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BACKGROUND The deeper understanding of the complex hereditary basis of familial hypercholesterolemia (FH) has

raised the rationale of genetic testing, which has been underutilized in clinical practice.

OBJECTIVES The present study aimed to explore the variant spectrum of FH in an expanding manner and compare its

diagnostic performance.

METHODS A total of 169 Chinese individuals (124 index cases and 45 relatives) with clinical definite/probable FH were

consecutively enrolled. Next-generation sequencing was performed for genetic analysis of 9 genes associated with hy-

percholesterolemia (major genes: LDLR, APOB, and PCSK9; minor genes: LDLRAP1, LIPA, STAP1, APOE, ABCG5, and

ABCG8) including the evaluations of small-scale variants and large-scale copy number variants (CNVs).

RESULTS Among the 169 clinical FH patients included, 98 (58.0%) were men. A total of 85 (68.5%) index cases carried

FH-associated variants. The proportion of FH caused by small-scale variants in LDLR, APOB, and PCSK9 genes was 62.1%

and then increased by 6.5% when other genes and CNVs were further included. Furthermore, the variants in LDLR, APOB,

and PCSK9 genes occupied 75% of all FH-associated variants. Of note, there were 8 non-LDLR CNVs detected in the

present study.

CONCLUSIONS LDLR, APOB, and PCSK9 genes should be tested in the initial genetic screening, although variants

in minor genes also could explain phenotypic FH, suggesting that an expanding genetic testing may be considered

to further explain phenotypic FH. (JACC: Asia 2021;1:82–9) © 2021 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
A s one of the most prevalent autosomal
codominant inherited disorders, familial hy-
percholesterolemia (FH) is characterized by

extreme low-density lipoprotein-cholesterol (LDL-C)
elevation and a high lifetime risk of cardiovascular
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disease (CVD) (1). According to the recent evidence,
the prevalence of heterozygous familial hypercholes-
terolemia (HeFH) has been estimated to be as high as
1:200 in the general population (2). Despite a rela-
tively low prevalence ranging from 1:160,000 to
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AB BR E V I A T I O N S

AND ACRONYM S

APOB = apolipoprotein B

CNV = copy number variant

CVD = cardiovascular disease

FH = familial

hypercholesterolemia

LDL-C = low-density

lipoprotein-cholesterol

LDLR = low-density

lipoprotein receptor

PCSK9 = proprotein

convertase subtilisin/kexin

type 9
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1:300,000, the homozygous form exhibits extreme
hazard with high CVD morbidity during childhood
and premature mortality before age 30 years (3).
Thus, timely and accurate diagnosis of FH is of vital
importance for the treatment and prevention of se-
vere consequences. Until now, the Dutch Lipid Clinic
Network (DLCN) criteria, Simon Broome system,
Make Early Diagnosis-Prevent Early Death, and other
national diagnostic algorithms have been adopted
(1,4). The disunity of clinical diagnosis accentuates
the role of genetic screening, which, however, has
been underutilized for facilitating a definite diagnosis
of FH (5).

As far as we know, FH is mainly caused by the
mutation of low-density lipoprotein receptor (LDLR)
gene, apolipoprotein B (APOB) gene, or proprotein
convertase subtilisin/kexin type 9 (PCSK9) gene in an
autosomal dominant pattern. Rarely, FH is caused
autosomal recessive mutations in the low-density li-
poprotein receptor adaptor protein 1 (LDLRAP1) gene
(1). Among them, the LDLR gene has acquired
comprehensive investigations, with an identification
of more than 2,900 variants in the Leiden Open
Variation Database (6). With the advancement of
sequencing technique, the knowledge about the mo-
lecular basis of FH has been expanded in recent years.
To date, more genes, including signal transducing
adaptive family member 1 (STAP1), apolipoprotein E
(APOE), and lipase A (LIPA), have been identified as
possible FH-causing genes (7,8). Furthermore, sitos-
terolemia, a rare autosomal recessive condition
caused by variants in the ATP-binding cassette
transporter family members 5 and 8 (ABCG5/8), has
similar phenocopies (9). Additionally, the next-
generation sequencing (NGS) made it possible to
detect copy number variants (CNVs) rapidly and
conveniently (10). But, in parallel, the clinical signif-
icance of these newly discovered variants is usually
uncertain, and their value for genetic diagnosis may
be limited, which reinforces the need of further
family evaluation and functional studies.

