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H I G H L I G H T S

• LDLR and PCSK9 variants detected in Japanese heterozygous FH were updated.

• Clinical significance of LDLR and PCSK9 variants were annotated in heterozygous FH.

• LDLR and PCSK9 pathogenic variants were found in 46% and 7.8% of FH patients, respectively.

• The proportion of LDLR pathogenic variants decreased with increased age of CAD onset.
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A B S T R A C T

Background and aims: More than 4970 variants in the low-density lipoprotein receptor (LDLR) gene and 350
variants in the proprotein convertase subtilisin/kexin 9 (PCSK9) gene have been reported in familial hyperch-
olesterolemia (FH) patients. However, the effects of these variants on FH pathophysiology have not been fully
clarified. We aimed to update the LDLR and PCSK9 variants in Japanese heterozygous FH (HeFH) patients and
annotate their clinical significance for the genetic diagnosis of HeFH.
Methods: A genetic analysis of the LDLR and PCSK9 genes was performed in 801 clinically diagnosed HeFH
patients. The association of the pathogenic variants with the clinical FH phenotype was examined.
Results: Pathogenic variants in the LDLR and PCSK9 genes were found in 46% (n= 296) and 7.8% (n= 51) of
unrelated FH patients (n=650), respectively. The prevalence of Achilles tendon thickness was low (44%) in
patients harbouring PCSK9 pathogenic variants. Furthermore, 17% of unrelated FH patients harboured one of
five frequent LDLR pathogenic variants: c.1845+2T > C, c.1012T > A: p.(Cys338Ser), c.1297G > C: p.
(Asp433His), c.1702C > G: p.(Leu568Val), and c.2431A > T: p.(Lys811*). Patients harbouring the
c.1845+2T > C and c.1702C > G: p.(Leu568Val) variants had significantly lower serum LDL-cholesterol
levels and higher serum HDL-cholesterol levels, respectively, compared with those harbouring the other LDLR
pathogenic variants. The proportion of LDLR pathogenic variants was higher in patients with a younger age of
coronary artery disease (CAD) onset and significantly decreased as the age of CAD onset increased.
Conclusions: This study annotated the clinical significance and characteristics of LDLR and PCSK9 pathogenic
variants in Japanese HeFH patients.

1. Introduction

Familial hypercholesterolemia (FH) is characterized by high low-

density lipoprotein-cholesterol (LDL-C) levels, skin and tendon xan-
thomas and premature coronary artery disease (CAD) [1], and its pre-
valence is 1 heterozygous FH (HeFH) patient per 200–500 individuals
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in the general population [2,3]. FH patients have an extremely high risk
of developing CAD; therefore, an accurate diagnosis of FH should be
made as early as possible, a treatment strategy suitable to the patient
should then be started as early as possible. FH is caused by mutations in
the low-density lipoprotein receptor (LDLR) [4], apolipoprotein B
(APOB) [5] and proprotein convertase subtilisin/kexin type 9 (PCSK9)
genes [6], but mutations in the APOB gene have not been reported in
Japanese FH patients [7]. Gain-of-function variants in the PCSK9 gene
induce further degradation of LDLR and a subsequent increase in the
serum LDL-C levels [8], whereas loss-of-function variants cause low
LDL-C levels by increasing LDL clearance and reducing the risk of CAD
[9]. Over 4970 variants in the LDLR gene and 350 variants in the PCSK9
gene related to FH are described in ClinVar [10]; however, the clinical
significance of the variants in the LDLR and PCSK9 genes has not been
fully annotated. The characteristics of the detected variants show dif-
ferences based on the country or race. In addition, LDLR and PCSK9
variants are incidentally detected via genome sequencing [11]. Thus, it
is very important to assess the pathogenicity of the variants detected in
clinical settings or as incidental findings. In the present study, we up-
dated the LDLR and PCSK9 variants in Japanese HeFH patients and
examined the association of the FH phenotype with these variants.

