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ABSTRACT
Background:
Familial Hypercholesterolaemia (FH) is an inherited disease of high LDL-cholesterol (LDL-C) caused by defects in LDLR, APOB, APOE and PCSK9 genes. A pathogenic variant cannot be found in ~60% of clinical FH patients. Using whole genome sequencing (WGS) we examined genetic determinants of FH. 
Methods:
[bookmark: _Hlk168389907]WGS data generated by the 100,000 Genomes Project (100KGP) included 536 FH patients diagnosed using the FH Simon Broome criteria. Rare variants in known FH genes were analysed. Genome-wide association study (GWAS) between 443 FH variant-negative unrelated FH cases and 77,275 control participants of the 100KGP was run using high coverage WGS data. Polygenic risk scores for LDL-C (LDL PRS) and lipoprotein(a) (Lp(a) PRS) were computed.
Results:
[bookmark: _Hlk168489010]An FH-causing variant was found in 17.4% of FH cases. GWAS identified the LPA gene locus being significantly associated (p<1x10-8). FH variant-negative participants had higher LDL and Lp(a) PRSs in comparison to the controls (p<1.0×10-16 and p<4.09×10-6, respectively). Similar associations were found in the monogenic FH with both LDL and Lp(a) PRSs being higher than in controls (p<4.03×10-4 and p<3.01x10-3, respectively). High LDL PRS was observed in 36.4% of FH variant-negative cases, whereas high Lp(a) PRS in 18.5%, with 7.0% having both high LDL and Lp(a) PRSs.
Conclusions: 
This genome-wide analysis of monogenic and polygenic FH causes confirms a complex and heterogenous architecture of hypercholesterolaemia, with the LPA gene playing a significant role. Both Lp(a) and LDL-C should be measured for precision FH diagnosis. Specific therapies to lower Lp(a) should be targeted to those who will benefit most.
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Lay Summary
Familial Hypercholesterolaemia (FH) is a genetic condition that causes very high levels of "bad" cholesterol (LDL-C), which increases the risk of heart disease. This study used advanced genetic testing (whole genome sequencing) to better understand the genetic causes behind high cholesterol in people with FH.
Key Findings:
· FH is caused by both rare and common genetic changes. Many small changes in DNA combine to increase a person's overall risk, which is measured through what’s called a "polygenic risk score." Polygenic score for LDL-C and Lp(a) are higher in FH individuals.
· The gene (LPA) that determines the blood amount of lipoprotein(a), or Lp(a), plays an important role in FH affected individuals. High levels of Lp(a) are a known risk factor for heart disease, separate from LDL-C. This means that Lp(a) levels should be checked in FH patients to better manage their condition and prevent heart disease.
INTRODUCTION
[bookmark: _Hlk168389723]Familial Hypercholesterolaemia (FH) is characterised by high concentrations of low-density lipoprotein cholesterol (LDL-C) and risk of premature coronary heart disease (CHD). The disease is caused by pathogenic variants mainly in the LDLR, APOB and PCSK9 genes, that lead to a defective clearance of circulatory LDL-C, exposing the affected individual to a lifelong burden of LDL-C (1). More recently a single variant in the APOE gene (p.Leu167del) has been also associated with FH (1). A recessive form of inherited hypercholesterolaemia is also known due to homozygous or compound heterozygous pathogenic variants in LDLRAP1 (2). FH-causing variants in the aforementioned genes are found at a frequency of 1 in 250 individuals (95% CI, 1:345–1:192) in heterogenous populations (3), with a similar frequency observed in individuals of South Asian and African ancestries (4). Since FH variant carriership predisposes individuals to premature CHD (5), early diagnosis and aggressive lipid-lowering therapy is key for an effective prevention of cardiovascular events in FH patients (6). 