Considering the ethnic heterogeneity of the mo-
lecular basis of FH, previous studies from various
countries and regions have explored the variant
spectrum of FH mainly with the investigations of
variants in the LDLR, APOB, and PCSK9 genes (11).
Also, in our prior study, mutational analysis revealed
a detection rate of 46.9% using target exome
sequencing for these 3 genes in China (12). Given that
the variants were not detected in nearly one-half of
patients, it is imperative to continue to sort out the
comprehensive genetic basis of FH in Chinese popu-
lation. The aim of the current study is to further
explore the variant spectrum of FH using the
NGS approach in an expanding manner.

METHODS

STUDY DESIGN AND POPULATIONS. In the
current study, we consecutively recruited 124
index cases and 45 relatives with clinical FH
from April 2016 to March 2017 in Fuwai Hos-
pital. After exclusion of secondary hyper-
cholesterolemia caused by severe thyroid,
liver, and renal dysfunction, patients were
diagnosed as definite or probable FH accord-
ing to DLCN criteria with a score $6 by
experienced physicians. Besides, children

were considered to be FH if they had values of LDL-C
above the 95th percentile according to age and sex
and family history of high cholesterol and/or prema-
ture familial cardiovascular disease.

Clinical data from each participant were collected
by physicians and experienced nurses including
family and personal history of dyslipidemia and cor-
onary artery disease (CAD). Family history of CAD was
defined as first-degree relatives with known CAD. For
precise clinical diagnosis, we have well-documented
the untreated and maximum LDL-C levels for each
patient at full steam. Nevertheless, some patients
reported using lipid-lowering therapy at the time of
recruitment without their untreated level of LDL-C.
Thus, we had to take into account the effect of
lipid-lowering therapy, and adjusted the level of LDL-
C according to the dose and potency of statins (13).
Furthermore, we uniformly recorded the physical
signs including xanthoma and corneal arcus.

Our study complied with the Declaration of Hel-
sinki and was approved by the hospital’s ethical re-
view board (Fu Wai Hospital & National Center for
Cardiovascular Diseases, Beijing, China). Informed
written consent was obtained from all participants.

LABORATORY EXAMINATION. Blood samples were
collected from the cubital vein into ethyl-
enediaminetetraacetic acid–containing tubes for
biochemical measurements after a 12-h overnight
fast. After centrifugation, plasma total cholesterol,
triglycerides, high-density lipoprotein cholesterol,
and LDL-C were measured using a standard enzy-
matic assay with automatic biochemistry analyzer
(Hitachi 7150, Tokyo, Japan). Apolipoprotein A (apo
A) and apoB were assayed by a commercial available
turbidimetric immunoassay.

GENETIC SEQUENCING. Briefly, genetic analysis of 9
genes associated with hypercholesterolemia (major
genes: LDLR, APOB, and PCSK9; minor genes:



TABLE 1 Clinical Characteristics of the Participants

Index Cases

p Value Relatives (n ¼ 45)Overall (N ¼ 124) Variant – (n ¼ 39) Variant þ (n ¼ 85)

Age, yrs 45 � 14 48 � 12 43 � 14 0.038 42 � 20

Male 77 (62.1) 25 (64.1) 52 (61.2) 0.755 21 (46.7)

Xanthoma/corneal arcus 22 (17.7) 2 (5.1) 20 (23.5) 0.013 2 (4.4)

Personal history of CAD 88 (71.0) 27 (69.2) 61 (71.8) 0.773 8 (30.8)

Family history of CAD 46 (38.0) 16 (44.4) 30 (35.3) 0.878 31 (68.9)

Statin at admission 87 (70.2) 27 (69.2) 60 (70.6) 0.343 11 (24.4)

