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Abstract

Autosomal-dominant familial hypercholesterolemia (FH) is characterized by increased

plasma concentrations of low-density lipoprotein cholesterol (LDL-C) and a substan-

tial risk to develop cardiovascular disease. Causative mutations in three major genes

are known: the LDL receptor gene (LDLR), the apolipoprotein B gene (APOB) and the

proprotein convertase subtilisin/kexin 9 gene (PCSK9). We clinically characterized

336 patients suspected to have FH and screened them for disease causing mutations

in LDLR, APOB, and PCSK9. We genotyped six single nucleotide polymorphisms

(SNPs) to calculate a polygenic risk score for the patients and 1985 controls. The

117 patients had a causative variant in one of the analyzed genes. Most variants

were found in the LDLR gene (84.9%) with 11 novel mutations. The mean polygenic

risk score was significantly higher in FH mutation negative subjects than in FH muta-

tion positive patients (P < .05) and healthy controls (P < .001), whereas the score of

the two latter groups did not differ significantly. However, the score explained only

about 3% of the baseline LDL-C variance. We verified the previously described clini-

cal and genetic variability of FH for German hypercholesterolemic patients. Evalua-

tion of a six-SNP polygenic score recently proposed for clinical use suggests that it is

not a reliable tool to classify hypercholesterolemic patients.
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1 | INTRODUCTION

Autosomal-dominant familial hypercholesterolemia (FH, OMIM

143890) is a common genetic disorder with a prevalence of up to

1:250 in the European population and an even higher prevalence in

some populations due to founder effects. In its typical form, FH is

characterized by increased plasma concentrations of low-density lipo-

protein cholesterol (LDL-C) and a high risk to develop cardiovascular

disease (CVD).1,2 A widely used tool in Europe for the clinical diagno-

sis of FH is the Dutch lipid clinic network (DLCN) score which is a

point-based score system to assess the patients according to their

clinical phenotypes considering the plasma LDL-C concentration, the

family and/or patients history of premature CVD, clinical signs like

tendon xanthoma and/or premature corneal arcus, and the results of

molecular genetic analysis. According to the DLCN score in patients

with a score below 3 and between 3 to 5 a diagnosis of FH is either

unlikely or possible, whereas those with a score of 6 to 8 and above 8

have a probable or definite FH diagnosis, respectively.2 Furthermore,

mutations in three genes are known to cause FH: the LDL receptor

gene (LDLR), the apolipoprotein B gene (APOB) and the proprotein

convertase subtilisin/kexin 9 gene (PCSK9).3-5 Mutations in the LDL

receptor adapter protein 1 gene (LDLRAP1) cause a very rare

autosomal-recessive (AR) form of the disease, that is, AR hypercholes-

terolemia with a FH-like clinical phenotype.6 The majority of FH caus-

ing variants have been found in the LDLR gene with currently over

1900 reported sequence alterations (https://databases.lovd.nl/

shared/genes/LDLR).7 This corresponds with findings in the German

population where the most common FH causing variants are found in

LDLR, mostly of the missense type.8 The independent CVD risk factor

lipoprotein (a) is important to take into consideration when discussing

treatments available in the near future and risk stratification for

hypercholesterolemic patients.9

In about 60% to 80% of the definite FH cases, a causative muta-

tion can be found in one of the three known genes, but only in about

20% to 30% of possible FH cases.10,11 Since the unequivocal diagnosis

of FH is primarily based on molecular testing, this leaves medical sci-

entists with a conundrum because up to 60% of the clinically diag-

nosed patients turn out to be nonmutation carriers, that is, with no

identified pathogenic sequence variant in one of the above mentioned

genes.12 This diagnostic gap might be explained by several factors:

additional FH causing gene loci that have yet to be identified, a multi-

factorial polygenic genetic cause of the disease and the presence of

epigenetic modifications. To this end, recent studies have evaluated a

possible fourth FH causing gene, the APOE variant c.500_502delTCC

(p.Leu167del), and found evidence for a potential disease causing

role.13 Furthermore STAP1 was suggested to be associated with FH,

however, we were not able to confirm this in a recent study on

75 hypercholesterolemic patients from Berlin, Germany, who were

negative for mutations in canonical FH genes.14,15 In a recent study

on mouse models and samples from STAP1 carriers the gene was ruled

out as a FH causing candidate.16 In 2010, a meta-analysis of genome-

wide association studies identified multiple common single nucleotide

polymorphisms (SNPs) to be strongly associated with elevated LDL-C

concentrations.17 Talmud et al hypothesized that the mutation nega-

tive FH patients might carry a greater-than-average number of these

common LDL-C raising variants and assembled a 12-SNP polygenic

score based on the variants with the strongest LDL-C associations.

