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Abstract
Background: Familial hypercholesterolemia (FH) is a common monogenic autosomal dominant
hereditary disease, mainly caused by pathogenic mutations in the low-density lipoprotein receptor (LDLR)
gene. It is characterized by severely elevated LDL cholesterol (LDL-C) levels, cutaneous xanthomatosis,
and premature coronary heart disease.

Materials and Methods: Whole exome sequencing of the proband with familial hypercholesterolemia was
performed to identify the target gene and screen for suspicious pathogenic mutations. Sanger
sequencing of family members was conducted to analyze family genetic-phenotypic associations. In
addition, the changes in the structure and function of mutant LDLR were predicted using biological
information analysis.

Results: Next Generation Sequencing revealed that the proband carried two heterozygous missense point
mutations c.G1027A (p.G343S) and c.G1879A (p.A627T) in LDLR (NM_000527), which could lead to FH
syndrome. In this pedigree, the proband and her brother with hypercholesterolemia and xanthelasma
carried the compound heterozygous mutations p.G343S and p.A627T. Her father, children, and nephew
carried the p.G343S mutation, and her mother and niece carried the p.A627T mutation. The
total cholesterol (TC) of a compound heterozygote was 20.50–21.35 mmol/L, the cholesterol of a
heterozygote was 6.52–8.81 mmol/L, and the TC of other family members without a mutation was 2.94–
3.61 mmol/L. G343S and A627T had a slight effect on the protein structure of LDLR, as simulated by
Chimera. In addition, Rredictprotein software predicted that G343S and A627T affected the disordered
region, protein interaction binding region, and RNA binding region of the LDLR. Gly343 and Ala627 are
highly conserved in mammals and play a vital role in maintaining the function of the LDLR. YinOYang 1.2
predicted that these two sites had great potential for O-GlcNac modi�cation, and GPS 5.0 predicted that
the variants modi�ed phosphorylation. Mutations may affect protein post-translational modi�cation, thus
changing the structure, function, location, and fate of the protein.

Conclusions The mutations c.G1027A in LDLR exon 7 and c.G1879A in exon 13 may be the molecular
genetic basis of FH in this family. Compared to patients with a heterozygous variant, patients with
compound heterozygous variants had much higher levels of cholesterol and had xanthoma

Background
Familial hypercholesterolemia (FH) is a common monogenic autosomal hereditary disease that is
dominantly inherited, except for autosomal recessive hypercholesterolemia (ARH), an extremely rare
disease 1. FH is most frequently caused by variations in the low-density lipoprotein receptor (LDLR) gene
2,3, which is characterized by severely elevated blood total cholesterol(TC) levels, especially LDL
cholesterol (LDL-C), multiple cutaneous xanthomatosis, valvular regurgitation, arcus cornea, and
premature coronary heart disease 4,5. Owing to long-term exposure to high levels of LDL-C from birth,
patients with FH may have an increased risk of atherosclerotic cardiovascular disease (ASCVD) and even
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myocardial infarction 6. The risk of premature coronary heart disease in FH is 20-fold higher than that in
average people 7. Patients with FH develop ASCVD earlier and have more severe and diverse clinical
manifestations than those with other types of hyperlipidemia. Full application of genetic diagnostic
techniques and improvement of FH disease databases are of great signi�cance for the screening and
prevention of early FH.