Definite FH 48 (38.7) 11 (28.2) 37 (43.5) 0.104 9 (20.9)

LDL-C, mmol/l 5.81 � 2.41 5.61 � 2.39 5.90 � 2.42 0.536 6.14 � 1.55

HDL-C, mmol/l 1.11 � 0.35 1.23 � 0.33 1.05 � 0.34 0.006 1.31 � 0.33

TC, mmol/l 7.66 � 2.81 7.81 � 2.98 7.59 � 2.74 0.707 8.20 � 1.92

Apo A, g/l 1.28 � 0.34 1.44 � 0.33 1.20 � 0.32 <0.001 1.35 � 0.26

Apo B, g/l 1.51 � 0.51 1.52 � 0.39 1.50 � 0.55 0.834 1.51 � 0.38

Triglyceride, mmol/l 1.40 (1.02–1.94) 1.81 (1.37–2.58) 1.25 (0.94–1.66) <0.001 1.30 (1.01–2.03)

Lipoprotein (a), mg/dl 31.65 (16.26–67.28) 23.84 (8.17–45.93) 35.74 (17.31–73.33) 0.106 25.00 (10.51–44.34)

Values are mean � SD, n (%), or median (25th–75th percentile).

apo ¼ apolipoprotein; CAD ¼ coronary artery disease; FH ¼ familial hypercholesterolemia; HDL-C ¼ high-density lipoprotein-cholesterol; LDL-C ¼ low-density lipoprotein-
cholesterol; TC ¼ total cholesterol.
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LDLRAP1, LIPA, STAP1, APOE, ABCG5, and ABCG8) and
their CNVs were performed using NGS for the index
cases. Then, their relatives were sequenced in 3 loci or
9 loci according to the results of their index cases.

The blood samples for DNA extraction were well
preserved at �80�C after centrifugation for 10 min at
3,500 rpm, 4�C. The genomic DNA was isolated form
peripheral blood leukocytes using standard extraction
protocols. After quantification of the DNA samples
with Nanodrop 2000 (Thermo Fisher Scientific, Wil-
mington, Delaware), targeted exome Illumina Li-
braries were prepared according to the manufacturer’s
standard protocol (MyGenostics, Beijing, China).
Furthermore, the amplified DNA was captured with an
FH-related Gene Panel using biotinylated oligo-probes
(MyGenostics). The probes were designed to tile along
9 FH-related genes covering the coding exons, intron-
exon boundaries, and 30/50 untranslated region (UTR)
of LDLR, APOB, PCSK9, LDLRAP1, APOE, LIPA, STAP1,
and ABCG5/8. Then, the enrichment libraries were
sequenced on an Illumina HiSeq 2000 sequencer for
paired-end reads of 2 � 100 base pairs.

IN SILICO ANALYSIS. After sequencing, high-quality
reads were retrieved from raw reads by filtering out
the low-quality reads and adaptor sequences using
the Solexa QA package and the Cutadapt program
(14), respectively. The clean read sequences were
then aligned to the human genome reference
sequence (hg19) using SOAP aligner program. After
the PCR duplicates were removed by the Picard soft-
ware, the single nucleotide polymorphisms (SNPs)
were firstly identified using the SOAP SNP program.
Subsequently, we realigned the reads to the reference
genome using BWA and identified the insertions or
deletions (InDels) using the GATK program. The
identified SNPs and InDels were annotated using the
Exome-assistant program. MagicViewer was used to
view the short-read alignment and validate the
candidate SNPs and InDels.

Annotated variants were first filtered and defined
as uncommon variants according to minor allele
frequencies <1% in the general population of 1KG,
Exome Aggregation Consortium, Exome Sequencing
Project 6500, and Inhouse databases. Afterward, the
variants that have not been recorded in the public
database, including Human Gene Mutations Database
and ClinVar, were defined as “novel” variants. Sanger
sequencing was performed to confirm the novel var-
iants. Bioinformatics tools including PolyPhen-2,
Sorting Tolerant From Intolerant and Muta-
tionTaster, SPIDEX, and InterVar were used to predict
the potential pathogenicity of the novel variants. A
novel variant was determined to be pathogenic or
likely pathogenic if $2 silico algorithm gave delete-
rious prediction. Double heterozygote was defined as
2 variants in 2 different FH-causing genes, and com-
pound heterozygote was defined as different variants
in both alleles of the same gene.