2. Materials and methods

2.1. Patients

A genetic analysis of 801 clinically diagnosed HeFH patients, 650 of
whom were unrelated, was performed in the National Cerebral and
Cardiovascular Center (NCVC) between May 2005 and January 2018.
Five hundred forty-one patients (67.5%) visited the NCVC. The rest of
the patients were referred from other hospitals throughout Japan for
genetic analysis, and their blood samples were sent to the NCVC. The
diagnosis of HeFH was made according to the Japanese FH guidelines,
which entail the patients having at least two of the following factors:
LDL-C ≥180mg/dL, tendon/skin xanthomas, and familial history of FH
or premature CAD within the second degree of kinship [12]. After ex-
cluding 33 patients due to insufficient clinical information and 44 pa-
tients who were younger than 20 years, 724 patients were analysed to
assess the association of clinical characteristics with gene variants. Of
the 724 HeFH patients, 607 were unrelated. The protocol used in this
study was approved by the Ethics Review Committee of the NCVC
(M17-56). Each patient provided written informed consent to partici-
pate in the study.

2.2. DNA analysis

The reference sequences used for the LDLR and PCSK9 genes were
NM_000527.4 and NM_174936.3, respectively. Genomic DNA was ex-
tracted from the patients’ whole blood using an automated DNA ex-
traction machine (QIAsymphony; QIAGEN, Valencia, CA). All coding
regions and the exon-intron boundary sequence of the LDLR and PCSK9
genes were examined as described previously [13]. Some patients gave
the appearance of homozygosity in exon 1 of the PCSK9 gene due to the
presence of single nucleotide polymorphisms (SNPs) of the primer site.
All primers in the LDLR and PCSK9 genes were checked for SNPs. In
exons 4 and 11 of the PCSK9 gene, the presence of SNPs of primer site
was confirmed. In the LDLR gene, there were no SNPs in the primer
sites, but the PCR efficiency was suboptimal for exons 3 and 17. Thus,
we designed and used new primers for exons 3 and 17 of the LDLR gene
and exons 1, 4, and 11 of the PCSK9 gene from February 2017
(Supplemental Table 1). Patients who underwent genetic analysis be-
fore February 2017 and had the appearance of homozygosity in exon 1
or were clinically diagnosed as FH but did not have any pathogenic
variants in the LDLR and PCSK9 genes underwent genetic analysis again
using the re-designed primers for the PCSK9 gene. Multiplex ligation-
dependent probe amplification was performed to detect large

rearrangements of the LDLR gene using a P062B LDLR MLPA kit (MRC
Holland, Amsterdam, the Netherlands). We did not examine any APOB
variants in the present study, because variants in the APOB gene have
not been reported in Japanese FH patients [7].

2.3. Classification of pathogenic variants

In the present study, only nonsynonymous variants were defined as
“variants”. The variants detected in the LDLR or PCSK9 gene were
classified as pathogenic or likely pathogenic using ClinVar [10]; the
LOVD database [14]; population data from the Exome Aggregation
Consortium (ExAC) [15], the Japanese Human Genetic Variation Da-
tabase [16], and the Tohoku Medical Megabank Organization [17]; in
silico tools/software; and functional data [18] based on guidelines
edited by the American College of Medical Genetics and Genomics
(ACMG) and the Association for Molecular Pathology (AMP) [19]. If a
variant was confirmed to co-segregate in at least two or three families
with at least two affected family members, the variant was scored as
having moderate to strong evidence for pathogenicity.

2.4. Clinical and laboratory data

Clinical data were retrospectively collected based on the patient's
medical records maintained at the NCVC or another hospital. The serum
untreated levels of total cholesterol (TC), triglycerides (TG), and high-
density lipoprotein cholesterol (HDL-C) were measured using standard
methods. Unless the untreated TG levels were greater than 400mg/dL,
the LDL-C levels were calculated using the Friedewald formula. The
Achilles tendon thickness (ATT) was measured by X-ray analysis [12].
CAD was evaluated based on the presence of myocardial infarction,
angina pectoris, or coronary arteries with ≥75% stenosis by coronary
angiography or electrocardiogram.

