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Genetic analysis in a compound heterozygote
family with familial hypercholesterolemia
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Abstract. Homozygous familial hypercholesterolemia (FH)
is rare, with an incidence of ~one in a million and commonly
presents with a genetic mutation. The genetic variations of
families with FH were clinically analyzed to investigate the
association between the phenotype and genotype of patients.
Direct sequencing was conducted for the proband and her
parents to detect mutations in the fragment of 18 exons of the
low-density lipoprotein receptor (LDLR) and apolipoprotein
B100 Q3500R in the peripheral blood genomic DNA. The
gene sequences were compared with normal ones to find muta-
tions using GenBank. The QX200 Droplet Digital PCR system
was used to detect target DNA copy number variations of the
proband and her parents. The functional alterations resulting
from the novel mutations were verified by quantitative poly-
merase chain reaction, western blotting and flow cytometric
analyses. The lipid levels of the proband and her parents
were all elevated. Genetic testing results indicated that the
proband and her mother had a novel heterozygous missense
mutation (C377G, 28893T>G) in exon 8 of the LDLR gene,
whereas the proband and her father had LDLR gene DNA
fragment deletions in exon 18. Clinically, the proband was
of a compound heterozygous genotype and her parents were
of the simple heterozygous genotype. Furthermore, both
mutations led to impaired expression and LDL binding and
internalization function of LDLR in vitro. The proband's
genotype was confirmed to be compound heterozygous FH,
leading to clinical manifestations in line with the homozygous
FH phenotype. The phenotype is highly associated with the
genotype in this type of compound heterozygous FH.
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Introduction

Familial hypercholesterolemia [FH; Online Mendelian
Inheritance in Man (OMIM) reference no. 143890] is one
of the most common and most serious autosomal dominant,
hereditary monogenic diseases. Clinically, it is divided into
two types: Homozygous and heterozygous. Homozygous
FH patients manifest rising plasma low-density lipoprotein
cholesterol (LDL-C), tendon xanthoma in infancy or early
childhood, early onset atherosclerosis, severe coronary heart
disease, or even death during youth and its incidence is ~one
in a million (1). Heterozygous FH patients' phenotypic features
are not obvious and it has an incidence rate of ~1 in 500 (2).
The most reliable diagnosis of FH may be made using pheno-
typic criteria and genetic testing. Genetic testing increases the
accuracy of an FH diagnosis. The pathology of FH is associ-
ated with serum LDL-C metabolic pathway abnormalities.
Generally, FH results from mutations in the genes encoding the
LDL receptor (LDLR), apolipoprotein B (apoB), or proprotein
convertase subtilisin/kexintype 9 (PCSK9). Previous studies
have identified several LDLR mutations in FH and the asso-
ciation between the phenotype and underlying genotype (3.4),
including a systematic review analyzing the characteristics,
distribution, gene frequency and association between the
genotype and phenotype of LDLR mutations especially in the
Chinese population (5). However, FH is a very heterogeneous
disease and there are different variants of LDLR gene muta-
tions throughout the gene. Although the phenotype is supposed
to be associated with the genotype, ~30% of patients with
the typical clinical phenotype still cannot be identified with
significant pathogenic genetic mutations (4,6-8), which may be
due to the extensive genetic heterogeneity of FH patients or its
clinical variability. Therefore, it is challenging and essential
to diagnose an FH patient with homozygous or heterozygous
FH. In the present study, the genetic variations in a family with
compound heterozygous FH were analyzed to investigate the
association between the phenotype and the genotype.

Materials and methods

Subjects. All the investigated subjects gave written informed
consent for all tests and the publication of associated data and
accompanying images, prior to taking part in the study and
participating in these examinations. The study was conducted
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according to the Helsinki declaration (2013) and approved by
the Institutional Ethics Committees of Shanghai Jiao Tong
University, affiliated to Rui Jin Hospital (Shanghai, China).