Most of the autosomal dominant variations are found in LDLR, proprotein convertase subtilisin/kexin
type 9 (PCSK9), and apolipoprotein B (APOB) 8,9. Low-density lipoprotein receptor adaptor protein 1
(LDLRAP1) has been linked to ARH, which is involved in the endocytosis of LDL receptors 10. Human
LDLR was �rst cloned in 1983. It is located on the distal short arm of chromosome 19 at 19p13.1-13.3,
spans 45 kilobases, and has 18 exons and 17 introns 11. APOB is the major apolipoprotein on lipoprotein
molecules and serves as a ligand for the LDLR 12. PCSK9 encodes a serine protease, which regulates the
degradation of the LDLR in lysosomes and prevents its recycling to the cell surface. PCSK9 is mainly
secreted by the liver, binds to the LDLR on the hepatocyte surface to form a tight complex, and enters the
lysosome for degradation, which reduces LDLR levels on the hepatocyte surface and reduces the
clearance of LDL-C by the liver 12,13. Goldstein and Brown 14 �rst reported in 1951 that FH pathogenesis is
chie�y due to the structural loss and functional abnormality of the LDLR on the cell membrane surface
caused by mutations in the gene encoding the LDLR. These mutations affect LDLR binding to LDL
containing APOB and APOE, resulting in the disturbance of LDL metastasis in blood and excessive
siltation in tissues, leading to multiple cutaneous xanthoma and atherosclerosis. The prevalence of
heterozygous FH (HeFH) is 1:200–300, whereas homozygous FH (HoFH) presents in a proportion of
1:170,000–300,000 individuals 15. Generally, serum TC levels in heterozygous patients are between 6.5
and 14.3 mmol/L, and LDL-C levels are > 4.9 mmol/L 16, while serum TC levels in homozygous patients
are usually >18 mmol/L and LDL-C levels are >13 mmol/L 17.

In this study, a FH family with coronary heart disease and cutaneous xanthomatosis caused by
compound heterozygous mutations in LDLR was identi�ed using whole exome gene capture sequencing
technology. Phenotypic investigation and phenotype-gene mutation association analysis of the family
was performed, and the structure and function of the mutant protein was predicted using bioinformatics
tools to provide a reference for researchers.

Results
Pedigree clinical data

There were 14 members in the family, including �ve males and nine females, and eight had
hypercholesterolemia, including the proband. The proband had recurrent chest tension for 20 years, and
the patient had a soybean-sized xanthoma on the left upper eyelid with a corneal arcus (Fig. 1b). After
admission, routine blood tests, liver function, renal function, electrolytes, and blood glucose tests were
normal. Autoantibodies and anti-O antibodies were negative. An immune panel, erythrocyte
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sedimentation rate, and C-reactive protein levels were normal. Thyroid function (thyroid stimulating
hormone, triiodothyronine, and thyroxine) was unremarkable, and an electrocardiogram showed no
obvious abnormalities. Blood lipid tests revealed the following levels: serum TC 20.50 mmol/L (< 5.18
mmol/L), triglyceride (TG) 1.45 mmol/L (< 1.7 mmol/L), LDL-C 18.80 mmol/L, high-density lipoprotein
cholesterol (HDL-C) 1.26 mmol/L (1.29–1.55 mmol/L), apolipoprotein A (apoA) 1.53 g/L (1.2–1.6 g/L),
apolipoprotein B (apoB) 0.97 g/L (0.6–1.1 g/L). Coronary computed tomography angiography (CTA)
revealed segmental eccentric mixed plaques in the wall of the proximal segment of the left main coronary
artery to the anterior descending branch, with stenosis of approximately 70%–80%. Echocardiography
revealed left ventricular enlargement, moderate mitral insu�ciency, and decreased coronary �ow reserve.
Carotid artery color Doppler ultrasound revealed plaques at the origin of the bilateral common carotid
artery and diffuse thickening of the intima of the middle artery. According to the British Simon criteria 18

and the Dutch Network Diagnostic Criteria 19 for FH diagnosis, combined with family history and
subsequent gene sequencing, the proband was diagnosed with FH, with a compound heterozygous
mutation and coronary atherosclerotic heart disease.

The younger brother of the proband presented with cutaneous xanthoma and coronary atherosclerotic
heart disease (Fig. 1c). Eight individuals, including the proband (II2), had hypercholesterolemia (I1, I2, II2,
II7, III1, III2, III7, and III8). Carotid color ultrasound of the proband's father (I1) revealed plaques at the
bifurcation of the left common carotid artery. Doppler ultrasound of the carotid artery of the proband's
younger brother (II7) revealed bilateral common carotid artery plaques and right subclavian artery
plaques, and echocardiography revealed large, mild mitral and tricuspid valves. Coronary CTA showed
segmental eccentric mixed plaques in the wall of the proximal segment from the left main trunk to the
anterior descending branch, with a stenosis of approximately 65%–75%. No obvious abnormalities were
observed among other family members. The plasma cholesterol of four patients met the FH diagnostic
criteria, in which the TC and LDL-C values of the proband and his younger brother were equivalent to
those of homozygous FH (HoFH), while the father and son had heterozygous FH (HeFH). Serum total
cholesterol was 20.50–21.35 mmol/L for family members carrying compound heterozygote mutations
(II2, II7), 6.52–8.81 mmol/L for family members carrying one heterozygote mutation (I1, I2, III1, III2, III7,
III8), and 2.94–3.61 mmol/L for family members with no mutations (II3-6, II8, III3-6) (Table 1).

