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Identification of novel variants in the LDLR
gene in Russian patients with familial
hypercholesterolemia using targeted sequencing
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Abstract. Familial hypercholesterolemia (FH) is caused
by mutations in various genes, including the LDLR, APOB
and PSCK9 genes; however, the spectrum of these mutations
in Russian individuals has not been fully investigated. In the
present study, mutation screening was performed on the LDLR
gene and other FH-associated genes in patients with definite
or possible FH, using next-generation sequencing. In total, 59
unrelated patients were recruited and sorted into two separate
groups depending on their age: Adult (n=31; median age, 49;
age range, 23-70) and children/adolescent (n=28; median age,
11; age range, 2-21). FH-associated variants were identified
in 18 adults and 25 children, demonstrating mutation detec-
tion rates of 58 and 89% for the adult and children/adolescent
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groups, respectively. In the adult group, 13 patients had
FH-associated mutations in the LDLR gene, including two novel
variants [NM_000527.4: ¢.433_434dupG p.(Vall45Glyfs*35)
and ¢.1186G>C p.(Gly396Arg)], 3 patients had APOB
mutations and two had ABCG5/G8 mutations. In the chil-
dren/adolescent group, 21 patients had FH-causing mutations
in the LDLR gene, including five novel variants [NM_000527.4:
c.325T>G p.(Cysl09Gly), c.401G>C p.(Cysl34Ser),
c.616A>C p.(Ser206Arg), c.1684_1691delITGGCCCAA
p.(Pro563Hisfs*14) and ¢.940+1_c.940+4delGTGA], and
2 patients had APOB mutations, as well as ABCGS and LIPA
mutations, being found in different patients. The present study
reported seven novel LDLR variants considered to be patho-
genic or likely pathogenic. Among them, four missense variants
were located in the coding regions, which corresponded to
functional protein domains, and two frameshifts were identified
that produced truncated proteins. These variants were observed
only once in different patients, whereas a splicing variant in
intron 6 (c.940+1_c.940+4delGTGA) was detected in four unre-
lated individuals. Previously reported variants in the LDLR,
APOB, ABCG5/8 and LIPA genes were observed in 33 patients.
The LDLR p.(Gly592Glu) variant was detected in 6 patients,
representing 10% of the FH cases reported in the present study,
thus it may be a major variant present in the Russian population.
In conclusion, the present study identified seven novel variants
of the LDLR gene and broadens the spectrum of mutations in
FH-related genes in the Russian Federation.
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Introduction

Familial hypercholesterolemia (FH) inheritable disorder of
abnormal low-density lipoprotein (LDL) metabolism that
is characterized by elevated plasma concentrations of total
cholesterol (TC) and LDL cholesterol (LDL-C), xanthomas
(cholesterol deposits in the skin and tendons) and an increased
risk of premature coronary artery disease (CAD). Homozygous
FH affects 1 in 1,000,000 individuals, and the frequency of
heterozygous FH varies from 1 in 200 to 1 in 500 individuals,
depending on the population (1).

Monogenic FH is caused by defects in several genes that
encode proteins involved in LDL uptake and catabolism
(LDLR, APOB, PCSK9 and LDLRAPI) (1). The majority of
patients with autosomal dominant FH harbor mutations in
the LDL receptor gene. To date, >2,000 FH-causing variants
have been reported in LDLR (2). APOB and PCSK9 muta-
tions account for a smaller percentage of autosomal dominant
FH cases (3). Recessive forms of FH are associated with
variants in LDLRAPI, which encodes for the LDLR adapter
protein 1 (1).

Hypercholesterolemia may be associated with other rare
disorders of lipid metabolism, which have very similar clinical
presentations; one example is sitosterolemia, which is caused
by mutations in genes encoding either of two ATP-binding
cassette (ABC) transporters, ABCG5 or ABCGS8, which
limits intestinal absorption and promotes biliary excretion of
sterols (4). Next-generation sequencing (NGS) studies have
shown that rare mutations in the ABCGS5, ABCGS8, APOE and
LIPA genes can cause a FH-like phenotype (5).