They found the score to be significantly higher when compared to the

score of Whitehall II control cohort or to FH patients carrying a dis-

ease causing mutation (“mutation positive”).11 Futema et al success-

fully refined the score by selecting six SNPs from the original 12-SNP

score, and were able to replicate the earlier findings, that is, the six-

SNP polygenic score performed as well as the 12-SNP score

suggesting that mutation negative FH patients have a significantly

higher score when compared to mutation positive patients or controls.

The authors concluded that hypercholesterolemia in almost 90% of

the mutation negative patients has a polygenic basis.18

In the current study we analyzed the mutational spectrum and

clinical phenotypes in 336 German patients with hypercholesterol-

emia. Furthermore, we determined the six-SNP polygenic score as

proposed by Futema and colleagues18 in these subjects and compared

these to a control group of almost 2000 individuals from the Berlin

Aging Study II (BASE-II),19 assessed its impact on LDL-C levels, and

discussed its putative clinical benefit.

2 | MATERIALS AND METHODS

2.1 | Subjects and recruitment

We included 336 patients ascertained between 2016 and 2019 in the

specialized Lipid Clinic of the Department of Endocrinology and

Metabolism, Charité - Universitätsmedizin Berlin, Germany diagnosed

with hypercholesterolemia. All participants gave written informed

consent prior to participation.

As a control group, we evaluated data from the BASE-II,19 which

is a multi-institutional and multidisciplinary study consisting of 2200

predominantly healthy individuals from the Berlin metropolitan area

of which 1946 participants had information about both baseline

LDL-C levels and genotypes necessary to calculate the individual SNP

score. All participants gave written informed consent and the study

was approved by the Ethics Committee of the Charité-Uni-

versitätsmedizin Berlin (approval number EA2/029/09).

2.2 | Clinical diagnostics

The hypercholesterolemic patients were assessed by a physician of

the Charité Lipid Clinic. All patients underwent comprehensive patient

history including family history for lipid disorders and premature CVD

and physical examination. Standard laboratory parameters including

LDL-C, total cholesterol (TC), HDL-cholesterol (HDL-C), triglycerides

(TG) and lipoprotein (a) (Lp [a]) were determined. When native LDL-C

was not available, we calculated it as described previously.20-28 We

assembled the clinical information to compute the individual DLCN

score, which is a point-based tool to simplify the clinical diagnostic of
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FH patients.29 The score classifies each individual and proposes an FH

diagnosis to be unlikely (score < 3), possible (score 3-5), probable (score

6-8), or definite (score > 8). Discriminatory power to distinguish

between FH-mutation carriers and subjects without a FH causing vari-

ation was evaluated by calculating the area under the receiver operat-

ing characteristics (ROC) curve. LDL-C serum levels are provided in

mg/dL (1 mmol/L = 38.66 mg/dL).

2.3 | Mutation screening

DNA from 336 Ethylenediaminetetraacetic acid blood samples was

extracted from whole-blood samples using the QiaCube Kit (QIAgen,

Hilden, Germany), following the manufacturer's protocol and molecu-

lar genetic analysis were based on next generation sequencing (NGS)

technology. Further information on the mutation screening procedure

is displayed in the supplements (supplementary methods).

We compared all detected sequence variants with the Human

gene mutation database (HGMD),30 Leiden open variation database,7

Clinvar variant database31 and their frequency in the gnomAD data-

base (https://gnomad.broadinstitute.org). All sequence variants were

evaluated with respect to their potential molecular function using the

prediction tools PolyPhen2, Mutation Taster, and Human Splicing

Finder (the latter for variants with a possible effect on splicing such as

intronic variants).32-34 We rated the mutations following the American

college of medical genetics and genomics (ACMG) standards and

guidelines35 and all novel variants were rated according to the most

recent refinement of the ACMG guidelines by Nykamp et al.36 No

allele specific analysis was performed in putative compound heterozy-

gous patients.

2.4 | SNP Genotyping

The six SNPs used to calculate the SNP score are listed in Table S1

and were originally published by Futema et al (2015). The genotypes

for rs1367117, rs429358 and rs7412 were available for the hyper-

cholesterolemic patients from the NGS-based data.