High-throughput genome sequencing and veri�cation using Sanger sequencing

Target enrichment with next-generation sequencing was used to scan pathogenic gene variants and
abnormal gene copy numbers (copy number variation analysis) in all exons of the genome. To identify
pathogenic variants in the proband’s genome, single nucleotide polymorphisms (SNPs) with a minor
allele frequency > 1% were �ltered out. A heterozygous missense variant of c.G1027A was identi�ed in
exon 7 of LDLR (NM_000527) and a heterozygous missense variant of c.G1879A was also identi�ed in
exon 13; these mutations were veri�ed using Sanger sequencing (Fig. 1d-g). The c.G1027A and c.G1879A
variants transform glycine (Gly) to serine (Ser) and alanine (Ala) to threonine (Thr) at residues 343 and
627, respectively, of the LDLR. According to the American College of Medical Genetics and Genomics
(ACMG) pathogenicity rating criteria and guidelines, it was predicted that the c. G1027A mutation was
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pathogenic and the c.G1879A mutation was likely to be pathogenic; thus, these mutations were added to
the ClinVar database. Sanger sequencing of family members showed that the proband and her brother
(II7) carried compound heterozygous missense mutations: c.1027G > A (p.Gly343Ser) and c.1879G > A
(p.Ala627Thr), whereas I1, III1, III2, and III8 only carried the c. G1027A mutation, and I2 and III7 carried the
c. G1879A mutation. No mutations were identi�ed in other family members (Fig. 1a).

Structure and function prediction of the LDLR

The interaction diagram between the LDLR and other proteins was plotted using String and the X-ray
crystal diffraction structure of the LDLR with the interaction protein proprotein convertase subtilisin/kexin
type 9 (PCSK9) was plotted using Swiss-Model (Fig. 2a and 2b). The position of the mutation site on the
three-dimensional structure of the LDLR is shown in Fig. 2b. The protein structure near the two mutation
sites was simulated using Chimera, which showed that these two mutations had a slight effect on LDLR
protein structure (Fig. 2c and 2d). In addition, the effect of the two mutation sites on the functional
domain of the protein was predicted using Rredictprotein software. G343S and A627T affected the
disordered region, protein interaction binding region, and RNA binding region of the LDLR, suggesting that
the two point mutations might affect the properties and function of the protein (Fig. 3).

Protein sequence conservation analysis showed that the mutation sites Gly343 and Ala627 were highly
conserved in mammals, and the amino acid mutation near Gly343 would cause severe LDLR-de�cient
disease, indicating that these two amino acid sites played an important role in the maintenance of LDLR
function (Fig. 4a). Phosphorylation modi�cation of these two sites was predicted using GPS 5.0. G343S
was recognized and phosphorylated by protein kinase signaling pathways, such as IκB kinase and cAMP-
dependent protein kinase A/cGMP-dependent protein kinase G/protein kinase C (Fig. 4b), while A627T
was recognized and phosphorylated by protein kinase signaling pathways, such as sterile and tyrosine
kinase-like (Fig. 4c). In addition, A627T might affect phosphorylation at S630 (Fig. 4d). YinOYang 1.2 was
used to predict that these two sites might undergo O-GlcNac modi�cation (Fig. 4e). The potential changes
in protein post-translational modi�cation of these two mutation sites and nearby amino acids might
change the structure, function, localization, and fate of the proteins, leading to functional defects in the
LDLR.

Discussion
FH is the most common congenital lipid metabolism disorder, which is primarily due to gene mutations
related to the LDL uptake pathway mediated by the LDLR, resulting in abnormal LDLR structure or
function on the cell membrane surface and the inability to effectively metabolize LDL in the body. This
results in hypercholesterolemia caused by excessive LDL stasis in the blood or other tissues due to
impaired clearance 20,21. If left untreated, this cholesterol metabolism genetic disorder may lead to
premature atherosclerosis, coronary artery disease (CAD), and even death at a very young age 16. The
average age of patients with HeFH and CAD is < 45 years, in men and < 55 years in women 22,23, while in
patients with HoFH, coronary heart disease may present at the age of 20 years 24. The major cause of
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death in FH is coronary heart disease, with a frequency as high as 60%. However, the prevalence of
cerebrovascular disease in HeFH is only 5%–10% 25.