[bookmark: _Hlk179891017][bookmark: _Hlk179891690]The great majority of FH-causing variants are located in the LDLR gene. In the UK, a single pathogenic variant in the APOB gene, the p.Arg3527Gln, can be found in about 10% of FH patients, with other causes in PCSK9 and APOE accounting for about 1-2% of FH-causing variants (7). Sequencing of the relevant FH genes is required to identify the causative variant, which then can be used in the cost-effective cascade testing within the family of the index patient (8). The detection rate in individuals with a clinical diagnosis of Definite FH (DFH) may be as high as 70% while it is much lower (20-30%) in those with a clinical diagnosis of Possible FH (PFH). However, since in most clinic cohorts there are twice as many PFH as DFH patients, overall, a pathogenic or likely pathogenic variant in one of the aforementioned genes is usually found in only 20-40% of patients sent for genetic testing (9). More recent studies suggest the FH variant detection rate is decreasing to around 15% in the Netherlands (10) and was 17% in a UK survey of over 9,500 patient-samples in the UK Genomic Laboratory hubs (11). Our previous attempt employing whole exome sequencing of variant-negative FH patients has highlighted a few potential novel causes (12), one of which, the RBM25 gene, has been shown to be involved in the posttranscriptional regulation of LDL-receptor (13). Recently, using the Bayesian genetic testing for rare variants in whole genomes, the RAB35 gene has been associated with FH (14). Although it is possible that some of the variant-negative FH individuals have a novel genetic variant that affect the LDL-C uptake, such cases are expected to be very rare, therefore large-scale sequencing studies are required to identify any potential novel signals.
[bookmark: _Hlk168479789]Individuals diagnosed with FH based on the clinical criteria, for example the Simon Broome diagnostic criteria, but with a negative result of an FH genetic test, have been shown to have significantly higher LDL-C polygenic risk score (PRS) than non-FH patient cohorts, and higher, although to a lesser extent, than those with monogenic FH (15,16), indicating a complex aetiology of the disease. Although PRS should not be interpreted as a diagnostic test in isolation of other risk factors, the high burden of LDL-C-associated variants (LDL PRS ≥80th percentile) has been shown to significantly increase the risk of premature atherosclerotic cardiovascular disease when compared to individuals with low PRS (<20th percentile) (15). Moreover, studies that employed CHD-PRS suggested that individuals with PRS at the top end of its distribution were predisposed to the same risk of developing CHD as those with monogenic FH (17,18). 
[bookmark: _Hlk169175886][bookmark: _Hlk168487418][bookmark: _Hlk168480237][bookmark: _Hlk168487362][bookmark: _Hlk179892044]Recent studies of variant-negative FH patients observed higher concentrations of lipoprotein (a) (Lp(a)) in comparison to those with monogenic FH (19,20). Lp(a) concentrations in plasma are strongly genetically determined (21) and high concentrations of Lp(a) have been demonstrated to be an independent causal risk factor for CHD (22) also associated with the severity of coronary artery plaque (23). Lp(a) concentration threshold of 120 nmol/L has been shown to discriminate well patients at risk of CHD (24). Lp(a) is formed in the liver by covalent bonding of apolipoprotein(a) to apolipoprotein B-100 forming an LDL-like particle (25). Standard LDL-C measurement assays give the composite concentration of cholesterol contained within LDL, Lp(a) and intermediate-density lipoprotein particles, therefore if Lp(a) concentration is not determined in a patient, this can lead to an inaccurate diagnosis of FH in those with high Lp(a) concentrations, when diagnosis is mainly based on LDL-C levels, without genetic confirmation. The mean genetic score for a previously computed Lp(a) PRS (26) has been recently shown to be significantly higher in FH variant-negative individuals in comparison to monogenic FH, suggesting imprecise diagnosis in about a quarter of FH variant-negative patients from Austria (27). 
[bookmark: _Hlk179970685]The 100,000 Genomes Project (100KGP) was launched in the United Kingdom in 2013 to investigate the role of whole genome sequencing (WGS) in the National Healthcare Service (NHS) setting (28). A cohort of FH patients has been enrolled as part of the Rare Diseases Cardiovascular domain. In this study, we investigated genetic associations with hypercholesterolaemia in 100KGP FH participants, using whole genome information of rare and common variants computed into relevant PRSs, to facilitate precision diagnosis.  

METHODS
100,000 Genomes Project
The 100KGP, launched in the United Kingdom in 2013, generated whole genome sequencing (WGS) data to provide molecular diagnosis to participants with rare diseases and cancers (28). The 100KGP was approved by East of England–Cambridge Central Research Ethics Committee ref:20/EE/0035. Only participants who provided written informed consent for their data to be used for research were included in the analyses. The current project (RR123) has been approved by the Genomics England Clinical Interpretation Partnership (GeCIP) cardiovascular domain committee. 
