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Abstract. Cardiovascular diseases are the leading cause of death both in Russia and in the world. One of the factors
predisposing to the development of cardiovascular diseases is lipid metabolism disorders (dyslipidemias), which contribute
to the progression of atherosclerosis. Currently, there are known genes associated with the development of monogenic
forms of lipid metabolism disorders characterized by marked changes in lipid levels. However, identifying individuals with
an increased genetic risk of dyslipidemia remains an unsolved problem, due to the polygenic nature of most cases. The aim
of this work was to study the spectrum of rare variants in the cholesterol transporter genes ABCA1, ABCG1, ABCG5, ABCG8
and NPCTL1 that occur in patients with lipid metabolism disorders in the population of the Northwestern region of Russia.
The search for rare variants (gnomAD frequency less than 1 %) in the ABCAT, ABCG1, ABCG5, ABCG8 and NPCITL1 genes was
performed using targeted sequencing data for 169 patients with lipid metabolism disorders. 14 variants were identified
in the ABCAT gene (17 patients); 4 variants, in the ABCGT gene (5 patients); 11 variants, in the ABCG5 gene (18 patients);
and 7 variants, in the ABCG8 gene (11 patients). The frequency of some of them, according to the RUSeq database, is
higher than in the global population. 19 patients (11 %) were carriers of the p.(Val177lle)/p.(His221Tyr)/p.(Ala271Phe)
haplotype in the NPC1LT gene, which may be specific to the Russian population, meaning that these variants are not rare,
but polymorphic, and occur more frequently in patients with impaired lipid metabolism. Influence of the p.(Val177lle)
variant of the NPC1L1 gene on the development of atherosclerosis was assessed using additional sample sets (a group
of patients with atherosclerosis, a control group), but no significant differences in genotype frequencies were revealed.
Thus, at present, there are insufficient data to support the role of the p.(Val177lle)/p.(His221Tyr)/p.(Ala271Phe) haplotype
of the NPC1L1 gene in the development of dyslipidemia and atherosclerosis. The study draws attention to the population
specificity of a number of variants in cholesterol transporter genes, in particular in the NPC1L1 gene, for the Northwestern
region of Russia. The data can be further used for design and calculation of genetic risk scores for dyslipidemia.
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PepKune BapraHTbl B reHaX TPaHCMOPTEPOB XONeCTeprHa
y NaLMeHTOB C HapyLEeHUAMY MNMAHOro obmeHa

AHHoTauuA. CepaeyHo-cocyamucTble 3aboneBaHnsa ABNATCA OCHOBHOW MPUYMHON cMepTn B Poccum n mupe. OguH
13 npefpacrnonaralwWmx K pasBUTUIO CepAeyYHO-COCYAMCTbIX 3aboneBaHuin GakTOpPOB — HapyLWeHUA NUMUAHOTO
obmeHa (gucnnnuaemmn), CnocobCTBylOLME MPOrPecCUpPOoBaHNI0 aTepockieposa. Ha HacTOALMA MOMEHT M3BECTHbI
reHbl, aCCOUUMPOBAHHbIE C PA3BUTMEM MOHOTFEHHbIX GOPM HApyLWeHW NUMULHOTO OOMEHA, XapaKTepU3yoLMXCs
BblpaXKEHHbIM M3MeHeHVeM YpPoBHA nunuMaoB. OAHaKo BbIAABNEHWE UL C MOBbLIWEHHbIM FeHETUYECKMM PUCKOM
pasBuUTUA AUCAUNUOEMUN OCTAETCA HEPELIEHHOW 3afjauyell, YTo CBA3AHO C MOJIMFEHHONM MPUPOLON BGONbLUIMHCTBA
cnyyvaes. Llenbio HacToAwen paboTbl 6bI10 U3yUnTb CAEKTP PEAKMX BapUAHTOB B reHaxX TPaHCMOPTEPOB XoNecTepmHa
ABCA1, ABCG1, ABCG5, ABCG8 n NPCIL1, KOTopble BCTPeYaloTCca Y NMauMeHTOB C HapyLIEHUAMY IUNUAHOTO obMeHa B
nonynauun CeBepo-3anafgHoro pervioHa Poccun. MNpoBefeH NOUCK peaknx BapraHToB (4actota gnomAD meHee 1 %)
B reHax ABCAT, ABCGI1, ABCG5, ABCG8 n NPCIL1 ¢ ncnonb3oBaHWeM [aHHbIX TapreTHOro CeKBeHVpPOBaHMA AJiA
169 NaLMeHTOB C HapyLUEHUAMY MMNULHOTO 0bMeHa. BbiasneHo 14 BapraHToB B reHe ABCAT (17 naumeHToB), 4 BapraHTa
B reHe ABCGT (5 naumeHToB), 11 BapuaHToB B reHe ABCG5 (18 naumneHToB) 1 7 BapraHToB B reHe ABCGS8 (11 nayuneHToB).
YacToTa HeKoTOpbIX U3 HUX, cornacHo 6a3e AaHHbIx RUSeq, 6bina Bbile, Yem B 06LeMUPOBOI nonynauun. 19 nauneHTos
(11 %) 6bIn HocuTenamu rannotmna p.(Val177lle)/p.(His221Tyr)/p.(Ala271Phe) rena NPCIL1, koTopblii npepnoso-
KUTENbHO MOXeT ObiTb cneunduyeH ANA POCCUACKON MONYNAUMMW, T.€. 3T BapUaHTbl ABMAIOTCA He pPeaKumMu,
a NoNMMOPGHBIMI 1 BCTPEUAKOTCA Yalle Y MaLVEHTOB C HapyLUeHVAMM NUNugHoro obmeHa. ina BapuanTa p.(Val177lle)
reHa NPCTL1 6bin MpoBeAeH aHanu3 ero BKMaja B pa3BUTME aTePOCKIepo3a C UCMONb30BAaHNEM AOMONHUTENbHbIX
BbIGOPOK (rpynna nayneHToB C aTepOCKNIEPO30M, KOHTPOJIbHAA Fpynna), KOTOPbI/i He BbIABW JOCTOBEPHBIX Pasnnunii
B YacToTax reHoTunoB. Takum obpa3om, B HacTodllee BpemsA [aHHbIX B Mofb3y BavMAHUA rannotuna p.(Val177lle)/
p.(His221Tyr)/p.(Ala271Phe) rena NPCTL1 Ha pa3BuTVe AUCAUMUAEMUN 1 aTepOCKNepo3a HefocTaTtouHo. NpoBeaeHHoe
nccnefoBaHne 3actaBfifAeT 06paTWTb BHUMaHME Ha MONYNAUMOHHYIO CneundnyHOCTb pAfa BapuaHTOB B reHax
TPaHCMOPTEPOB XonecteprHa, B YacTHoctu B reHe NPCIL1, pna Ceepo-3anagHoro pervoHa Poccun. MNonyyeHHble
[aHHble B AanbHenwemM MOryT ObITb YUTeHbI B pa3paboTKe LKas FeHETUYECKOrO prCKa Pa3BUTUA AUCTUNMAEMUIA.

KntoueBble croBa: cemenHaa runepxosiectepuHeMus; AUCIMNNLEMUA; TapreTHoe CEKBEHUPOBaHMeE; LLKana reHeTmnye-
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CKOTO pu1CKa; 06paTHbIi TPaHCMOPT XonecTepuHa

Introduction

Cardiovascular diseases (CVDs) are the leading cause of death
in Russia and worldwide (Danilova et al., 2021; Heron, 2021).
The multifactorial nature of CVDs underscores the importance
of studying new markers of the pathological process initia-
tion, including genetic ones. The contribution of the genetic
component to the development of heart and vascular diseases
is estimated at 40-50 % (McPherson, Tybjaerg-Hansen, 2016;
Roberts et al., 2021). Hypercholesterolemia, which often has
a hereditary nature, promotes the formation of atheroscle-
rotic plaques in the coronary vessels, which in turn leads to
the developvent of coronary artery disease (CAD) and acute
myocardial infarction (AMI) (Prasad, Mishra, 2022). Familial
hypercholesterolemia (FH) occupies a special place among he-
reditary lipid metabolism disorders, as it significantly increases
the risk of developing CVDs (Tokgozoglu, Kayikcioglu,
2021). We and other authors have shown that in most cases,
FH is caused by pathogenic variants in the LDLR and APOB
genes. However, depending on the severity of hypercholestero-
lemia, the genetic cause of the disease cannot be identified in
40-60 % of cases (Shakhtshneider et al., 2021; Miroshnikova
et al., 2023a, 2025). Thus, discovering rare genetic variants,
which, in combination, can have a cumulative effect on the
development of polygenic cases of hypercholesterolemia and
associated CVDs, remains relevant.