The CNVs were filtered based on a ratio and justified
for their function change. A ratio threshold value #0.7
was used to identify probable deletions, whereas a
ratio value $1.3 was used for recognition of duplica-
tions (15). The detection rate was defined as the pro-
portion of FH-associated variants in participants.

STATISTICAL ANALYSIS. All statistical analysis were
performed using SPSS version 21.0 (SPSS Inc., Chicago,



TABLE 2 Prevalence of Different FH Genotypes

Index Cases (n ¼ 124) Index Cases þ Relatives (n ¼ 169)

n (%) LDL-C (mmol/l) Age (yrs) n (%) LDL-C (mmol/l) Age (yrs)

No variant 39 (31.5) 5.61 � 2.39 48 � 12 49 (29) 5.65 � 2.27 46 � 14

LDLR

Missense 34 (27.4) 5.45 � 2.43 45 � 14 54 (32.0) 5.71 � 2.07 43 � 17

Nonsense 10 (8.1) 5.84 � 2.05 52 � 12 13 (7.7) 6.38 � 2.12 52 � 11

Splicing 2 (1.6) 5.68 � 0.37 48 � 11 2 (1.2) 5.68 � 0.37 48 � 11

Frameshift 9 (7.3) 5.58 � 1.25 38 � 8 17 (10.1) 5.37 � 1.21 41 � 17

APOB 1 (0.8) 3.71 46 1 (0.6) 3.71 46

Two alleles

Compound HeFH 12 (9.7) 5.83 � 2.02 39 � 16 13 (7.7) 6.06 � 2.10 40 � 16

Double HeFH 5 (4.0)* 6.22 � 2.15 44 � 12 7 (4.1) 6.35 � 1.79 41 � 13

HoFH 4 (3.2) 10.95 � 2.15 31 � 8 4 (2.4) 10.95 � 2.15 31 � 8

CNV 5 (4.0) 6.52 � 3.26 45 � 20 5 (3.0) 6.52 � 3.26 45 � 20

Minor genes 3 (2.4) 4.90 � 2.00 32 � 21 4 (2.4) 5.38 � 1.89 41 � 25

Values are mean � SD unless otherwise indicated. *4 patients with LDLR þ PCSK9, 1 patient with LDLR þ APOB.

APOB ¼ apolipoprotein B; CNV ¼ copy number variants; HeFH ¼ heterozygous familial hypercholesterolemia; HoFH ¼ homozygous familial hypercholesterolemia;
LDLR ¼ low-density lipoprotein receptor; other abbreviations as in Table 1.
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Illinois). Continuous variables with normal distribu-
tion were presented as mean� SD, andmedian (25th to
75th percentile) represented continuous variables
with non-normal distribution. The comparisons of
continuous parameters were evaluatedwith Student’ s
t-test or Mann-Whitney U test. Categorical variables
were presented as number (percentage) and analyzed
using the chi-square test. A p value <0.05 was defined
as a significant difference.

RESULTS

The clinical characteristics of the cohort were shown
in Table 1. The current study recruited 124 index cases
and 45 relatives. The mean age of the index cases was
45 � 14 years and there were more men (62.1%). In
addition, physical signs including xanthoma and/or
corneal arcus were present in 24 patients (14.2%). In
total, 71.0% of the index cases had a personal history
of CAD and 38.0% of the participants had a family
history of CAD. According to the DLCN criteria, 48
(38.7%) phenotypic index cases were diagnosed as
definite FH and the residual 61.3% patients were
probable FH. However, there were more probable FH
in the group of relatives. Besides, carriers with FH-
causing variants were significantly younger and pre-
sented with a higher prevalence of physical signs,
including xanthoma and corneal arcus (both
p < 0.05). In addition, they also had a significantly
lower level of triglycerides, high-density lipoprotein
cholesterol, and apoA (all p < 0.05).