The SNPs rs629301, rs6511720, and rs6544713 (proxy for

rs4299376, r2 = 1.0 in European populations (CEU, ie, Utah Resi-

dents with Northern and Western European Ancestry) based on

(https://ldlink.nci.nih.gov/)) were genotyped employing the ABI

Prism SNaPshot Multiplex Kit (Applied Biosystems) and following

the manufacturer's protocol with a few modifications. All polymerase

chain reactions (PCRs) were consistently performed using either the

GeneAmp PCR System 9700 (Applied Biosystems) or ProFlex PCR

System (Applied Biosystems) depending on sample input amount. To

measure the SNaPshot-Reaction a 3730 DNA Analyzer XL instru-

ment (Applied Biosystems, HITACHI) was used. We designed three

primer triplets for each SNP consisting of two PCR-Primers and a

SNaPshot-Primer specific to detect the SNP in question using the

tool available at https://www.eurofinsgenomics.eu/de. The PCR was

performed separately for each SNP due to the differences in

annealing temperatures of the PCR primers; the SNaPshot-Reaction

was performed as a multiplex reaction. Before carrying out the

genotyping with the patient samples, we optimized all reactions

using control DNA. Comprehensive primer data are given in

Table S2. Experimental PCR and SNaPshot conditions used for

genotyping are available upon request.

Procedures for generating SNP data in the BASE-II dataset are

available in the supplementary material methods section.

2.5 | Data analysis

For the statistical analysis we used the International Business

Machines Corporation (IBM) statistical package for the Social Sciences

version 24.0 [IBM Statistical Product and Service Solutions (SPSS) Sta-

tistics for Windows, Armonk, NY: IBM Corp.]. Graphs were designed

using GraphPad Prism 7, MS Excel 2016 and SPSS version 24.0.

Sequencing analysis was completed using GeneMapper 5 (Thermo-

Fisher Scientific) software. Cutoff for peak height was defined 100 for

homozygous and 150 for heterozygous peaks. Statistical significance

was defined as P < .05.

If one or two genotypes for the SNPs were missing, we assumed

a calculated risk of zero for that particular SNP. If more than two

genotypes were missing in a subject, this individual was excluded. The

repetition of calculations using the most common genotype or exclud-

ing the all samples with missing genotypes from the analysis did not

lead to significant differences (data not shown).

3 | RESULTS

3.1 | Patient characteristics

In 44 patients of the 336 patients analyzed we detected sequence

variants in the canonical FH genes, which were rated as variants of

uncertain significance (VUS) when applying the ACMG guidelines

(Table S3 showing all VUS, that is, also patients carrying pathogenic

and VUS rated variants). Since there is currently no certainty to rate

their effect on the corresponding protein, we excluded them from all

statistical analysis (information on excluded subjects is provided in

Figure S1). This resulted in a cohort of 292 hypercholesterolemic sub-

jects of whom 273 were unrelated based on the available clinical

information. The repetition of the calculations excluding related

patients did not lead to significant differences in the results (data not

shown). The mean age of this cohort was 56.1 ± 14.3 years with

191 (65.4%) females and 101 (34.6%) males. The mean baseline

LDL-C level was 278.4 ±99.2 mg/dL. Patients with an identified FH

causing mutation are henceforth referred as FH/M+ and patients

without a pathogenic FH variant are referred as FH/M-.

Our control cohort from BASE-II consisted of 2171 healthy indi-

viduals with 1127 (51.9%) females and 1044 (48.1%) males. The mean

LDL-C level was 122.72±36.67 mg/dL was available in 2116 cases

with the median age of 67.2 years.
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The baseline characteristics for both cohorts are shown in

Table 1/S4.

3.2 | Mutation spectrum

One hundred and seventeen of all 336 patients (34.8%, 19 related)

were found to carry an FH causing mutation. Overall, we identified

73 different sequence variants including the eleven novel variants

all of which were rated likely pathogenic or pathogenic by ACMG

Standard Guidelines (Table S5). In 44 patients, we discovered

mutations that were rated VUS according to ACMG criteria

(Table S3). As expected, most of the mutations were located in the

LDLR gene (107 mutations, 84.9%). Nineteen (15.1%) of the disease

causing variants were found in the APOB gene, and no disease

causing variants were found in the PCSK9 gene or the LDLRAP1

gene. The highest proportion of variants (N = 56, 44.4%) were of

the missense type with the most numerous sequence alteration

being c.798 T > A (p.Asp266Glu) in the LDLR gene. The most fre-

quent mutation, c.10580G > A (p.Arg3527Gln) was located in the

APOB gene (18 cases, 14.3%) cases (Figure 1A). We identified

10 patients with seven different large deletions/duplications which

amount to 8% of all detected variants and are shown in Table S5.