100KGP Familial Hypercholesterolaemia cohort
[bookmark: _Hlk168398486][bookmark: _Hlk165547914]A cohort of 467 probands and 69 affected relatives, identified as having Possible or Definite FH according to the clinical Simon Broome diagnostic criteria, as recommended by the National Institute for Health and Care Excellence (NICE) (1). Patients presenting with LDL-C >4.9mmol/L and family history of myocardial infarction or severe hypercholesterolaemia, were included in the Rare Diseases: Cardiovascular domain of the 100KGP as FH patients. All recruiting clinicians were affiliated with one of the Genomic Medical Centres and all were experts in the field of lipidology with extensive experience in the identification and management of individuals with FH. Study participants were assigned HPO (Human Phenotype Ontology) terms at the time of recruitment to 100KGP. The most commonly assigned HPO terms to the FH cohort participants are summarised in Supplementary Table S1). The participants had not received a genetic diagnosis after going through usual care provided by the NHS. This is because standard genetic diagnostic tests came back negative, or none were available at the time of recruitment to 100KGP. Data on whether or not a recruited individual had had a genetic test was not collected. 
Whole genome sequencing data
[bookmark: _Hlk146703385]The DNA sample library preparation was done using the Illumina TruSeq DNA polymerase-chain-reaction (PCR)-free assay and WGS was performed on a HiSeq 2500 sequencing platform, as previously described (28), with more details shown in the Supplementary Methods. An aggregate multi-sample VCF (AggV2) was generated by Genomics England (https://re-docs.genomicsengland.co.uk/aggv2/), which comprised variant call data for 78,195 germline genomes aligned to human genome GRCh38. Details about the Genomics England WGS data structure and site quality control have been published (28). Definition of the PASS variant quality is shown in Supplementary Table S2. Variants were annotated using the Ensembl Variant Effect Predictor (VEP v99). All further analyses were performed within the Genomics England Research Environment.
Genetic ancestry
Genetic ancestry of 100KGP participants was estimated using principal component analysis (PCA) as described in the Supplementary Methods.
Rare variant analysis
[bookmark: _Hlk168390624]Sequencing data for Tier 1 (LDLR, APOB, PCSK9, APOE, and LDLRAP1) and Tier 2 (ABCG5, ABCG8, CYP27A1, and LIPA) FH genes were extracted from the AggV2 data file (genes’ coordinates are shown in Supplementary Table S3). Variants, with PASS quality, were filtered by gnomAD v3 minor allele frequency (MAF) <0.001 (maximum across the ancestry subgroups), which is higher than the most common single FH-causing variant (the APOB p.Arg3527Gln, global gnomAD MAF= 0.0004), to remove likely benign variants. Filtered variants were interpreted using the American College of Medical Genetics and Genomics (ACMG) criteria (29). Adapted criteria as defined by the ClinGen consortium was used for variants in LDLR (30). 
Structural variants analysis
Structural variant (SV) calls were generated using MANTA.  Putative copy number variations (CNVs) and SVs were intersected with the coordinates of the GRCh38 genome, using bedtools (v2.19.1). Variants overlapping with the LDLR gene sequence were analysed. 
Genome wide association analysis
[bookmark: _Hlk168399887]An aggregate file (AggV2) of all variants from the data release version 10 of the 100KGP, which was built on 78,195 whole germline genomes was used for GWAS. The cohort selection is summarised in Supplementary Figure S1. Cases included unrelated FH-variant negative participants (n=443). Controls (n=77,275) were selected after excluding participants who were assigned one or more HPO terms related to FH phenotype (hypercholesterolaemia, hyperlipidaemia, hyperlipoproteinemia, increased LDL cholesterol concentration, myocardial infarction, premature coronary artery atherosclerosis). GWAS was performed using Scalable and Accurate Implementation of GEneralized mixed model (SAIGE) in a case/control manner (binary trait). The covariates were: age, age2, sex, age × sex and the 10 first principal components. SAIGE automatically accounts for sample relatedness and case–control imbalances. Further details on variant QC are shown in the Supplementary Methods section. 