In a study by A.N. Meshkov and co-authors, an increased
risk of CAD in carriers of rare and low-frequency variants
in genes associated with lipid metabolism disorders was
demonstrated (Meshkov et al., 2022). Rare functional genetic
variants associated with cholesterol metabolism were found in
60 % of patients with AMI (Pan-Lizcano et al., 2022). It has
been shown that 25 % of loci associated with AMI belong to
lipid metabolism genes (Musunuru, Kathiresan, 2016). Rare

genetic variants have a population prevalence of <l % and
may not be statistically associated with diseases of interest
in large sample sets. However, even a small increase in allele
frequency (1-5 %) in patients may indicate its influence on
complex diseases and traits (Cross et al., 2022; Li et al., 2024).
Moreover, such genetic variants may be population-specific
and should be taken into account during development of ge-
netic risk scores for a specific population.

Atherogenic imbalance of blood plasma lipid fractions mani-
fests as an increase in the concentration of total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-C), and a
decrease in high-density lipoprotein cholesterol (HDL-C).
Transmembrane cholesterol transporters play an important
role in regulation of cellular cholesterol levels, in the forma-
tion of lipoprotein particles, intestinal cholesterol absorption,
and cholesterol excretion from the body (Yu, Tang, 2022).
ATP-binding cassette (ABC) transporters — ABCA1 and
ABCGI1 - transport cholesterol to anti-atherogenic high-den-
sity lipoproteins (HDLs) (Yu, Tang, 2022). Mutations in the
ABCAI gene lead to the development of an autosomal reces-
sive disorder — Tangier disease — characterized by an almost
complete absence of HDLs in blood plasma and premature
development of atherosclerosis (Koseki et al., 2021). Trans-
porters ABCGS5 and ABCGS regulate the absorption of choles-
terol and plant sterols in the intestine. Mutations in these genes
lead to the development of sitosterolemia, which has clinical
manifestations similar to FH (Tada et al., 2022). The NPC1L1
transporter, known as Niemann-Pick C1-like protein 1, is also
involved in intestinal cholesterol absorption and is a target for
the lipid-lowering drug ezetimibe (Zhang et al., 2022). It can be
hypothesized that combinations of rare variants in cholesterol
transporter genes may contribute to the development of dyslipi-
demias and CVDs (Ghaleb et al., 2022; Meshkov et al., 2022).
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Rare variants in cholesterol transporter genes
in patients with lipid metabolism disorders

1st stage

Search for rare variants
in cholesterol transporter genes in a group
of patients with lipid metabolism disorders

2nd stage

Assessment of the contribution of the p.(Val177lle)
variant of the NPCTL1 gene to the development
of atherosclerosis (case-control study)
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Fig. 1. Research design.

The aim of this study was to investigate the spectrum of rare
variants in the cholesterol transporter genes ABCA1, ABCGI,
ABCGS5, ABCGS, and NPC1L1 that occur in patients with lipid
metabolism disorders in the population of the Northwestern
region of Russia.

Materials and methods
The study was approved by the Local Ethics Committee of
the Pavlov First Saint Petersburg State Medical University of
the Ministry of Health of the Russian Federation (Protocol
No. 275 dated September 4, 2023). All participants provided
written informed consent.

The overall study design is presented in Figure 1.

Sequencing data analysis

The search for rare variants in the cholesterol transporter genes
ABCAI, ABCG1, ABCG5, ABCGS and NPCILI was carried
out using NGS sequencing data obtained for 169 patients with
lipid metabolism disorders: 13 adults (aged 24 to 85 years,
mean age 52.3 + 14.6; 65 men and 69 women); 35 children
(aged 3 to 17 years, mean age 9.7 & 3.8; 18 boys and 17 girls).
These patients were referred for genetic diagnosis of hereditary
dyslipidemias to the Department of Molecular Genetic and
Nanobiological Technologies from various clinical diagnostic
centers in Saint Petersburg (including Pavlov First Saint Pe-
tersburg State Medical University) during 2023-2024.

Criteria for genetic testing prescription were as follows:
1) possible/probable/definite FH in patients over 18 years of
age in accordance with Dutch diagnostic criteria (Kukharchuk
etal., 2020); 2) probable/definite FH in patients under 18 years
of age in accordance with Simon Broome criteria (Yezhov et
al., 2019); 3) pronounced hypertriglyceridemia (individuals
with triglyceride concentrations from 3.3 to 10.5 mmol/L
were included).

Libraries were prepared using a set of Prep&Seq reagents
(Parseq Lab Co, Russia) and a custom panel “Dyslipidemia
and CVD risk”, including coding regions of the following
genes: ABCA1,ABCG1,ABCG5,ABCGS,ANGPTL3,APOAl,
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APOA4, APOAS5, APOB, APOC2, APOC3, APOE, CETP,
CREB3L3, GCK, CYP2741, CYP7Al, GPDI, GPIHBPI,
HNF1A,LCAT, LDLR, LDLRAPI, LIPA, LIPC, LIPG, LMF1I,
LPL, LRP6, MTTP, MYLIP, NPCILI, PCSKY9, PNPLAS,
SARIB, SCARBI, SORTI, STAPI and TTR (VariFind LM
assay IL-v1.1.1, Parseq Lab Co, Russia). Sequencing was
performed on a MiSeq instrument (Illumina, Inc., USA). The
sequencing data were processed using the automated Seq&Go
Software (Parseq Lab Co, Russia). Identified genetic variants
were annotated and described according to the guidelines of the
Human Genome Variation Society (HGVS) (www.hgvs.org)
and presented in tabular format. Next, we selected rare variants
(gnomAD frequency less than 1 %) in the cholesterol trans-
porter genes ABCA1,ABCG1,ABCG5,ABCG8 and NPCILI.
The frequencies of the selected variants were compared with
the Russian database of genetic information RUSeq (http://
ruseq.ru/#/) (Barbitoff et al., 2024). The OMIM (https://omim.
org/), gnomAD (https://gnomad.broadinstitute.org/), ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar/), HGMD (https://
www.hgmd.cf.ac.uk/ac/index.php), LOVD (https://www.
lovd.nl/) databases and literature data were used to assess
the clinical relevance of the identified nucleotide sequence
variants. The assessment of the clinical significance (patho-
genicity) of the identified variants was carried out on the
basis of Russian recommendations for the interpretation of
data obtained by mass parallel sequencing methods, as well
as the recommendations of ACMG2015 (Ryzhkova et al.,
2019).

The verification of the p.(Vall771le), p.(His221Tyr) and
p-(Ala271Phe) variants of the NPCILI gene, which were
considered to compose a haplotype, was carried out by Sanger
sequencing on a Nanophor-05 sequencer (Syntol, Russia)
using the BigDye™ Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, USA). The results were analyzed using
the Mutation Surveyor software (Soft Genetics, USA). The
primers for sequencing were selected using the online program
Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-
blast/) (Table 1).
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Table 1. The nucleotide sequences of the primers
used for Sanger sequencing

Genetic variant Sequence 5'-3'

2 exon, p.(Val177lle) F-TTGGGACTCATTGCAACGTG

R-CCCCAATCAGAGCCTCTTCA

2 exon, p.(His221Tyr) F-CCTTCTTGGGGTCCACCATC

R-ATGTGTGGCGTGTATGGCTCT

2 exon, p.(Ala271Phe) F-CCTTCTTGGGGTCCACCATC

R-CTTCCACCTCTTGGAGCCTG

Evaluating the contribution of the p.(Val177lle) variant

of the NPC1L1 gene to the development of atherosclerosis
Characteristics of the groups. Genotyping of the p.(Val1771le)
variant of the NPCILI gene was performed for a total of
443 patients who were examined or treated at different times
at Pavlov First Saint Petersburg State Medical University and
whose DNA was available from the biobank of the Depart-
ment of Molecular Genetic and Nanobiological Technologies:
1) patients with atherosclerosis of various localization
(N =209), 2) control group (N = 234).