2.5. Statistical analyses

Continuous variables are presented as the mean ± SD or median
(interquartile range), and categorical data are presented as percentages.
The statistical significance of the differences between two groups was
determined using unpaired Student's t-test or Mann–Whitney U test for
continuous variables and Fisher's exact test, logistic regression test, or
Cochran-Armitage test for categorical variables. The statistical sig-
nificance of the differences among multiple groups was determined by
one-way analysis of variance (ANOVA) or Kruskal-Wallis test followed
by the Tukey-Kramer or Steel-Dwass test for continuous variables and
by the Pearson Chi-square test followed by Fisher's exact test for cate-
gorical variables. The differences in the allele frequency were assessed
by Fisher's exact test. p-values< 0.05 were considered statistically
significant. Bonferroni correction was applied for multiple comparisons
of categorical variables. The Cochran-Armitage trend test was per-
formed using R software, and the other statistical analyses were per-
formed using JMP 13.0.0 software (SAS International, Cary, NC, USA).

3. Results

3.1. Annotation of the clinical significance of variants in the LDLR and
PCSK9 genes

For the LDLR gene, 137 variants, including 18 large deletions/du-
plications, were detected in 57% (n=368) of unrelated FH patients
(n=650). According to the ACMG/AMP guidelines, 92 variants were
pathogenic or likely pathogenic, 44 variants were variants of uncertain
significance (VUS), and one variant was benign [20] (Fig. 1 and
Supplemental Table 2). We defined pathogenic and likely pathogenic
variants as pathogenic in the present study and thus detected LDLR pa-
thogenic variants in 46% (n=296) of unrelated FH patients. The five
most frequently detected variants in the LDLR gene were the following:
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one splicing variant, c.1845+2T > C (n = 27; 7.5%); three missense
variants, c.1012T > A: p.(Cys338Ser) (n = 23; 6.4%), c.1297G > C: p.
(Asp433His) (n = 20; 5.5%), and c.1702C > G: p.(Leu568Val) (n = 19;
5.2%); and one nonsense variant, c.2431A > T: p.(Lys811*) (n = 21;
5.8%) (Fig. 2). The main cluster of pathogenic variants in the LDLR gene
was located in exon 4, and a second cluster was located in exon 10
(Supplemental Fig. 1). In Japan and East Asia, 21 LDLR variants have
been reported in the general population (Supplemental Table 3) [16,17].
The allele frequency of c.1845+2T > C, c.1297G > C: p.(Asp433His),
c.1702C > G: p.(Leu568Val), and c.2431A > T: p.(Lys811*) variants
in HeFH patients obtained in this study was significantly higher than that
found in the Japanese general population. The c.1012T > A: p.
(Cys338Ser) variant in the LDLR gene was not detected in the Japanese
general population.

Table 1 and Supplemental Fig. 2 show the 21 detected PCSK9 var-
iants. According to the ACMG/AMP guidelines, four variants were pa-
thogenic or likely pathogenic, 10 variants were VUS, and seven variants
were benign. PCSK9 pathogenic variants were found in 7.8% (n= 51)
of unrelated FH patients: c.94G > A: p.(Glu32Lys) (n= 45; 6.9%),
c.385G > A: p.(Asp129Asn) (n=1; 0.15%), c.644G > A: p.(Ar-
g215His) (n= 1; 0.15%), and c.1486C > T: p.(Arg496Trp) (n=4;
0.61%). The c.94G > A: p.(Glu32Lys) variant was the most frequent of
the four PCSK9 pathogenic variants. The allele frequency of the
c.94G > A: p.(Glu32Lys) variant in the unrelated HeFH patients was
significantly higher than that in the Japanese general population. An in
vitro functional analysis of PCSK9 p.(Glu32Lys), p.(Asp129Asn), p.(Ar-
g215His) and p.(Arg496Trp) mutants was previously performed
[21–23], and we thus defined these variants as pathogenic in the pre-
sent study.