The distribution of the variants in the LDLR gene and their relative

location is presented in Figure S2.

We identified four putatively compound heterozygous, two dou-

ble heterozygous and one both double and possibly compound het-

erozygous case in our study. With 13 out of 16 alterations, the LDLR

mutations were the most prominent. The mean baseline LDL-C level

in the double heterozygous patients was 300.53± 104.73 mg/dL and

substantially (and significantly, see below) lower than in the com-

pound heterozygous subjects (408.5±233.7 mg/dL), which resulted in

less distinct phenotypes for the double heterozygous group displayed

by lower mean DLCN scores (6.3 ±2.88 double heterozygous;

8.0±6.27 compound heterozygous). Interestingly, we found four

apparently unrelated cases of compound heterozygous patients with

identical mutations. In one case with an additional mutation

c.10580G > A (p.Arg3527Gln) in the APOB gene. Also, of interest was

the fact that the mean of baseline LDL-C for these double and/or

compound heterozygote patients was only second highest with

362.23± 185.19 mg/dL after subjects with single mutations that led

to a truncated protein (366.85± 106.87 mg/dL). That could be

explained by the fact that there were only seven patients with such a

condition. The variants c.1690A > C and c.2393_2401delTCCT

CGTCT are present in four patients suggesting a possible linkage.

However, no specific analysis such as a segregation analysis or other

testing for allelic independence was conducted to explore these possi-

bilities. In one younger patient carrying these two variants putatively

in a compound heterozygous state we observed a very mild pheno-

type with baseline LDL-C levels around 150 mg/dL. Detailed charac-

teristics in Table S6.

3.3 | Novel mutations

In the current study we found 11 sequence variants that were previ-

ously not described as FH causing mutations in 14 patients. All of

these were located within the LDLR gene (Figure 1B, Table S7), and all

were classified to be disease causing by the used in silico tools, except

loss of function variants like nonsense and frameshift mutations which

were directly considered as pathogenic variants according to the most

recent refinement of ACMG guidelines.35 Two of the novel disease

causing variants, c.1988-50_2007del70bp (p.Gly663Aspfs*47) and

c.940 + 1_940 + 4delGTGA (p.), were identified within intronic

regions of the LDLR gene. Six variants were rated to be likely patho-

genic and five to be pathogenic. All of them were absent from the

gnomAD and HGMD databases. The mean baseline LDL-C level for

the patients carrying the novel variants was 357.41±157.88 mg/dL,

that is, similar to levels in patients with established FH causing

mutations.

TABLE 1 Baseline characteristics of
the 292 FH patients and 2171 BASE-II
controls

Variable FH-cohort BASE-II

N (%) N (%)

Female 191(65.4) 1127(51.9)

Male 101(34.6) 1044(48.1)

Mean (+ - SD) Mean (+ - SD)

Age (years)a 56.1(14.3) 59.6(17.2)

SNP-Score 0.61364(0.181669) 0.57797(0.247789)

Baseline LDL-C (mg/dl) 278.4(99.2) 122.7(36.7)

DLCN-Score 5.2(2.9) /

Maximum TC (mg/dl)b 211.3(71.4) /

LDL-C (mg/dl)b 140.7(68.6) /

aAt the time of study recruitment.
bOn maximum therapy.

Abbreviations: DLCN, Dutch lipid clinic network; FH, familial hypercholesterolemia; LDL-C, low-density

lipoprotein cholesterol; TC, total cholesterol.
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3.4 | Clinical vs molecular FH diagnosis