Any apparently deleterious type of LDLR variant may impair LDLR function; however, only very particular
variants in APOB and PCSK9 result in FH 8. APOB pathogenic variants must allow the synthesis of
apolipoprotein, but they need to speci�cally change the binding a�nity to the LDLR to cause disease,
such as the known LDL-binding domain located in exons 26 and 29 of APOB 8. PCSK9 pathogenic
variants must enhance the function of the encoded protein and promote the degradation of the LDLR,
which causes FH 26,27; FH is most frequently caused by variations in LDLR. ClinVar contains more than
4,970 mutants in LDLR, 580 mutants in APOB, and 350 mutants in PCSK9 28. LDLR mutations are
detected in 80%–85% of FH cases, APOB mutations are identi�ed in 5%–7% of patients, and PCSK9 gene
mutations are detected in less than 5% of cases, while LDLRAP1 mutations are detected in less than 1%
of cases 23. The severity of hypercholesterolemia and the risk of CAD in patients with FH are associated
with the type of gene mutation, where LDLR nonsense mutations are the most severe, while APOB and
PCSK9 causative mutations usually have a mild phenotype 26. LDL-C levels were signi�cantly higher in
patients with LDLR pathogenic mutations than those in patients with APOB and PCSK9 pathogenic
mutations 9,16,29. The degree of atherosclerosis depends more on the plasma LDL-C level than on the
affected gene or mutation type 16.

Missense variants are the most prevalent type of variant in LDLR, APOB, and PCSK9, followed by
frameshift mutations in LDLR, and synonymous mutations in APOB and PCSK98. In LDLR, 18% of the
variants are located in exon 4. In APOB, 41% of variants are located in exon 26, and 15% are located in
exon 29, while in PCSK9, 19% of variants are located in the 3’ non-coding region 8. As of October 2021, the
FH disease database contains more than 3,800 LDLR-causing mutations (www.ucl.ac.uk/fh). Large-scale
DNA copy number variations account for approximately 8%–10% of the reported LDLR mutations,
whereas nonsense mutations in the coding regions account for 12%–15% of cases 16. Small insertions or
deletions in or near coding sequences that may or may not alter the reading frame account for 15%–20%
of mutations, whereas splicing mutations, usually non-coding, appear at intron-exon boundaries in 8%–
10% of mutations 16. LDLR mutations are predominantly located in exon 4, which may be because exon 4
is the largest exon in LDLR or because variants in this exon encoding the ligand-binding domain have a
highly deleterious effect on gene function 12. On the contrary, the mutation frequencies of exons 15 and
16 are extremely low 12. However, the impact of these mutations on FH pathophysiology has not been
fully elucidated.

The distribution characteristics of LDLR mutations vary in different regions and ethnic groups, which may
be related to founder effects 11,30,31. In Japanese and East Asian populations, the frequency of the LDLR
c.344G > A (p.Arg115His) mutation is relatively high compared to that of other causative variants 28. In
central Japan, LDLR variants are frequently found in c. 2431A > T, c.2312-3C > A, and deletion of exons
2–3 9. In Mexico, 34 LDLR causative variants have been reported, of which, p.Leu759Serfs*6 is the most
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common mutation 32. In the Greek population, 41 LDLR gene variants have been identi�ed, among which
LDLR c.81C > G, c.517T > C, c.858C > A, c.1285G > A, c.1646G > A and c.1775G > A variants accounts for
more than 80% of all variants 33. In Chinese individuals, most of the variants in LDLR are located in exon
4, and nearly 60% are missense mutations 34, of which c.986G > A, c.1747C > T, c.1879G > A, and c.268G
> A are the most common mutation types, and the frequency of the four mutations is > 4% 35. In addition,
p.Asp206Glu, p.Val408Met, and p.Asp154Asn are highly prevalent in white South Africans 30,32.