Determination of lipids. Blood samples (20 ml per patient)
were obtained from the proband and her parents following a
12 h fast at Rui Jin Hospital in March, 2014. The proband was
16 years old and her parents were both 47 years old. All samples
were collected simultaneously, immediately placed on ice and
subsequently centrifuged within 30 min at 1,000 x g at 4°C for
20 min. Total cholesterol (TC), triglycerides (TG), LDL-C and
high-density lipoprotein cholesterol (HDL-C) were measured
using routine commercial kits (Beckman Coulter, Inc., Brea,
CA, USA) and a Beckman AU 4500 automated biochemical
analyzer (Beckman Coulter, Inc.), according to the manufac-
turer's protocols.

Genotyping assays. Venous peripheral blood was collected
from the proband and her parents. Genomic DNA was prepared
from the peripheral white blood cells by phenol/chloroform
extraction (9). The polymerase chain reaction (PCR) and direct
sequencing were used to detect the fragment of 18 exons of
the low-density lipoprotein receptor (LDLR; OMIM 606945)
and apolipoprotein B100 (apoB100) Q3500R of the proband
and her parents. The primer pairs for these gene fragments are
presented in Table I. The gene sequences were compared with
normal sequences downloaded from GenBank (https:/www.
ncbi.nlm.nih.gov/nuccore/DQ379956.1) to identify mutations.

Detection of target DNA copy number variations. The QX200
Droplet Digital PCR (ddPCR™) (10,11) system was used to
detect target DNA copy number variations of the proband and
her parents. The workflow was carried out based on the manufac-
turer's protocol (http://www.bio-rad.com/zh-cn/product/qx20
0-droplet-digital-pcr-system). The TagMan® Copy Number
Reference Assay, with RNase P (Applied Biosystems; Thermo
Fisher Scientific, Inc., Waltham, MA, USA), is recommended
as the standard reference assay for copy number analysis,
which is present at 1 copy per haploid genome and was labeled
with VIC fluorescent dye. The 1st target site was located at
exon 18 of the LDLR gene. The forward primer was 5-TTG
GCAGAGACAGATGGTCAGT-3' and the reverse primer was
5'-CGGGACTCCAGGCAGATG-3'; the probe was FAMTGG
AGGATGACGTGGCGTMGBNFQ. The 2nd target site was
located at a distal region of the exon 18. The forward primer
was 5'-GATTGACGAAATTGGTGCTCAA-3' and the reverse
primer was 5'-GCCATCTGAGCCCGCTTA-3'; the probe was
FAMCAAGTGGCAAACAGGMGBNEFQ.

CopyCaller™ Software, v2.0 (Thermo Fisher Scientific,
Inc.), was used to analyze the ratios of the FAM and VIC
fluorescence number, including RNase P in the st target site
and that in the 2nd target site, respectively. The ratios obtained
represented the DNA copy number at the target site, compared
with a haploid genome.

Cell culture, plasmid construction and transfection. The
LDLR wild-type gene was cloned as well as genes with specific
mutations including C377G and L855fs, from the GV230
vector (Shanghai GeneChem, Co., Ltd., Shanghai, China)
separately, which has an N-terminal green fluorescent protein
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(GFP) tag. Prior to being used, the integrity of all constructs
were verified by quantitative (q)PCR and western blot analysis.

The wild type (WT) and mutant plasmids (20 pg/ml) were
transfected into 293T cells (4x10°/ml; Shanghai GeneChem,
Co., Ltd.), which do not have endogenous LDL-R expression,
using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.),
according to the manufacturer's protocol. One day prior to
transfection, cells (2x10° cells/well) were seeded in a six-well
plates. Transfection efficiency was estimated by counting the
GFP positive cells using a fluorescent microscope, which was
observed to be ~65-70% in all experiments, following the
counting of 7 randomly selected fields of view (magnifica-
tion, x400). Transfected cells were cultured in RPMI 1640
(cat. no. 22400-089; Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% lipoprotein deprived serum (Gibco;
Thermo Fisher Scientific, Inc.) for 48 h prior to analysis of
LDLR expression and function by flow cytometry. Cells were
maintained at 37°C and a humidity of 95% in an incubator
with an atmosphere of 5% CO,.