Despite being one of the most common genetic disorders,
FH still remains largely undetected and untreated world-
wide (2,5). Screening during childhood may enhance the
potential identification of individuals with the condition before
establishment of cardiovascular pathologies (6). As lipoprotein
metabolism in children is influenced by fewer environmental
factors than it is for adults, the difference in LDL-C levels
between children with and without FH is more pronounced (7).
Pediatric FH is diagnosed phenotypically by the presence
of elevated LDL-C levels, in addition to a family history of
premature CAD, high baseline TC levels in one parent and/or
a FH-causing mutation (6). It should be noted that there are no
universal criteria for LDL-C cut-offs in the case of pediatric
diagnosis of FH. Although the widely used Simon Broome
criteria proposes an LDL-C cut-off of 4 mmol/l (155 mg/dl)
for individuals under 16 (8), another suggestion is 3.5 mmol/l
(140 mg/dl) (9,10). The younger the child with suspected
FH, the lower LDL-C should be expected to be (11). LDL-C
levels can fluctuate greatly during childhood, and in the case
of LDL-C levels between 2.7-3.5 mmol/l (100-140 mg/dl), it
is highly recommended that the patient is followed-up for at
least a few years by the Japan Pediatric Society and Japan
Atherosclerosis Society (9). As FH can only be diagnosed
definitively in the presence of xanthomas, which are rarely
observed in children and adolescents (7), genetic screening
is a fundamental diagnostic tool. The heterogeneity of
FH-causing variants and the total length of coding regions of
FH-associated genes supports the use of NGS-sequence-based
mutation screening as a primary methodology for diagnostics
and improving the overall mutation detection rate.

The spectrum and prevalence of FH-related mutations
remains to be studied in Russia. Previous studies have used
limited genetic screening methods based on PCR and Sanger
sequencing to study specific relevant genes, such as LDLR and
APOB (12-14). The aim of the present study was to adapt an
NGS-based method for molecular FH diagnosis in Russian
individuals and compare its efficiency in different age groups.
In the present study, mutation screening in two groups of
patients with suspected FH was presented: The adult group
and the children/adolescent group. NGS was also used to
increase the mutation detection rate.

Patients and methods

Subjects. The present study was approved by the Ethics
Committees of Center for Atherosclerosis and Lipid Disorders
of North-Western District Scientific and Clinical Center Named
After L.G. Sokolov, Medical Faculty of Saint-Petersburg State
University, City Hospital No. 40 (St. Petersburg, Russia) and
Research Centre for Medical Genetics (Moscow, Russia), where
patients were treated, and genetic analysis was performed.
Written informed consent was obtained from all patients or
the children's legal representatives prior to the beginning of
the study.

A total of 59 unrelated citizens from Saint-Petersburg
and Moscow (29 male/30 female) with suspected FH were
enrolled in the present study. Clinical data were collected,
including the prior lipid levels, family and personal history
of dyslipidemia and the presence of premature athero-
sclerotic cardiovascular disease (ASCVD), as well as the
presence of tendon/skin xanthomas and lipoic corneal arcus.
Demographic characteristics and clinical features of the
groups are presented in Table I. The recorded TC and LDL-C
values, independent of pre- or post-treatment, were used in
the present study. Depending on the age, patients were sorted
into two separate groups: The adult group (=21 years old)
and the children/adolescent group (<21) (15). As children
and adolescents were included, the Simon Broome criteria
was used. Exclusion criteria were the presence of thyroid
dysfunction, nephrotic syndrome, autoimmune disease or
primary biliary cirrhosis.