The group of patients with early atherosclerosis included
209 patients (146 (70 %) men and 63 (30 %) women; aver-
age age 54.6 £ 8.5 years; the average age of the first clinical
manifestations was 48.2 = 6.8 years) with atherosclerosis of the
arteries of various localization (coronary, cerebral, lower limb
arteries), confirmed by angiographic examination (Table 2).
The selection criterion was the presence of hemodynami-
cally significant stenoses in at least one artery of one of the
three main arterial basins — the cerebral, coronary, and lower
extremities. It should be noted as a limitation that the sample
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set was formed based on the principle of confirmed atheroscle-
rosis, regardless of whether patients had dyslipidemia, since
the duration and effectiveness of statin treatment in most cases
was difficult to evaluate.

The control group included 234 individuals (154 (66 %)
men and 80 (34 %) women; average age 48.3 = 5.8 years — the
age corresponded to the average age of onset of the disease in
patients with atherosclerosis) without lipid metabolism disor-
ders, obesity and cardiovascular diseases. Control group indivi-
duals were examined by a cardiologist, and the examinations
performed included electrocardiography, bicycle ergometry,
and echocardiography.

Identification of the p.(Vall771le) variant of the NPCI1L1
gene using polymerase chain reaction and restriction
analysis. Genotyping of the rs149017550 chr7:44539868C>T
¢.529G>A p.(Vall771le) variant of the NPC1L1 gene was per-
formed by polymerase chain reaction (PCR) and subsequent
restriction analysis. The primers for PCR were selected using
the online program Primer-BLAST (https://www.ncbi.nlm.
nih.gov/tools/primer-blast/). The nucleotide sequence of the
primers was (5-3'): forward - TTGGGACTCATTGCAAC
GTG, reverse - CCCCAATCAGAGCCTCTTCA. As aresult
of amplification with these primers, a PCR product with a size
of 352 bp was obtained.

For restriction analysis, the PCR product was incubated
with 1 unit of Fok I endonuclease in buffer Y containing:
33 mmol Tris acetate (pH 7.9 at 25 °C), 10 mmol magnesium
acetate, 66 mmol potassium acetate, 1 mmol DTT, at +37 °C
overnight. The results were visualized using polyacrylamide
gel electrophoresis: depending on the genotype, DNA frag-
ments of 352, 224, and 128 bp in length were obtained (for
GG, only a fragment of 352 bp; for GA, fragments of 352, 224,
and 128 bp; for AA, fragments of 224 and 128 bp).

Table 2. Clinical and biochemical characteristics of the studied groups

Parameters A group of patients with Control group p
atherosclerosis (N = 209) (N=234)
Lipid profile, mmol/L*
TC 5.20 (4.46 + 6.15) 4.56 (4.02 + 5.14) 0.000
LDL-C 2.76 (2.45 +3.39) 2.66 (2.19 +3.23) 0.129
HDL-C 1.06 (0.80 + 1.10) 1.45 (1.26 + 1.66) 0.000
TG 2.00(1.18 +2.28) 0.81(0.59 + 1.02) 0.000

Parameters of atherosclerotic lesions, N (%)

Coronary atherosclerosis 112 (53.6) - -
Cerebral atherosclerosis 43 (20.6) - -
Atherosclerosis of the lower extremities arteries 76 (36.4) - -
Lesions in 2-3 arterial basins 21(10) - -
Multivessel atherosclerosis (3 or more arteries) 164 (78.5) - -

Note. TC - total cholesterol, LDL-C - cholesterol of low-density lipoproteins, HDL-C — cholesterol of high-density lipoproteins, TG - triglycerides.

*The median and interquartile range (IQR) are indicated.
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Statistical analysis

The statistical analysis was performed using the SPSS ver-
sion 17.0 software. The chi-square test was used to compare
categorical variables. The correspondence of the data to the
normal distribution was checked using the Kolmogorov—
Smirnov test. The nonparametric Mann—Whitney test was used
to compare quantitative indicators between two independent
groups (patient-control). The assessment of the possible
influence of the NPCILI genotype on the development of
atherosclerosis, adjusted for gender and age, was performed
using multifactorial logistic regression analysis.

Results

Analysis of the prevalence of rare variants

in the ABCA1, ABCG1, ABCG5, ABCG8 and NPC1L1 genes

in patients with lipid metabolism disorders

We analyzed targeted sequencing data for 169 patients with
hyperlipidemia, specifically searching for rare variants
(gnomAD frequency <1 %) in the cholesterol transporter
genes —ABCA1,ABCG1,ABCG5,ABCGS8 and NPCILI. The
results are presented in Tables 3—7.

Rare variants in cholesterol transporter genes
in patients with lipid metabolism disorders

14 variants in the ABCAI gene were identified in 17 pa-
tients, and four variants in the ABCG1 gene were found in five
patients (Tables 3 and 4). All identified variants are classified
as benign in public databases. The ABCALI transporter is an
important regulator of HDL biogenesis, mediating the transfer
of cholesterol from cells to nascent pre-beta-HDL particles.
Therefore, ABCA 1 gene variants affecting protein function may
be associated with reduced plasma HDL-C levels, contribu-
ting to the development of atherogenic dyslipidemia (Shim et
al., 2021). A female patient with a clinical presentation of FH
and low HDL-C levels (1.2 mmol/L, below the lower normal
limit for women) was a carrier of two rare ABCAI variants:
rs187652566 p.(Cys887Phe) and rs138422574 p.(Val1674lle).
It is noteworthy that the frequencies of two ABCA 1 variants
in the Russian population are higher than the gnomAD
frequencies: rs764824326 p.(Glu450Lys) and rs138422574
p-(Vall674lle) (Table 3).

The ABCG1 transporter provides saturation of mature HDL
cholesterol for subsequent transport to the liver. According to
the RUSeq database, two variants of the ABCG/ gene are more
common in the Russian population: rs4148108 (c.292+4G>A)
and rs143199611 p.(Ala265Thr) (Table 4).

Table 3. ABCAT rare variants identified in patients with lipid metabolism disorders

Number rsID The genomic coordinate Substitution Frequency Frequency RUSeq

of patients (GRCh38) NM_013389.3/ protein gnomAD

1 rs199976989 chr9:104903705T>G c—26A>C 0.0001511 -

1 rs1408196930 chr9:104928007A>T c-165T>A 0.000006569 -

1 rs1015644827 chr9:104840350T7>C c.983A>G 0.000001368 0.0002962
p.(Asn328Ser)

1 rs764824326 chr9:104832735C>T c.1348G>A 0.00001232 0.0002998
p.(Glu450Lys)

1 rs186911476 chr9:104832706T>G c.1377A>C 0.0002719 0.001574
p.(Thr459=)

1 rs142342160 chr9:104832616G>A c.1467C>T 0.0000314 0.0005928
p.(Asn489=)

1 rs145582736 chr9:104825781T>C C.2444A>G 0.0001826 0.0008339
p.(Glu815Gly)

2 rs370414528 chr9:104824558G>A ¢.2563C>T 0.00001232 0.0001044
p.(Pro855Ser)

1 1187652566 chr9:104822664C>A €.2660G>T 0.0003932 0.001469
p.(Cys887Phe)

1 rs41277767 chr9:104820060G>A c.2970C>T 0.00003765 0.0002089
p.(Val990=)

1 rs138422574 chr9:104798522C>T ¢.5020G>A 0.0004845 0.001780
p.(Val1674lle)

1 rs13306077 chr9:104796059G>A c.5376C>T 0.0024642 0.001195
(Thr1792=)

3 rs142688906 chr9:104791982C>T c.5774G>A 0.002204 0.009880
p.(Arg1925GIn)

1 rs144588452 chr9:104784371C>T c.6730G>A 0.0002198 0.0004175
p.(Val2244lle)

Note. All variants are likely benign.
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2026
30-3