Reverse transcription (RT)-gPCR analysis of LDLR. Total
RNA was isolated from the cultured 293T cells using the
acid-phenol extraction method in the presence of chaotropic
salts (TRIzol™; Thermo Fisher Scientific, Inc.) and subsequent
isopropanol-ethanol precipitation. Reverse transcription of
mRNA encoding LDLR as well as GAPDH was performed on
2 ug total RNA using the SuperScript First-Strand Synthesis
System (Thermo Fisher Scientific, Inc.), following the manu-
facturer's protocol. gPCR was conducted using the SYBR
Green PCR Master Mix (Applied Biosystems; Thermo Fisher
Scientific, Inc.) and ABI Prism 7500 Sequence Detection
System (Applied Biosystems; Thermo Fisher Scientific, Inc.),
according to the manufacturer's protocol. The thermocycling
conditions included initial activation at 95°C for 10 min,
followed by 40 cycles of denaturation for 15 sec at 95°C and an
annealing/extension step for 1 min at 60°C. The equation 2-44¢4
measurement was used to analyze the results (12). Primer sets
were as follows: LDL-R: Forward, 5-AACGAATGCTTG
GACAACAAC-3', reverse 5'-CTTCCTCACACTGGCACT
TG-3'. GAPDH: Forward, 5"“TGACTTCAACAGCGACAC
CCA-3', reverse 5-CACCCTGTTGCTGTAGCCAAA-3.

Western blot analysis. Cells were lysed in a radioimmuno-
precipitation assay lysis buffer containing 100 mM NaCl and
10 nM EDTA (cat. no. 9803; Cell Signaling Technology, Inc.,
Danvers, MA, USA). Protein concentration was determined
using the BCA assay and following this, protein samples
(15 ug) were loaded and separated by 10% SDS-PAGE and
transferred onto nitrocellulose membranes. Non-specific
binding sites were blocked in Tris-buffered saline/Tween
buffer (TBST; 0.1%, v/v) supplemented with 5% non-fat dry
milk for 1 h at room temperature and the membrane was
then probed with primary antibodies to LDLR (1:5,000; cat.
no. ab52818; Abcam, Cambridge, UK) and GAPDH (1:2,000;
cat. no. sc-32233; Santa Cruz Biotechnology, Inc., Dallas,
TX, USA) in TBST supplemented with 1% bovine serum
albumin (BSA; Beyotime Biotechnology, Shanghai, China) at
4°C overnight. Following three subsequent washes in TBST,
membranes were incubated with the following horseradish
peroxidase (HRP)-conjugated secondary antibodies for
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Table I. Primers of the gene fragments and amplification fragment length of each polymerase chain reaction system.

Amplified segments Upstream primer (5'-3") F Downstream primer (5'-3') R Fragment length (bp)
ApoB-100E26 gtggagggtagtcataacag acatacaagcaaagggaccg 510
LDLR promoter gagtgggaatcagagcttcacgggt cattgaaatgctgtaaatgacgteg 155
LDLR E1 acccaaatacaacaaatcaagtcg agggtgagggaccgcatct 629
LDLR E2 ttagttggcaggaaatagaca gccaccacctetatcttgt 598
LDLR E3 gcctcagtgggtctttec aatgacccacgtaacatgaag 563
LDLR E4-1 atagaatgggctggtettgg aggacaaatctgacgaggaa 440
LDLR E4-2 cgaagatggctcgatga gcttattgggaaatcactgttt 466
LDLR E5 aaggtggcacgattatggc cttctcagagcctcacttectt 566
LDLR E6 gattacaggcacaaaccacc ggaaagggactgagacatga 339
LDLR E7 attagcctgtcatggtegtg aacaccttgggacgeccga 703
LDLR E8 gggtocgtaatccctgtaa ttaggacttgggcettgce 834
LDLR E9 tttctgggtgectectetg ggaatggagggagcagga 655
LDLR E10 tccatcgectacctettett tggttagtgggctgggca 564
LDLR El1 aaaacccaaacaagccaca ctgctcectgaaggtttee 381
LDLR E12 aggtatgttcgcaggacage ccttetecttggeegtet 784
LDLR E13 ccagtgtttaacgggatttg tgtgagaggaccaccctgag 353
LDLR E14 tcttccacaacctcacccag ctgctcatctgtcaaatgggta 399
LDLR EI5 tgagactttcgtcattaggcg gtctaataacagttcttgecctc 448
LDLR E16 tgggaagttctccaagtgte gtceegtgetgtggaatag 435
LDLR E17 caaggttatggtacgatgcc cagaatgtcagcggacaatg 418
LDLR E18 actcaccgtcteectetgg gggagccagaacaggctt 333

F, forward; R, reverse; LDLR, low-density lipoprotein; ApoB-100, apolipoprotein 100.