As shown in Table 2, we identified 85 FH-causing
variants carriers for index cases and an additional 35
carriers in relatives by genetic sequencing. Thus, the
proportion of individuals with FH-causing variants
was 68.5% in index cases and 71.0% in all the partic-
ipants. To put it in more detail, a total of 72 index
cases carried known FH-causing variants and only 7
patients did not carry any variants. Of the residual 45
patients who carried novel variants with uncertain
significance, we predicted their pathogenicity using
bioinformatics tools as described in the previous text
and found that 8 patients carried likely pathogenic
variants. CNVs were attributed to FH in 5 patients.
The prevalence of different genotypes in the present
study are listed in Table 2. Of the 85 index cases with
FH-causing variants, 54 patients were LDLR hetero-
zygotes, only 1 participant was an APOB heterozy-
gote, and none of them were PCSK9 heterozygotes.
Furthermore, 5 double heterozygotes, 12 LDLR com-
pound heterozygotes, and 4 LDLR homozygotes were
also identified. Supplemental Table 1 shows the clin-
ical characteristics of FH patients with variants in 2
alleles. Compared with those with compound and
double heterozygotes, patients with true homozy-
gotes were younger, were more likely to have xan-
thoma or corneal arcus, and had significantly higher
concentrations of LDL-C and total cholesterol.

We compared the detection rates in the index cases
when different sequencing strategies were applied
(Figure 1). The proportion of FH caused by small-scale
variants in LDLR, APOB, and PCSK9 genes was 62.1%
and then only increased by 6.5% after further
analyzing minor FH-related variants and CNV.
Further, there was no significant difference with re-
gard to the detection rate between definite and
probable FH in different sequencing strategies (all p >

0.05). However, when it came to the detailed geno-
type of index cases with FH, a significant difference

https://doi.org/10.1016/j.jacasi.2021.04.001
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FIGURE 1 The Comparison of Detection Rate of FH-Associated Variants in Index Cases

According to Different Sequencing Strategies

Three genes refers to LDLR, APOB, and PCSK9. Nine genes refers to LDLR, APOB, PCSK9,

LDLARP1, APOE, LIPA, STAP1, and ABCG5/8. ABCG5/8 ¼ ATP-binding cassette trans-

porter family members 5 and 8; APO ¼ apolipoprotein; CNV ¼ copy number variant;

FH ¼ familial hypercholesterolemia; LDLR, low-density lipoprotein receptor;

LIPA ¼ lipase A; PCSK9 ¼ proprotein convertase subtilisin/kexin type 9. STAP1 ¼ signal

transducing adaptive family member 1.
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was presented between definite and probable FH
(p ¼ 0.012), as shown in Figure 2.

The overall distribution of pathogenic/likely path-
ogenic FH-related variants in all index cases was
shown in Figure 3. In detail, of the total 128 risk var-
iants, the majority was in the LDLR gene, accounting
for 68.8% (n ¼ 88). The APOB and PCSK9 variants
accounted for 2.3% (3 of 128) and 3.9% (5 of 128),
respectively. There were 12 distinct CNVs identified
in the current study, with 4 LDLR CNVs; 4 STAP1
CNVs; and 1 CNV each of PCSK9, LIPA, APOE, and
ABCG5. All pathogenic/likely pathogenic variants and
CNVs found in the current study were summarized in
Supplemental Tables 2, 3, and 4. The further family
otypes and Comparison Between Definite FH and Probable FH in

s FH; HoFH ¼ homozygous FH; other abbreviations as in Figure 1.
evaluation of the variants was provided in Supple-
mental Table 5.

Finally, we have reviewed the published data
and summarized recent publications that also
conducted the variant analysis in an expanding
manner, including those rare FH-related variants, in
Supplemental Table 6. In view of the different
participant inclusion, ethics, and diagnostic criteria,
the final detection rates varied.