We were able to compute the DLCN score in 226 of 292 hypercholes-

terolemic patients where either a FH causing mutation was found or

no mutation was identified. In patients with a DLCN score below 3 or

between 3 to 5, (corresponding to an unlikely or possible FH diagnosis),

81.8% and 67.6%, respectively belonged to the group where no dis-

ease causing mutation was found. As expected, the proportion of

mutation negative patients was considerably lower in the groups with

higher DLCN score, with 39.1% and 17.9% mutation negatives in

patients with a DLCN score between 6 and 8 and > 8, respectively

(Figure 2A). When calculating the ROC curve for both the DLCN score

AUC = 0.76 (95% CI = 0.69-0.82, P < .001) and baseline LDL-C

AUC = 0.77 (95% CI = 0.71-0.83, P < .001) there was only a minor dif-

ference in discriminatory power. The corresponding ROC curves are

shown in Figure S3. This demonstrates that both the DLCN score and

the baseline LDL-C discriminate well between FH/M- and FH/M+

patients. As expected when analyzing the discriminatory power of

baseline LDL-C to distinguish between BASE-II controls and FH/M+

or FH/M- patients the ROC curve was almost ideal with an AUC = 0.99

(95% CI = 0.98-0.99, P < .001) and AUC = 0.95 (95% CI = 0.93-0.97,

P < .001), respectively. The prevalence of CVD in mutation positive

patients was 78%. With respect to risk and positive family history of

CVD, which is mainly portrayed by the DLCN score there is a

F IGURE 1 Mutation spectrum and novel sequence variants (A) Distribution of the different mutation types among the 117 FH patients.
Variants c.13480_13482delCAGhet (p.Gln2294del) and c.10580G > A (p.Arg3527Gln) are located in the APOB gene. No pathogenic mutations
were found in PCSK9 and LDLRAP1 gene. (B) Schematic presentation of novel sequence variants according to their relative positions in the LDLR
gene. Blue boxes show the exonic regions and below the gene, the different functional protein domains are indicated. LDL-C, low-density
lipoprotein cholesterol [Colour figure can be viewed at wileyonlinelibrary.com]
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significant difference between mutation positive and mutation nega-

tive patients (data not shown).

In addition, we compared the baseline LDL-C of our FH/M-

patients with FH/M+ patients and the different types of mutations

using the ANOVA and post hoc Tukey test to identify significant dif-

ferences in mean LDL-C levels. This revealed a significant difference

(P < .001) between FH/M- patients and all other subgroups. Further-

more, there was no significant difference (P = 0.461) between all

mutation positive patients and the double and/or compound hetero-

zygous group (Figure 2B).

Additionally, we compared the baseline LDL-C of FH/M-

patients and subjects carrying variants with the different ACMG

classifications. As expected, Tukey post hoc analysis revealed a

significant difference (P < .001) between BASE-II controls and all

other groups. The test revealed a significant difference (P < .001)

between the FH/M- subgroup and group 5 which represented the

patients with ACMG rated pathogenic / likely pathogenic

mutations. Between FH/M- patients and the subjects with VUS

(III) there was no significant difference (P = .981) (Figure S4).

However, three patients carrying VUS (III) had a baseline LDL-

C > 400 mg/dL (Table S3).

3.5 | Six-SNP LDL-C polygenic score

The LDL-C polygenic score was calculated from 336 hypercholesterol-

emic patients and from 1985 individuals of the BASE-II cohort. When

comparing the mean SNP score of BASE-II controls with FH/M+ and

FH/M- subjects, the highest score, 0.639(±0.164), was found in the

FH/M- patients. Interestingly, the LDL-C polygenic score from the

FH/M+ subjects, 0.573(±0.2), did not differ significantly from the

“healthy” BASE-II controls 0.578(±0.248), t (137.7) = −0.282,

P = 0.778. There was a statistically significant difference between the

scores of the BASE-II group and the FH/M- group, with a mean

F IGURE 2 DLCN score and mutation
status (A) Proportions of identified
disease causing sequence variants
according to DLCN score. The DLCN
score was available for 226 out of
292 hypercholesterolemic patients. The
graph displays the proportion of FH
mutation negative patients (red column)
compared to the proportion of patients

with an identified FH causing mutation
(blue column) in relation to the different
DLCN score intervals. (B) LDL-C serum
levels according to mutation status. LDL-C
concentrations were compared between
the BASE-II cohort (used here as controls)
and different subgroups of the cohort of
hypercholesterolemic patients: patients
with no identified mutation (FH/M-), all
different types of mutations (FH/M+),
with missense variants, truncating
mutations (including nonsense, and
frameshift) and all patients who are
compound and/or double heterozygous
(or heterozygotes) with two or more
sequence variations either in the same or
a different gene (FH/M+[≥2]). Medians
are indicated by black lines. Statistical
analysis was performed by one way
ANOVA and post hoc Tukey's test:
***P < .001, ns = not significant. DLCN,
Dutch lipid clinic network; FH, familial
hypercholesterolemia; LDL-C, low-density
lipoprotein cholesterol [Colour figure can
be viewed at wileyonlinelibrary.com]
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difference of 0.061 (95%-CI [0.035, 0.088]) lower for the BASE-II con-

trols, t (250.177) = 4.520, P < .001. A scatterplot of these results can

be seen in Figure 3.