80 min at room temperature: Anti-rabbit HRP (cat. no. 7074;
1:3,000; Cell Signaling Technology, Inc.) and anti-mouse
HRP (cat. no. 7076; 1:3,000; Cell Signaling Technology, Inc.).
Following another three washes in TBST, specific bands were
detected using an enhanced chemiluminescent reagent (cat.
no. B18005; Selleck Chemicals, Houston, TX, USA), and the
obtained images were analyzed using ImagelJ (version 1.48;
National Institutes of Health, Bethesda, MD, USA).

Flow cytometric analysis. Following transfection, cells (1x109)
were harvested by trypsinization and suspended by PBS for flow
cytometric analysis. The cell suspension was then divided into
two groups: The first group was used for LDL binding ability
analysis; the second was used for LDL internalization analysis.
The cells undergoing LDL binding analysis were placed in
20mg/ml1,1'-Dioctadecyl-3,3,3'3"-tetramethylindocarbocyanine
perchlorate (Dil) labeled LDL (Molecular Probes; Thermo
Fisher Scientific, Inc.) for 1 h at 4°C. Following the incubation,
the medium was removed, then the cells were washed twice in
ice-cold PBS with 0.5% BSA (Beyotime Biotechnology, Inc.).
The same cells were incubated in 20 mg/ml Dil labeled LDL
for 1 h at 37°C for LDLR internalization analysis, followed by
medium removal. Following that, cells were washed twice in
ice-cold PBS with 0.5% BSA prior to flow cytometry analysis.
LDLR function was analyzed by a BD FACS Flow Cytometer
with an argon laser operating at 514 nm (Dil). All experi-
ments and analyses were repeated three times. For analyses,
histogram plots presented Dil-LDL positive cells gated on
GFP tagged LDL-R and the x-axis demonstrated the activity

of Dil-LDL binding and of Dil-LDL internalization. All data
were collected and analyzed using FlowJo (version 9.3.2;
FlowJo LLC, Ashland, OR, USA).

Statistical analysis. Data are presented as mean + standard
error of the mean. Comparisons between two groups were
made using a Student's t-test or Mann-Whitney U test, while
the data obtained from multiple groups were compared using
Kruskal-Wallis test with Dunn's multiple comparison test. A
minimum of three repeats per experiment was performed. All
data were analyzed using SPSS software, version 20.0 (IBM
SPSS, Armonk, NY, USA). P<0.05 was considered to indicate
a statistically significant difference.

Results

Clinical features of the proband and her family members.
The proband was a 16-year-old girl, who presented with
elevated serum lipid levels and a xanthoma for ~13 years. At
the age of 3, her parents identified a soy bean-sized xanthoma
on the joints of her limbs and her lab results demonstrated
an abnormally high level of serum lipids. The proband
was prescribed Lipitor therapy, 10 mg orally once daily for
4 years, with accompanying dietary and lifestyle alterations.
However, her serum lipid levels remained high, with a TC of
20.15 mmol/l and LDL-C of 13.16 mmol/l. Her xanthoma also
increased gradually and therefore, she was prescribed more
anti-hyperlipidemic drugs: Lipitor, 20 mg twice a day, along
with 4 g cholestyramine thrice a day. The lipid levels were still
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poorly controlled, although the growth rate of the xanthoma
slowed slightly.

A physical examination revealed that the proband was of
good nutritional status and normal development, and her BMI
was 20.7 kg/m?. Flat or nodular, yellow protruding rashes,
5-10 cm in diameter, were visible on her Achilles tendon,
knees, elbows and ears (Fig. 1). Systolic murmurs of the left
carotid artery were detected and a jet-like murmur around the
aortic valve area was heard.