3.2. Association of pathogenic variants in the LDLR and PCSK9 genes with
clinical characteristics of FH

We compared the clinical characteristics of patients aged ≥20 years
harbouring LDLR pathogenic variants or VUS, PCSK9 pathogenic var-
iants, and no LDLR/PCSK9 rare variants (Table 2). The LDL-C levels in

the patients harbouring LDLR pathogenic variants were significantly
higher than those in the patients harbouring either no LDLR/PCSK9 rare
variants (Tukey-Kramer test, p < 0.0001) or PCSK9 pathogenic var-
iants (Tukey-Kramer test, p < 0.0001). The prevalence of ATT in the
patients harbouring LDLR pathogenic variants was significantly higher
than that in the patients harbouring either no LDLR/PCSK9 rare var-
iants (Fisher's exact test and Bonferroni correction, p < 0.001) or
PCSK9 pathogenic variants (Fisher's exact test and Bonferroni correc-
tion, p < 0.001). The prevalence of ATT in patients harbouring PCSK9
pathogenic variants was 44%. No difference in the prevalence of CAD
was found between patients harbouring LDLR pathogenic variants and
patients harbouring either no LDLR/PCSK9 rare variants or PCSK9 pa-
thogenic variants. The prevalence of diabetes mellitus in the patients
harbouring LDLR pathogenic variants was significantly lower than that
in the patients harbouring no LDLR/PCSK9 rare variants (Fisher's exact
test and Bonferroni correction, p < 0.001). The LDL-C levels and the
prevalence of ATT in patients harbouring LDLR pathogenic variants
were significantly higher than those in patients harbouring the
c.94G > A (p.Glu32Lys) variant in the PCSK9 gene (Supplemental
Table 4; Tukey-Kramer test, p < 0.0001).

3.3. Effects of five frequent LDLR pathogenic variants on clinical
characteristics of FH

The serum lipid levels and prevalence of ATT and CAD in patients
aged ≥20 years harbouring the five frequent LDLR pathogenic variants
were compared with those harbouring the other LDLR pathogenic
variants (Supplemental Table 5). The serum TC and LDL-C levels in
patients harbouring the c.1845+2T > C variant were significantly
lower than those in patients harbouring the other LDLR pathogenic
variants. The prevalence of ATT was significantly higher in patients
harbouring the c.1012T > A: p.(Cys338Ser) variant than in those
harbouring the other LDLR pathogenic variants but was not associated
with the variant after adjusting for the prevalence of hypertension
(logistic regression test, p=0.0718). The serum TC level and the pre-
valence of CAD in patients harbouring the c.1297G > C: p.

Fig. 1. Location of nonsynonymous variants in the LDLR gene detected in Japanese HeFH patients.
The exons in the LDLR gene are shown in boxes with the exon number. Point mutations and small deletions/insertions are indicated by red (pathogenic variants) or
black text (VUS). The variants shown in this figure correspond to symbols shown in Supplemental Fig. 1. A benign variant p.(Ala860Val) is not included in this figure.
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(Asp433His) variant were significantly higher than those in patients
harbouring the other LDLR pathogenic variants. However, the pre-
valence of CAD was not associated with the c.1297G > C: p.(As-
p433His) variant after adjusting for the serum TC level (logistic re-
gression test, p=0.0943). The serum HDL-C level in patients
harbouring the c.1702C > G: p.(Leu568Val) variant was significantly
higher than that in patients harbouring the other LDLR pathogenic
variants, and the prevalence of ATT was not associated with the variant
after adjusting for the serum HDL-C level (logistic regression test,
p=0.0997).