Number rsID The genomic coordinate Substitution Frequency Frequency
of patients (GRCh38) NM_013389.3/ protein gnomAD RUSeq
1 rs141619254 chr21:42225766G>A c.144G>A 0.001088 0.0002413
p.(Thr46=)
2 rs4148108 chr21:42225918G>A €.292+4G>A 0.001545 0.005481
1 rs143199611 chr21:9.42284612G>A c.793G>A 0.0001834 0.0009681
p.(Ala265Thr)
1 rs138421137 chr21:42290169C>T c.1350C>T 0.001220 0.002301
p.(Phe450=)
Note. All variants are likely benign.
Table 5. ABCG5 rare variants identified in patients with lipid metabolism disorders
Number rsID The genomic Substitution Frequency Frequency  Clinical significance
of patients coordinate (GRCh38)  NM_013389.3/ protein  gnomAD RUSeq according to the ClinVar
database
3 rs56204478  chr2:43838600C>G ¢.80G>C 0.00308 0.004534 Likely benign
p.(Gly27Ala)
1 rs560839317  chr2:43838755G>A c-76C>T 0.0006295 - Uncertain significance
1 rs373819340 chr2:43837861G>T c238C>A 0.00007 0.0001042
p.(GIn80Lys)
2 rs145164937  chr2:43832056G>C €.293C>G 0.00237 0.002706
p.(Ala98Gly)
1 rs1250295912 chr2:43831947C>T c.402G>A 0.000003578 0.0001044  Likely benign
p.(GIn134=)
1 rs1044946422 chr2:43828090C>T c.527G>A 0.000007 - Uncertain significance
p.(Ser176Asn)
1 rs141828689 chr2:43828024C>T c.593G>A 0.00140 0.004739
p.(Arg198Gin)
1 rs72796720  chr2:43826460G>A €.696C>T 0.00199 0.002380 Likely benign
p.(Val232=)
1 rs552803459  chr2:43824988C>T c.805G>A 0.000007 - Uncertain significance
p.(Gly269Arg)
1 rs150716811  chr2:43813266G>A c.1806C>T 0.0003297 0.0004180  Likely benign
p.(Phe602=)
5 rs140374206  chr2:43813208T>C c.1864A>G 0.00602 0.007414
p.(Met622Val)

11 variants were identified in the ABCGS gene in 18 pa-

tients, and seven variants in the ABCGS8 gene were found
in 11 patients, including two pathogenic variants (4BCG8
rs137852987 p.(Trp361Ter) in three and ABCGS8 1769576789
p-(Leu572Pro) in two patients) and nine variants of uncertain
significance (VUS) (Tables 5-6). Thus, pathogenic variants in
the ABCGS gene were identified in five patients (3 %). Variants
of uncertain clinical significance, rs141828689 p.(Arg198Gln)
and rs145164937 p.(Ala98Gly) in the ABCGS gene, previously
described in patients with FH (Toton-Zuranska et al., 2023),
were identified in this study in two patients with hypercholes-
terolemia and early-onset CVD; the frequency of these genetic

variants is higher in the Russian population according to the
RUSeq database (Table 5). However, there is currently insuf-
ficient data to classify these variants as pathogenic. In addition,
our study identified variants of uncertain clinical significance:
rs1167870780 p.(Leul95GlIn), rs776335488 p.(Ser569Pro)
and rs113005049 p.(Ala642Thr). Variants rs1167870780
p-(Leul95GIn) and rs776335488 p.(Ser569Pro) were pre-
viously described in patients with sitosterolemia (Measi¢
et al., 2021; Chubykina et al., 2025), variant rs113005049
p-(Ala642Thr) — in a patient with FH (Averina et al., 2018).
Variants in the ABCGS8 gene, rs776335488 p.(Ser569Pro),
rs189249032 p.(Tyr613His) and rs113005049 p.(Ala642Thr),

MEJVLUMHCKAA TEHETUKA / MEDICAL GENETICS 495



A.D. Izyumchenko, M.N. Grunina, K.V. Dracheva ...
E.l. Baranova, S.N. Pchelina, V.V. Miroshnikova

Rare variants in cholesterol transporter genes
in patients with lipid metabolism disorders

Table 6. ABCGS rare variants identified in patients with lipid metabolism disorders

Number rsID The genomic Substitution Frequency  Frequency Clinical significance according

of patients coordinate (GRCh38) NM_013389.3/ protein gnomAD RUSeq to the ClinVar database

1 rs1167870780 chr2:43852376T>A c.584T>A 0.000003810 - Uncertain significance
p.(Leu195GlIn)

3 rs137852987  chr2:43872094G>A c.1083G>A 0.00102 0.0005935  Pathogenic
p.(Trp361Ter)

1 rs115227860  chr2:43873940C>T c.1365C>T 0.00169 0.0003131  Likely benign
p.(lle455=)

1 rs776335488  chr2:43875362T>C c.1705T>C 0.00001 0.0003132  Uncertain significance
p.(Ser569Pro)

2 rs769576789  chr2:43875372T>C c.1715T>C 0.00007 0.0005924  Pathogenic
p.(Leu572Pro)

1 rs189249032  chr2:438776417>C c.1837T>C 0.00006 0.0002962  Uncertain significance
p.(Tyr613His)

2 rs113005049  chr2:43877815G>A  ¢.1924G>A 0.0008841 0.008137
p.(Ala642Thr)

Table 7. NPC1L1 rare variants identified in patients with lipid metabolism disorders

Genetic variant Number The level of TCin blood The level of LDL-Cin blood Manifestation of Frequency  Frequency
of patients plasma, mmol/L plasma, mmol/L atherosclerosis  gnomAD RUSeq
Haplotype p.(Val177lle) 13 adults 8.5+0.9 6.2+1.3 7 of 13 (54 %) 0.0063* 0.042*
/p.(His221Tyr) 6 children 7309 5.8+0.8 adults
/p.(Ala271Phe)®
Haplotype p.(His221Tyr) 2 adults 8.7 6.2 No - -
/p.(Ala271Phe) 8.0 49
1 child 6.9 43
rs375614485 1 5.1 3.4 Yes 0.0018 0.0015
chr7:44541254C>T
c.6G>A p.(Ala2=)
rs116204045 2 9.1 6.8 No 0.0009 0.0011
chr7:44539876C>T 9.1 7.4
c.521G>A p.(Arg174His)
1s757263723 1 - - - 0.00001 -
chr7:9.44538977G>A
c.1420C>T p.(Pro474Ser)
rs758137107 1 9.3 5.5 Yes 0.0003 0.0005
chr7:44534597C>T
¢.2016G>A p.(Gly672=)
rs137889714 2 10.0 7.0 Yes 0.0005 0.0022
chr7:44533515G>A 9.3 6.6
¢.2325C>T p.(Thr775=)
chr7:44533487G>A 1 child 6.7 - - - -
¢.2353C>T p.(Leu785Phe)

Note. § Combination of genetic variants: chr7:44539868C>T ¢.529G>A p.(Val177lle) (rs149017550), chr7:44539736G>A c.661C>T p.(His221Tyr)
(rs114376659) and chr7:44539585_44539586GC>AA ¢.811_812delinsTT p.(Ala271Phe) (rs117724326/rs139533378).
* TC - total cholesterol; LDL-C — low-density lipoprotein cholesterol. The frequency is stated for rs149017550 chr7: 44539868C>T ¢.529G>A

p.(Val177lle).

as well as the pathogenic variant rs 1167870780 p.(Leu572Pro),
are found in the Russian population more often than it is indi-
cated in the gnomAD database (Table 6).

Nine NPCILI rare variants were identified in 29 patients
(Table 7). 19 patients were carriers of three variants —
p-(Vall771le), p.(His221Tyr) and p.(Ala271Phe) — which, as

we assume, are in linkage disequilibrium and in combination
compose a haplotype (Fath et al., 2020) with an increased fre-
quency in the Russian population (Table 7). This assumption
is supported by the results of Sanger sequencing performed in
two families, where relatives of the patients were available for
analysis (Fig. 2). We also identified a homozygous carrier of
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Fig. 2. Sanger sequencing for two familial cases of haplotype
p.(Val177lle)/p.(His221Tyr)/p.(Ala271Phe) in the NPCIL1 gene.

A, B - pedigrees of patients carrying the p.(Val177lle)/p.(His221Tyr)/
p.(Ala271Phe) haplotype of the NPC1L1 gene; C — example of Sanger veri-
fication of the p.(Val177lle), p.(His221Tyr) and p.(Ala271Phe) variants of
the NPC1L1 gene.

the NPCIL1 p.(Vall771le)/p.(His221Tyr)/p.(Ala271Phe) hap-
lotype. Note that the single-nucleotide substitutions described
in the database — rs117724326 p.(Ala271Val) (frequency ac-
cording to RUSeq: 0.04729) and rs139533378 p.(Ala271Ser)
(frequency according to RUSeq: 0.04729) — in adjacent
nucleotides are in fact a single variant, ¢.811_812delinsTT
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p-(Ala271Phe) (Fig. 3). It should be noted that the NPCILI
p-(Vall771le)/p.(His221Tyr)/p.(Ala271Phe) haplotype is typi-
cally found in patients in whom monogenic dyslipidemia can-
not be confirmed. In our study, only 1 carrier of this haplotype
also had a mutation in the LDLR gene.