Polygenic risk score analysis: LDL PRS
We calculated and applied a published and validated polygenic risk score for LDL-C (LDL PRS) (http://www.pgscatalog.org/, PGS Catalog ID PGS000115) (15) for FH mutation positive cases, FH variant-negative cases, and controls. LDL PRS comprised 223 single-nucleotide variants and was developed from a GWAS (GWAS Catalog ID: GCST006612) consisting of 297,626 individuals (72.4% European, 19.3% African, 8.3% Hispanic or Latin American) (15). The cohort selection is summarised in Supplementary Figure 2A. Genotype data for calculating LDL PRS was taken from 100KGP WGS data using BCFtools v1.11-GCC-8.30. For each sample, LDL PRS was calculated by summing the multiple of each variants’ inherited alleles by its effect size. Deciles of the LDL PRS distribution was calculated based on the 100KGP control samples (n=77,660). LDL PRS over the 8th decile, or the top quintile was considered as high.
Polygenic risk score analysis: Lp(a) PRS
A previously published locus-based polygenic risk score for Lp(a) (Lp(a) PRS) (http://www.pgscatalog.org/, PGS Catalog ID PGS000667) (26) was applied and calculated for FH mutation positive cases, FH variant-negative cases, and controls. Lp(a) PRS comprised of 43 single-nucleotide variants and was developed from a GWAS consisting of 48,333 individuals (75% European, 8.3% African, 8.3% East Asian, 8.3% South Asian). The cohort selection is summarised in Supplementary Figure 2B. Genotype data for calculating Lp(a) PRS was taken from 100KGP WGS data using BCFtools v1.11-GCC-8.30. For each sample, Lp(a) PRS was calculated by summing the multiple of each variants’ inherited alleles by its effect size. Lp(a) PRS higher than 120 (corresponding to >120 nmol/L) was considered as high.
Statistical analyses
Data was analysed using R v4.0.2. For comparison of LDL PRS case groups versus control where data was normally distributed, data was analysed using an unpaired t-test. Comparison of Lp(a) PRS case groups versus control where data was not normally distributed, reflecting the distribution of Lp(a) concentrations in a general population, was analysed using a Kruskal-Wallis H test. Statistical significance was considered at p < 0.05.
RESULTS
Genetic ancestry structure 
The majority of FH participants (84.86%) were of European genetic ancestry, followed by South Asian (5.42%), African (1.68%), East Asian (1.31%) and Admixed American (0.37%), with 6.36% being unassigned. Plotted PCs are shown in Supplementary Figure S3.
Likely pathogenic and pathogenic variants in Tier1 FH genes
[bookmark: _Hlk168408872][bookmark: _Hlk168392556]Rare variant analysis of single nucleotide variants and small deletions and insertions in Tier 1 FH genes identified 40 different likely pathogenic or pathogenic LDLR variants (Supplementary Table S4). These were found in 49 probands. Two APOB FH variants, including the single most common FH cause p.Arg3527Gln and the rare p.Arg3527Trp affecting the same amino acid, were found in six probands  (Supplementary Table S4). The APOE gene was analysed for the previously published (3) single FH variant p.Leu167del, which was found in 10 probands (Supplementary Table S4). The variant was significantly more frequent in the FH cohort when compared to non-FH participants (MAF in cases =0.01 [10 out of 467 individuals] vs. in controls=8x10-5 [12 out of 77,275 individuals], Fisher’s exact test p<3.54x10-17). Taken together variants in Tier1 genes explained 13.9% (n=65) of the index FH cases (n=467), and 15.5% (n=83) of the complete FH cohort (n=536), which includes affected relatives.
Eight LDLR variants classified as variants of uncertain significance (VUS) were found in an additional eight probands (Supplementary Table S5). Four variants in the APOB gene were also classified as VUS (Supplementary Table S5). The ‘likely benign’ APOB variant p.Pro994Leu was significantly enriched in the FH cohort (8 out of 467 individuals) in comparison to the non-FH 100KGP controls (155 out of 77,275 individuals) (MAF in cases=0.009 vs.0.001 in controls, Fisher’s exact test p=7.53x10-6), which suggest that it is a disease-modifying variant. 
Structural variants in LDLR
Analysis of large structural variants and copy number variants in the LDLR gene, identified four variants predicted to have a pathogenic effect (Supplementary Table S6). These were identified in four FH probands and five relatives, explaining 0.86% of the index cases and 1.68% of the whole cohort. WGS data enabled the mapping of the variants’ break points, as illustrated in Supplementary Figure S4.