Echocardiography demonstrated severe, supravalvular
aortic stenosis 7 mm from the aortic root. The narrowest
diameter was ~5 mm and there were multiple echogenic
plaques on the irregular aortic arch sidewall. Vascular
ultrasonography demonstrated bilateral carotid athero-
sclerotic plaque formation. The percentage stenosis of the
right internal carotid artery was ~50% and the percentage
occlusion of the left internal carotid artery was ~60%.
The right common carotid artery had a soft plaque of
~2.6x27.2 mm and left common carotid artery had a soft
plaque of ~2.8x16.4 mm. Coronary computed tomography
angiography demonstrated that there were multiple plaques
on the wall of the left main stem, the middle of the left
anterior descending artery and the right coronary with
mild luminal stenosis; a mixed plaque was also seen on
the proximal left circumflex artery with moderate luminal
stenosis. The aortic root had multiple plaques, leading to
supravalvularaortic stenosis.

Furthermore, the proband's parents had no apparent clinical
features upon physical examination. They had a non-consan-
guineous marriage and the family had no similar diseases. The
proband had no secondary causes of hypercholesterolemia,
including proteinuria, hypothyroidism or medications.

The proband's lipid values remained high, with a TC
of 14.21 mmol/l, a LDL-C of 12.22 mmol/l and a TG of
1.63 mmol/l, even following treatment with 40 mg atorvastatin
per day. Although her parents had no apparent clinical features
upon physical examination, they also suffered from hyper-
lipidemia and their serum lipid levels were mildly elevated,
accompanied by high TC and LDL-C levels. The results of
the serum lipid profile of the primary family members are
presented in Table II.

Genetic mutations. The genetic screening results demon-
strated that the proband and her mother had the same
heterozygous missense mutation C377G, 28893T>G in
exon 8 (Fig. 2A and B), whereas her father did not have this
mutation (Fig. 2C). Therefore, the proband does not have
a homozygous mutation in her genotype. However, it was
demonstrated that in exons 16 and 18 of the proband and
her parents, gene sequences were mismatched. Multiple AA
alleles were present in the father, whereas GG alleles were
present in the mother and proband (rs13306501, rs2304182,
rs2116899, rs2116897, rs2116898 and rs14158; Table III),
which didn't obey the law of inheritance. According to the
laws of inheritance, if the DNA fragment was complete in
the associated exon region of the father, AG alleles would be
expected to be present in the proband (A from her father and
G from her mother). However, GG alleles were present in both
the mother and proband, which suggests that the proband did
not inherit said alleles in the same region from her father as
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A

Figure 1. Clinical manifestations of the proband. Photos of the xanthomas in
different locations of the proband. (A) Achilles tendon xanthomas. (B) Skin
xanthomas on the knees. (C) Cutaneous xanthomas on the elbow region.
(D) Skin xanthomas on the ear.

she did from her mother. As such, it was hypothesized that
a large DNA fragment had been deleted in the exon 16 and
18 regions of both the father and the proband. There was no
mutation observed in apoBQ3500R.

Abnormal target DNA copy number. The results of the
ddPCR™ system demonstrated that the ratios of the father
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Table II. Serum lipid profile of primary family members.
Subjects Age (year) TC (mmol/l) HDL-C (mmol/1) LDL-C (mmol/1) TG (mmol/1) Treatment
Proband 16 14.21 0.84 12.22 1.63 Atorvastatin
40 mg/day
Father 47 7.34 1.35 4.40 14 None
Mother 47 8.33 1.79 498 0.97 None

TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol.
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Figure 2. Genetic screening results. Heterozygous missense mutation in exon
8 of the LDLR gene of the proband and her parents. There is a missense
mutation in exon 8, c. 28893 T>G, p. Cys 377 Gly, in both the (A) proband
and her (B) mother, whereas the mutation is not present for her (C) father.
Arrows indicate the missense mutation.

and the proband were close to 1 at the st site, whereas the
mother was close to 2 at the 1st site. The results for the 2nd
site demonstrated that the ratios for the parents and the
proband were all close to 2 (Fig. 3). These results indicated
that the father and proband were haploid at the Ist site,
however diploid at the 2nd site, whereas the mother was
diploid at both the 1st and 2nd sites. This suggests that there

Table III. Mismatched alleles in the low-density lipopro-
tein-receptor gene exon of the family detected by DNA
sequencing.