DISCUSSION

In the current study, a total of 169 patients with
clinical probable/definite FH received NGS for 9
genes. Overall, we found that FH-associated variants
were detected in 85 index cases with a prevalence of
68.5%, and the detection rate increased by 6.5% when
LDLRAP1, LIPA, STAP1, APOE, and ABCG5/8 variants
and CNVs were included (Central Illustration). To our
knowledge, there has been few studies on uncon-
ventional genetic screening (minor genes and CNVs)
for patients with FH in China.

Originally, FH was described as elevated LDL-C due
to the loss-function of LDLR (15). With the advance-
ment of DNA sequencing and a deeper understanding
of the genetic basis of FH, its pathogenesis has been
nearly redefined (16,17). In the present study, we
implemented an NGS strategy for sequencing the pro-
moter, coding, and exon-intron boundary regions of 9
FH-related genes as well as CNVs and harbored FH-
associated variants in 68.5% of the index cases. The
detection rate is influenced by factors including
ethnicity, sequencing methodology, clinical diag-
nostic algorithms, and participant selection. Wang
et al. (18) applied target NGS for variants in 9 FH-
causing genes and evaluated CNV and polygenic
scores in a cohort of 313 patients with LDL-C
>5.0 mmol/l. They found that the monogenic detec-
tion rate was 47.3% in total and raised to 53.7% when
LDLR-CNVwere included.When solely focusing on the
classical variants in LDLR, APOB, and PCSK9 genes, our
study observed FH-causing variants in 62.1% of the
participants, broadly consistent with previous studies
with a detection rate of approximately 44.6% to 73% in
Europe, South America, and Asia (19–21). Not surpris-
ingly, LDLR gene variants occupied the majority, with
a proportion of 68.8% in all FH-causing variants.

Recent publications have revealed that other
candidate genes except for LDLR, APOB, and PCSK9
also involved in the manifestation of FH in individuals
without indefinable variants in these 3 genes (22).
Fouchier et al. (23) first identified 4 variants in STAP1
associated with autosomal-dominant hypercholester-
olemia (ADH) using parametric linkage analysis

https://doi.org/10.1016/j.jacasi.2021.04.001
https://doi.org/10.1016/j.jacasi.2021.04.001
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FIGURE 3 The Distribution of Pathogenic/Likely Pathogenic FH-Causing Variants in

Index Cases

Minor genes refers to LDLARP1, APOE, LIPA, STAP1, and ABCG5/8. Abbreviations as in

Figure 1.
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combined with exome sequencing. However, subse-
quent studies have provided inconsistent evidence for
STAP1 as a possible causal gene for FH. Recently,
Loaiza et al. (24) analyzed the cosegregation of STAP1
and failed to confirm a major role of STAP1 in the eti-
ology of FH. Thus, to make our results more rigorous,
participants with LDLR plus STAP1 variants were not
categorized as double heterozygotes in the present
study. The APOE gene accounts for a significant frac-
tion of the variation in plasma cholesterol levels and
serves a vital role in the lipid metabolism (25). Marduel
et al. (26) reported an exceptionally large family
including 14 members with ADH and confirmed a
variant p.Leu167del in the APOE gene, previously re-
ported to be associated with familial combined
hyperlipidemia, also involved in ADH. Furthermore,
another phenocopy of FH that has recently taken on
increased importance is a rare disorder known as
lysosomal acid lipase deficiency due to variants in
LIPA, which encodes for lysosomal acid lipase (27). An
extremely rare disorder of hypercholesterolemia also
exhibits in a recessive mode of inheritance caused by
variants in the LDLRAP1 gene (28). The complete loss-
of-function of the LDLRAP1 gene resulted in the
absence of an adopt protein, which contains a
conserved phosphotyrosine-binding domain and
functions as an accessory adaptor protein that in-
teracts with the LDLR. Consequently, the LDLR cannot
internalize and accumulate at the surface of hepato-
cytes (15). In parallel, our current genetic sequencing
also included ABCG5/8 genes, which have been previ-
ously recognized as the cause of sitosterolemia (16).
Patients with sitosterolemia also showed heterogene-
ity in regard of phenotype and parts of individuals had
severe hypercholesterolemia with accelerated
atherosclerosis and premature CVD, which resemble
FH and may cause confusions at initial clinical visiting
(29). Thus, the sequencing of ABCG5/8 could assist in
the diagnosis and subsequent medical intervention,
especially when the measurement of plant sterol is
lacking. It is noteworthy that 2 index cases were found
carrying variants in ABCG5 with confirmations from
their relatives and strengthened the need for its
screening. Among the 6 minor genes, variants in APOE
exert the effect in a dominant pattern as LDLR, APOB,
and PCSK9,whereas 2mutant alleles act recessively for
LDLRAP1, LIPA, and ABCG5/8.Hence, although 15.63%
pathogenic/likely pathogenic variants were detected
in the study, some of them were heterozygous and
could not be responsible for the pathogenesis of FH.