The LDLR is a type 1 transmembrane protein composed of 860 amino acids, including a 21-residue
signal peptide 36. The LDLR has �ve functional domains, and the ectodomain is composed of three
domains: an N-terminal ligand-binding domain, a domain highly homologous to epidermal growth factor
precursor, and a domain enriched in O-linked sugar. The transmembrane domain consists of 22 residues,
and the cytoplasmic region consists of a cytoplasmic domain of 50 residues 36. Exon 1 of LDLR encodes
a signal sequence, exons 2–6 encode the ligand-binding domain consisting of seven cysteine-rich
tandem repeats of a 40-amino acid residue, and exons 7–14 encode domains that are highly
homologous to the human epidermal growth factor precursor (pro-EGF). This domain contains three
cysteine-rich growth factor repeats, consisting of 40 residues 11. Exon 15 encodes a 58-amino acid
sequence, which is the attachment site for many O-linked carbohydrate chains, whereas exon 16 and the
5'-end of exon 17 encode 22 hydrophobic amino acids that anchor the protein to the cell membrane 11.
The rest of exon 17 and the 5'-end of exon 18 encode a cytoplasmic domain that contains the motifs
required for concentrating the LDLR in clathrin-coated pits, enabling their internalization by receptor-
mediated endocytosis 11. When the 21-residue signal peptide is cleaved, the mature LDLR is inserted into
the endoplasmic reticulum (ER) membrane, where the ectodomain is folded and glycosylated 37. Properly
folded LDLR exits the ER, N-linked sugars are modi�ed, and O-linked sugars are added to the LDLR in the
Golgi, resulting in an increase in the apparent molecular weight from 120 to 160 kDa 36,37. After transport
to the cell membrane, the LDLR is concentrated in caged protein-encapsulated pits 37.

LDLR was principally transcriptionally expressed and translated into functional proteins in tissues, such
as the testis, colon, kidney, liver, lung, and stomach (Fig. 5a and 5b, data from The Human Protein Atlas
database), which was consistent with the metabolic site of LDL. CRISPR screening technology data was
analyzed based on genome-wide data (https://orcs.thebiogrid.org/Gene/3949) to validate the potential
physiological functions of the LDLR. LDLR deletion had an important impact on the metabolism of cells
and individuals, especially cholesterol metabolism and viral immune responses, indicating that LDLR
played a complex, but essential biological role (Fig. 5c). The Alliance of Genome Resources
(https://www.alliancegenome.org/gene/HGNC:6547) indicates that loss of LDLR function not only
causes cardiovascular diseases, such as FH, xanthomatosis, and atherosclerosis, but also leads to
diseases, such as Alzheimer's disease, migraine without aura, and systemic lupus erythematosus, also
indicating that LDLR is necessary to maintain normal physiological metabolic function in the body
(Supplyment 1). Furthermore, it was observed that LDLR was poorly expressed in many cancers, such as
liver cancer (Fig. 6a and 6b, data from The Cancer Genome Atlas, Gene Expression Pro�ling Interactive
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Analysis 2, and The Human Protein Atlas databases). Single-cell transcriptome sequencing data of
hepatocellular carcinoma tissues revealed that the LDLR was mainly expressed in biliary epithelial cells
and hepatocytes (Fig. 6c and 6d), suggesting that the LDLR may play an important role in
hepatocarcinogenesis.

Normally, LDL in the extracellular matrix is recognized by the LDLR on the cell membrane surface,
transported into the cell, and eventually degraded by lysosomes. LDL entering the cell also inhibits the
activity of 3-hydroxy-3-methylglutaryl-CoEnzyme A in microsomes, thereby inhibiting cholesterol
synthesis in vivo. Abnormal LDLR causes increased LDL accumulation in the extracellular matrix and
plasma, and negative feedback leads to increased e�ciency of LDL synthesis, further increasing
extracellular LDL levels. According to the location and nature of the mutations, LDLR function-defective
mutations are chie�y divided into �ve types 38: 1) Null alleles that are unable to transcribe LDLR mRNA or
translate LDLR protein, including representative mutations, such as promoter mutations, translation
initiation codon mutations, translation termination codon mutations, or premature translation termination
and frameshift mutations; 2) Transport-de�cient alleles, where successfully translated LDLR cannot be
localized to the cell membrane, resulting in its accumulation in the cell or secretion outside the cell,
including representative mutations, such as signal peptide mutations and transmembrane domain
mutations; 3) Binding defective alleles, where the LDLR located on the cell membrane cannot bind LDL in
the extracellular matrix; 4) Transport defective alleles, where LDLR binding to LDL cannot transport LDL
from the extracellular matrix to the cell interior; and 5) Recycling defective alleles, where the LDLR
carrying LDL into the cell is unable to return to the cell membrane surface through membrane tra�cking.
Another pathogenic mode, as a sixth class of mutations in the LDLR, has been reported where mutations
in the LDLR transmembrane domain interfere with the normal insertion of the LDLR in the cell membrane.
The mutant LDLR protein is cleaved by metalloproteases in the ER, causing shedding of the ectodomain
or rapid degradation at the cell surface, leading to a reduced number of LDLRs on the membrane 36,37.

