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Abstract
Hypercholesterolemia is a strong determinant of mortality and morbidity associated with cardiovascular diseases and a major contributor to the global disease burden. Mutations in four genes (LDLR, APOB, PCSK9 and LDLRAP1) account for the majority of cases with familial hypercholesterolemia. However, a substantial proportion of adults with hypercholesterolemia do not have a mutation in any of these four genes. This indicates the probability of having other genes with a causative or contributory role in the pathogenesis of hypercholesterolemia and suggests a polygenic inheritance of this condition. Here in, we review the recent evidence of association of the genetic variants with hypercholesterolemia and the three lipid traits; total cholesterol (TC), HDL-cholesterol (HDL-C) and LDL-cholesterol (LDL-C), their biological pathways and the associated pathogenetic mechanisms. Nearly 80 genes involved in lipid metabolism (encoding structural components of lipoproteins, lipoprotein receptors and related proteins, enzymes, lipid transporters, lipid transfer proteins, and activators or inhibitors of protein function and gene transcription) with single nucleotide variants (SNVs) that are recognized to be associated with hypercholesterolemia and serum lipid traits in genome-wide association studies and candidate gene studies were identified. In addition, genome-wide association studies in different populations have identified SNVs associated with TC, HDL-C and LDL-C in nearly 120 genes within or in the vicinity of the genes that are not known to be involved in lipid metabolism. Over 90% of the SNVs in both these groups are located outside the coding regions of the genes. These findings indicates that there might be a considerable number of unrecognized processes and mechanisms of lipid homeostasis, which when disrupted, would lead to hypercholesterolemia. Knowledge of these molecular pathways will enable the discovery of novel treatment and preventive methods as well as identify the biochemical and molecular markers for the risk prediction and early detection of this common, yet potentially debilitating condition.
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Background
Hypercholesterolemia is a common disorder which was reported in 39% of the worlds’ adult population in 2008 [1]. The association between hypercholesterolemia, more specifically elevated low density lipoprotein-cholesterol (LDL-C) levels, and coronary heart disease is already recognized by the evidence from many prospective epidemiological studies [2]. Although the association between the hypercholesterolemia and stroke is not strongly established, clinical trials and meta-analysis of the effect of statins have demonstrated a reduction in stroke risk following treatment with statins, suggesting an association between hypercholesterolemia and the risk of stroke [3]. Coronary heart disease and stroke are the two leading causes of death worldwide and by the year 2030, they are projected to account for nearly 25% of deaths [4, 5]. Association of hypercholesterolemia with these two conditions makes it a major contributor to the global disease burden and cardiovascular disease associated mortality and morbidity.
Hypercholesterolemia corresponds with an elevated plasma LDL-C level because LDL is the main carrier of cholesterol in plasma. Dietary cholesterol absorbed by the intestine is initially packed into chylomicrons. Chylomicrons are broken down by lipoprotein lipase (LPL) and the fatty acids are transported into the muscles and adipose tissue, while the chylomicron remnants enter the liver. In the liver, very-low-density lipoproteins (VLDL) are produced and secreted into the bloodstream. VLDL is metabolized by LPL to produce intermediate-density lipoproteins (IDL) which are then converted in to LDL. Nascent high density lipoprotein (HDL) particles are also produced by the liver, which converts to HDL by incorporating cholesteryl esters derived from cholesterol liberated from peripheral tissues. Thereby, HDL is involved in reverse cholesterol transport from the peripheral tissues to the liver. Cholesteryl esters carried in HDL particles are transferred to LDLs by the action of cholesteryl ester transfer protein (CETP). LDL particles carry these cholesteryl esters and are taken up by the liver and to a lesser extent by peripheral tissues. The uptake and degradation of LDL in the liver depends on the binding of LDL particles to the cell surface receptors (LDL-receptors) of the hepatocytes. The process of LDL uptake and degradation is explained in 4 steps. The LDL receptor protein is produced in the endoplasmic reticulum of the hepatocytes and its maturation occurs within the Golgi apparatus, then the receptors get expressed on the cell surface. This receptor specifically binds to apolipoprotein B (apoB) in the LDL particle. Then the LDL:LDL-receptor complex is internalized by endocytosis. This internalization process is mediated by the LDL receptor adaptor protein. The receptor molecule is then recycled and the LDL particle undergoes lysosomal degradation. Proprotein convertase subtilisin/kexin type 9 (PCSK9), a protein expressed in the hepatocytes is thought to be involved in the catabolism of LDL-receptors [6] (Fig. 1).[image: A12944_2017_488_Fig1_HTML.gif]
Fig. 1Schematic presentation of the pathways of cholesterol/lipoprotein metabolism and the genes involved. 7α-hydroxy cholesterol: 7α HC, Angiopoietin-like proteins: ANGPTL, Apolipoproteins: Apo., Cholesterol esters: CE, Cholesteryl ester transfer protein: CETP, Chylomicrons: CM, Endothelial lipase: EL, Fatty acids: FA, Free cholesterol: FC, Hepatic lipase: HL, High density lipoprotein: HDL, Inducible degrader of LDL receptor: IDOL, Intermediate-density lipoproteins: IDL, Lecithin: cholesterolacyl transferase: LCAT, Lipoprotein lipase: LPL, Lipoprotein-a: Lp(a), Low density lipoprotein: LDL, Lysosomal acid lipase: LAL, Scavenger receptor B1: SR-B1, Triglycerides: TG, Very low density lipoprotein: VLDL. Genes encoding lipoprotein receptors and receptor-related/associated proteins are in green colour. Genes encoding proteins with an enzymatic function in lipid/lipoprotein metabolism are in blue colour. Genes encoding lipid transporters and lipid transfer proteins are in brown colour. Genes encoding proteins with a regulatory function in lipid homeostasis are in purple colour




                     

Monogenic familial hypercholesterolemia vs. polygenic hypercholesterolemia
Mutations of the genes that encode the proteins involved in LDL uptake and catabolism (i.e. LDL-receptor by LDLR gene, apolipoprotein-B (ApoB) by APOB gene, LDL receptor adaptor protein by LDLRAP1 gene and PCSK9 protein by PCSK9 gene) are well-known to cause familial hypercholesterolemia by defective LDL uptake and degradation, which in-turn leads to an elevation of plasma LDL-C level, producing the hypercholesterolemia phenotype. These conditions are characterized by extreme hypercholesterolemia with severe elevation of LDL-C level leading to atherosclerosis and cardiovascular diseases at an early age. They are classically described as monogenic disorders with Mendelian inheritance. Majority of the patients with familial hypercholesterolemia (FH) have a mutation in the LDLR gene which is dominantly inherited. Mutations in the APOB and PCSK9 genes accounts for a smaller percentage of autosomal dominant FH. A rare autosomal recessive form of familial hypercholesterolemia is produced by homozygous and compound heterozygous mutations of LDLRAP1 gene [6, 7].
Recently, novel loci for autosomal dominant FH were mapped to HCHOLA4 gene at 16q22.1 in a French family [8], and STAP1 gene at 4q13.2 in a Dutch family [9], using linkage studies and sequencing technology. The function of these genes in lipid metabolism and the association of single nucleotide variants (SNVs) in these loci with serum lipid traits, are not yet clearly identified. However, it was postulated that HCHOLA4 is involved in intracellular trafficking and degradation of LDL receptors in which the PCSK9 gene is also involved [8].
It has been reported that nearly 15% of patients with autosomal dominant FH are negative for a mutation in any of the three identified genes described above (i.e. LDLR, APOB, PCSK) indicating the probability of having other genes with a causative or contributory role in the pathogenesis of hypercholesterolemia [10]. This suggests a polygenic inheritance of hypercholesterolemia in these patients [11]. Hypercholesterolemia in adults is a complex trait produced by the interplay between the susceptible genotype and the provoking environmental factors such as excessive amount of saturated fat in diet, obesity and physical inactivity. The genetic susceptibility is supposed to be the cumulative effect of the mutations or polymorphisms of the genes with smaller-effect with minor LDL-C raising properties. Interaction among these genes, and between the genes and environment, and the epigenetic mechanisms regulating the gene expression might contribute to the hypercholesterolemia phenotype. Even within the known FH causing genes, some of the variants would be located outside the areas of analysis in the routine sequencing techniques such as those in intronic regions. This highlights the need for a comprehensive gene panel for the evaluation of inherited susceptibility to hypercholesterolemia.
In this review, we explored the recent evidence of association of the genetic variants with hypercholesterolemia and the 3 lipid traits; total cholesterol (TC), HDL-cholesterol (HDL-C) and LDL-C and the biological effects of these genes in lipid homeostasis. The focus is mainly on the genes with a recognized or a potential role in lipid metabolism for which the association with the serum lipid traits; TC, LDL-C and HDL-C was observed in candidate gene association studies, genome-wide association studies (GWAS), genetic linkage studies and other studies with a case–control design. The genes without a recognized role in lipid metabolism, but have been shown to be associated with lipid levels in GWAS are listed in the latter part of this review. The genes associated with plasma triglyceride levels were not included since hypertriglyceridemia is described as a separate clinical entity. The potentially relevant papers during the last 10 years since January 2007 were searched in PubMed using the search terms ‘hypercholesterolemia/genetics’, ‘candidate gene association study’, ‘genome-wide association study’, “genetic linkage study”, “case–control genetic study”. The search was done during January 2017. All the papers cited are full text articles published in English. However, the reference articles cited in this review were selected using the specific criteria mentioned above and for the purpose of highlighting the specific points discussed in this review, and as such the list may not be comprehensive.