Additionally, we assigned the BASE-II controls and both, FH/M-

and FH/M+ patients, into three groups excluding individuals from

BASE-II with a baseline LDL-C > 155 mg/dL and from the cohort of

patients with baseline LDL-C < 155 mg/dL (the cutoff for the DLCN

score). This allowed us to evaluate how well the score discriminates

between “affected” (>155 mg/dL) and “nonaffected” (<155 mg/dL)

individuals. The Area under the receiver operating characteristic sta-

tistic method indicated that the SNP score does not discriminate well

between BASE-II controls and FH/M+ subjects (AUC = 0.50 [95%

CI = 0.45-0.54, P = 0.8971]), BASE-II controls and FH/M- subjects

(AUC = 0.60 [95% CI = 0.56-0.64, P < .001]) and between FH/M+ and

FH/M- subjects (AUC = 0.62 [95% CI = 0.55-0.69, P < .001]). The

corresponding ROC curves are shown in Figure S5. When computing

the Youden index to the ROC curve of BASE-II controls and FH/M-

patients, we were able to determine a cutoff at which the LDL-C SNP

score discriminates best between the two groups. This allowed us to

retrieve the basic quality criteria in a diagnostic test. After adjusting

the positive predictive value for the disease prevalence of FH using

Bayesian statistics, it was 0.57%. According to this finding the SNP

score would allow 0.701 (less than one patient) correct positive diag-

noses among the 123 mutation negative subjects with baseline LDL-C

above 155 mg/dL. A “correct diagnosis” in this case signifies that

these individuals were correctly assigned to the group in which the

(elevated and likely disease causing baseline) LDL-C levels can be

explained by a polygenic etiology derived from the SNP score. Infor-

mation is shown in Table S8.

To analyze the association of the SNP score with baseline LDL-C

in the control group and in our mutation negative (FH/M-) patients

we computed a linear regression model. Despite being statistically sig-

nificant, the score only explained a small fraction of the variance in

baseline LDL-C (ß = 34.769, P < .001, R2 = .031[Radj
2 = .030]). In a

next analysis step, we considered sex and age along with the SNP

score as independent variables in the regression model. This model

provided a better prediction of baseline LDL-C (F [3.20] = 76.26,

P < .001, R2 = .099[Radj
2 = .098]). Two of the three variables except

sex (P = .542) added statistically significant to the model (P < .001).

Interestingly, this revealed that the most robust association of base-

line LDL-C was observed with age followed by the SNP score and sex

(Table 2). These findings indicate that when combining the SNP score

with the covariate age up to 10% of the variance of LDL-C levels can

be explained. No significant correlation was detected between the dif-

ferent groups of the DLCN score and the SNP score (data not shown).

4 | DISCUSSION

In this study, we analyzed the clinical FH phenotype and the muta-

tional status of 336 patients from Berlin, Germany. In addition, we

genotyped six SNPs and calculated a previously proposed six-SNP

polygenic score.18 The applied BASE-II dataset comprising N = 1985

individuals, served as a control group in the current study. To the best

of our knowledge, this is the first report systematically evaluating the

polygenic etiology in German hypercholesterolemic patients.

We found 73 different FH causing sequence variants including

11 novel mutations in 117 patients. Most of the identified variants

were located in the LDLR gene and the majority of these were of the

missense type. No disease causing variants were identified in the

genes PCSK9 and LDLRAP1. Similar to previous research37 we found

disease causing variants in the LDLR gene to be clustered in exons

F IGURE 3 Six-SNP polygenic score in
BASE-II controls and subgroups of FH
patients. The six-SNP polygenic score was
available for 1985 individuals in BASE-II
controls, 117 patients in the FH/M+ (i.e.,
individuals carrying an FH causing
mutation) group and 175 patients in the
FH/M- (no FH causing mutation) group.
Median LDL-C values are indicated by black
lines. Unpaired t test revealed significant
differences between BASE-II and FH/M-
(P < .001). No statistically significant
difference was found between BASE-II and
FH/M+.FH, familial hypercholesterolemia;
LDL-C, low-density lipoprotein cholesterol
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4 and 5, a region also containing the most frequent LDLR variant