Evaluation of the contribution

of the p.(Val177lle) variant of NPC1L1 gene

to the development of atherosclerosis

The NPCILI gene variants p.(Vall771le), p.(His221Tyr) and
p.(Ala271Phe) are located in the N-terminal domain of the
NPCI1L1 protein, which is responsible for cholesterol bin-
ding (Hu et al., 2021). Carriage of this haplotype may lead
to enhanced intestinal cholesterol absorption and may be
associated with the development of dyslipidemia and arterial
atherosclerosis (Fath et al., 2020). A method based on PCR
and restriction analysis was developed for the identification
of the p.(Vall77lIle) variant of the NPCILI gene. Genotyp-
ing was performed in a group of patients with atheroscle-
rosis of various localizations, as well as in a control group
(Table 8).

The frequency of the p.(Vall771le) variant of the NPCIL1
gene in the control group was 0.043, what is comparable with
the frequency reported in the RUSeq database (0.042). In the
group of patients with atherosclerosis, the frequency was
0.067, which is higher than in the control group; however,
the differences did not reach statistical significance. When
performing regression analysis using the entire dataset — and
additionally accounting for factors such as sex, age, and the
presence of atherosclerosis — we were unable to demonstrate an
association between the p.(Vall771le) variant of the NPCIL1
gene and the development of atherosclerosis on the base on
dyslipidemia. This result may be attributed to the insufficient
size of the study sample sets; further research is required.
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Fig. 3. Results of NGS-sequencing for the p.(Ala271Phe) variant of the NPC1L1 gene (bam-file).

MEJVLUMHCKAA TEHETUKA / MEDICAL GENETICS 497



A.D. Izyumchenko, M.N. Grunina, K.V. Dracheva ...
E.l. Baranova, S.N. Pchelina, V.V. Miroshnikova

Rare variants in cholesterol transporter genes
in patients with lipid metabolism disorders

Table 8. Comparison of the frequency of the rs149017550 p.(Val177lle) variant of the NPCT1L1 gene across all studied groups

Genotype Homozygote GG
(Val/Val)

Control group, N =234 214

Group of patients with atherosclerosis, N =209 182

Group of patients with lipid metabolism disorders 150

(sequencing data), N =169

Carriers of the p.(Val177lle)
variant (including homozygous)

Frequency
of the p.(Val177Ile) variant

20 (0) 0.043
27 (1)* 0.067
19 (1)** 0.059

* p =0.136 when compared with the control group; the groups are comparable in age and gender.
** p =0.366 when compared with the control group; the groups are not comparable in age and gender.

Discussion

Due to the high prevalence of CVDs, the impact of various
factors on the development of this pathological process re-
mains a relevant issue. A significant genetic contribution to
the progression of CVDs highlights the prospects of clarifying
the status of rare variants associated with lipid accumulation
and subsequent vascular damage (Meshkov et al., 2022). The
complexity of the genetic architecture of dyslipidemias un-
derscores the importance of implementing modern diagnostic
approaches for screening and early identification of carriers
of rare genetic variants (Kalwick, Roth, 2025).

The most common hereditary dyslipidemia is FH (Mirosh-
nikova et al., 2023a). FH is an autosomal dominant genetic
disorder characterized by high levels of cholesterol and LDL-C
in blood plasma. Typical phenotypic manifestations include
xanthomas, xanthelasmas and corneal arcus. Genetic diagno-
sis in patients with FH can be discovered in only 40-60 % of
cases with a monogenic nature of the disease (Medeiros et al.,
2024; Miroshnikova et al., 2025). The prevalence of FH varies
from 1:250 to 1:173 depending on the population (Meshkov
et al., 2021; Toft-Nielsen et al., 2022). Additionally, there
are more rare monogenic dyslipidemias, such as lipoprotein
lipase deficiency (Hegele et al., 2015), dysbetalipoproteinemia
(Heidemann et al., 2022), sitosterolemia (Miroshnikova et
al., 2023b), and others (Ivanova et al., 2020). The remaining
cases of lipid metabolism disorders may be of polygenic nature
(Futema et al., 2015).

As previously shown in GWAS studies, common genetic
variants play an important role in predisposing to lipid metabo-
lism disorders (Ripatti et al., 2016), but rare and low-frequency
variants may also significantly contribute to the development
of dyslipidemia and subsequent progression of atherosclerosis
(Hindy et al., 2022). The population-specific distribution of
genetic variants highlights the need to assess allele frequencies
separately for each population (Read et al., 2021; Senftleber
et al., 2024; Fan et al., 2025). In this study, we examined the
spectrum of rare variants (gnomAD frequency <1 %) in cho-
lesterol transporter genes —ABCA1,ABCG1,ABCGS5,ABCGS8
and NPCIL]I — in patients with lipid metabolism disorders in
the population of the Northwestern region of Russia.

We identified several variants in the ABCGS5 and ABCGS8
genes previously reported in patients with FH or sitosterolemia
(ABCGS5 15141828689 (p.Arg198Gln); ABCGS rs776335488
p-(Ser569Pro), rs769576789 p.(Leu572Pro), rs189249032

p-(Tyr613His), rs113005049 p.(Ala642Thr)), several among
them were more prevalent in the Russian population (Tables 5
and 6). Homozygous and compound heterozygous pathogenic
variants in these genes cause a rare autosomal recessive ge-
netic disorder, sitosterolemia, with an estimated prevalence
of 1:200,000 (Pshenichnikova et al., 2024). This condition is
characterized by elevated blood levels of plant sterols, as well
as total cholesterol and LDL-C. Patients with sitosterolemia
often present with xanthomas and early-onset cardiovascular
diseases, making the clinic signs similar to FH. Heterozygous
carriage of pathogenic ABCGS5 or ABCGS variants does not
cause sitosterolemia but may increase the risk of hypercho-
lesterolemia (Reeskamp et al., 2020). In our study, heterozy-
gous carriers of pathogenic and likely pathogenic variants in
ABCGS5 and ABCGS8 accounted for 3 %, which is consistent
with previously published data (Reeskamp et al., 2020; Me-
deiros et al., 2024).

Our study allowed us to pay attention to the increased
frequency of the p.(Vall771le)/p.(His221Tyr)/p.(Ala271Phe)
haplotype of the NPCILI gene both in patients with lipid
metabolism disorders in the Northwestern region of Russia
and in the Russian population overall. Active investigation of
the NPCILI transporter is driven by the potential for dysli-
pidemia therapy. Currently, ezetimibe — an NPC1L1 inhibitor
that blocks intestinal cholesterol absorption — is widely used.
Ezetimibe acts as an allosteric inhibitor of NPC1L1, inducing
a “closed” conformation of the transporter, which disrupts
cholesterol binding (Valdivia et al., 2023). Polymorphic vari-
ants in the NPCILI gene have been shown to account for
inter-individual differences in sensitivity to ezetimibe (Liao et
al., 2022) and may lead to a complete lack of response (Mau-
riello et al., 2023). Therefore, studying NPCILI genetic vari-
ants as risk factors for dyslipidemia and as pharmacogenetic
markers for predicting the efficacy of lipid-lowering therapy
is an important goal (Liao et al., 2022). Typically, variants in
this gene are associated with reduced protein activity and are
therefore protective, but variants that increase cholesterol ab-
sorption are also known — for example, p.(Argl74His), which
we identified in two patients (Mokhtar et al., 2022).

Substitutions p.(Argl74His), p.(Vall771le), p.(His221Tyr),
and p.(Ala271Phe) are located in the N-terminal domain of
the NPCI1L1 protein, which plays a key role in cholesterol
uptake (Valdivia et al., 2023; Yoon et al., 2023). Variability in
cholesterol absorption and plasma LDL-C levels has been pre-
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viously demonstrated to depend on a combination of rare vari-
ants in the NPCIL1 gene (Simonen et al., 2023). In the study
by F. Fath et al., the NPCILI p.(Vall771le), p.(His221Tyr)
and p.(Ala271Phe) variants were described in a patient with
hypercholesterolemia, and their combination was classified
by the authors as a possible cause of the disease (Fath et al.,
2020), which is consistent with our findings. For the Russian
population, the p.(Vall771le)/p.(His221Tyr)/p.(Ala271Phe)
haplotype has been shown to be population-specific: it is
not rare but rather polymorphic. We also assessed for the
first time the contribution of one of the haplotype variants,
p-(Vall771le), to atherosclerosis development. However,
differences in genotype frequencies between patients with
atherosclerosis and the control group did not reach statistical
significance, which does not allow us to draw a conclusion
about the impact of the p.(Vall771le) variant in the NPCIL1
gene on atherosclerosis. Our results do not indicate a definitive
absence of contribution from either the individual variant or
the p.(Vall771le)/p.(His221Tyr)/p.(Ala271Phe) haplotype to
the polygenic background; thus, expanding the sample size
in future studies may allow a more precise verification of the
significance of these variants. Further research is needed to
investigate the contribution of both individual variants and the
haplotype to the polygenic risk of hypercholesterolemia and
the efficacy of ezetimibe treatment.

