lowering therapy creates an opportunity for personalized medicine.




5. Genetic Testing


In addition to premature CVD, other common clinical signs of FH are arcus cornea and tendon xanthoma [19]. However, inconsistent phenotypic presentation limits diagnostic accuracy. For example, Pereira et al. observed a p.V429M heterozygous individual with premature CVD but without any history of arcus cornea nor tendon xanthoma [9]. Additionally, Brænne et al. [7] reported a pedigree of a German family affected by p.V429M, in which both children suffered premature myocardial infarction, as opposed to both parents who were unaffected. Reports such as these have demonstrated the incomplete penetrance of p.V429M.



Factors such as variable LDLR expression, polygenic mutations, and lifestyle may explain inconsistent clinical presentations. To illustrate, Thedrez et al. [12] found that maximal surface LDLR expression ranged from 113 to 195 among p.V429M compound heterozygotes. When extended to another FH-associated variant, p.Asp206Glu (p.D206E), maximal surface LDLR expression ranged from 184 to 607 in p.D206E homozygotes. Although p.V429M and p.D206E are separate variants, these results showed variable LDLR expression even within the same genotype. Variants in the PCSK9 and ApoB genes may also contribute to phenotypic variability, as these genes regulate LDLR activity [11,59]. Investigators have also attributed the variability to high-cholesterol diets observed across different regions [9,59]. Clinical features are important for recognizing index cases, but genetic testing is the most effective method for comprehensive diagnosis and treatment.



Cascade screening of p.V429M individuals has been reported in the literature since 2002 [21]. With this method, index cases of FH patients are identified, and the rest of the family is screened. Early on, cascade screening identified large yields of FH individuals. Genetic testing as part of cascade screening is cost-effective and has been correlated with better CVD risk detection and adherence to lipid-lowering therapy [24,59]. Although genetic testing is considered the best method for FH diagnosis, Reeskamp et al. [59] found that only 32.8% (n = 2320) of FH patients with a clinical diagnosis also had a confirmed genetic diagnosis. Genetic testing also allows for earlier detection and initiation of lipid-lowering therapy, which has been shown to significantly reduce the risk for CVD in FH patients [60].



Due to overreliance on clinical presentation and lack of provider knowledge, there have been reported cases of misidentified FH. For instance, Alnouri et al. [61] reported two HoFH patients who consulted dermatologists for tendon xanthomas. Both underwent surgical removal; however, the xanthomas eventually returned, and one patient suffered an ST-elevated myocardial infarction. After cardiology consultations, both patients received a clinical diagnosis of HoFH. Genetic testing revealed variants in the EGF-homology precursor domain, like p.V429M. In this case, lack of knowledge of FH across specialties led to a CVD event that may have been prevented if the condition was detected upon first observation.



A diagnosis of FH solely based on clinical features has also been shown to misclassify heterozygous and homozygous conditions. In an Italian cohort of clinically diagnosed HeFH patients, Bertolini et al. [23] found that 1.4% (n = 1018) truly possessed homozygous genotypes after genetic testing. Similarly, Chaudhry et al. [25] found that 0.9% (n = 705) of clinically diagnosed HeFH patients received a new diagnosis of true HoFH after genetic testing. Misdiagnosis attenuates care as CVD risk and treatment efficacy are different between HeFH and HoFH patients. Due to the diversity of FH-associated variants, genetic testing after clinical suspicion is a proper method for improved outcomes.




6. Conclusions


This review sought to determine the current knowledge of p.V429M. There are many qualities of this variant that may be resolved by future research, such as its functional classification, influence on other lipoprotein concentrations (e.g., lp(a)), and response to lipid-lowering therapy. Additionally, this review found that p.V429M experienced substantial migration throughout its history. Due to the individual rarity of LDLR variants, a significant limitation is the lack of standardized clinical and demographic data. All in all, this review brings awareness to the nuances of p.V429M, as well as identifies gaps in current reporting. This knowledge may be applied to other variants for greater comprehension of FH.
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Figure 1. Comparison of Hobbs’s functional classes, as relevant to p.V429M. (a) Visual representation of the effect of Class 5 LDLR variants; (b) visual representation of the effect of Class 2 LDLR variants. 
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Table 1. Summary of second-line LLT results.
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Lipid-Lowering Therapy

(Source)

	
Duration (Weeks)

	
Patient

Genotype

	
Baseline LDL-C (mg/dL)

	
Final LDL-C (mg/dL)

	
Percentage Change (%)






	
Alirocumab

(ODYSSEY HoFH)

	
12

	
V429M/V429M

	
181

	
169

	
−6.6




	
256

	
190

	
−25.8




	
156

	
159

	
1.9




	
Evolocumab

(TAUSSIG)

	
24

	
V429M/D296E

	
219.8

	
203.4

	
−7




	
246.8

	
191.7

	
−22




	
273.9

	
236.6

	
−14




	
173.2

	
125

	
−28




	
240.4

	
184.3

	
−23




	
Lomitapide

(Indian patient)

	
676

	
V429M/V429M

	
330

	
114

	
−65
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