The adult group included 31 patients (12 males and
19 females; median age, 49; age range, 23-70) who fulfilled
the Simon Broome criteria for definite/possible FH (8). The
children/adolescent group included 28 children and adoles-
cents (17 males and 11 females; median age, 11; age range,
2-21) who mostly met the strict criteria regarding lipid levels
(TC >7.5 mmol/l or LDL-C >4.9 mmol/l if >16 years; TC
>6.7 mmol/l or LDL-C >4.0 mmol/l if <16 years). Children
with LDL-C <4.0 mmol/l were also included in the study
as the diagnosis of FH in children can be based on age and
sex adjusted LDL-C levels, with the 95th percentile being
3.5 mmol/l for boys and 3.8 mmol/l for girls (16). A previous
clinical study stated that the LDL-C cut-off level may be even
lower (3.4 mmol/]) if a first-degree relative shows increased TC
and LDL-C levels, or has been diagnosed with ASCVD (17).
A total of 86% individuals from the children/adolescent group
represented families with a history of hypercholesterolemia
and/or ASCVD, but never applied for genetic testing. For
several patients included in the study, elevated TC levels
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Table I. Clinicopathological and demographic characteristics of the recruited cohort.

Characteristic Adult, n=31 Children/adolescent, n=28
Age, years® 474+x14.1 11.0+5.1
Age range, years 23-70 2-21
Male, n (%) 12 (39) 17 (61)
Female, n (%) 19 (61) 11 (39)
Family history, n (%) 23 (74) 24 (86)
Maximal total cholesterol, mmol/I* 11.0£2.2 9314
LDL cholesterol, mmol/I* 6.8+2.5 6.7x1.8
Tendon xanthomas, n (%) 22 (71) 0 ()
Lipoic corneal arcus, n (%) 2 (6) 0(0)
Clinical and instrumental manifestations of ASCVD, n (%) 17 (55) 0(0)
Increased intima-media thickness without clinical symptoms, n (%) 3(10) 0(0)
Patients on lipid-lowering therapy, n (%) 31 (100) 1(4)

*Mean =+ standard deviation. ASCVD, atherosclerotic cardiovascular disease; LDL, low density lipoprotein.

were a consequential finding during routine biochemical
examinations due to frequent respiratory infections.

NGS. NGS was performed as a collaboration between two
genetic laboratories from Saint-Petersburg and Moscow, and
the Illumina MiSeq (Illumina, Inc.) and Ion S5 (Thermo Fisher
Scientific, Inc.) sequencing systems were used, respectively.
Genomic DNA (gDNA) was extracted from whole blood using
the Magna Pure system (Roche Diagnostics) or with the use
of a Diatom DNA Prep reagent kit (Biocom) according to the
manufacturer's protocols. Concentration of gDNA as well as
DNA concentration of the libraries afterwards was determined
using a Quantus Fluorometer™ (Promega Corporation) or
Qubit™ Fluorometer (Thermo Fisher Scientific, Inc.). gDNA
was subjected to electrophoresis in 1% agarose gel and the
optical density ratio was used to confirm its integrity and
purity.

DNA samples were prepared for the targeted NGS
covering all of the coding exons of the LDLR (NM_000527),
APOB (NM_000384), PCSK9 (NM_174936), LDLRAPI
(NM_015627), ABCG5 (NM_022436) and ABCGS
(NM_022437) genes. The panel used for mutation screening
in the children/adolescent group additionally included LIPA
(NM_001127605), as LIPA disorders manifest with FH-like
clinical features at a young age.

For sequencing on the Illumina platform, DNA libraries
were prepared from 200 ng using a KAPA LTP Library
Preparation kit with a custom designed SeqCap® EZ Choice
Library Enrichment kit [Roche Diagnostics; cat. no. KK8232
(07961880001) and 170911_HG19_gb40_cardio_EZ_HX3,
respectively]. Validation of the libraries was performed on
the Agilent 4200 Tape Station (Agilent Technologies, Inc.).
Concentration in nmol was calculated based on the size of the
libraries and concentration in ng/ul. Libraries were normalized
to 4 nmol before pooling and denaturation to get a final loading
concentration of 12.5 pmol. Paired-end sequencing of the 150 bp
libraries was performed on an Illumina MiSeq Sequencer
(Illumina, Inc.) using a MiSeq Reagent kit v2 (300 cycles)
(Illumina, Inc., cat. MS-102-2002) to obtain the FastQ data.