Genetic basis of polygenic hypercholesterolemia – The genes associated with lipid traits; LDL-C, HDL-C and total cholesterol
Recent genetic studies in human subjects including GWAS in many different populations have identified a number of genes or loci that influence the serum lipid levels. Some of these genes have a well-recognized role in lipid metabolism. These include the genes encoding apolipoproteins, lipoprotein receptors and receptor related proteins, lipid transporters and lipid transfer proteins, the enzymes and proteins with a regulatory role in lipoprotein metabolism as well as the proteins that regulate the expression of those genes.
Genes encoding apolipoproteins
Apolipoproteins are important components of the lipoprotein particles and some act as ligands for receptors for lipoprotein receptors. Some of them play important roles as cofactors, activators or inhibitors of enzymes in lipid metabolism (Fig. 1). Several different classes of apolipoproteins are described and the genes encoding these proteins are observed to be located in clusters.
APOB
The link between mutations in APOB gene and autosomal dominant FH has already been well-established. The APOB gene mapped to chromosome 2p24.1 encodes two isoforms of apolipoprotein-B; apoB-48 and apoB-100. ApoB-100 is synthesized in the liver and is the only type of apolipoprotein of LDL. ApoB-100 maintains the structural integrity of the LDL particle and allows the binding of LDL to LDL-receptor [12]. Few mutations in the APOB gene causing defective binding of LDL to LDL-receptor and causing FH have been described, and p.3527 (earlier reported as p.3500) was described as the ‘mutation hotspot’ of APOB gene because genetic mutations in majority of patients with FH due to defective apoB were observed at this location [13]. Multiple SNVs associated with serum lipid traits, frequently the LDL-C level were recognized by many GWAS [14–26], and the association of some of these variants (rs693, rs562338, rs506585, rs515135, rs1367117, rs7575840) were replicated in more than one study. In addition, candidate gene association studies have identified some other SNVs and also replicated the association of the SNVs (e.g. rs693, rs1367117) identified in GWAS with the LDL-C levels [27–30].
Mutations in other genes encoding various types of apolipoproteins were identified as the cause for several different types of monogenic dyslipidemias [31]. Several large scale GWAS and meta-analyses for hypercholesterolemia and different lipid traits and many candidate gene association studies have also identified the association between these genes and the hypercholesterolemia phenotype.

APOE, APOC1, APOC2, APOC4
These 4 genes are in a cluster mapped to the cytogenetic locus 19q13.32. Apolipoprotein E (ApoE) is the major apolipoprotein of triglyceride rich lipoproteins such as chylomicrons and VLDL. ApoE mediates the catabolism of these lipoproteins by binding to its receptors in the liver and peripheral tissues [32]. A mutations in APOE gene (p.Leu167del) causing impaired clearance of chylomicrons and VLDL, and subsequent hypercholesterolemia were observed in two families with French and Italian ancestry [33, 34]. APOC1, a gene expressed mainly in the liver encodes apolipoprotein C-I (apoC-I) which plays a key role in HDL and VLDL metabolism by inhibiting the apoE mediated binding of lipoproteins to the receptors. In addition apoC-I acts as an inhibitor of hepatic lipase (HL) and an activator of lecithin: cholesterolacyl transferase (LCAT); enzymes involved in lipid metabolism [32]. Functional studies have also demonstrated an inhibitory effect of this protein on CETP, thereby affecting the lipoprotein level [35]. Apolipoprotein C-II (apoC-II) is a component of VLDL and consists of LPL binding site, to which LPL enzyme binds and gets activated [32]. Apolipoprotein C-IV (apoC-IV) is primarily associated with VLDL and is also assumed to be involved in lipid metabolism [36]. Over the last decade, many GWAS have identified association of the variants at this locus containing APOE-APOC gene cluster and TOMM40 gene with plasma lipid traits, especially LDL-C levels [14–26, 37–39]. Most of these studies have identified the association of a common polymorphism; rs4420638 with the serum LDL-C level, which was also replicated in candidate gene studies [27, 29]. Other variants at this locus with replicated evidence of association with LDL-C level in GWAS and candidate gene studies include rs2075650 [30, 38] and rs7412 [38, 39].

APOA1, APOA4, APOA5, APOC3
The apolipoprotein gene cluster in 11q23 region consists of APOA1, APOA4, APOA5 and APOC3 genes. Apolipoprotein A-I (apoA-I) is a main structural component of HDL which is important for reverse cholesterol transport from peripheral tissues to the liver for excretion. ApoA-I promotes the cellular efflux of cholesterol, prevents the protease-mediated degradation of ATP binding cassette protein A1 (ABCA1); a transporter protein involved in cellular cholesterol efflux and also acts as a cofactor for LCAT enzyme, all important functions in reverse cholesterol transport [32, 40, 41]. It has been shown that apolipoprotein A-IV (apoA-IV) also has similar effects on reverse cholesterol transport by activating LCAT, stimulating ABCA1 mediated cholesterol efflux, and modulating CETP activity. ApoA-IV also has a stimulating effect on LPL activity [42]. Apolipoprotein A-V (apoA-V), also associated with HDL has been shown to be an important regulator of the plasma triglyceride levels as observed in candidate gene association studies on APOA5 [43, 44]. However the molecular mechanism of apoA-V activity on lipid homeostasis is not well-recognized and there is conflicting evidence regarding the effect of apoA-V on hepatic VLDL secretion and LPL activity [45]. Apolipoprotein C3 (apoC-III) is closely linked to APOA gene cluster at 11q23. ApoC-III impairs the lipoprotein catabolism by hindering the interaction between these lipoproteins and LPL enzyme. It also plays a role in reverse cholesterol transport by inhibition of LCAT enzyme and the stimulation of CETP [32]. Mutations of the genes at this locus are commonly implicated in pathogenesis of several types of monogenic dyslipidemias. [31]. The association of the genetic variants of this APOA-APOC3 cluster with serum lipid traits, including HDL-C, LDL-C and TC level was described in several GWAS across different populations worldwide [16, 20, 22–24, 26, 37, 38, 46, 47], and the variant rs964184 at this locus has been reported as the lead SNV in several studies [20, 23, 24, 26, 47].

APOA2
The APOA2 gene at 1q23.3 locus encodes apolipoprotein A-II (apoA-II), which is a main structural component of HDL particles. Other than its role in cellular cholesterol efflux, apoA-II was proposed to impede reverse cholesterol transport by different mechanisms that include the inhibition of LCAT and CETP [48]. A role of apoA-II in regulation of LPL activity was demonstrated in studies on transgenic mice [49]. A cross-sectional survey in an Iranian population identified a missense mutation; Ala98Pro of the APOA2 gene producing extreme HDL-C levels [50]. Genome-wide significant association of the polymorphism of APOA2 gene with HDL particle size (HDL: medium particles) but not with HDL-C level was identified in the Caucasian population [22]. The association of APOA2 polymorphisms (rs3813627, rs3829793) with plasma HDL-C levels was shown by candidate gene studies in which the majority of the participants were Caucasians [51, 52].