Exon Nucleotide (location) Proband Father Mother
Exon 16 rs13306501 GG AA GG
Exon 16 rs2304182 GG AA GG
Exon 18 rs2116899 GG AA GG
Exon 18 1s2116897 GG AA GG
Exon 18 rs2116898 GG AA GG
Exon 18 rs14158 GG AA GG
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Figure 3. The results from the ddPCR™ system. (A) The results from the
ddPCR™ system, including the 1st and the 2nd site of the proband and her
parents. 2-1 and 3-1 indicate the Ist and 2nd site of the proband, respectively;
whereas, 2-2 and 3-2 indicate her mother's site, and 2-3 and 3-3 represent her
father's sites. (B) Quantitative results of part A. QX200 Droplet Digital PCR;
ddPCR™.

were DNA fragment deletions at exon 18 in both the proband
and her father. The genotype of this proband belongs to the
compound heterozygous FH category.
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L855fs mutants, as well as the negative control vector. (C) Histogram of different samples in western blotting analysis. (D) Characterization of LDLR binding
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respectively. The activity of Dil-LDL binding is given on the x-axis. (E) The histogram exhibits the data as the percentage of mean fluorescence compared with
the WT. Bars and vertical lines indicate the mean of five independent measurements and standard deviation, respectively.
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samples as described previously. “P<0.01;

Novel genetic mutations and fragment deletions impair LDLR
Sfunction. gPCR and western blot analysis of total cell lysates
from 293T cells transfected with WT and mutant LDLR expres-
sion vectors were performed separately, including both C377G
mutations as well as the L855 deletion mutation. Compared with
the WT, both C377G missense mutations and L855 fragment
deletion mutations led to impaired expression of LDLR at the
mRNA (Fig. 4A) and protein levels (Fig. 4B and C). To further
demonstrate the functional activity of these two lesions, 293T
cells were used without endogenous LDLR for LDL binding and
internalization analyses. Flow cytometry analysis demonstrated

P<0.001. WT, wild type; NC, normal control; LDLR, low-density lipoprotein receptor.

that compared with WT control, these two mutations had
significantly decreased LDL binding (P<0.001; Fig. 4D and E)
and internalization ability (P<0.001; Fig. 4F and G).

Association between the phenotype and genotype in this
FH family. The genotype of this proband was the compound
heterozygous FH type, whereas her parents exhibited the
simple heterozygous genotype. Correspondingly, the proband
demonstrated severe clinical manifestations with an LDL-Cof
<14 mmol/l, tendon xanthoma, premature chronic heart
diseases and peripheral vascular disease, all which conformed
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Table IV. Association between the phenotype and genotype in the familial hypercholestraemia family.

Phenotype Genotype
LDL-C DNA fragments
Subject Age (year) TC (mmol/l) (mmol/l) Xanthoma C377G28893T>G deletions atexon 18  Treatment
Proband 16 14.21 12.22 Yes Yes Yes Atorvastatin
40 mg/day
Father 47 7.34 440 None None Yes None
Mother 47 8.33 498 None Yes None None

TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol.

to the homozygous FH phenotype. Her parents only demon-
strated mildly elevated serum lipid levels with LDL-C
between 4.0-4.9 mmol/l, without any other clinical features,
which met the heterozygous FH phenotype, in accordance
with The Dutch Lipid Network Criteria (13). Coincidentally,
the phenotype was associated with the genotype in this FH
family (Table I'V).

Discussion

The present study covered both phenotypic and genotypic
analyses of an FH patient and her family members. The
proband in the present study had the typical clinical mani-
festations of homozygous FH, presenting with xanthoma
at the age of three; an LDL-C >14 mmol/l at the age of six
despite optimal Lipitor treatment; and early onset of severe
supravalvular aortic stenosis, carotid artery atherosclerotic
plaques and coronary atherosclerosis. Her diagnosis clearly
conformed to the homozygous FH clinical diagnostic
criteria (14-17).