among German patients, that is, c.798 T > A (p.Asp266Glu). The most

frequent variant was APOB c.10580G > A (p.Arg3527Gln) which cor-

responds to previous findings in German patients.8 Our study further

substantiates the mutation spectrum underlying FH in a dataset from

Germany. Surprisingly, the mean LDL-C of the six patients carrying

two or more disease causing variants was not higher when compared

to patients with only one sequence variant. This is likely due to the

combination of the variants detected and their putative impact on

LDL receptor function, since if both encode a protein with residual

activity instead of a null mutation, then LDL-C elevations can be

expected to be less severe, as has been reported before.38 In agree-

ment with a consensus study from the European Atherosclerosis Soci-

ety, mean LDL-C levels and corresponding clinical phenotypes

according to the DLCN score were lower in heterozygous patients

with variants in two different genes than in compound heterozygous

patients. This observation, which could be explained by the notion

that carrying more than one alteration in the same protein is more

likely to decrease its function more drastically.39 Especially in the

putatively compound heterozygous patients further investigation is

needed to test for allelic independency. A possible allelic linkage in

these patients could explain the lack of difference in mean LDL-C

values between all mutation positive patients and patients carrying

two variants in Figure 2B.

As expected, the baseline LDL-C was significantly higher in

patients with all types of detected variants, when compared to muta-

tion negative patients. When comparing the LDL-C levels of the muta-

tion negative patients with those of patients with alterations rated as

VUS by ACMG guidelines, there was no significant difference

suggesting that most of these variants are likely to be benign. It is a

general problem that a significant proportion of the variants detected

in standard molecular diagnostic procedures cannot be comprehen-

sively interpreted due to a lack of information on their functional

impact. This has some serious diagnostic implications since less than

10% of the variants detected in the three known FH causing genes

have been validated as pathogenic based on in vitro or other functional

assays.40 A strategy to improve interpretability of noncoding variants

was recently proposed by Kircher et al,41 who used a combination of

saturation mutagenesis and reporter assays to conduct functional

measurements of over 30 000 single-nucleotide substitutions and

deletions in the 20 disease-associated gene promoters and enhancers,

including the LDLR gene. It would be desirable to have a similar cata-

log containing functional consequences of variants in the coding

region of the FH genes, demonstrating for example, the impact of the

large proportion of unclassified missense variants in the LDLR gene.

Using the DLCN score we categorized our patients based on their

clinical phenotypes and calculated its ability to discriminate between

subjects being mutation negative and mutation positive in the three

major FH genes in ROC curves. We detected a variant causative for

the disease in over 70% of the patients with a diagnosis rated as prob-

able and definite according to DLCN criteria which is lower than

reported by Scicali et al with over 90.5%. This might be explained by

the higher prevalence of the disease (FH/M+) in their study with

46.4% compared to 40.0% in our cohort.42 The DLCN score discrimi-

nated between mutation positive and mutation negative patients with

an AUC of 0.76 (95% CI = 0.69-0.82, P < .001) and the baseline

LDL-C with an AUC of 0.77 (95% CI = 0.71-0.83 P < .001). In other

words, using baseline LDL-C is just as good in discriminating mutation

positive and mutation negative patients, as the score calculated based

on the DLNC criteria in our dataset. This is in agreement with our ear-

lier findings from Grenkowitz et al (2016), and results from other stud-

ies.8,43,44 The discriminatory power of LDL-C, however, is lower in

older patients (>60 years), with the DLCN criteria being useful for the

clinical diagnosis.45

In our study, we were unable to detect disease causing variants in

65.2% of the patients clinically suspected to have FH, a proportion

which is in the range found in a recently published review article.46

Futema and colleagues proposed a six-SNP polygenic score to recog-

nize patients in which a polygenic FH etiology is likely.18 We followed

this strategy and overall observed similar results: the polygenic score

was highest in patients without a detected disease causing variant

(=mutation negative). In contrast to Futema et al we found no differ-

ence in the six-SNP polygenic score between patients with a disease

causing variant detected (=mutation positive) and our control group.