APOH
The APOH gene at the cytogenetic locus 17q24.2 encodes apolipoprotein H (apoH), which is also known as beta-2 glycoprotein 1. An in-vitro analysis has shown that apoH activates LPL enzyme in the presence of apoC-II [53]. It has also been reported that apoH blocks LDL oxidation and affects the intracellular cholesterol pool by reducing the influx and increasing the efflux of cholesterol in macrophages. Both these mechanisms contributes to the anti-atherogenic effect of apoH [54]. Significant association of a missense variant; Trp316Ser (rs1801690) of APOH gene with LDL-C level was observed among individuals with European ancestry in a large-scale meta-analysis of 32 studies [55]. Recently, this variant was also shown to be associated with TC and LDL-C levels in Chinese Malao and Han populations [56]. Association of another missense variant (rs1801689) in APOH-PRXCA locus with the LDL-C level was also described in a large-scale GWAS and meta-analysis [26].

APOM
Apolipoprotein M, encoded by APOM gene (locus 6p21.33) is primarily associated with HDL particles. It has been shown that apoM contributes to the atheroprotective role of HDL by modulating the size and function of the HDL particles [57]. Studies conducted in the Chinese population cohorts and meta-analyses have shown the association of APOM gene variants (rs707921, rs805296, rs805297) with serum lipid traits including HDL-C, LDL-C and TC levels [58–60], however none of the GWAS conducted to date has identified such association.

LPA
The LPA gene at 6q25.3-q26 encodes apolipoprotein(a) which is a major constituent of lipoprotein(a); a subclass of lipoprotein in plasma. Lipoprotein(a) consists of a LDL particle with the apolipoprotein(a) molecule bound via a disulfide molecule to apoB of the LDL. The link between the plasma lipoprotein-a level and the LPA variants with the cardiovascular diseases has already been established [61]. Recent GWAS and meta-analyses have shown the association of LPA gene variants; rs1564348 with plasma LDL-C and TC levels [23, 26] and rs1084651 with HDL-C level [23].


Genes encoding lipoprotein receptors and related proteins
Lipoprotein receptors are involved in lipoprotein metabolism and the regulation of plasma lipid and cholesterol levels by receptor mediated uptake of lipoproteins. The strong association between LDL receptor (LDLR) gene mutations and autosomal dominant FH has already been established. In addition, the mutations in LDLRAP1 gene encoding LDL receptor adaptor protein accounts for the autosomal recessive familial hypercholesterolemia. Few other lipoprotein receptor proteins with structural similarity to LDL receptor have been shown to be associated with serum lipid traits in GWAS and candidate gene studies.
LDLR
Majority of the patients with FH have a mutation in the LDLR gene at the 19p13.2 locus [6]. Five different types of mutations in the LDLR gene have been described according to the effect of the mutation on the function of the LDLR protein. These include 4 different types of mutations causing a defect in one of the 4 steps in LDL uptake and degradation pathway; transport, binding, internalization and recycling, and the fifth type which produces null-alleles with no receptor protein production [62]. To date nearly 1500 ‘pathogenic’ and ‘likely pathogenic’ variants of the LDLR gene are listed in the ClinVar database [63]. These includes a large number of single nucleotide substitutions producing nonsense, missense, frameshift or splice site variants or variants in the promoters or untranslated regions as well as copy number variants (CNVs) such as deletions, duplications, insertions and indels. These variants are distributed throughout the gene without clustering in any specific regions of the gene or the domains of the LDLR protein. [63, 64]. Several SNVs reaching the genome-wide significant level of association with the plasma LDL-C level were identified in GWAS that included diverse population groups [14–26, 38, 39] Among these SNVs, the association with rs6511720 polymorphism was replicated in several GWAS [15–17, 20, 23, 25, 26, 38] and in a candidate gene association study of a multiethnic population cohort in United States [65]. Other LDLR gene variants with replicated evidence of association in GWAS and candidate gene studies include rs688 [14, 27, 29], rs2228671 [18, 19], rs11668477 [18, 21] and rs1529729 [27, 65].

LDLRAP1
A rare autosomal recessive form of FH is produced by homozygous and compound heterozygous mutations of LDLRAP1 gene at 1p36.11 locus. LDL receptor adaptor protein (LDLRAP) interacts with the LDL receptor during internalization process of LDL:LDL-receptor complex by endocytosis. Defective internalization process leads to defective LDL catabolism and elevation of plasma LDL-C levels producing the hypercholesterolemia phenotype [66]. Recent large-scale GWAS and meta-analyses have identified a LDLRAP1 gene polymorphism (rs12027135) associated with plasma TC and LDL-C levels [23, 26]. A large-scale GWAS that included 16 European population cohorts showed the significant association between TC level and a variant (rs10903129) of the TMEM57 gene which is at the same locus (1p36.11) [19].

LRP1
The LRP1 gene at the locus 12q13.3 encodes LDL receptor related protein 1 (LRP1) which is involved in lipid metabolism by binding with apoE and the receptor mediated endocytosis of apoE containing lipoprotein particles [67]. The importance of circulating soluble LRP1 (sLRP1) protein level as a potential biomarker of hypercholesterolemia was indicated by the higher sLRP1 levels in patients with severe hypercholesterolemia compared to those with moderate elevation or normal levels of serum cholesterol [68]. LRP1 gene variants are shown to be the predictors of cardiovascular disease risk in patients with FH [69]. The association of LRP1 gene polymorphism (rs11613352) with HDL-C level was identified by recent GWAS and meta-analyses [23, 26].

LRP2
The LDL receptor related protein 2 (LRP2), also known as megalin is a member of the LDL receptor-related protein family. This protein is encoded by LRP2 gene at 2q31.1 locus. It is involved in receptor mediated endocytosis of diverse range of ligands including lipoproteins. Its role in lipoprotein metabolism was further highlighted by the observation that LRP2 binds LPL [70, 71]. Genotyping of HDL-C candidate loci in a case–control cohort of individuals with extreme HDL-C levels and the meta-analysis with three replication cohorts have identified a missense variant; G669D (rs34291900) in LRP2 gene which is significantly associated with HDL-C level [30].

LRP4
LRP4 is another member of the family of LDL receptor related proteins. The LRP4 gene encoding this protein is mapped to 11p11.2 locus. Although the role of this protein in lipid or lipoprotein metabolism is not identified yet, a variant in this gene (rs3136441) was reported to be associated with plasma HDL-C level in GWAS and meta-analyses [23, 26].

LRPAP1
The LRPAP1 gene (locus 4p16.3) encodes the LDL receptor-related protein associated protein 1 which is observed to have an inhibitory effect on ligand binding to LPR1 and LPR2 proteins [72]. A candidate gene study has reported that variants of the LRPAP1 gene are associated with early onset myocardial infarction but not with the plasma lipid levels [73]. A recent GWAS on lipid traits and meta-analysis has shown an association of LRPAP1 variant (rs6831256) with TC and LDL-C levels [26].

VLDLR
The VLDL receptor also belongs to the LDL receptor family of proteins. This receptor binds apoE containing lipoproteins, mainly VLDL and IDL. In-vitro studies have provided evidence of further involvement of this protein in lipid homeostasis by LPL catabolism in vascular endothelium [74] and up-regulation of ABCA1 increasing the cellular cholesterol efflux [75]. A large scale meta-analysis of studies done among Europeans has shown the association of VLDLR polymorphism; rs7024888 with LDL-C levels [55]. Furthermore, a recent GWAS and meta-analysis has shown the association of another variant; rs3780181 with TC and LDL-C levels [26].

SCARB1
The SCARB1 gene mapped to chromosome 12 (12q24.31), encodes the scavenger receptor-B1 (SR-B1). This protein acts as a plasma membrane lipoprotein receptor and is involved in selective uptake of cholesteryl esters from HDLs and LDLs [76]. This protein is also supposed to be acting as a lipoprotein-a receptor [77] and also involved in LDL transcytosis in the vascular endothelium [78]. A study on transgenic mice identified the role of intestinal SR-B1 on cholesterol absorption [79], however these functions need further evaluation in humans. A SNV; rs838880 of SCARB1 gene was shown to be associated with HDL-C level in GWAS [23, 26]. The most commonly studied SCARB1 variant in candidate gene studies is rs5888, a synonymous variant which showed a significant association with HDL-C level [80–83] and some of these studies showed the gender and age specific association of this variant on plasma HDL-C level [80, 81, 83]. The association between another variant; rs11057851and HDL-C level was also observed in candidate gene association studies [84, 85].