Conclusion
Currently, in the absence of monogenic variants, polygenic hy-
percholesterolemia is assumed: when no significant pathogenic
genetic variants are present, the accumulation of common and
rare genetic variants with small effects may lead to dyslipide-
mia. This study examined the spectrum of rare variants in cho-
lesterol transporter genes —ABCA1,ABCG1,ABCG5,ABCGS8
and NPCILI — in patients with lipid metabolism disorders
who underwent genetic testing. Our work indicates a higher
frequency of some rare variants in these genes — particularly
NPCILI — in the Russian population. However, to determine
their contribution to CVD risk, their prevalence must be as-
sessed in larger patient groups. Additional studies are needed
to develop population-specific genetic risk scores that account
for the cumulative contribution of risk and protective alleles
in lipid metabolism-related genes and can be used to predict
individual risk of dyslipidemia and cardiovascular diseases.
Study limitations. The limitations of the study include: rela-
tively small sample sizes for investigating population-specific
patterns of genetic variant distribution; specific features of
sample formation. In particular, the first sample set included
individuals with severe dyslipidemia who were prescribed ge-
netic testing. Consequently, the proportion of individuals with
monogenic forms of dyslipidemia — primarily familial hyper-
cholesterolemia (FH) — in this sample set was relatively high,
accounting for 30 %. On the other hand, it should be noted that
the haplotype p.(Vall771le)/p.(His221Tyr)/p.(Ala271Phe) of
the NPCILI gene was detected predominantly in individuals
without an identified monogenic cause of dyslipidemia, with
the exception of one patient. A limitation of the sample set
used in the second stage of the study is that the group of pa-
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tients with atherosclerosis was formed based on the presence
of the disease, regardless of whether the patients initially had
dyslipidemia. This is because the duration and effectiveness
of statin treatment were difficult to track in most cases.

References

Averkova A.O., Brazhnik V.A., Speshilov G.I., Rogozhina A.A.,
Koroleva O.S., Zubova E.A., Galyavich A.S., Tereshenko S.N.,
Boyeva O.1., Zateyshchikov D.A. Targeted sequencing in patients
with clinically diagnosed hereditary lipid metabolism disorder and
acute coronary syndrome. Bull Rus State Med Univ. 2018;5:80-86.
doi 10.24075/brsmu.2018.061

Barbitoff Y.A., Khmelkova D.N., Pomerantseva E.A., Slepchen-
kov A.V., Zubashenko N.A., Mironova I.V., Kaimonov V.S., ...
Aseev M.V., Shcherbak S.G., Glotov O.S., Isaev A.A., Predeus A.V.
Expanding the Russian allele frequency reference via cross-laborato-
ry data integration: insights from 7452 exome samples. Nat/ Sci Rev.
2024;11(10):nwae326. doi 10.1093/nsr/nwae326

Chubykina U., Vasiluev P., Ivanova O., Ezhov M. The mysterious masks
of hypercholesterolemia: a unique clinical case. Circulation. 2025;
151(11):799-803. doi 10.1161/CIRCULATIONAHA.124.071638

Cross B., Turner R., Pirmohamed M. Polygenic risk scores: an over-
view from bench to bedside for personalised medicine. Front Genet.
2022;13:1000667. doi 10.3389/fgene.2022.1000667

Danilova 1., Rau R., Barbieri M., Grigoriev P., Jdanov D.A., Mesl¢ F.,
Vallin J., Shkolnikov V.M. Subnational consistency in cause-of-death
data: the cases of Russia, Germany, the United States, and France.
Population. 2021;76(4):645-674. doi 10.3917/popu.2104.0693

Ezhov M.V., Bazhan S.S., Ershova A.l., Meshkov A.N., Soko-
lov A.A., Kukharchuk V.V., Gurevich V.S., ... Balakhonova T.V.,
Filippov A.E., Akhmedzhanov N.M., Aleksandrova O.Yu., Lipo-
vetsky B.M. Clinical guidelines for familial hypercholesterolemia.
Ateroscleroz. 2019;15(1):58-98 (in Russian)

Fan H.Y., Tsai M.C., Lai C.J., Yeh C.L., Hsu H.Y., Lai P.J., Hsu H.C.,
Su T.C., Lin H.J.,, Lin Y.F., Lu T.P., Chien K.L. Genetic variants in
severe hypertriglyceridemia among Taiwanese participants — insights
from genome-wide association and whole-exome sequencing ana-
lyse. Circ J. 2025;89(3):331-339. doi 10.1253/circj.CJ-24-0491

Fath F., Bengeser A., Barresi M., Binner P., Schwab S., Ray K.K.,
Kramer B.K., Fraass U., Marz W. FH ALERT: a feasibility study
of a novel approach to identify patients with familial hypercholeste-
rolemia. Res Square. 2020. doi 10.21203/rs.3.rs-108034/v1

Futema M., Shah S., Cooper J.A., Li K.W., Whittall R.A., Sharifi M.,
Goldberg O., ... Roeters van Lennep J.E., Sijbrands E.J.G., Whit-
taker J.C., Talmud P.J., Humphries S.E. Refinement of variant selec-
tion for the LDL cholesterol genetic risk score in the diagnosis of the
polygenic form of clinical familial hypercholesterolemia and replica-
tion in samples from 6 countries. Clin Chem. 2015;61(1):231-238.
doi 10.1373/clinchem.2014.231365

Ghaleb Y., Elbitar S., Philippi A., El Khoury P., Azar Y., Andrianiri-
na M., Loste A., ... Deleuze J.F., Rabés J.P., Boileau C., Abifadel M.,
Varret M. Whole exome/genome sequencing joint analysis of a fami-
ly with oligogenic familial hypercholesterolemia. Metabolites. 2022;
12(3):262. doi 10.3390/metabo12030262

Hegele R.A., Ban M.R., Cao H., McIntyre A.D., Robinson J.F., Wang J.
Targeted next-generation sequencing in monogenic dyslipidemias.
Curr Opin Lipidol. 2015;26(2):103-113. doi 10.1097/MOL.000000
0000000163

Heidemann B.E., Koopal C., Baass A., Defesche J.C., Zuurbier L.,
Mulder M.T., Roeters van Lennep J.E., Riksen N.P., Boot C., Ma-
rais A.D., Visseren F.L.J. Establishing the relationship between
familial dysbetalipoproteinemia and genetic variants in the 4POE
gene. Clin Genet. 2022;102(4):253-261. doi 10.1111/cge.14185

Heron M. Deaths: leading causes for 2018. National Vital Stat Rep.
2021;70(4):1-115. doi 10.15620/cdc:104186

MEAVLMHCKAA TEHETUKA / MEDICAL GENETICS 499


https://doi.org/10.24075/brsmu.2018.061
https://doi.org/10.1093/nsr/nwae326
https://doi.org/10.1161/circulationaha.124.071638
https://doi.org/10.3389/fgene.2022.1000667
https://shs.cairn.info/journal-population-2021-4-page-645?lang=en
https://www.elibrary.ru/item.asp?id=37576873
https://doi.org/10.1253/circj.cj-24-0491
https://doi.org/10.21203/rs.3.rs-108034/v1
https://doi.org/10.1373/clinchem.2014.231365
https://doi.org/10.3390/metabo12030262
https://doi.org/10.1097/mol.0000000000000163
https://doi.org/10.1097/mol.0000000000000163
https://doi.org/10.1111/cge.14185
https://doi.org/10.15620/cdc:104186

A.D. Izyumchenko, M.N. Grunina, K.V. Dracheva ...
E.l. Baranova, S.N. Pchelina, V.V. Miroshnikova

Hindy G., Dornbos P., Chaffin M.D., Liu D.J., Wang M., Sel-
varaj M.S., Zhang D., ... Willer C.J., Natarajan P., Flannick J.A.,
Khera A.V., Peloso G.M. Rare coding variants in 35 genes as-
sociate with circulating lipid levels — a multi-ancestry analysis of
170,000 exomes. Am J Hum Genet. 2022;109(1):81-96. doi 10.1016/
j-ajhg.2021.11.021