3.4. Impact of LDLR pathogenic variant on age of onset of CAD

We stratified the patients who developed CAD by their age of onset to
examine the association between LDLR or PCSK9 pathogenic variants and
the age of onset of CAD (Fig. 3, Supplementary Fig. 3). The LDLR patho-
genic variants were found in 87.5% of the patients who developed CAD in
their 20s and in 60.7% of patients who developed CAD in their 30s. The
LDLR pathogenic variants detected in patients with CAD in their 20s were
c.530C > T: p.(Ser177Leu), c.888C > A: p.(Cys296*), c.1297G > C: p.
(Asp433His), c.2054C > T: p.(Pro685Leu), c.2389G > A: p.(Val797Met),
c.2431A > T: p.(Lys811*), and exon 8–10 duplication. The proportion of
patients harbouring LDLR pathogenic variants significantly decreased with
increases in the age of onset of CAD (Cochran-Armitage trend test,

p=0.0043). The proportion of male patients harbouring LDLR pathogenic
variants significantly decreased with increases in the age of CAD onset
(Cochran-Armitage trend test, p=0.0084), but that of female patients did
not change with increases in the age of onset of CAD onset (Cochran-Ar-
mitage trend test, p=0.222).

4. Discussion

In 801 Japanese FH patients, 137 LDLR variants were identified, and
92, 44 and 1 of these variants were classified as pathogenic, VUS, and
benign, respectively. Pathogenic variants in the LDLR and PCSK9 genes
were found in 46% (n= 296) and 7.8% (n=51) of unrelated FH pa-
tients (n= 650), respectively. Sixty of the 92 LDLR pathogenic variants
were identified in ClinVar, and 32 were newly identified in this study.
The proportion of LDLR pathogenic variants was high in patients with a
younger age of CAD onset and significantly decreased with increases in
the age of onset of CAD. The proportion of male patients harbouring
LDLR pathogenic variants significantly decreased with increases in the
age of CAD onset, but that of female patients did not change with in-
creases in the age of onset of CAD. One possible explanation might be
that a lower number of female patients developed CAD compared with
the number of male patients.

The LDLR pathogenic variants were clustered in exons 4 and 10. The
variants in the LDLR gene were previously shown to be clustered in

Fig. 2. Distribution of variants in the LDLR gene in unrelated Japanese heterozygous FH patients.
The frequency of each variant was calculated as the ratio of the number of each variant to the total number of LDLR variants (n= 362) in unrelated patients. A benign
variant p.(Ala860Val) is not included in this graph.
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exon 4, [18], which is the largest exon in the LDLR gene. In the present
study, 17% (n=110) of unrelated FH patients contained at least one of
five frequent LDLR variants, including c.1845+2T > C, c.1012T > A:
p.(Cys338Ser), c.1297G > C: p.(Asp433His), c.1702C > G: p.
(Leu568Val) and c.2431A > T: p.(Lys811*). In the Hokuriku district,
the following three frequent LDLR variants were found in 44.5% of the
FH patients (n=1054) [24]: c.2431A > T: p.(Lys811*) (n = 292;
28%), c.2312-3C > A (n = 119; 11%), and deletion of exon 2–3
(n = 58; 5.5%). Yu and Mabuchi et al. reported that the c.2431A > T:
p.(Lys811*) variant is an example of a “founder effect” or a variant that
prevailed both locally and widely over a long period of time [2,7]. In
the present study, 67.5% of FH patients lived in the Kansai district,
which is one of the largest metropolitan areas in Japan and has a
greater influx of people, and the rest lived throughout Japan. Therefore,
this study could reflect the distribution of LDLR variants across Japan.

The clinical phenotypes of FH in carriers of each of the five frequent
LDLR pathogenic variants were compared with those of the noncarriers
in patients harbouring LDLR pathogenic variants. Carriers of the
c.1845+2T > C and c.1702C > G: p.(Leu568Val) variants had sig-
nificantly lower serum LDL-C levels and higher serum HDL-C levels
than the noncarriers. The serum TC levels in carriers of the
c.1297G > C: p.(Asp433His) variant were significantly higher than
those in the noncarriers. The prevalence of ATT was significantly higher
in carriers of the c.1012T > A: p.(Cys338Ser) variant and significantly
lower in carriers of the c.1702C > G: p.(Leu568Val) variant than in
the noncarriers. We recently reported that an increased ATT is asso-
ciated with decreased HDL-C levels, a decreased cholesterol efflux ca-
pacity or an increased prevalence of hypertension in FH patients [25].
Thus, after adjusting for the covariates, the prevalence of ATT was