The severity of hypercholesterolemia in patients with FH is related both to the function of the mutant
protein, and to the number of defective alleles 39. Pathogenic mutations in LDLR are codominant and
have a genetic dosage effect 21. In addition, in a cross-sectional analysis in the Netherlands, the
prevalence of type 2 diabetes (1.73%) in patients with FH was evidently lower than that in unaffected
relatives (2.93%) and varied by mutation type. This study investigated the possibility of a causal
relationship between LDLR-mediated transmembrane cholesterol transport and type 2 diabetes 40.

Despite the high incidence of FH, FH has been severely neglected and undertreated. It is estimated that >
90% of the 30 million patients with FH worldwide are undiagnosed 26. Therefore, it is crucial to popularize
FH health knowledge and improve the FH diagnosis rate. Cascading genetic screening is the most
effective method to identify patients with FH and is a cost-effective means to prevent coronary heart
disease, myocardial infarction, and death in patents with FH 41-44. Cascade genetic screening might
identify at-risk relatives of patients diagnosed with FH through interfamilial genetic patterns, help early
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and accurate detection of patients with FH, and provide timely treatment, thereby improving the prognosis
of patients and achieving primary prevention of cardiovascular disease.

Several limitations merit discussion. First, the research requires in vitro molecular analysis to examine the
impact on transcription or splicing and further assessing the e�cacy of medication treatment for FH
patients. Moreover, the sample size was limited.

Conclusion
In conclusion, the mutations c.G1027A and c.G1879A in LDLR were preliminarily con�rmed to be the
molecular genetic basis of FH in this family. We predicted the effect of the mutations on the protein
structure, modi�cation and function of the LDLR, providing a basis for these two mutations affecting the
normal LDLR function. This study illustrated the clinical signi�cance of LDLR gene mutations, and
analyzed the relationship between the pathogenic variants and the clinical phenotype of FH, enriched the
spectrum of FH , and provided more accurate and effective data support for the diagnosis and treatment
of FH in the future.

Methods
Research subjects:

Proband: male, 53-year-old Chinese Han, in Fujian, China. The chief complaint was “recurrent chest
tension for 20 year” and the patient was found to have a soybean-sized xanthoma on the left upper eyelid
with a corneal arcus. Multiple examinations of plasma lipids showed a remarkable increase, and
coronary CTA revealed segmental eccentric mixed plaques in the wall of the proximal segment of the left
main artery to the anterior descending branch, with stenosis of approximately 70%–80%. A similar
medical history was found in the family, with no consanguineous marriage in the family. Routine physical
examination, blood biochemistry, electrocardiogram, carotid ultrasound, echocardiography, and coronary
CTA were performed on the other 13 family members. Blood and biochemical test data were analyzed
and a genetic map of the family was recorded. This study was approved by the Ethics Committee of
Fujian Provincial Hospital, and all family members who participated in this study provided signed
informed consent.