Another difference in relation to the original description of the score

was that we observed on average lower scores in our cohorts, which

limits a direct comparison to the results reported by Futema and col-

leagues. This could be explained by the fact that we assigned a score

of zero for a particular SNP, if we were unable to evaluate one or two

of the genotypes in a particular patient, unlike Futema et al who in

some cases assigned the SNP genotypes that are most common, if

one was missing.

In order to further evaluate the six-SNP polygenic score we

tested its power to discriminate between “nonaffected” individuals

from our control group and mutation negative subjects from our

patient cohort. These analyses revealed only a modest discrimination

TABLE 2 Results of linear regression
analysis of LDL-C values on the six-SNP
polygenic score adjusted for sex and age
(years)

Covariates ß Standardized ß SE 95% CI P-Value

SNP score 34.529 .174 4.140 26.410-42.649 <.001

Sex 1.234 .013 2.024 −2.736-5.204 .542

Age .767 .263 .061 .647–.886 <.001

R2 = .099, adjusted R2 = .098

Note: Dependent variable: Serum-LDL-C (mg/dl).

Abbreviations: LDL-C, low-density lipoprotein cholesterol; SNP, single nucleotide polymorphisms.
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power with an AUC = 0.60 (95% CI = 0.56-0.64, P < .001). This result

was supported by both the very low positive predictive value of the

score calculated for our mutation negative patients and our control

group (0.57%) and our linear regression models showing that the over-

all variance explained by the baseline LDL-C levels is small (�3%) and

that age is a better predictor of LDL-C levels than the six-SNP poly-

genic score. In our view it does not come as a surprise that patients

with a clinical FH phenotype but without evidence for disease causing

variants in one of the known FH genes have a higher SNP score (=fre-

quency) of LDL-C raising variants than controls, since most of them

have become noticed because of their high LDL-C. Because the six-

SNP polygenic score explained only 3% of the variance in LDL-C, we

do not think, however, that a high SNP score is the primary (polygenic)

cause of the disease in these patients. A higher SNP score rather has

increased the chance to be diagnosed with clinical FH in patients,

which might have a disease causing variant in an unknown gene, or

with a so far unknown epigenetic modification. Less severity of vari-

ants in these unknown disease genes or modifications, when com-

pared to alterations of the known FH genes, might then explain the

intermediate LDL-C levels in these patients.

Interestingly, other groups have recently reported polygenic risk

scores predictive for clinical outcomes in the context of FH: Trinder

et al reported that patients with a monogenic cause for FH and a high

polygenic risk score based on 28 LDL-C associated SNPs (four of

which were also included in our study) had a significantly increased

risk for premature CVD. An increased CVD risk, however, was not

detected for the fraction of mutation negative patients in that same

study.47 Paquette et al reported similar results using a genetic risk

score comprised of 192 SNPs associated with coronary artery disease

(CAD) which were found to be strongly associated with CVD events

in 725 FH mutation positive patients.48 In clinical practice a score like

this could be used for screening for “general CVD risk” and perhaps as

additional information alongside the established measures, such as

the molecular diagnosis and the clinical phenotype, for high risk

patients with a known monogenetic cause and superimposed

polygenic risk.

Other scores based on LDL-C associated SNPs have been pro-

posed by Wang et al (2016), Lamiquiz-Moneo et al (2017).49,50 Con-

sidering their results and the reviews of both Hooper et al (2018) and

Iacocca & Hegele et al (2017)51,52 leads to analogous conclusions.

There was no strong association found between LDL-C levels and a

SNP score in other studies, for example, Lamiquiz-Moneo et al (2017)

observed that only 3.1% of the LDL-C variance could be explained in

their examined cohort, which supports our findings.49,50 Finally, Wang

et al (2016) and Iacocca & Hegele et al (2017) proposed that the

aggregation of SNPs will cluster within families, a hypothesis we could

not assess owing to the lack of sufficient family-based data in our

datasets.

In summary, we did not find evidence that the polygenic risk

score proposed by Futema and colleagues represents a reliable

tool for FH in clinical practice. However, further research should

be conducted to evaluate the potential of polygenic risk score(s)

in clinical risk prediction of CVD. Therefore, we would argue that

patients with a clinical FH phenotype lacking evidence for dis-

ease causing variants in the canonical FH genes should not be

referred to as hypercholesterolemic with a polygenic cause.

Instead, these patients should be the subject of future research

to reveal the real underlying cause of the disease, be it genetic,

epigenetic or of a different in nature.
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