Interestingly, our study also identified novel non-
LDLR CNVs, which have been reported for the first
time. Iacocca et al. (30) compared the performances of
conventional method multiplex ligation-dependent
probe amplification (MLPA) and advanced NGS
approach in detecting CNVs. They found a 100%
concordance in LDLR CNV detection between these 2
methods, suggesting that MLPA can be replaced by
NGS to significantly reduce costs, resources, and
analysis time. Thus, we appliedNGS for CNVdetection.

Although the presence of those rare genes has been
postulated and discovered, the necessity of extend-
ing the sequencing spectrum for patients with FH
may be worthy of investigation. On the one hand,
sequencing of those rare FH-associated loci could
help broaden the range of disease-causing variants
and expand our understanding of the complex mo-
lecular basis of FH. But, on the other hand, its un-
derlying sense in clinical practice is not always
definitive. First, those novel variants often lack evi-
dence of functional assay, and their clinical signifi-
cances are uncertain. In the current study, we also
applied family evaluation for further confirmation of
the pathogenicity of the novel variants. Second, the
prevalence of variants in those genes is relatively
much lower (1). In fact, the detection rate only
increased by 6.5% with adding minor genes as well as
CNVs in the present study. Last but not least, the
cost-effectiveness of NGS should be considered, as
the price of sequencing 9 genes is nearly 3 times of
that for 3 genes in China. Comprehensively, there
may be a reluctance to expand genetic testing for all
suspected patients with FH as an initial screening.
However, an expanded screening may aid patients
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APO ¼ apolipoprotein; LDLR, low-density lipoprotein receptor; LIPA ¼ lipase A; PCSK9 ¼ proprotein convertase subtilisin/kexin type 9; STAP1 ¼ signal transducing
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negative for conventional variants in LDLR, APOB,
and PCSK9 and their relatives.

STUDY LIMITATIONS. First, this single-center study
with a relatively small sample size could not fully
reflect the precise genetic data of Chinese patients
with FH. However, FH is underdiagnosed and
undertreated, with <1% of patients diagnosed in most
countries (2). Thus, it was difficult to enroll a large
sample size. Second, about 30% of participants in the
cohort were still variant-negative. Recent studies
indicated that polygenic hypercholesterolemia due to
cumulative effect of LDL-C raising SNPs could explain
the phenotype of severe hypercholesterolemia (15).
The current study did not evaluate the polygenic
scores, considering that the best risk score model and
its threshold for diagnosis was not clear in Chinese
population. Alternatively, we will address this issue
in the further study. Third, the families screened
were limited with only 1 or 2 relatives included, which
may possibly be due to the 1-child policy in China (31).

CONCLUSIONS

The current study replenishes the knowledge of
variant spectrum of FH in China through the
expanding genetic analysis. Major genes should be
tested in the initial genetic screening, although the
variants in minor genes also could explain phenotypic
FH even with a quite low percentage. An expanding
clinical genetic testing strategy may be considered for
disease-definite diagnosis and management, espe-
cially for those patients who are negative for LDLR,
APOB, and PCSK9.
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