Rare variants in Tier 2 genes 
Variants in Tier 2 genes were filtered initially using a MAF<0.001 cut-off. The next level of filtering included selecting variants most likely to affect function, i.e. missense, splicing, loss-of-function variants. Several variants were identified (Supplementary Table S7), however since most of the Tier 2 genes have been shown to be associated with the recessive pattern of FH inheritance, only the homozygous p.Trp361Ter variant, located in the ABCG8 gene, found in one proband was likely to explain the FH-like phenotype. Homozygote or compound heterozygote variants in ABCG8 can cause sitosterolaemia (31), however we were unable to confirm levels of plant sterols in the patient.   
Genome Wide Association Study
[bookmark: _Hlk168409904][bookmark: _Hlk179971888]GWAS analysis was performed using AggV2 WGS data containing 8,913,388 PASS quality and MAF>0.1% variants from 433 participants without a likely pathogenic or pathogenic FH variant identified in Tier 1 and 2 genes (i.e. FH cases), and 77,275 100KGP control participants. Carriers of VUS were included in the analysis as FH variant-negative participants. The quantile-quantile plot of the GWAS p values is shown in Supplementary Figure S5, with λ=1.14. The analysis identified one genome-wide significant signal at the LPA locus (p< 1x10-8) (Figure 1). The top associated SNP, rs140570886, has been previously associated with coronary artery disease (32,33), Lp(a) (34) and LDL-C (35). The variant was found in 31 unrelated FH variant-negative participants, of whom two were homozygous. In addition, two probands and two relatives of mutation positive FH participants were found to be heterozygote for the variant (no homozygotes were found). There was no association of the rs140570886 SNP with mutation positive FH participants when comparing to controls (MAF= 0.0163 vs. controls 0.0138, p=0.92) (see Locus Zoom plot in Supplementary Figure S6). Therefore 6.5% of the 100KGP FH cohort (or 7.0% of the FH variant-negative cohort) had at least one copy of the GWAS LPA variant. Summary statistics of the GWAS results are available via the link in Supplementary Results.
LDL Polygenic Risk Score 
[bookmark: _Hlk168481085]Calculation of the PRS for LDL-C in controls, monogenic FH and FH variant-negative individuals was performed using WGS-derived genotype data. The LDL PRS was distributed normally among all three groups (Figure 2). The mean LDL PRS was highest in FH variant-negative participants (mean=0.742, SD=±0.252), followed by monogenic FH (mean=0.705, SD=±0.253), and when compared to controls (mean=0.592, SD=±0.272) both were significantly higher (p<2.2 x 10-16, p<4.52 x 10-5, respectively). The difference in LDL PRS between FH variant-negative and positive participants was not significant (p<0.64). Considering the top quintile of the LDL PRS distribution as high, based on the controls (Supplementary Table S8), 161 (36.4%) FH variant-negative individuals had high LDL PRS >0.823 compared to 15,448 controls (20.0%) (Fisher’s exact test p=1.38 x10-15). 
Lp(a) Polygenic Risk Score
Calculation of the Lp(a) PRS in controls, monogenic FH and FH variant-negative individuals was performed using WGS-derived genotype data. Lp(a) PRS was found to be non-normally distributed among all three groups (Figure 3), reflecting the usual distribution of Lp(a) concentrations. We observed differences in the Lp(a) PRS distributions between the major genetic ancestry groups of 100KGP participants (Supplementary Figure 7), however applied a universal threshold of 120 nmol/L as high to all participants, since elevated Lp(a) has been strongly associated with CHD risk among multiple ancestry groups (36). The Lp(a) PRS was significantly higher in both FH variant-negative (median=24.4, IQR=103) and monogenic FH (median=30.1, IQR=103) participants when compared to controls (median=17.6, IQR=56.3; p<6.82 ×10-7 and p<5.02 ×10-4, respectively). There was no significant difference of Lp(a) PRS between FH monogenic and FH variant-negative participants (p=0.34). Deciles of the Lp(a) PRS distribution in the control cohort are shown in Supplementary Table S9. Of the FH variant-negative cases 83 (15.5%) had Lp(a) PRS >120 nmol/L, while among the 100KGP controls, 8,206 (10.6%) individuals had elevated Lp(a) PRS. The median Lp(a) PRS for FH variant-negative individuals with high Lp(a) PRS (median=171, IQR=55.8) was significantly higher than the same subset of high Lp(a) PRS in controls (median=143, IQR=51.8) (p<3.16 x 10-3).