Genes encoding enzymes involved in lipid metabolism
Genes encoding enzymes involved in lipoprotein metabolism

                      LPL
                    
The LPL gene at 8p21.3 locus encodes the LPL enzyme. It catalyzes the hydrolysis of triglycerides in chylomicrons and VLDL particles. Its role in receptor mediated cellular uptake of chylomicron remnants and lipoproteins are also described [86]. Several studies have reported that the mutations in LPL gene such as D9N and N291S cause an increase in total cholesterol and TG levels and a decrease in HDL-C level producing a hypercholesterolemia phenotype [87–90]. The association of SNVs in the LPL gene with the biochemical phenotype of hypercholesterolemia, primarily the HDL-C level was observed in many GWAS done in different population groups worldwide, with several SNVs having replicated evidence of association (e.g. rs12678919, rs328, rs10503669, rs17411031, rs10096633, rs17482753, rs2083637) [14, 16, 17, 19, 20, 22–26, 37, 38, 91–94].


                      LCAT
                    
The LCAT gene encodes lecithin: cholesterolacyl transferase (LCAT) enzyme. The action of this extracellular enzyme is to esterify the cholesterol taken up from the peripheral tissues. The esterified cholesterol molecules are then incorporated in to HDL particles for the transport to the liver. Mutations in LCAT gene can produce a hypercholesterolemia phenotype due to the impaired reverse cholesterol transport [95]. Several population-based studies have shown that the individuals with certain LCAT gene mutations or non-synonymous variants have a significantly low HDL-C level compared to those without the mutation or the variant [96–98]. In addition, common variants in the LCAT gene (e.g. rs255052, rs16942887) have been reported to be associated with HDL-C level in many populations [17, 20, 21, 23–26].


                      SOAT1 and SOAT2
                    
Sterol O-acyltransferases (SOAT) are intracellular enzymes catalyzing the esterification of cholesterol, thereby involved in the chylomicrons assembly in enterocytes and the VLDL assembly in hepatocytes. Two isoforms of SOAT; namely SOAT1 and SOAT2 encoded by SOAT1 gene (1q25.2) and SOAT2 gene (12q13.13) respectively are described to-date [99]. The association of HDL-C level with a SOAT1 gene haplotype with 3 variants (rs2783391, rs2247071 and rs2493121) was observed in Black Americans [100]. Another SOAT1 variant; rs4421551 also showed association with HDL-C level in a population-based case control study in Caucasian population [30]. In Chinese Bai Ku Yao population, a SOAT1 variant; rs1044925 has been shown to be associated with TC and LDL-C level, mainly in females [101]. A candidate gene analysis in a cohort of Caucasian individuals showed that SOAT2 variant; rs2272296 is an independent predictor of HDL-C level [51]. However, none of the GWAS conducted to-date have identified SNVs of SOAT1 or SOAT2 genes that are associated with serum lipid traits.


                      LIPC
                    
The LIPC gene at 15q21.3 locus encodes hepatic triglyceride lipase (HL); an enzyme catalyzing the hydrolysis of triglycerides and phospholipids in chylomicron remnants, IDL and HDLs. This process converts the IDL to LDL. It is also involved in receptor mediated uptake of lipoproteins by the hepatocytes [102]. The association between the serum lipid parameters and the common variants of the LIPC gene promoter region was extensively investigated during the last decade. The C250A, C514T and C480T variants of the LIPC promoter was shown to be associated with higher HDL-C levels in different populations [103–107]. Several SNVs associated with serum lipid parameters, mainly HDL-C level at a genome wide level of statistical significance were reported in multiple GWAS in different populations, and some SNVs (e.g. rs1532085, rs4775041, rs261332) showed evidence of association in more than one GWAS [14–17, 19–26, 37–39, 46, 94, 108].


                      LIPG
                    
Endothelial lipase (EL) is coded by the LIPG gene at 18q21.1 locus. This protein is involved in the lipoprotein metabolism and the regulation of serum HDL-C level. It acts as a potent phospholipase than a triglyceride lipase and increases the cellular lipoprotein uptake [109, 110]. Studies on mouse models have demonstrated that EL affects the catabolism of apoB-containing lipoproteins [111]. Loss-of-function mutations in the LIPG gene have been shown to increase the HDL-C level indicating the role of EL in HDL metabolism [112]. Several candidate gene studies and meta-analysis have also shown that, a common non-synonymous SNV in LIPG gene, C584T is associated with elevated HDL-C levels in different populations [113–115]. Several SNVs of the LIPG gene associated with HDL-C and TC levels were reported in GWAS and meta-analyses of different populations, and rs2156552, rs4939883, rs7240405 and rs7241918 are among the lead SNVs with replicated evidence of association [15–17, 19, 20, 22–24, 26, 37, 39, 91, 92].


                      LIPA
                    
The LIPA gene (locus 10q23.31) encodes the lysosomal acid lipase A that catalyzes the intracellular hydrolysis of cholesterol esters within LDL particles that are taken up by the hepatocytes [116, 117]. A splice site mutation of the LIPA gene (c.894G > A) was reported to be producing the hypercholesterolemia phenotype with elevated total cholesterol and LDL-C levels [118]. Variants in this gene (e.g. rs1412444 and rs2246833) were also found to be associated with hypercholesterolemia [119]. These findings indicates that LIPA is a candidate gene for the evaluation of inherited susceptibility to hypercholesterolemia, however no SNV with genome-wide significant association with serum lipid traits has been identified yet.


Genes encoding enzymes involved in cholesterol synthesis and catabolism

                      HMGCR
                    
The HMGCR gene at 5q13.3 locus encodes the HMG-CoA reductase enzyme, which catalyze the conversion of 3-hydroxy-3-methylglutaryl CoA (synthesized from acetyl CoA) to mevalonate; the rate limiting step in cholesterol biosynthesis [120]. A promoter polymorphism (C911A; rs3761740) of the HMGCR gene was shown to be associated with TC level in Turkish males in a population-based case–control study [121], however the association was not observed in a candidate gene study of case–control design conducted in Western India [122]. Several GWAS and meta-analyses have identified multiple variants of HMGCR gene that are associated with TC and LDL-C levels [15, 16, 19, 20, 22–24, 26, 38, 94]. Among them rs3846662, rs12916 and rs12654264 showed replicated evidence of association in more than one GWAS and in candidate gene association studies [27, 60, 123].


                      MVK
                    
Mevalonate kinase enzyme encoded by the MVK gene catalyzes the phosphorylation of mevalonate; which is the second most important step in cholesterol biosynthesis [120]. A study published in 2010 reported that the MMAB gene at the same locus as the MVK gene (12q24.11) might affect the HDL-C level [124], however, these is no role of the MMAB gene in lipid metabolism recognized to date. More recently, GWAS and meta-analyses have reported the association of plasma HDL-C level with other variants (rs7134594, rs4766613, rs9943753) at this locus [15, 23, 24, 26].


                      CYP7A1
                    
The CYP7A1 gene at 8q12.1 locus encodes the cholesterol 7α-hydroxylase enzyme which catalyzes the first step in cholesterol catabolism and the classical pathway of bile acid synthesis, the main mode of elimination of cholesterol from the body [125]. A family study has reported 3 individuals with a homozygous deletion mutation of CYP7A1 gene leading to a frameshift (L413fsX414) and producing the hypercholesterolemic phenotype with elevated TC and HDL-C level [126]. A study in the Caribbean Hispanic population and two other studies conducted among Asian population cohorts have shown the association of CYP7A1 variants (rs10957057, rs3808607) with TC and LDL-C levels [127–129]. Another CYP7A1 variant (rs2081687) with genome-wide significant association with TC and LDL-C levels has also been identified in GWAs and meta-analyses [23, 26].