not associated with the c.1702C > G: p.(Leu568Val) variant or
the c.1012T > A: p.(Cys338Ser) variant. The c.1702C > G: p.
(Leu568Val) variant has previously shown to yield a mild phenotype
based on a high level of LDLR activity [26], which is consistent with the
results of the present study. The c.1845+2T > C variant has been
reported to be a receptor-negative variant [27]. The c.1297G > C: p.
(Asp433His) variant is associated with impaired processing and rapid
degradation of the synthesized receptor [28]. In the future, it is ne-
cessary to assess the effect of each variant on phenotype using a large
number of samples.

We defined c.94G > A: p.(Glu32Lys), c.385G > A: p.(Asp129Asn),
c.644G > A: p.(Arg215His), and c.1486C > T: p.(Arg496Trp) as
PCSK9 pathogenic variants. The prevalence of ATT, the main char-
acteristic of FH, in the patients harbouring PCSK9 pathogenic variants
was 44%, and this value was significantly lower than that observed for
the patients harbouring LDLR pathogenic variants. In the present study,
patients harbouring the c.94G > A: p.(Glu32Lys) variant comprised
88% (n=45) of unrelated patients harbouring PCSK9 pathogenic
variants (n=51). The LDL-C levels and the prevalence of ATT in pa-
tients harbouring LDLR pathogenic variants were significantly higher
than those in patients harbouring the c.94G > A: p.(Glu32Lys) variant
in the PCSK9 gene. The c.94G > A: p.(Glu32Lys) variant in the PCSK9
gene is frequently detected in Japanese FH patients and is a specific
variant in East Asian population. Mabuchi et al. has also reported that
FH patients harbouring the c.94G > A: p.(Glu32Lys) variant have mild
phenotypes compared with FH patients harbouring LDLR mutations
[29]. In an in vitro study, Noguchi et al. have reported that HepG2 cells
transfected with PCSK9-p.(Glu32Lys) secreted significantly larger
amounts of PCSK9 into the media than those with PCSK9-WT after 24 h

Table 2
Clinical characteristics in HeFH patients ≥20 years according to variants in the LDLR or PCSK9 genes.

Non-carriers of LDLR/PCSK9 rare
variants

Carriers of LDLR pathogenic
variants

Carriers of LDLR VUS Carriers of PCSK9 pathogenic
variants

p-valuea

N 256 349 64 55
Age at last follow-up (years) 59 ± 15 52 ± 18 53 ± 18 56 ± 15 <0.0001
Male (%) 52 50 41 53 0.4460
Total cholesterol (mg/dL) 297 ± 65 351 ± 80 334 ± 72 284 ± 41 <0.0001
Triglycerides (mg/dL) 134 (95–198) 101 (71–151) 123 (76–201) 155 (100–190) < 0.0001
HDL-cholesterol (mg/dL) 57 ± 17 53 ± 15 54 ± 14 55 ± 15 0.0669
LDL-cholesterol (mg/dL) 207 ± 50 275 ± 73 251 ± 63 201 ± 42 <0.0001
Prevalence of diabetes mellitus (%) 18 8 9 4 0.0003
Prevalence of hypertension (%) 14 9 6 11 0.1592
Prevalence of ATT (%) 65 82 55 44 <0.0001
Smoking (past or current) (%) 44 36 42 36 0.3032
Prevalence of CAD (%) 38 31 34 18 0.0363

Values are the mean ± SD or median (interquartile range). Untreated serum lipid levels are shown.
ap-values were calculated based on Pearson's Chi-square test for categorical data and based on ANOVA or Kruskal-Wallis test for continuous variables.
ATT: Achilles tendon thickness; CAD: coronary artery disease; VUS: variants of uncertain significance.