[bookmark: _Hlk168483162]In summary (Supplementary Figure S8), rare variant analysis of WGS data from 535 FH participants identified a monogenic cause of the disease in 93 (17.4%) individuals (74 probands and 19 relatives). We observed a high LDL PRS in 161 variant-negative FH participants (36.4% of variant-negative cases) indicating a polygenic component of hypercholesterolaemia, which in combination with other risk factors might predispose patients to high risk of CHD. High Lp(a) PRS predicting significantly elevated concentrations of Lp(a) was found in 83 FH-variant negative participants (18.7%). Of the FH variant-negative cases 31 (7.0%) had both high LDL and Lp(a) PRSs. Similarly, a polygenic component of hypercholesterolaemia and high Lp(a) was also observed in those with monogenic FH (Fig.S8). The majority of FH variant-negative cases (n=229, 51.8%) remained without a plausible genetic diagnosis, and are subject of a future investigation.   

DISCUSSION
Using whole genome sequencing data we examined the genetic causes of FH in 100KGP participants. Our analysis identified 48 different likely pathogenic and pathogenic variants in known FH Tier1 and Tier2 genes, providing genetic diagnosis of monogenic FH to 93 (17.4%) participants of the 100KGP FH cohort. WGS data analysis also allowed us to map the break points of the LDLR structural variants, which was limited using previous approaches, such as the multiplex ligation-dependent probe amplification assay or whole exome sequencing. This relatively high number of unique variants confirms the high heterogeneity of FH causes in the UK.
The FH variant detection rate in the 100KGP FH cohort was lower than the average 30-40% yield of FH genetic testing (9), but similar to the 17% detection rate in over 9500 samples sent for genetic testing to the UK Diagnostic laboratories in recent years (11). This is because of the selective recruitment criteria that specified to include individuals who didn’t have access to a genetic diagnostic test or had negative diagnostic tests that did not include genome sequencing. The 100KGP genomic data are fully anonymised and unidentifiable, therefore we were unable to define the reasons to explain why the 48 FH-causing variants were not initially detected, although this might reflect the patchy access to FH DNA testing between UK regions until recent times. We however, expected to find carriers of the APOE p.Leu167del (37), which at the time of recruitment to 100KGP was not included in the standard FH genetic testing in the UK. The significantly higher prevalence of this variant in the clinical FH cohort compared to the non-FH control group, confirms previous reports that carriers of this variant have an FH-phenotype (37). 
[bookmark: _Hlk179982147][bookmark: _Hlk168489819][bookmark: _Hlk169178993]The availability of WGS data from non-FH participants of 100KGP (controls), which were generated and processed in the same manner as the FH cases, allowed us to perform case-control association study. GWAS between 443 FH variant-negative unrelated FH cases and 77,275 controls identified a significant signal at the LPA gene locus. Variants at the LPA locus have been shown to strongly determine concentration of Lp(a), which is an independent risk factor for CHD (21). Our study is the first to show a genetic association of LPA variants with variant-negative FH at a genome-wide significance level, after a comprehensive whole genome investigation and exclusion of monogenic causes of FH. Previous studies using a sum of up to two Lp(a)-raising SNPs, similarly observed more frequent LPA risk alleles in the variant-negative FH when compared to monogenic FH (19,38). The much larger Lp(a) PRS applied in our study showed higher Lp(a) PRS in both variant-negative and -positive FH participants, highlighting that Lp(a) plays an important role in the FH phenotype. The enrichment of Lp(a)-increasing genotypes in cohorts of FH patients has been previously demonstrated as the likely result of ascertainment bias. These findings underscore the importance of measuring both Lp(a) and LDL-C to more accurately define a patient’s risk and to identify the responsible lipoprotein. This is particularly crucial for cardiovascular disease prevention, as recently highlighted (39), especially given the numerous promising therapies specifically targeting Lp(a), including antisense oligonucleotides and RNA interference approaches, currently in clinical trials (40).  The LPA genotype information can aid the identification of individuals at risk of CHD caused by high Lp(a) concentrations and the future choice of treatment, therefore should be considered to be included in the genetic testing of individuals clinically diagnosed with FH. 