Genes encoding other enzymes involved in lipid metabolism and with evidence of association with serum lipid traits
Fatty acid desaturases (FADS) are a group of enzymes that are involved in the desaturation of fatty acids by forming carbon-carbon double bonds in the fatty acid chain [130]. Several different types of FADS enzymes are described in humans and FADS1, FADS2 and FADS3 enzymes are encoded by the FADS1,2,3 gene cluster at 11q12.2 locus. GWAS have shown the association of several SNVs of this locus that are associated with lipid traits including TC, LDL-C and HDL-C levels [19–23, 25, 26]. Candidate gene association studies in European and Asian populations have confirmed this association with some of the common variants identified in GWAS (e.g. rs174537, rs174546, rs174547, rs174556) [131–133].
In a large-scale study that included seven population-based cohorts and meta-analysis, several non-synonymous and splice site variants in PNPLA5 gene were shown to be associated with LDL-C level [134]. This gene at 22q13.31 locus encodes a member of a palatin-like phospholipase domain containing family of protein. Recently, in a study done on PNPLA5-knockout rats, it was shown that inhibition of PNPLA5 expression leads to an elevation of TC, HDL-C and triglyceride level and a reduction of LDL-C level, giving more evidence for the involvement of this gene in lipid metabolism [135]. However no GWAS conducted as yet has identified variants of this gene that are associated with serum lipid traits.
A recent GWAS and meta-analysis has identified the variants associated with HDL-C levels in 2 other loci containing genes involved in glyceride synthesis and metabolism. These are the variants; rs702485 of DAGLB (diacylglycerol lipase, beta) gene at 7p22.1 and rs499974 of MOGAT2 (monoacylglycerol O-acyltransferase 2) – DGAT2 (diacylglycerol O-acyltransferase 2) locus at 11q13.5 [26].


Genes encoding lipid transporters and lipid transfer proteins
Genes encoding ATP binding cassette (ABC) transporters family
The ATP binding cassette (ABC) proteins act as transporters of different substrates across membranes. Forty eight different types of ABC transporters have been identified in humans and many are implicated in diseases [136, 137]. Some of these transporters are involved in cholesterol transport and are reported to be associated with abnormal lipid profiles in humans.
The ABCG5 and ABCG8 genes at 2p21 locus are expressed in the enterocytes, hepatocytes and biliary endothelial cells. These transporters limit the intestinal absorption and promotes the biliary excretion of cholesterol, thereby reducing the plasma cholesterol level [138, 139]. The association of ABCG5 or ABCG8 gene variants with the clinical and biochemical phenotype of hypercholesterolemia was observed in several candidate gene studies in different populations [140–144]. Furthermore, few SNVs (rs4299376, rs6756629, rs6544713 and rs4245791) that are associated with plasma lipid traits, mainly LDL-C and TC level with a genome-wide significance was reported in several studies [19, 20, 22, 23, 26, 92].
ABCA1 transporter is involved in the cellular cholesterol efflux. The ABCA1 gene encoding this transporter protein is mapped to chromosome 9 (9q31.1). Mutations in this gene are known to cause Tangier’s disease characterized by low serum HDL-C level [145]. The association of the ABCA1 gene variants with the HDL-C level was shown in many GWAS and meta-analyses, and some variants (e.g. rs3890182, rs4149268, rs3905000, rs1883025) show replicated evidence of association [14–17, 19, 20, 22–26, 37–39, 108].
ABCG1 transporter is also involved in the cellular cholesterol efflux especially in macrophages. Up-regulation of ABCG1 gene at 21q22.3 locus was observed to cause an increase in cholesterol efflux in to HDL particles [146]. A SNV (rs1893590) of ABCG1 gene was reported to have a significant association with HDL-C level in an asymptomatic group of individuals in Brazil [147]. Another SNV (rs914189) at this locus with a significant association with HDL-C level in individuals of European ancestry was identified in a population-based case control study and meta-analysis [30].
The transport of bile salts synthesized from cholesterol in hepatocytes in to the biliary canaliculi occurs primarily via the ABCB11 transporter. Mutations in ABCB11 gene (locus 2q31.1) encoding this protein causes progressive familial intrahepatic cholestasis [148]. A population based candidate gene association study in China showed significant association of ABCB11 rs49550 variant with TC level [149]. A recent GWAS and meta-analysis has shown the association of another variant (rs2287623) of ABCB11 gene with TC level [26].
In addition to ABCG5/8 and ABCB11, several other ABC transporter proteins are involved in the transport of substrates across the biliary canalicular membrane in to the bile for excretion. ABCB4 is involved in the transport of phosphatidylcholine in to the bile [150]. In a case–control study of patients with gallstones and healthy controls in Romania ABCB4 variants (e.g. rs1202283, rs31653) were shown to be associated with HDL-C level both in patients and controls [151]. ABCC2, another transporter in canalicular membrane, transports substrates such as drugs from hepatocytes to the bile [152]. Although its role in lipid transport is not fully recognized, one study has reported an indel/splice site variant of the ABCC2 gene (g.101591890dup) that is associated with a low HDL-C level [153]. Association between the variants of these genes and serum lipid traits were not observed in any of the GWAS conducted to date.
A candidate gene association study in which the majority of subjects were Caucasians, has shown the association of SNVs of another ABC transporter gene; ABCC6 (rs150468 and rs212077) with low HDL-C level [52]. ABCC6 transporter was localized to the basolateral membrane of hepatocytes indicating its role in transport between sinusoids and hepatocytes [154]. Recently an in-vitro study showed that ABCC6 deficiency leads to increased cholesterol synthesis and reduced expression of PCSK9 and APOE genes [155].
ABCA8 is expressed in many organs in the human body including the liver, however its function is not clearly recognized yet [156]. A candidate gene association study of case–control design in Dutch population has identified an indel variant (c.2219_2220dup) of ABCA8 gene that is associated with low HDL-C level [153]. Recent GWAS and meta-analyses have reported the association of ABCG8 variant; rs4148008 with HDL-C level [23, 26].

                      NPC1L1
                    
The NPC1L1 gene at 7p13 locus encodes Niemann-Pick C1-like 1 protein which is a transmembrane protein involved in the absorption of dietary cholesterol in the intestine and the absorption of cholesterol in the biliary canalicular lumen back in to the hepatocytes [157]. It has been shown that the low intestinal cholesterol absorbers are more likely to have non-synonymous variants of the NPC1L1 gene than the high absorbers [158]. The association of NPC1L1 gene variants with the TC and LDL-C level was observed in candidate gene association studies [159–161]. These variants include rs2072183, rs17655652, rs41279633, rs217434 and rs3187907. Among them, rs2072183 showed the association with TC and LDL-C level also in GWAS with meta-analyses [23, 26].


                      CETP
                    
The CETP gene (16q13) encodes the plasma protein; CETP which is involved in the transfer of cholesteryl esters from HDL particles to other lipoproteins such as VLDL, IDL and LDL. This process is important in reverse cholesterol transport from peripheral tissues to the liver [162]. Significant association between elevated CETP level and high total cholesterol and LDL-C levels and low HDL-C levels was observed among individuals with hypercholesterolemia [163, 164]. The association of common variants of CETP gene with the serum lipid traits, especially HDL-C level was observed in many GWAS and meta-analysis across different populations. Among them rs3764261 was identified as the lead SNV in majority of these studies and few other SNVs (rs9989419, rs247617, rs1800775) showed the association in more than one study [14–17, 19–26, 37–39, 46, 47, 91–94, 108, 165, 166].


                      PLTP
                    
Phospholipid transfer protein (PLTP) encoded by the PLTP gene at 20q13.12 locus is involved in phospholipid transfer from triglyceride rich lipoproteins to the HDLs. This process contributes to the formation of LDLs from the VLDL particles as well as the maturation of HDLs [167]. Candidate gene studies have shown the association of PLTP gene variants (e.g. rs378114, rs2294213) with HDL-C levels [30, 168, 169]. Genome-wide significant association of PLTP variants (rs7679, rs6065906, rs6065904) with plasma lipid traits, mainly HDL-C level were also observed in several studies [20, 22, 23, 25, 26, 37].