For sequencing on the Ion S5 system, DNA libraries were
constructed with the Ion AmpliSeq™ custom panel and Ion
AmpliSeq™ Library kit 2.0 (Thermo Fisher Scientific, Inc.;
cat. nos. 04779971_Dyslipidemia_IAD175748_182 and
4480442, respectively). DNA quality was confirmed by the
final stage of library preparation using test PCR performed with
the included manufacturer's primers to adaptors sequences.
The thermocycling conditions used were as follows: 95°C for
40 sec, 68°C for 35 sec and 72°C for 75 sec; the number of
cycles used was dependent on the library concentration. PCR
results were visualized on silver-stained 8% acrylamide gel
(staining time 10 min at 4°C). Massive parallel sequencing
of pooled libraries with loading concentration of 75 pmol
was performed using an Ion 540™ Chip kit (Thermo Fisher
Scientific, Inc., cat. A27766) and Ion 540™ Kit-Chef (Thermo
Fisher Scientific, Inc., cat. mo. A30011) with an average
amplicon length of 175 bps.

Bioinformatics analysis. The 1000 Genomes human refer-
ence genome assembly (b37) was used for data analysis (18).
All samples were analyzed using a bioinformatics pipeline
based on the BWA-MEM version 0.7.15-r1140, PicardTools
version 2.2.2 (broadinstitute.github.io/picard/) and
Genome Analysis Tool kit (GATK) version 3.5 (github.
com/broadinstitute/gatk/releases) software according to the
GATK Best Practices workflow (software.broadinstitute.
org/gatk/best-practices/) (19,20). Target enrichment metrics
were collected using the Picard CalculateHsMetrics tool.
All samples included in the dataset were jointly genotyped
using the GATK GenotypeGVCFs tool. Variants were hard
filtered using threshold values recommended by GATK.
Variant annotation was performed using SnpEff and SnpSift
packages. The following resources and databases were used
for variant annotation: dbSNP build 146, 1000 Genomes
phase 3 (21); Exome Aggregation Consortium r. 0.3.1 (22);
ClinVar version 2018-04-01 and dbNSFP version 2.9 (23).
To determine splicing alterations, the NetGene2 Server (cbs.
dtu.dk/services/NetGene2) was used. The frequency of the
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identified variants was additionally assessed following the
Northwest Russia variant compendium (24). Novel variants
were defined based on the following criteria: i) No reference
SNP ID number; and ii) they had not been recorded in the
public database including the Human Gene Mutations
Database (HGMD; hgmd.cf.ac.uk), ClinVar or a publicly
funded database for LDLR mutations (LOVD; databases.
lovd.nl/shared/variants/). The prediction of the pathogenicity
of previously undescribed mutations was performed using
the SIFT (sift.jcvi.org/), PolyPhen-2 (genetics.bwh.harvard.
edu/pph2) and MutationTaster (mutationtaster.org) tools, as
well as Human Splicing Finder for intronic variants (umd.
be/HSF3/HSF.shtml) (25). The nomenclature of molecular
variants follows the Human Genome Variation Society guide-
lines (varnomen.hgvs.org/). Assessment of the pathogenicity
of novel sequence variants was performed taking into account
the recommendations of the American College of Medical
Genetics and Genomics (26). These previously developed
protocols have allowed effective identification of pathogenic
variants for various other hereditary diseases (27).