HuM,, Yang F., Huang Y., You X., Liu D., Sun S., Sui S.F. Structural in-
sights into the mechanism of human NPC1L1-mediated cholesterol
uptake. Sci Adv. 2021;7(29):eabg3188. doi 10.1126/sciadv.abg3 188

Ivanova O.N., Vasiliev P.A., Zakharova E.Y. Molecular basis of primary
monogenic dyslipidemia. Medical Genetics. 2020;19(12):4-17. doi
10.25557/2073-7998.2020.12.4-17 (in Russian)

Kalwick M., Roth M. A comprehensive review of the genetics of
dyslipidemias and risk of atherosclerotic cardiovascular disease.
Nutrients. 2025;17(4):659. doi 10.3390/nu17040659

Koseki M., Yamashita S., Ogura M., Ishigaki Y., Ono K., Tsukamoto K.,
Hori M., Matsuki K., Yokoyama S., Harada-Shiba M. Current dia-
gnosis and management of tangier disease. J Atheroscler Thromb.
2021;28(8):802-810. doi 10.5551/jat.RV17053

Kukharchuk V.V., Ezhov M.V., Sergienko 1.V., Arabidze G.G., Bub-
nova M.G., Balakhonova T.V., Gurevich V.S., ... Sokolov A.A.,
Sumarokov A.B., Gornyakova N.B., Obrezan A.G., Shaposhnik LI.
Diagnosis and correction of lipid metabolism disorders in order to
prevent and treat atherosclerosis. Russian recommendations VII re-
vision. J Atherosclerosis Dyslipidemias. 2020;1(38):7-40. doi
10.34687/2219-8202.JAD.2020.01.0002 (in Russian)

Li W., Wang Y., Huang R., Lian F., Xu G., Wang W., Xue S. Rare and
common coding variants in lipid metabolism-related genes and their
association with coronary artery disease. BMC Cardiovasc Disord.
2024;24(1):97. doi 10.1186/s12872-024-03759-5

Liao J., Yang L., Zhou L., Zhao H., Qi X., Cui Y., Ouyang D. The
NPCILI gene exerts a notable impact on the reduction of low-
density lipoprotein cholesterol in response to hyzetimibe: a facto-
rial-designed clinical trial. Front Pharmacol. 2022;13:755469. doi
10.3389/fphar.2022.755469

Mauriello A., Ascrizzi A., Molinari R., Falco L., Caturano A.,
D’Andrea A., Russo V. Pharmacogenomics of cardiovascular drugs
for atherothrombotic, thromboembolic and atherosclerotic risk.
Genes. 2023;14(11):2057. doi 10.3390/genes14112057

McPherson R., Tybjaerg-Hansen A. Genetics of coronary artery disease.
Circ Res. 2016;118(4):564-578. doi 10.1161/CIRCRESAHA.115.
306566

Measi¢ A.M., Bobinec A., Sansovi¢ 1., Boban L., Pavi¢c A.M.,
Puselji¢ S., Barisic¢ 1. 96 homozygous ABCG8 mutation in a 14-year-
old boy with sitosterolemia. Arch Dis Child. 2021;106(Suppl.2):
Al-A216

Medeiros A.M., Alves A.C., Miranda B., Chora J.R., Bourbon M.,
Rato Q., Gaspar A., ... Correia S., Vassalo T., Pack T., Martins V.,
Vieira V.F. Unraveling the genetic background of individuals with
a clinical familial hypercholesterolemia phenotype. J Lipid Res.
2024;65(2):100490. doi 10.1016/1.j1r.2023.100490

Meshkov A.N., Ershova A.L, Kiseleva A.V., Shalnova S.A., Drapki-
na O.M., Boytsov S.A.; on behalf of the FH-ESSE-RF investigators.
The prevalence of heterozygous familial hypercholesterolemia in
selected regions of the Russian Federation: the FH-ESSE-RF study.
J Pers Med. 2021;11(6):464. doi 10.3390/jpm11060464

Meshkov A.N., Kiseleva A.V., Yershova A.l., Sotnikova E.A., Smet-
nev S.A., Limonova A.S., Zharikova A.A., Zaichenoka M., Ramen-
sky V.E., Drapkina O.M. ANGPTL3, ANGPTL4, APOAS5, APOB,
APOC2, APOC3, LDLR, PCSKY9, LPL gene variants and coronary
artery disease risk. Russian Journal of Cardiology. 2022;27(10):22-
26. doi 10.15829/1560-4071-2022-5232 (in Russian)

Miroshnikova V.V., Pchelina S.N., Donnikov M.Yu., Vorobyev A.S.,
Tsai V.V., Kovalenko L.V., Glotov O.S. The NGS panel for genetic
testing in cardiology: from the evaluation of disease risk to pharma-
cogenetics. Farmakogenetika i Farmakogenomika = Pharmacoge-
netics and Pharmacogenomics. 2023a;1:7-19. doi 10.37489/2588-
0527-2023-1-7-19 (in Russian)

Rare variants in cholesterol transporter genes
in patients with lipid metabolism disorders

Miroshnikova V.V., Vasiluev P.A., Linkova S.V., Soloviov V.M., Iva-
nova O.N., Tolmacheva E.R., Udalova V.Y., ... Grunina M.N.,
Smirnova N.N., Kuchina A.S., Zakharova E.Y., Pchelina S.N. Pe-
diatric patients with sitosterolemia: next-generation sequencing and
biochemical examination in clinical practice. J Pers Med. 2023b;
13(10):1492. doi 10.3390/jpm13101492

Miroshnikova V.V., Izyumchenko A.D., Muzalevskaya M.V., Legostae-
va K.V., Grunina M.N., Dracheva K. V., Urazgildeeva S.A., Berkov-
ich O.A., Baranova E.I., Glotov O.S., Kulikov A.N., Gurevich V.S.,
Pchelina S.N. Genetic architecture of familial hypercholesterolemia:
a cohort of St. Petersburg residents. Russian Journal of Cardiology.
2025;30(10):87-94. doi 10.15829/1560-4071-2025-6432 (in Rus-
sian)

Mokhtar F.B.A., Plat J., Mensink R.P. Genetic variation and intestinal
cholesterol absorption in humans: a systematic review and a gene
network analysis. Prog Lipid Res. 2022;86:101164. doi 10.1016/
j-plipres.2022.101164

Musunuru K., Kathiresan S. Surprises from genetic analyses of lipid
risk factors for atherosclerosis. Circ Res. 2016;118(4):579-585. doi
10.1161/CIRCRESAHA.115.306398

Pan-Lizcano R., Marifias-Pardo L., Nufiez L., Rebollal-Leal F., Lopez-
Vazquez D., Pereira A., Molina-Nieto A., Calviiio R., Vazquez-
Rodriguez J.M., Hermida-Prieto M. Rare variants in genes of the
cholesterol pathway are present in 60 % of patients with acute myo-
cardial infarction. Int J Mol Sci. 2022;23(24):16127. doi 10.3390/
ijms232416127

Prasad K., Mishra M. Mechanism of hypercholesterolemia-induced
atherosclerosis. Rev Cardiovasc Med. 2022;23(6):212. doi 10.31083/
jrem2306212

Pshenichnikova LI., Zakharova I.N., Korchagina Yu.V., Pupykina V.V.,
Okulova O.A., Teleznikova N.D., Vasiliev P.A., Ivanova O.N., Ba-
ranova P.V., Zakharova E.Yu., Ezhov M.V. Sitosterolemia (phytos-
terolemia): diagnosis, treatment, and prognosis. Meditsinskiy Sovet =
Medical Council. 2024;18(19):198-205. doi 10.21518/ms2024-432
(in Russian)

Read R.W., Schlauch K.A., Lombardi V.C., Cirulli E.T., Washing-
ton N.L., Lu J.T., Grzymski J.J. Genome-wide identification of rare
and common variants driving triglyceride levels in a Nevada popula-
tion. Front Genet. 2021;12:639418. doi 10.3389/fgene.2021.639418

Reeskamp L.F., Volta A., Zuurbier L., Defesche J.C., Hovingh G.K.,
Grefhorst A. ABCGS5 and ABCGS genetic variants in familial hyper-
cholesterolemia. J Clinical Lipidology. 2020;14(2):207-217.e7. doi
10.1016/j.jacl.2020.01.007

Ripatti P, Ramo J.T., Soderlund S., Surakka I., Matikainen N., Piri-
nen M., Pajukanta P., ... Wilson R.K., Palotie A., Freimer N.B.,
Taskinen M.R., Ripatti S. The contribution of GWAS loci in fami-
lial dyslipidemias. PLoS Genet. 2016;12(5):e1006078. doi 10.1371/
journal.pgen.1006078