Fig. 3. Proportion of variants in the LDLR and PCSK9 genes stratified by the age of CAD onset.
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of incubation (139% ± 13% vs. 100% ± 3%, p < 0.01)23. Thus, the
phenotype of FH patients harbouring the c.94G > A: p.(Glu32Lys)
variant differs from that of patients harbouring a gain-of-function mu-
tation, including the c.1120G > T: p.(Asp374Tyr) variant in the PCSK9
gene detected in the Western countries. The c.94G > A: p.(Glu32Lys)
variant in the PCSK9 gene is defined as pathogenic but shows a mild FH
phenotype compared with gain-of-function mutations in the PCSK9
gene detected in other countries. It was recently reported that the
c.94G > A: p.(Glu32Lys) variant in the PCSK9 gene affects the age of
onset of myocardial infarction by increasing the LDL-C levels in the
Japanese general population [30]. It is thus likely that FH might be
underdiagnosed in patients with the c.94G > A: p.(Glu32Lys) variant
in the PCSK9 gene, despite their genetic risk for CAD.

We previously reported that the c.10G > A: p.(Val4Ile) variant in
the PCSK9 gene increases the prevalence of CAD in accordance with an
elevation of the LDL-C level in carriers of an LDLR variant [13]. How-
ever, in the present study, the c.10G > A: p.(Val4Ile) variant in the
PCSK9 gene was classified as benign according to the ACMG/AMP
guidelines, and the allele frequency in unrelated HeFH patients was
lower than that in the Japanese general population. In the Korean po-
pulation, the p.(Val4Ile) variant in the PCSK9 gene was detected in an
individual whose untreated LDL-C levels were<48mg/dL [31]. The
c.10G > A: p.(Val4Ile) variant in the PCSK9 gene has been proposed to
not affect the phenotype of HeFH by itself.

We predicted the risk of CAD from a genetic analysis of HeFH [13].
In the present study, LDLR pathogenic variants were found in 66.7%
(n=24) of the patients who developed CAD at less than 40 years of age
and were still observed in 37.7% of patients who developed CAD at 60
years of age or older. Some standard risk factors for CAD, including
diabetes, hypertension, and smoking, have been shown to be associated
with an increased risk for CAD in HeFH patients [32,33]. In the present
study, these risk factors in HeFH patients are expected to increase the
risk for developing CAD at a relatively advanced age. Thus, it has been
hypothesized that LDLR pathogenic variants are related to the devel-
opment of CAD at a younger age, and the other risk factors for CAD are
related to the development of CAD at an advanced age. The genetic
analysis of FH is very important for the identification of FH patients at
high risk for premature CAD and for improving the prognosis of FH.

This study has some limitations. First, this was a retrospective ob-
servational study, and thus, the subjects with missing clinical in-
formation were excluded from the analysis of the association of clinical
phenotype with pathogenic variants. The exclusion of these patients
might have caused a selection bias for the patient phenotype in contrast
to genetic data. However, this study was based on one of the largest
cohorts of Japanese FH patients and showed that the distribution of
LDLR pathogenic variants differed from that found in the Hokuriku
district, which has a large cohort of Japanese FH patients. Therefore,
our results might reflect the distribution of LDLR pathogenic variants
throughout Japan compared with the Hokuriku district. A second lim-
itation is that only CAD events were considered; this cohort included
both patients under treatment and those not receiving treatment, and
the treatment period was also not considered. A detailed analysis of
CAD events with proper consideration of the treatments and their
durations is currently being conducted. A third limitation is that we did
not analyse introns in the LDLR gene and the other causative genes.
Unexplained FH might be partly explained by the accumulation of
common SNPs [34] and other causative genes. The fourth limitation is
that our center specializes in CAD; thus, the prevalence of CAD in FH
patients at our center might be higher than that in the general Japanese
population of FH patients.

In conclusion, this study annotated the clinical significance of var-
iants in the LDLR and PCSK9 genes and assessed the impact of their
pathogenic variants on the clinical phenotype of Japanese HeFH pa-
tients. This study could provide important data for the highly accurate
genetic diagnosis of Japanese FH patients.
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