Variant validation. Variant validation was performed by
PCR-direct sequencing. Specific primers were designed for
verification in each case (Table SI). DNA sequencing was
performed using the ABI BigDye Terminator 3.1 kit (Thermo
Fisher Scientific, Inc.; cat. no. 4337456) on an ABI 3130x1
Genetic analyzer (Saint-Petersburg) or ABI 3500 automatic
sequencer (Moscow; both supplied by Applied Biosystems;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
specifications.

Results

NGS-based genetic findings. The NGS-based technique
allowed for the identification of 32 different pathogenic/likely
pathogenic variants, 7 of which had not been previously
reported, in 43 patients (Table II). The overall mutation
detection rate was 73%. Phenotypic characteristics of muta-
tion-positive patients are reported in Tables SII and SIII. All
novel variants in the LDLR gene identified in this study and
their pathogenicity analyses are presented in Table II, with
their Sanger sequencing results shown in Fig. 1.

In the adult group, pathogenic/likely pathogenic vari-
ants were detected in 18 (58%) patients: 13 Patients had
FH-causing mutations in the LDLR gene, including 2 novel
variants; 3 patients had APOB mutations; and 2 patients had
ABCG5/G8 mutations. A total of 17 (95%) mutation positive
patients had tendon xanthomas and 13 (72%) had established
cardiovascular complications. In the children/adolescent
group pathogenic/likely pathogenic variants were detected
in 25 (89%) patients: 21 patients had FH-causing mutations
in the LDLR gene, including 5 novel variants, 2 patients had
APOB mutations and ABCGS8 and LIPA mutations were found
in a single patient. Additionally, PSCK9 variants of unknown
significance were identified in patients from both groups.

In total, 23 mutations were found in the LDLR gene in both
cohorts: 7 Novel variants, 3 mutations that have previously
reported in Russia and 13 mutations that were identified in
other populations. A total of 2 LDLR mutations were common
between Saint-Petersburg and Moscow: p.(Leu401His) and

p(Gly592Glu). These variants were detected in 3 and 6 patients,
representing 5 and 10% of all FH cases reported in the present
study, respectively.

Novel LDLR variants. Novel frame-shift variants in the
LDLR gene that lead to truncated proteins were considered
certainly pathogenic. Variant c.1684_1691deITGGCCCAA
p.(Pro563Hisfs*14) was found in a 16-year-old female with
maximal TC levels of 9.6 mmol/l. The c.433_434dupG
p-(Vall45Glyfs*35) variant was found in a 53-year-old woman
with xanthomas and a history of myocardial infarction (MI)
at the age of 53. A maximal TC level of 10.3 mmol/l was
observed without statin therapy. The patient's father and uncle
both died from a MI at the age of 49 and 40, respectively, and
were expected to have suffered from FH.

A novel variant in exon 8, c.1186G>C p.(Gly396Arg), was
found in a young man (aged 29) who had no family history of
either hyperlipidemia or ASCVD. The patient had a maximal
TC level of 9.7 mmol/l. During the period of genetic testing, the
patient underwent a coronarography that showed preclinical
diffuse atherosclerosis (30%) of the anterior interventricular
artery. The p.(Gly396Arg) variant was predicted by in silico
tools as a pathogenic variant. The mutation was encoded in the
EGF-like domain of LDLR, which is known to be important
for receptor dissociation in endocytosis and receptor recy-
cling to the cell surface (28), and thus could be regarded as
pathogenic. It is hypothesized that this variant was functional
as another similar missense variant in the codon, c.1186G>A
p-(Gly396Ser), which had previously been found in Finland,
was predicted to be disease causing (29).

Another three new missense variants encoded in the
ligand-binding domain of LDLR, as well as one splicing
variant, were predicted by software tools as disease causing.
c.325T>G p.(Cysl09Gly), c.401G>C p.(Cysl34Ser) and
c.616A>C, corresponding to a known protein substitution
c.618T>G p.(Ser206Arg), were detected in children from
families with a history of hypercholesterolemia. These three
patients, aged 11, 7 and 6 years old, respectively, demonstrated
the highest LDL-C levels in the children/adolescent group. A
splicing variant in intron 6 c.940+1_c.940+4delGTGA was
detected in four unrelated individuals. This variant alters
a canonical splice donor site. Previously, a similar splicing
mutation, which affects 15 nucleotides (c.940_940+14dell5),
was described in a 21-year-old Spanish man who suffered a
premature MI at the age of 16 years (30).