Roberts R., Chang C.C., Hadley T. Genetic risk stratification: a para-
digm shift in prevention of coronary artery disease. JACC Basic
Transl Sci. 2021;6(3):287-304. doi 10.1016/j.jacbts.2020.09.004

Ryzhkova O.P., Kardymon O.L., Prokhorchuk E.B., Konovalov F.A.,
Maslennikov A.B., Stepanov V.A., Afanasyev A.A., ... Kostare-
va A.A., Pavlov A.E., Golubenko M.V., Polyakov A.V., Kutsev S.I.
Guidelines for the interpretation of massive parallel sequenc-
ing variants (update 2018, v2). Med Genet. 2019;18(2):3-23. doi
10.25557/2073-7998.2019.02.3-23 (in Russian)

Senftleber N.K., Andersen M.K., Jorsboe E., Steeger F.F., Nohr A K.,
Garcia-Erill G., Meisner J., ... Jorgensen M.E., Zeggini E., Moltke I.,
Hansen T., Albrechtsen A. GWAS of lipids in Greenlanders finds as-
sociation signals shared with Europeans and reveals an independent
PCSKO association signal. Eur J Hum Genet. 2024;32(2):215-223.
doi 10.1038/s41431-023-01485-8

Shakhtshneider E., Ivanoshchuk D., Timoshchenko O., Orlov P., Se-
maev S., Valeev E., Goonko A., Ladygina N., Voevoda M. Analysis
of rare variants in genes related to lipid metabolism in patients with
familial hypercholesterolemia in Western Siberia (Russia). J Pers
Med. 2021;11(11):1232. doi 10.3390/jpm11111232

500 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 3


https://doi.org/10.1016/j.ajhg.2021.11.021
https://doi.org/10.1016/j.ajhg.2021.11.021
https://doi.org/10.1126/sciadv.abg3188
https://doi.org/10.25557/2073-7998.2020.12.4-17
https://doi.org/10.25557/2073-7998.2020.12.4-17
https://doi.org/10.3390/nu17040659
https://doi.org/10.5551/jat.rv17053
https://doi.org/10.34687/2219-8202.JAD.2020.01.0002
https://doi.org/10.34687/2219-8202.JAD.2020.01.0002
https://doi.org/10.1186/s12872-024-03759-5
https://doi.org/10.3389/fphar.2022.755469
https://doi.org/10.3389/fphar.2022.755469
https://doi.org/10.3390/genes14112057
https://doi.org/10.1161/circresaha.115.306566
https://doi.org/10.1161/circresaha.115.306566
https://www.proquest.com/openview/a90ac9558a39d5eef96ce1bc3ab38cf4/1?pq-origsite=gscholar&cbl=2041043
https://doi.org/10.1016/j.jlr.2023.100490
https://doi.org/10.3390/jpm11060464
https://doi.org/10.15829/1560-4071-2022-5232
https://doi.org/10.37489/2588-0527-2023-1-7-19
https://doi.org/10.37489/2588-0527-2023-1-7-19
https://doi.org/10.3390/jpm13101492
https://doi.org/10.15829/1560-4071-2025-6432
https://doi.org/10.1016/j.plipres.2022.101164
https://doi.org/10.1016/j.plipres.2022.101164
https://doi.org/10.1161/circresaha.115.306398
https://doi.org/10.1161/circresaha.115.306398
https://doi.org/10.3390/ijms232416127
https://doi.org/10.3390/ijms232416127
https://doi.org/10.31083/j.rcm2306212
https://doi.org/10.31083/j.rcm2306212
https://doi.org/10.21518/ms2024-432
https://doi.org/10.3389/fgene.2021.639418
https://doi.org/10.1016/j.jacl.2020.01.007
https://doi.org/10.1016/j.jacl.2020.01.007
https://doi.org/10.1371/journal.pgen.1006078
https://doi.org/10.1371/journal.pgen.1006078
https://doi.org/10.1016/j.jacbts.2020.09.004
https://doi.org/10.25557/2073-7998.2019.02.3-23
https://doi.org/10.25557/2073-7998.2019.02.3-23
https://doi.org/10.1038/s41431-023-01485-8
https://doi.org/10.3390/jpm11111232

A.[. Vstomuenko, M.H. TpyHuHa, K.B. lpavesa ...
E.N. bapaHoBa, C.H. MNuenuHa, B.B. MupolwHnkoBa

Shim S.Y., Yoon H.Y., Yee J., Han J.M., Gwak H.S. Association be-
tween ABCAI gene polymorphisms and plasma lipid concentration:
a systematic review and meta-analysis. J Pers Med. 2021;11(9):883.
doi 10.3390/jpm11090883

Simonen P., O6rni K., Sinisalo J., Strandberg T.E., Wester I, Gylling H.
High cholesterol absorption: a risk factor of atherosclerotic cardio-
vascular diseases? Atherosclerosis. 2023;376:53-62. doi 10.1016/
j.atherosclerosis.2023.06.003

Tada H., Kojima N., Takamura M., Kawashiri M.A. Sitosterolemia. Adv
Clin Chem. 2022;110:145-169. doi 10.1016/bs.acc.2022.06.006

Toft-Nielsen F., Emanuelsson F., Benn M. Familial hypercholesterolemia
prevalence among ethnicities — systematic review and meta-analysis.
Front Genet. 2022;13:840797. doi 10.3389/fgene.2022.840797

Tokgozoglu L., Kayikcioglu M. Familial hypercholesterolemia: global
burden and approaches. Curr Cardiol Rep. 2021;23(10):151. doi
10.1007/s11886-021-01565-5

Toton-Zuranska J., Wotkow P., Kapusta M., Wojcik M., Starzyk .,
Kawalec E., Idzior-Walu$ B., Walu§-Miarka M. Targeted sequenc-
ing of a gene panel in patients with familial hypercholesterolemia

2026
30-3

PepKune BapraHTbl B reHaX TPaHCMOPTEPOB XONeCTeprHa
y NaLMeHTOB C HapyLEeHUAMY MNMAHOro obmeHa

from Southern Poland. Pol Arch Intern Med. 2023;133(6):16417. doi
10.20452/pamw.16417

Valdivia A., Luque F.J., Llabrés S. Binding of cholesterol to the N-ter-
minal domain of the NPCILI transporter: analysis of the epimeri-
zation-related binding selectivity and loop mutations. J Chem Inf
Model. 2023;64(1):189-204. doi 10.1021/acs.jcim.3¢01319

Yoon H.J., Lee Y., Jeong J., Jang S., Lee H.H., Kim G.S. Binding
free energy of several sterols to the N-terminal domain of Nie-
mann-Pick Cl-like 1 protein due to mutation: molecular dynamics
study. J Chin Chem Soc. 2023;70(3):539-546. doi 10.1002/jccs.
202200315

Yu X.H., Tang C.K. ABCA1, ABCGI, and cholesterol homeostasis.
In: Zheng L. (Ed.) HDL Metabolism and Diseases. Advances in Ex-
perimental Medicine and Biology. Vol. 1377. Springer, Singapore,
2022;95-107. doi 10.1007/978-981-19-1592-5 7

Zhang R., Liu W., Zeng J., Meng J., Shi L., Yang S., Chang J., Wang C.,
Xing K., Wen J., Liu N., Liang B., Xing D. Recent advances in the
screening methods of NPCIL1 inhibitors. Biomed Pharmacother.
2022;155:113732. doi 10.1016/j.biopha.2022.113732

Conflict of interest. The authors declare no conflict of interest.

Received October 16, 2025. Revised January 15, 2026. Accepted February 17, 2026.

MEJVLMHCKAA TEHETUKA / MEDICAL GENETICS 501


https://doi.org/10.3390/jpm11090883
https://doi.org/10.1016/j.atherosclerosis.2023.06.003
https://doi.org/10.1016/j.atherosclerosis.2023.06.003
https://doi.org/10.1016/bs.acc.2022.06.006
https://doi.org/10.3389/fgene.2022.840797
https://doi.org/10.1007/s11886-021-01565-5
https://doi.org/10.1007/s11886-021-01565-5
https://doi.org/10.20452/pamw.16417
https://doi.org/10.20452/pamw.16417
https://doi.org/10.1021/acs.jcim.3c01319
https://doi.org/10.1002/jccs.202200315
https://doi.org/10.1002/jccs.202200315
https://doi.org/10.1007/978-981-19-1592-5_7
https://doi.org/10.1016/j.biopha.2022.113732