Candidate gene mapping and variant screening strategy

Peripheral blood was collected from the proband in an EDTA anticoagulant tube, and DNA was extracted
according to the instructions of the QIAamp DNA Blood Mini Kit (QIAGEN, Cat No. 51106; Qiagen, Hilden
Germany). The quality of the extracted DNA was determined using a NanoDrop instrument (Thermo
Fisher, Waltham, MA, USA). The TargetSeq® liquid phase probe hybridization capture technique
developed by iGeneTech® (Beijing, China) was used to build a genomic DNA library capturing the exon
regions of 20,000 genes associated with genetic diseases. The PE150 sequencing strategy was used on a
NovaSeq 6000 platform capable of performing parallel gene analyses. The target genes in this panel
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included PCSK9, APOB, LDLR, LDLRAP1, ATP-binding cassette sub-family G member 5 (ABCG5), and
ABCG8. After alignment against the reference Human hg19 genome sequence, GATK and ANNOVAR were
used to �nd and analyze single-nucleotide variants and small indels in the sequencing data. Using
human genome information from databases, such as dbSNP, 1000 Genomes (1000G), the Human Gene
Mutation Database, and Exome Sequencing Project v. 6500 (ESP6500), variants were screened and
annotated according to the ACMG guidelines. The �ltered and separated sequenced reads were aligned
with the hg19 sequence using the Burrows-Wheeler Aligner, and variant information was collected on
gene features, variant type, 1000G, and ESP6500 frequency. Polymorphism Phenotyping (PolyPhen-2,
http://genetics.Bwh.harvard.edu/ppH2/), sorting intolerant from tolerant (SIFT, http://sift.jcvi.org/),
Protein Variation Effect Analyzer (PROVEAN, http://provean.jcvi.org/protein_batch_submit.php?
species=human), and mutation taster (http://mutationtaster.org/) were used to predict the pathogenicity
of these variants and their biological signi�cance. Primers for ampli�cation of the suspect variant sites
were designed using Primer Premier 5.0. Sanger sequencing was performed on an ABI 3500 Dx platform
to verify the NovaSeq 6000 sequencing results. The ampli�ed fragment of the target sequence of the
LDLR (NM_000527) c.G1027A variant was 322 bp. The primers used were F:
GAGTGACCAGTCTGCATCCC and R: AAACTCTGGCCAGCCAATGA, with an annealing temperature of 60
°C. The ampli�ed fragment length of the target sequence of the LDLR c.G1879A variant was 1122 bp. The
primers used were F: GAAATGGATGGTGGTGATG and R GGGCAGAAGAAGCGGAGT, and the annealing
temperature was 60 °C. Primers were synthesized by Genokon Medical (Xiamen, China).
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FH:Familial hypercholesterolemia;LDLR:low-density lipoprotein receptor;LDL-C:LDL
cholesterol;TC:total cholesterol;ARH:autosomal recessive hypercholesterolemia;ASCVD:atherosclerotic
cardiovascular disease; PCSK9: proprotein convertase subtilisin/kexin type 9;APOB:apolipoprotein B;
LDLRAP1:Low-density lipoprotein receptor adaptor protein 1; HeFH:heterozygous FH; HoFH:homozygous
FH; TG:triglyceride; HDL-C: high-density lipoprotein cholesterol; apoA:apolipoprotein A; CTA: computed
tomography angiography;SNPs:single nucleotide polymorphisms;
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Tables
Table 1  The results of the blood lipid test of family members

Family
number

ago Variants TC
(mmol/l)

TG
(mmol/l)

HDL-C
(mmol/l)

LDL-C
(mmol/l)

ApoA
(g/l)

ApoB
(g/l)

I1 77 p.Gly343Ser 8.75 0.67 1.28 7.27 1.34 0.45

I2 75 p.Ala627Thr 6.81 2.12 0.93 5.31 1.16 1.32

II2 53 p.Gly343Ser,
p.Ala627Thr

20.50 1.45 1.26 18.80 1.53 0.97

II3 56 - 2.94 0.76 1.35 1.42 1.51 0.40

II5 50 - 3.61 0.46 2.11 1.37 1.76 0.44

II7 48 p.Gly343Ser,
p.Ala627Thr

21.35 2.27 0.58 20.29 1.20 1.45

III1 26 p.Gly343Ser 6.62 1.22 1.12 4.92 1.10 1.21

III2 28 p.Gly343Ser 8.81 1.02 1.10 7.48 1.34 1.17

III3 30 - 3.60 1.53 0.63 2.49 1.16 0.93

III4 30 - 3.27 0.93 1.10 2.04 1.31 0.62

III5 23 - 3.18 1.16 1.03 1.94 1.19 0.73

III6 27 - 3.06 1.38 0.76 2.02 0.93 0.70

III7 22 p.Ala627Thr 7.58 1.38 1.08 6.11 1.24 0.82

III8 20 p.Gly343Ser 6.97 0.87 1.68 5.03 1.61 0.54

Normal
reference
value

    5.18 1.7 1.04-
1.55

0-3.37 1.2-
1.6

0.6-
1.1

Note: TC, Total cholesterol; TG, Triglycerides; HDL-C, High density liptein cholesterol; LDL-C, Low Density
Lipoprotein; apoA, Apolipoprotein B; apoB, Apolipoprotein B
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Figures