Genes encoding OSBP-like (OSBPL) proteins
Oxysterol-binding protein (OSBP)-related protein family consists of several intracellular lipid-binding proteins in humans. These proteins are involved in lipid transfer by facilitating the movement of lipids between membranes, transient addition or removal of lipids from membranes, regulating the binding of membrane lipids with other lipid-binding proteins or by their action as lipid sensors. Recent evidence from animal studies have shown the role of ORPs in cholesterol transfer, cellular cholesterol efflux and regulation of ABCA1 expression [170]. Recent GWAS and meta-analyses have shown the association of OSBPL7 variant; rs7206971 with the LDL-C and TC level [23, 26] and the association of another variant; rs17259942 at OSBPL8-ZDHHC17 locus with HDL-C level [92]. A candidate gene study with a case control design in Dutch population showed the association of an indel variant (c.109_112dup) of OSBPL1A gene with low HDL-C level and a nonsense variant (c.145C > T) of OSBPL3 gene with high HDL-C level [153].

STARD3
The STARD3 gene at 17q12 locus encodes a steroidogenic acute regulatory protein (StAR)-related lipid transfer domain-containing protein, which is involved in intracellular cholesterol trafficking from lysosomes to the mitochondria [171]. Recent GWAS and meta-analyses have shown the association of STARD3 polymorphism (rs11869286) with serum HDL-C level [23, 26].


Genes encoding proprotein convertases
Proprotein convertase family consists of several types of proteins that are involved in many important biological processes in humans including lipoprotein metabolism. Though their function varies according to their location, in general these proteins bring about their effect by the activation of other proteins [172].
The PCSK9 gene at 1p32.3 locus is expressed primarily in the liver and encodes proprotein convertase subtilisin/kexin type 9 (PCSK9). This protein plays an important role in LDL catabolism by escorting the LDL:LDL-receptor complex for lysosomal degradation [173]. Gain-of-function mutations of PCSK9 gene causes an increase in LDL receptor degradation resulting in a reduction in the LDL receptor expression on the cell surface. This leads to accumulation of LDL levels in plasma giving rise to hypercholesterolemia and is described as a rare, yet well-known cause of autosomal dominant FH [6]. Several GWAS and meta-analyses have also shown the association of PCSK9 variants, commonly rs11206510 and rs2479409, with the plasma lipid traits, primarily the LDL-C levels [15, 17, 20, 22–26, 39]. Association PCSK9 variants with LDL-C level was also reported in candidate gene studies [27, 29].
The PCSK5 at 9q21.13 is another member of this family which is known to play a role in lipoprotein metabolism, probably by inactivation of LPL and EL enzymes [174]. Few candidate gene association studies have shown the association between PCSK5 polymorphisms (e.g. rs1340510, rs11144782, rs11144766) and plasma lipid traits, primarily HDL-C levels [30, 153, 175]. Significant association of PCSK6 (15q26.3) variant (rs1471656) with HDL-C level was also identified in a study done in a Caucasian population [30], however the effect of this protein on lipid metabolism has not yet been clearly identified. PCSK8 or MBTPS1 gene at 16q23.3-q24.1 locus encodes the membrane bound transcription factor peptidase, site 1 which is known to be involved in the regulation of cholesterol metabolism [176, 177]. However, none of the GWAS conducted to date showed the association of PCSK5, PCSK6 or PCSK8 polymorphism with serum lipid traits.

Other genes encoding proteins with an established or potential role in lipid metabolism
Many other genes that encode proteins involved in the regulation of lipid/cholesterol or lipoprotein function and metabolism have been identified. Variants in some of these genes showed significant association with serum lipid traits including TC, HDL-C and LDL-C levels. The association of some of these variants was replicated in several GWAS and candidate gene association studies.
SORT1
The SORT1 gene encodes sortilin which is involved in the cholesterol homeostasis in humans. Sortilin increases the hepatic output of VLDL which acts as a precursor for LDL in plasma. This protein also enhances the secretion of PCSK9 from the hepatocytes, which will cause LDL receptor degradation. Both these actions of sortilin leads to an elevation of plasma LDL-C level [178, 179]. More recently, it was also shown that sortilin reduces the apolipoprotein-B secretion by the liver [180]. Several candidate gene studies have identified significant association of SORT1 gene variants with LDL-C level in different populations [65, 181–185], and some SNVs were reported to have an age and sex specific effect on LDL-C level [186, 187]. Two other genes; CELSR2 and PSRC1 are mapped to the same locus as the SORT1 gene at 1p13.3. The association of SNVs at this locus with plasma lipid traits especially with LDL-C and TC levels was further reinforced by several GWAS [14–26, 38, 92, 166]. Among these, rs646776, rs599839, rs12740374 and rs629301 variants showed replicated evidence of association. A functional study on SORT1 variants has suggested that rs12740374 affects the hepatic expression of the gene, by either creating (minor allele) or disrupting (major allele) a binding site for CCAAT/enhancer-binding transcription factors [188].

Genes encoding angiopoietin-like proteins (ANGPTL)
Angiopoietin-like proteins (ANGPTL) family has been shown to have diverse biological functions other than their role in angiogenesis. Some of these proteins (ANGPTL1, ANGPTL3, ANGPTL4, ANGPTL6 and ANGPTL8) are primarily expressed in the liver and some (ANGPTL3, ANGPTL4 and ANGPTL8) are well-recognized to be involved in lipoprotein metabolism [189]. These 3 proteins regulates the triglyceride metabolism by tissue-specific inhibition of LPL activity in fed and fasting states. In the fed state, increased ANGPTL8 expression leads to activation ANGPTL3. ANGPTL3 inhibits LPL in cardiac and skeletal muscles directing triglycerides to adipose tissue for storage. Fasting induces ANGPTL4; an inhibitor of LPL in adipose tissue delivering triglycerides to other tissues including cardiac and skeletal muscles for oxidation [190]. It has also been shown that ANGPTL3 inhibits the activity of EL [191] and HL [192]. A recent study has also shown that reduced ANGPTL3 expression leads to a reduction in LDL production by increasing the clearance of apoB containing lipoproteins (but not LDL or β-VLDL) by a pathway not yet recognized. This reduces the VLDL fraction that is available for the production of LDL [193]. ANGPTL3 gene is mapped to chromosome 1p31.3 and ANGPTL8 and ANGPTL4 genes to the chromosome 19p13.2. An ANGPTL3 polymorphism; rs11207997 has been shown to be associated with a lower HDL-C level in a study that included individuals from several European countries [194]. The association of a variant in ANGPTL8 gene (rs2278426) with lower TC and HDL-C level was observed in American Indians and Mexican Americans [195] and the males of the Chinese Han population [196]. Conversely, higher HDL-C level was observed in the carriers of 40 K variant (‘A’ allele) of the commonly studied E40K variant (118G > A) of ANGPTL4 gene [197–199]. Recent GWAS and meta-analyses have shown the association between ANGPTL3 rs2131925 variant with LDL-C and TC, and ANGPTL8 rs737337 and ANGPTL4 rs7255436 variants with HDL-C levels [23, 26]. Few other variants with genome-wide significant association are described in the ANGPTL3-DOCK7 locus (rs10889353, rs1167998, rs11207995) for LDL-C and TC levels [15, 19, 25, 94], and in the ANGPLT4 locus (rs2967605) for HDL-C level [20]. The association of a variant (rs4650994) of ANGPTL1 gene at 1q25.2 locus with HDL-C level was also observed in a GWAS and meta-analysis [26], however the role of this gene in lipid metabolism has not been identified yet. ANGPTL6 gene is another member of the ANGPTL gene cluster at 19p13.2 locus. In a cohort of Korean individuals with metabolic syndrome, serum ANGPTL6 level was significantly higher in patients with low HDL-C level [200]. The association of the ANGPTL6 gene with serum lipid traits was also observed in a study done on transgenic mice, in which the Angptl6 deficient (Angptl−/−) mice showed significantly elevated serum cholesterol level [201]. Further investigations are required to identify the association of ANGPTL6 variants with serum lipid traits and to define the role of this gene in lipid metabolism in humans.