Based on clinical features, genetic testing is helpful to
confirm the diagnosis of homozygous FH. Currently, >90%
of the diagnosed molecular FH cases result from LDLR
genetic mutations (18), whereas the others are primarily due
to a pathogenic mutation in apoB or PCSK9 (19,20). All the
aforementioned defects will ultimately affect lipid metabolism
and result in higher circulating LDL-C concentrations. Van
der Graaf et al (21), analyzed 269 pediatric cases of children
diagnosed with FH due to gene defects. The results demon-
strated that LDLR mutations accounted for 95% of genetic
mutations, whereas apoB mutations accounted for 5% and no
PCSK9 mutations were detected.

Sequencing results, obtained using PCR to amplify the
entire sequence of the amino acid coding region of the LDLR
gene, including 18 exons in the proband, exhibited a heterozy-
gous mutation in exon 8 (c. 28893 T>G, p. Cys 377 Gly), which
resulted in a substitution of Cys at codon 377 with Gly. LDLR
gene sequencing of exon 8 of the proband's mother revealed
the same genotype, whereas her father had no mutation at that
site. Both the proband and her mother's genotypes meet the
criteria for heterozygous FH diagnosis. However, the clinical
manifestations of the proband are more severe and conform to
the homozygous FH diagnosis, whereas those of her mother
are consistent with heterozygous FH. Therefore, 18 exons of

the LDLR gene of the parents were sequenced for comparison
with normal sequences. It was demonstrated that the proband
and her parents' partial genes mismatched in exon 16 and exon
18. For the father, multiple alleles presented with AA, whereas
GG was present in the mother and proband (rs13306501,
rs2304182, rs2116899 and rs2116898). The results from the
QX200 ddPCR™ system demonstrated that the patient and
her father were haploid in part of exon 18, indicating DNA
fragment deletions at these loci. The results revealed that the
proband is compound heterozygous with gene variation. The
proband inherited a heterozygous missense mutation in exon
8 of the LDLR gene from her mother, and from her father, she
inherited LDLR gene DNA fragment deletions and variation
in exon 18. As both of her chromosomes are defective, she
cannot make normal LDLR. In fact, the proband's gene varia-
tion conforms to the diagnosis of compound heterozygous FH,
leading to clinical manifestations in line with the homozygous
FH phenotype.

The LDLR gene is located on the short arm of chromosome
19 (Ch19pl3.1-13.3) and has a total length of 45 kb, including
18 exons and 17 introns, which encodes an 839 amino acid
precursor protein with seven domains (22,23). According to
the Britain FH LDLR gene mutations database (http:/www.
ucl.ac.uk/1dlr/LOVDv.1.1.0/), >1700 LDLR gene mutations
have been reported worldwide. The heterozygous gene muta-
tion of the proband and her mother was previously unknown
(c. 28893 T>G, p. Cys 377 Gly); namely, this mutation in the
LDLR gene sequence coding region (CDS) at the 8th exon,
no. 28,893, leads to a alteration in the encoded protein, as Cys
is replaced with Gly. This type of mutation is located in the
epidermal growth factor precursor domain and it may lead to
transport disorders of LDLR from the endoplasmic reticulum
to the Golgi, loss of function for binding to LDL, or LDLR
recycling disorders. A previous study revealed that a patho-
genic ¢.1129 T>G, C356G mutation in exon 8 results in 57%
LDLR binding and 52% internalization activity in transfected
293T cells (24).

The proband and her father's LDLR gene sequence CDS
of exon 18 exhibited deletion mutations, which occurred in
the CDS of the transmembrane domain and the cytoplasmic
domains. These deletions may easily lead to an inward deficient
shift, where LDLR may bind to LDL, however LDL cannot be
transported to the cell surface and accumulate in the coating
lacuna. This kind of deletion is identical to FH-Helsinki,
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which is a deletion of the LDLR gene that deletes 9.6 kb from
intron 15 to exon 18 and is very common among Finnish FH
subjects in Oslo, Norway (25,26). Furthermore, in the present
study, analyses using 293T cells further demonstrated that
both the C377G mutation and the fragment deletions in exon
18 could affect expression and function of LDL-R to some
extent, leading to impaired LDL binding and internalization.
However, as the in vitro cell model represents a simplified
molecular environment compared with in vivo conditions, such
mutation and fragment deletions may cause more significant
dysfunction of LDL-R in in vivo experiments.