Figure 1

a) Family genogram of FH. The proband (II2) and younger brother (II7) carrying compound heterozygotes;
black and grey indicate c.G1027A (p.G343S) and c.G1879A (p.A627T) mutation in LDLR gene,
respectively. b) and c) The symptoms of xanthomas on the eyelid skin of the proband (left) and brother
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(right). d) The Sanger sequencing map of the c.G1027A (p.G343S) mutant and e) The corresponding
wild-type Sanger sequencing map. f) The Sanger sequencing map of the c.G1879A (p.A627T) mutant
and g) The corresponding wild-type Sanger sequencing map.

Figure 2

Effects of LDLR Gly343Ser and Ala627Thr mutations on the protein tertiary structure. a) The LDLR
interacting proteome included in the String database (https://string-db.org/cgi/network?
taskId=bniuzKD4qlSX&sessionId=b8YfT7vyWuWv). b) The tertiary structure of LDLR (green) and its
interacting protein PCSK9 (yellow and purple) was obtained from Swiss-model database
(https://swissmodel.expasy.org/repository/uniprot/P01130). c) Chimera 1.15
(https://community.chocolatey.org/packages/chimera/1.15) predicted changes in LDLR tertiary structure
by the mutation of Gly343 to Ser343. d) Chimera 1.15 predicted changes in LDLR tertiary structure by the
mutation of Ala627 to Thr627.
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Figure 3

Effects of LDLR Gly343Ser and Ala627Thr mutations on protein functional domains. Functional domain
prediction for wild-type (top) and mutant (bottom) using Predictprotein (https://predictprotein.org/). The
shaded area represents the location of the mutation; the red arrows indicate regions where wild-type and
mutants vary signi�cantly in functional domains.

Figure 4
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Effects of LDLR Gly343Ser and Ala627Thr mutations on protein post-translational modi�cation. a)
Conservation analysis of sequences near the mutation sites of Gly343Ser and Ala627Thr. * indicates
pathogenic mutation loci included in the Uniprot database (https://www.uniprot.org/uniprot/P01130). b)
GPS 5.0 (http://gps.biocuckoo.cn/) predicted signaling pathway regulating phosphorylation of Gly343Ser
mutation site. c) GPS 5.0 predicted the phosphorylation signaling pathway function on the Ala627Thr
mutation site. d) GPS 5.0 predicted the effect of Ala627Thr mutation onphosphorylation signaling
pathway of the Ser630 site. e) YinOYang-1.2 (https://services.healthtech.dtu.dk/service.php?YinOYang-
1.2) predicted the effect of LDLR Gly343Ser and Ala627Thr mutations on protein O-glycosylation

Figure 5
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Expression and functional analysis of LDLR. a-b) The Human Protein Atlas database
(https://www.proteinatlas.org/ENSG00000130164-LDLR) includes the expression levels of LDLR mRNA
(a) and protein (b) in various tissues and cells. c) The CRISPR high-throughput screening database
BioGRID (https://orcs.thebiogrid.org/Gene/3949) includes the physiological and pathological functions
that LDLR is mainly involved in.

Figure 6
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Relationship between LDLR dysfunction and cancer. a) The GEPIA 2 database (http://gepia2.cancer-
pku.cn/#general) includes the expression changes of LDLR in various cancer and normal tissues. b) The
Human Protein Atlas database (https://www.proteinatlas.org/ENSG00000130164-LDLR) includes the
expression staining of LDLR in hepatoma sections. c) Cell typing of hepatoma using single-cell
transcriptome sequencing data. d) Single-cell transcriptome sequencing to verify the expression of LDLR
in various hepatoma cells.
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