Discussion

Previously, NGS has been successfully used for mutation
screening of the LDLR gene and other FH-associated genes
in subjects with a clinical diagnosis of definite/possible FH,
as well as in patients with CAD with extremely high TC
levels (31,32). In the present pilot study using NGS technology
for the molecular diagnosis of FH in Russian individuals,
mutation screening of the LDLR, APOB, PSCK9, LDLRAPI,
ABCG5/8, APOE and LIPA genes in a cohort of 59 probands
was performed using NGS technology, which has been widely
reported to improve the overall mutation detection rate (33-35).
In the present study, pathogenic and likely pathogenic muta-
tions were revealed in 73% of patients with definite/possible
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Figure 1. Sanger sequencing results for next-generation sequencing-determined novel LDLR variants: (A) ¢.325T>G p.(Cys109Gly); (B) ¢.401G>C
p-(Cys134Ser); (C) c.433_434dupG p.(Vall45Glyfs*35); (D) c.616A>C p.(Ser206Arg); (E) c.940+1_c.940+4 delGTGA (g.18154_18157delGTGA);
(F) c.1186G>C p.(Gly396Arg); and (G) c.1684_1691delTGGCCCAA p.(Pro563Hisfs*14).

FH. Approximately the same percentage has been commonly
reported in studies where NGS technology has been applied
for FH molecular diagnosis (36,37). It is worth noting that
previous publications conducted in Russia applying the routine
methods for mutation detection with limited genes (LDLR
and APOB) have identified causative mutations in 20-50%
of patients with FH (12,14). Moreover, NGS technology has
allowed for the inclusion of additional genes that have been
linked to FH, which were previously missed by older mutation
detection assays (5). The present study was, to the best of our
knowledge, the first study to investigate the genetic variation
in ABCG5/8 and LIPA among Russian patients with FH.

According to a previous publication, the mutation detection
rates in patients with suspected FH varies from 20-90%,
depending how rigorous the criteria used for selection of
patients were (7). It should be noted that in the present study,
the mutation detection rate was higher in the children/adoles-
cent group (89%). Only a few studies with a similar cohorts
have been performed. Van der Graaf et al (7) reported that
95% of children (aged 4-18 years) with plasma LDL-C >95th
percentile for age and sex, and an autosomal dominant pattern
for inherited hypercholesterolemia, have an FH causing muta-
tion. This same study also reported that only 4% of children
with LDLR mutations exhibited physical symptoms (tendon
xanthomas and an arcus cornealis), which is consistent with
previous reports that have stated that only marked differences
in LDL-C levels can distinguish children with FH (6,11). Early
childhood (1-9 years) is the optimal period for using TC or
LDL-C levels to discriminate between individuals with and
without FH in the general population (11). Levels of both TC
and LDL-C show considerable overlap between adults with
and without FH (17). A lower mutation detection rate in the
adult group may be due to polygenic inheritance, which may
explain phenotypic heterozygous FH being observed in several
individuals without monogenic mutations (5).

The present study identified several novel LDLR variants as
well as a number of previously reported FH causing mutations

in the LDLR and APOB genes. These data expand upon the
current knowledge of the spectrum of FH mutations in Russian
individuals. Of note, it was shown that the p.(Gly592Glu) in
the LDLR gene may be a major FH-associated variant for
individuals from the European portion of Russia. At the same
time, sequencing of noncanonical FH genes was established
for Russian patients with FH and rare ABCG5/8, PSCK9
and LIPA mutations associated with a FH-like phenotype
were found.