The proband inherited her mother's exon 8 heterozygous
mutation (c. 28893 T>G, p. Cys 377 Gly) and inherited her
father's exon 18 deletion mutation, which resulted in two
DNA strands that were unable to synthesize normal LDLR.
Therefore, she suffered from tendon xanthoma at an early age,
a large accumulation of LDL in plasma and severe atheroscle-
rosis during youth.

Regarding pathogenesis, due to a congenital deficiency
of LDLR, high amounts of cholesterol accumulated in the
body organs, resulting in severe supravalvular aortic stenosis,
carotid artery atherosclerotic plaques, coronary atherosclerosis
and tendon xanthoma. Given that patients with homozygous
FH have a severe or total deficiency in LDLR function, their
response to LDL lowering therapies is usually markedly
attenuated (27). Although the proband did not reach the target
level of LDL during her 13 years of treatment, her LDL level
still decreased, through the application of statins. Statins and
ezetimibe are able to lower LDL-C in homozygous FH patients
by potentially decreasing hepatic secretion of apoB (1,28)
and upregulation of hepatic LDLRs (27). However, most of
the homozygous FH patients usually require apheresis (1,29).
Therefore, it was suggested that the proband take 100 mg
aspirin daily, 40 mg Lipitor every night, 10 mg ezetimibe daily
and LDL apheresis, based on her LDL level. As the proband
currently has no clinical symptoms of dizziness or chest tight-
ness and no coronary ostial lesions, she will be followed-up
and surgery only suggested when obvious clinical manifesta-
tions appear.

In the present study, the proband's mother had a heterozy-
gous mutation in exon 8 (c. 28893 T>G, p. Cys 377 Gly); this
genotype belongs to the heterozygous FH diagnosis and clini-
cally manifests with mildly elevated blood lipids. The patient's
father had a single-stranded deletion in exon 18, causing him
to belong to the heterozygous FH diagnosis, either with mildly
elevated blood lipids or without clinical features upon physical
examination.

The proband inherited the variant genes of both her
father and her mother, so her genotype and clinical pheno-
type are consistent with homozygous FH. She exhibited all
of the typical symptoms, including early manifestations of
xanthoma, hyperlipidemia, cardiovascular disease, ineffec-
tive administration of lipid-lowering drugs and a need to
reduce the level of cholesterol with apheresis. To some extent,
this indicated that clinical manifestations and genotypes are
associated. However, HF is a heterogeneous disease with
different mutations and the same site mutation has occurred
in different patients, however with different clinical mani-
festations and symptoms of different severity, particularly
in those of the heterozygous genotype. Epidemiological
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studies demonstrated that the clinical manifestations of FH
heterozygotes in China are much less severe compared with
patients in the West, which may be associated with the tradi-
tional low-fat diet and some of the 'lipid-regulating' genes in
China (1,28).

Regardless, once identified, FH patients should be
prescribed a high-potency statin therapy at the highest toler-
ated dose. For the severe homozygous FH patients, lipoprotein
apheresis is further administered to remove lipoproteins.
Several studies have demonstrated that statins and lipoprotein
apheresis may reduce the progression of atherosclerosis and
improve the outcome of FH (30-33). Therefore, early diag-
nosis and early treatment may delay the cumulative burden
of elevated LDL-C, reducing the risk of complications asso-
ciated with atherosclerosis and coronary heart disease (34).
Therefore, clinicians and society should raise awareness of
FH and the comprehensive screening strategy, including the
clinical and genetic aspects, in order to significantly improve
the outcomes for these patients (17,35).

In conclusion, in the present study, a compound heterozy-
gous family with FH were investigated. The family members
carried genetic defects in exon 8, with a heterozygous mutation
(c. 28893 T>G, p. Cys 377 Gly) in one chromosome strand, and
a deletion mutation in exon 18 in another chromosome strand.
To the best of the author's knowledge, the heterozygous allelic
mutation has not yet been reported. The proband's genotype is
different from any of the previously reported FH genetic varia-
tions. The genotype is associated with the phenotype, which
may help to reasonably explain the clinical manifestations.
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