GALNT2
O-linked glycosylation is a type of post-translational modification that affects the expression, structure, stability, processing or the functions of the protein. The N-actetylgalactosaminyltransferase 2 protein encoded by GALNT2 gene at 1q42.13 locus catalyzes the first step of O-glycosylation. Several proteins involved in lipid metabolism such as ApoA-II, LCAT, LDL receptor, VLDL receptor have an established O-glycosylation site. It has also been predicted that several other proteins; CETP, PLTP, SCARB1, EL and ANGPTL3 also have an O-glycosylaion site, highlighting the importance of GALNT2 in lipid metabolism [202]. The association of GALNT2 polymorphism with HDL-C level was observed in several GWAS and meta-analyses, and the variants; rs4846914 and rs2144300 showed replicated evidence of association [16, 17, 20, 23–26, 38]. The association between rs4846914 variant and HDL-C was further established by the findings of candidate gene association studies conducted in an Asian Malay population in Singapore [203], in Mexican population [204], and in a multiethnic cohort in United States [65]. A population-based case–control study and meta-analysis confirmed the association of rs2144300 with HDL-C level [30]. Studies conducted in different Chinese populations also confirmed the association of rs4846914, and identified some other GALNT2 variants (rs4846913, rs2760537, rs1997947, rs11122316) with hypercholesterolemia and serum lipid traits [205, 206].
Variants of two other genes encoding galactosyltransferases (beta-1,3-galactosyltransferase 4 by B3GALT4 gene at 6p21.32, and beta-1,4-galactosyltransferase 4 by B4GALT4 gene at 3q13.32) were observed to be associated with LDL-C level in GWAS. These variants are B3GALT4 rs2269346 [15], and B3GALT4 rs2254287 and B4GALT4, rs12695382 [17].

MYLIP
The MYLIP gene mapped to chromosome 6p22.3 codes for inducible degrader of LDL receptor (IDOL). This protein, along with PCSK9 reduces the expression of LDL receptors on cell surface by stimulating LDL-receptor internalization and lysosomal degradation. This leads to accumulation of LDL in plasma increasing the LDL-C level [207]. The association of a SNV at MYLIP-GMPR locus (rs2142672) with LDL-C level was identified in a GWAS in individuals of European descent [24]. Two large-scale GWAS and meta-analyses reported the association of another variant; rs3757354 with the LDL-C level [23, 26]. A candidate gene association study in two ethnic groups in China showed the association of this variant with serum TC, and HDL-C levels [208]. Another non-synonymous variant; rs9370867 of MYLIP gene was shown to be associated with TC and LDL-C levels in candidate gene studies conducted in Mexican [209] and Italian [210] populations.

GCKR
The GCKR gene mapped to chromosome 2p23.3 encodes glucokinase regulatory protein which is primarily expressed in the liver. This protein acts as an inhibitor of glucokinase enzyme, thereby plays a key role in glucose and lipid metabolism [211]. Several GWAS showed the association of GCKR variants primarily with serum TG level [15, 16, 19, 20, 22, 23, 26], moreover two of these GWAS and meta-analyses showed the association of the GCKR rs1260326 variant with plasma TC level [23, 26]. Homozygosity for the ‘T’ allele of rs1260320 was also shown to be associated with elevated TC and LDL-C levels in a Polish group of children with monogenic diabetes mellitus and type-1 diabetes mellitus [212]. In a Korean population-based candidate gene study, two other GCKR variants (rs780094 and rs780092) showed the association with TC level in adults and TC and LDL-C level in children [213].

PON1,2,3
Paraoxonase gene cluster encoding PON1, PON2 and PON3 genes is located at 7q21.3. Paraoxonases have several lipid and lipoprotein related functions contributing to their atheroprotective effect. These include reduced cholesterol synthesis and reduced LDL uptake by macrophages, increased cholesterol efflux and prevention of LDL and HDL oxidation [214]. Few variants of the PON1 gene was commonly investigated for their association with serum lipid traits. These variants include rs662 (Q192R), rs854560 (L55 M) and rs705379 which showed the association with TC, HDL-C and LDL-C in different populations worldwide [215–219]. However none of the GWAS conducted to date has identified the association of the polymorphism at this locus with serum lipid traits.

NCAN, CILP2, PBX4
Many GWAS and candidate gene association studies in different populations have identified the association of the genetic variants of NCAN, CILP2, PBX4 locus at 19p13.11 with serum lipid traits. The rs10401969 was identified in GWAS and meta-analyses as the lead SNV of this locus that is associated with serum lipid traits, primarily TC and LDL-C level [20, 23, 24, 26]. The genome-wide significant association of NCAN, CILP2, PBX4 rs16996148 variant with LDL-C level was identified in two other GWAS [16, 17] while another variant; rs2304130 was show to be significantly associated with TC level in multiple European population cohorts in a GWAS [19]. The association of rs16996148 variant with serum lipid traits observed commonly in the Western populations in GWAS was replicated in Asian populations in candidate gene association studies, which showed the association of this variant with TC, LDL-C and also with HDL-C levels [203, 220]. Despite the evidence of association of these genetic variants with serum lipid concentration in many studies, the role of the genes at this locus in lipid metabolism is not yet defined. It has been demonstrated that proteoglycans, by binding to apoE secreted by macrophages enhances the macrophage cholesterol efflux [221]. Neurocan, encoded by NCAN is also an abundant proteoglycan in extracellular matrix, but its effects on lipid metabolism warrants furthers investigation.
Genome-wide association studies provided replicated evidence of association between the serum lipid traits and the variants of two other genes; PPP1R3B (8p23.1) and TTC39B (9p22.3) with a potential role in lipid metabolism. Genome-wide significant association of the PPP1R3B variants; rs9987289 with HDL-C, LDL-C and TC levels [23, 25, 26], and rs2126259 with LDL-C level [24] have been observed. A candidate gene study in Chinese Han population also showed the association of these 2 variants with LDL-C and TC levels and another PPP1R3B variant; rs19334 with LDL-C level [222]. Few SNVs in TTC39B gene associated primarily with HDL-C level have been identified in GWAS and meta-analyses. These variants include rs471364 [20], rs581080 [23, 26] and rs643531 [24]. Functional studies in mouse models have demonstrated the role of these two genes in lipid metabolism [23], however further investigations are required to identify the precise role of these genes with regard to lipid homeostasis.
Figure 1 presents an outline of the pathways of cholesterol and lipoprotein transfer and metabolism and the genes involved in these processes.


Genes encoding transcription regulators of the genes involved in lipid metabolism

                              SREBF1 and SREBF2
                           
Sterol regulatory element binding factors (SREBFs) act as transcriptional regulators of many proteins involved in lipid metabolism. These includes LDLR, HMGCR, LPL [223], LRP1 [224], ABCA1 [225], NPC1L1 [226], PCSK9 [227] and LIPG [228]. Association between the SREBF1 gene variants and the plasma cholesterol level was observed in candidate gene association studies [229, 230]. Similar association was observed with the SREBF2 gene polymorphisms with LDL-C and TC levels [231–233]. However, none of the GWAS conducted to date, identified SNVs of these two genes with a significant association with lipid traits.

SCAP
The SREBP cleavage activating protein (SCAP) encoded by the SCAP gene escorts the SREBFs from the endoplasmic reticulum to the Golgi apparatus, where the SREBFs get cleaved and activated. The binding of SCAP to SREBF is dependent on the availability of cholesterol [234]. Homozygosity for a missense variant in SCAP gene was shown to be associated with higher LDL-C level in a group of individuals with hypercholesterolemia from Israel, Netherlands and Switzerland [233].

Insulin induced gene 2 (INSIG2)
The INSIG proteins regulate the cholesterol synthesis via SCAP-SREBF pathway. In the presence of cholesterol INSIG binds with SCAP and prevents the transport of SREBF to Golgi for its activation. In the absence of activated SREBF, transcription of genes involved in cholesterol biosynthesis is halted exerting a negative feedback effect [234]. Few candidate gene studies in different populations have identified the association of SNVs of INSIG2 gene (e.g. rs12464355, rs7566605) with hypercholesterolemia and serum lipid traits, especially LDL-C level [235–238]. A recent GWAS and meta-analysis showed the association of INSIG2 gene variant (rs10490626) with TC and LDL-C levels [26].

Hepatocyte nuclear factor (HNF) genes
Hepatocyte nuclear factors is a family of transcription factors regulating the transcription of many genes including those involved in lipid metabolism [239]. For example NPC1L1 gene promoter region has a binding site for HNF1 alpha protein [240] which is encoded by HNF1A gene at 12q24.31 locus. The potential role of HNF1 alpha protein on PSCK9 gene transcription has also been described [241]. The association of SNVs of the HNF1A gene (e.g. rs1169288, rs2650000) with LDL-C and TC level was shown in GWAS [20, 22, 23, 26]. The HNF4A gene is mapped to the chromosome 20 (20q13.12). HNF4 alpha protein acts as a regulator of HNF1A gene transcription [239]. The association of a HNF4A gene variant (rs1800961) with HDL-C and TC level was identified in GWAS and meta-analyses [20, 22, 23, 26]. This association was further established by the observation of a candidate gene study which showed significant association with HDL-C in a Pima Indian population cohort [242].