Identified variants were located mostly in coding regions
which correspond to functional protein domains or produce
truncated proteins. These variants do not overlap with any
genomic regulatory regions. According to ENCODE in the
UCSC Genome Browser, Tracks H3K27Ac, DNase Clusters
and Txn Factor ChIP (data not shown), there was a highly prob-
able presence of regulatory sequences in exon 1, intron 1-2,
3'-untranslated region (UTR) of the LDLR gene. Introns and
3'UTR were not studied, no mutations were found in exon 1
in the present study. In the present study, 2 identified variants
were predicted to alter canonical splice donor sites in introns 6
and 8 of the LDLR gene. However, co-segregation analysis was
not performed and there were insufficient numbers of patients
to analyze linkage disequilibrium. All patients were carriers
of the only one variant.

A proband with a family history of high TC levels was
homozygous for a ¢.894G>A splicing mutation in the LIPA
gene, one of the most frequent variants responsible for choles-
teryl ester storage disorder (CESD) (38). The variant has
previously been found to have an allele frequency of 0.11%
(1 in 450 individuals) in a large European population (38). This
mutation is known to predominantly result in a non-functional
transcript skipping of exon 8, causing the deletion of 24
amino acids (p.Q298=). CESD is associated with reduced
activity of lysosomal acid lipase, an enzyme that is involved in
intracellular hydrolysis of cholesteryl esters and triglycerides.
It has recently been suggested that certain patients with a FH
phenotype may have CESD (38).
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To the best of our knowledge, the present study is the
first to identify mutations in the APOB gene in citizens in
Saint-Petersburg. The most common mutations of the APOB
gene observed in European individuals, p.(Arg3527Gln), was
also found in one patient from Moscow, demonstrating an
expected frequency for this region (2-4.5%) (13). The mutation
p-(Arg3527Gln) accounts for 6-10% of all FH cases in Europe,
but it was not found in the patients from Saint-Petersburg
with FH, neither in the present study nor in a previous study
where screening was established for this sole mutation (12).
The present study also found a rare variant in the same codon,
p.(Arg3527Leu), in a patient from Saint-Petersburg. This
variant has been reported in single cases from the Netherlands
and Poland (39,40).

As APOB mutations can be located outside the routinely
analyzed APOB region, NGS allows for effective mutation
screening in the entire APOB coding sequence. A rare muta-
tion, p.(Arg3059Cys) reported in the Netherlands (35) was
identified in one of the patients from Moscow, who had a family
history of FH. This mutation, similar to p.(Arg3527GlIn), maps
to the region that binds with LDL, and the uptake of LDL
particles has been shown to be significantly reduced when
using LDL particles from carriers of both mutations compared
with controls (35.,41).

A known APOB variant, p.(GIn4494del), has been detected
for the first time in a Russian individual, to the best of our
knowledge. This sequence results in a deletion of 3 nucleo-
tides from exon 29 of APOB mRNA (c.13480_13482delCAG)
and leads to the deletion of 1 amino acid residue of the ApoB
protein, but otherwise preserves the integrity of the reading
frame. The p.(GIn4494del) variant, considered as pathogenic
in the UCL-FH mutation database, has been suggested as
likely pathogenic or of uncertain significance in certain
studies (3,42). GIn4494 in the ApoB tail is important for correct
protein conformation (41). Experimental studies have shown
that p.(Gln4494del) causes a 40-50% reduction in the binding
and uptake of LDL. A previous study investigating secondary
structure of the human ApoB using infrared spectroscopy, as
well as LDL particle size using dynamic light scattering and
electron microscopy, highlighted differences in the secondary
structure and in the particle size of the p.(GIn4494del) variant
when compared with the structure of the wild-type. These
changes may underlie reduced/defective LDL binding capacity
of the p.(GIn4494del) variant (41). These findings also support
the notion that this mutation is disease causing.