[bookmark: _Hlk179541362]We have previously observed a high LDL PRS in those who are clinically diagnosed as FH but do not have a pathogenic variant in one of the FH genes(16). Here we confirm the findings using a larger LDL PRS. Again, we observe that the mean LDL PRS is significantly higher also in the monogenic FH patient group. Additionally, although affecting a smaller number of individuals than high LDL PRS, a high Lp(a) PRS was observed at a similar proportion in both variant-positive and variant-negative FH cases. LDL and Lp(a) PRSs analyses confirm the significant impact of polygenic background in FH, which is likely to explain the wide spectrum of LDL-C concentrations observed in FH variant carriers (7), and penetrance of likely pathogenic variants (41). It is also likely to contribute to the differences in age of onset of CHD in individuals with FH, even if they are carrying the identical FH-causing variant. Similar findings have been recently observed in the FH Canada National Registry, where a significantly higher mean score for both LDL and Lp(a) PRSs, as well as CAD PRS, was observed in FH variant negative individuals (42). The study, in addition to a previous report (43), underlines the important role of polygenic background on the risk of atherosclerotic cardiovascular disease in monogenic FH, indicating the potential utility of PRSs in CAD risk prediction and the choice of intensity of therapy in FH patients. 
Limitations
[bookmark: _Hlk165548445][bookmark: _Hlk165548594]The main limitation of our study is the lack of the individual lipid profile data, apart from the HPO terms, on the non-FH comparison cohort or the FH participants, although all of the FH patients should have LDL-C concentrations > 4.9mmol/l to conform with the Simon Broome diagnostic criteria of Possible or Definite FH. All recruiting clinicians were experts in the field of lipidology with extensive experience in the identification and management of individuals with FH. While we cannot rule out the possible inclusion of a small proportion of individuals with hyperlipidaemia who do not fulfil the clinical diagnostic criteria for FH, their inclusion would only have a modest effect to reduce the power of the sample to detect a statistically significant difference between the FH and non-FH cohorts. Similarly, it is likely that a small proportion of the non-FH participants used as a comparison group will carry an FH-causing variant. Since the prevalence of this in the UK BioBank sample is ~1/280 (4) this means that less than 0.4% of this cohort will have FH, which again would have only a modest impact on the power of the study. In terms of Lp(a) measurements, we predict that carriers of the significantly associated LPA SNPs and those with high Lp(a) PRS will have higher concentrations of Lp(a), since these are strongly genetically determined. This would be in line with recent findings (19). 
The genetic association analyses are constrained by the relatively small number of FH cases, which may mean that other variants influencing the phenotype of FH-variant negative participants have not been identified. While the majority of the FH cohort is of European genetic ancestry, 15% belong to other ancestries. Recent findings indicate that genetic ancestry is unlikely to affect monogenic FH detection (4). However, the polygenic risk score (PRS) analyses, particularly the Lp(a) PRS, may not be optimal for participants of non-European ancestry. 
Conclusions
[bookmark: _Hlk168492266]In summary, our comprehensive analysis of both monogenic and genome wide polygenic causes of FH reveals a complex genetic architecture. The data presented here raise the issue of whether having high Lp(a) concentration should be included as a cause of FH. We believe that, in line with the original designation of Brown and Goldstein and others (44), FH should be considered as a disorder of failure of clearance of LDL-C, and all genes currently designated as FH-causing encode for proteins directly or indirectly involved in this process. While having a high Lp(a) concentration is also associated with having high LDL-C and a high risk of early CHD, its cause is over production of the Lp(a) particle and this results in such an individual being incorrectly identified clinically as having FH, which by the above-mentioned definition should be reserved to FH mutation carriers. However, as our findings confirm, the clinical FH phenotype can be influenced by numerous genetic factors, and in some cases, clinical FH is mimicked by having inherited a high Lp(a) predisposition, which highlights the importance of measuring both Lp(a) and LDL-C for precision FH diagnosis. While CHD risk will be reduced by LDL-C reduction in individuals with either high Lp(a) or high LDL-C, upcoming specific therapies to lower Lp(a) should be targeted to those who will benefit most, therefore having a precise genetic diagnosis will be clinically useful.
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FIGURE LEGENDS
[bookmark: _Hlk179971510]Figure 1. GWAS results of the FH variant-negative cases versus non-FH controls. A. Manhattan plot of the GWAS analysis. The dotted indicates the genome wide significance p value cut-off. B. Regional plot of the top GWAS signal, the LPA locus (generated by Locus Zoom http://locuszoom.org/).

Figure 2. Violin plot of LDL PRS in controls, monogenic FH and FH variant-negative individuals.

Figure 3. Violin plot of Lp(a) PRS in controls, monogenic FH and FH variant-negative individuals.
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