                              NR1H3 – Liver X receptor alpha
The NR1H3 gene at 11p11.2 codes for one of the two isoforms of liver X receptors (LXR). The other isoform, LXR-beta is encoded by NR1H2 gene at 19q13.33. LXRs are involved in cholesterol homeostasis in by acting as receptors for the products of cholesterol oxidation within the cell and regulating the transcription of genes involved in cholesterol metabolism. LXRs up-regulate a number of genes involved in cholesterol excretion in liver and intestine, cholesterol efflux from peripheral tissues and reverse cholesterol transport such as ABCG5, ABCG8, ABCA1, ABCG1, CYP7A1 and PLTP. It has also been shown that LXRs down-regulate NPC1L1 gene reducing the intestinal cholesterol absorption. All these actions contributes to the reduction of intracellular cholesterol load [243]. Two other genes are mapped to the 11p11.2 locus; MADD and FOLH1. The association of variants at this locus (rs7120118, rs2167079 and rs7395662) with serum HDL-C level was observed in GWAS that included European and Asian population groups [19, 21, 38].

TRIB1
The TRIB1 gene at 8q24.13 encodes the tribbles pseudokinase 1. A study conducted on transgenic mouse models has shown an inhibitory effect of TRIB1 on expression of lipogenic enzymes [244] and it was suggested that TRIB1 down-regulates the transcription of these lipogenic genes in humans [245]. GWAS and meta-analyses have shown the association between TRIB1 variants with serum lipid traits including TC, LDL-C and HDL-C levels, among these rs2954029 variant showed replicated evidence of association [15, 19, 23, 24, 26]. A candidate gene association study replicated the association of this variant with serum LDL-C level in the Danish population [246]. Another TRIB1 variant; rs17321515 was shown to be associated with TC, LDL-C and HDL-C in different populations in Asia [186, 204, 247].

Genes encoding peroxisome proliferator activated receptors (PPAR)
A recent GWAS and meta-analysis has identified a variant (rs4253772) of the PPARA gene at 22q13.31 locus associated with TC and LDL-C levels [26]. This gene encodes PPAR-alpha protein, which is a member of the family of nuclear receptors and one of the three subtypes of PPAR; PPAR-alpha, PPAR-gamma and PPAR-delta. Fatty acids and fatty acid derivatives acts as ligands to these receptor proteins. PPAR-alpha and PPAR-gamma form heterodimers with retinoid X receptors (RXR) and upon ligand binding these heterodimers interact with the promoters of the target genes regulating their transcription. PPAR-delta acts as an inhibitor of the activity of PPAR-alpha and PPAR-gamma proteins [248–250]. PPAR-alpha has an established or a potential role in up-regulation of ABCA1, LPL, LIPC, LCAT, LTLP, ABCA1 and ANGPTL4 genes, and down-regulation of APOC3, CETP and SCARB1 genes; all with recognized roles in lipoprotein metabolism [248]. The PPARG gene at the 3p25.2 locus encodes PPAR-gamma protein which is primarily expressed in adipose tissue. This protein is involved in the transcriptional regulation of genes involved in lipid uptake and storage in adipocytes [249]. PPAR-delta protein encoded by PPARD gene at 6p21.31 locus regulates the expression of genes involved in fatty acid oxidation [250]. Candidate gene studies have identified the association of the variants in PPARA (e.g. rs1800206), PPARG (e.g. rs1805192, rs10865710) and PPARD (e.g. rs9794) genes with the serum lipid traits [248–253].

Genes encoding retinoid X-receptors (RXR)
Retinoid X-receptors (RXR) are a family of nuclear receptors with three subtypes, RXR-alpha, RXR-beta and RXR-gamma. These proteins acts as transcription factors by forming heterodimers with other nuclear receptors such as PPARs [254]. RXR-beta is encoded by RXRB gene at 6p21.32 locus which also includes B3GALT4 gene. A SNV at this locus; rs2269346 was shown to be significantly associated with LDL-C level in a GWAS [15].

MLXIPL
The MLXIPL gene encodes MLX interacting protein like protein which acts as a transcription factor for the genes involved in glucose and lipid metabolism. This protein partnering with other transcription factors such as carbohydrate response element binding protein, has been shown to stimulate the transcription of lipogenic genes by binding the carbohydrate response element of the promoter region of these genes [255]. Recent GWAS and meta-analyses have shown the association of a MLXIPL variant; rs17145738 with serum HDL-C level [23, 26].
In summary, GWAS and meta-analyses have identified over 190 SNVs associated with serum TC, LDL-C and HDL-C levels in about 60 genes (Additional file 1: Table S1). Annotation of these variants against Ensembl [256] and RefSeq [257] databases using SNPnexus [258] showed that only 9% of these variants are located within the coding regions of the genes. Fourteen non-synonymous coding variants were identified in 10 genes that accounts for 7% of the variants in lipid related genes described in GWAS. These genes are APOB, APOE, APOH, LPL, CETP, ABCG5/8, PCSK9, GCKR, HNF1A and HNF4A Majority of the variants are in the intronic regions of the genes (47%) and in intergenic regions (22%) (Fig. 2). Candidate gene association studies have identified SNVs in several other lipid-related genes that have not been identified in GWAS conducted to-date.[image: A12944_2017_488_Fig2_HTML.gif]
Fig. 2Types of TC, LDL-C, HDL-C-associated SNVs in genes with a recognized/potential role in lipid metabolism




                           



Other loci associated with plasma lipid levels identified by GWAS
Recent advances in sequencing technologies (next-generation sequencing) and the bioinformatics tools allow the rapid sequencing and analysis of the whole genome or the exons of the individuals and permits large scale population-based surveys of genetic variation. This has contributed greatly to the improvement of our understanding of the genetic aetiology of the complex disorders such as polygenic hypercholesterolemia. During the last 10 years there were many GWAS that have identified many SNVs associated with the different serum lipid traits and hypercholesterolemia. Additional file 2: Table S2 presents a list of SNVs with genome-wide significance that influence the serum lipid levels in different populations which are not discussed earlier in this review. Most of the loci listed in this table are within or in the vicinity of the genes that are not known to be involved in lipid metabolism. Among these SNVs, majority (61%) are located in the intronic regions. Coding SNVs accounts for only 6% of these variants identified GWAS, and there are only 6 non-synonymous variants (Fig. 3). This indicates that there might be a considerable number of unrecognized processes and mechanisms causing dysregulation of lipid homeostasis and hypercholesterolemia. These variants need to be assessed further for the replication of the identified association in different populations. Moreover, functional studies has to be carried out to recognize the pathogenic mechanism of these variants with regard to hypercholesterolemia and serum lipid traits.[image: A12944_2017_488_Fig3_HTML.gif]
Fig. 3Types of TC, LDL-C, HDL-C-associated SNVs in genes with no recognized role in lipid metabolism




                     

Conclusion
Although there are major advances in the evaluation of genetic susceptibility of hypercholesterolemia during the last decade, significant challenges remain. The known genes account for only a proportion of the cases and a substantial amount of missing heritability still exists. Most of the identified genetic variants have a small effect and in combination do not explain much of the heritability of this complex disorder. Additionally, majority of the genetic variants that were shown to influence the plasma lipid levels and determine the inherited susceptibility to hypercholesterolemia are located outside the coding regions of these genes, hence will be missed in routine exome-sequencing techniques. Considering the association of hypercholesterolemia with more debilitating cardiovascular diseases such as coronary artery diseases and stroke, there is a need of further evaluation of the molecular genetic basis of this condition. Identification of new molecular mechanisms and pathways by this approach will provide new insights into the identification of novel treatment and preventive methods, as well as the identification and development of new biochemical and molecular markers for screening and monitoring. This will allow the early detection of asymptomatic patients and effective treatment, thus preventing complications and reducing the mortality and morbidity associated with this common disorder.
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