As mutations in the ABCG5 and ABCGS8 genes have been
shown to potentially cause noticeably elevated cholesterol
levels (43), these genes were included in the present analysis.
One proband had an ABCGS5 variant p.(Argd46%*) causing a
premature stop codon. The patient presented with xanthomas
and had a history of MI. This rare mutation which causes
sitosterolemia in homozygous individuals was initially
described in Italy in 2007 and later registered in Japan and
Germany (44-46). High levels of blood TC and LDL-C as
well as low levels of HDL-C are typical for carriers (44,46).
From two identified ABCGS8 variants, a terminating
mutation p.(Trp361%) is the most common mutation causing
sitosterolemia (47). The second detected variant p.(Arg543Ser)
appears to cause a destabilizing substitution of conserved
polar residues in the core of the transmembrane domain of

ABCGS (48). In vitro analysis has shown that this mutation
decreases the amount of mature ABCGS protein (49). It should
be noted that a patient with this mutation suffered from severe
CAD and had a MI at the age of 30. Clinical manifestations
of sitosterolemia can be similar to those of FH as ABCG5/8
mutations are paired with extreme hypercholesterolemia (45).
Notably, LDL-C levels are significantly increased in certain
individuals with sitosterolemia, although the mechanism
underlying this is unknown (45), and thus, those cases are
occasionally misdiagnosed as FH.

In total, 16 LDLR mutations identified in the present
study have been previously reported and predicted to be
pathogenic/likely pathogenic. Of these, three variants have
been previously found in individuals from Saint-Petersburg
and Moscow, as well as in European countries: p.(Gly592Glu),
p.(Cys329Tyr) and p.(Leu401His). It is notable that
p-(Gly592Glu) is the most frequent mutation in Czech and
Polish populations (50). The present study showed that this
mutation may be frequent or may even be considered major in
Russian individuals.

A further 13 LDLR mutations were described in
Russian patients for the first time. Of these, five resulted in
production of a truncated protein, and have been reported
in citizens of other European countries (36,39,40,51-54).
From the seven LDLR missense variants identified in the
present study, p.(Asp266Glu), known as FH Cincinnati-1, is
the most common in Germany and Austria (50,55), second
most common in the Czech Republic (56) and has also
been found in Denmark, Norway and USA (57,58). Several
loss of cysteine residues, p.(Cys34Gly), p.(Cys184Trp),
p.(Cys296Tyr) and p.(Cys313Tyr), encoded in the ligand
binding domain of LDLR that are associated with incor-
rect folding of the protein, have been previously detected in
European countries (39,40,51,58-63). A novel mutation from
the present study, c.616A>C, corresponded to a known protein
substitution ¢.618T>G p.(Ser206Arg). The p.(Ser206Arg)
variant is suggested to be a likely pathogenic mutation
as it is located in a strongly conserved ligand-binding
repeat (14). This mutation has been found in an individual
from Norway and another individual from the Russian city of
Petrozavodsk (14,58). c.616A>C leading to the same protein
substitution can be assumed to be disease causing.

The present study has some limitations. For example,
analysis of introns/3'UTRs of the studied genes was not
performed, and co-segregation analysis could not be
performed due to an insufficient number of patients for linkage
disequilibrium studies.

In conclusion, the mutation spectrum for FH in Russian
individuals is similar to that of other European countries.
Evidence of this conclusion is that certain LDLR mutations
that had initially been found in Russian individuals (12,64)
were subsequently identified in European populations,
such as p.(Cys249%), p.(Trp422*), p.(Asp601Asn) and
p-(Arg410Gly) (39,40,50,51). Mutations in the LDLR gene
are very diverse and can be present in any part of the gene;
therefore, it was not unexpected that through using NGS, novel
LDLR variants were discovered in the present study. NGS
allowed for the investigation of an extended list of FH associ-
ated genes, and for the first time revealed rare mutations in the
ABCG5/8 and LIPA genes in Russian patients with FH.
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