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Familial hypercholesterolemia is a severe hereditary disease leading to the development of atherosclerosis and its
complications in the form of angina pectoris, myocardial infarction, cerebral stroke, or even leading to sudden death.
Since the description of the disease, the concept of it has undergone significant evolution. First, it became clear that
the prevalence of this disease was significantly higher than originally thought (1:300 for heterozygous familial hyper-
cholesterolemia and not as 1:500 as estimated earlier). Secondly, it has been established that it is not based on the
pathology of the low-density lipoprotein receptor gene alone, but includes at least four monogenic forms (defects of the
APOB, PCSK9, ARH genes) and may also have a multigenic nature. Thirdly, with the development of DNA analysis
methods from the initially available Southern hybridization to next generation DNA sequencing, the exceptional mo-
lecular heterogeneity of familial hypercholesterolemia became obvious and, accordingly, the need to establish national
spectra of mutations leading to the development of familial hypercholesterolemia was established. Researchers have
moved from characterizing individual mutations to creating national registries and databases. Finally, research into the
genetics of familial hypercholesterolemia has led to the emergence of new classes of cholesterol-lowering drugs. In Rus-
sia, molecular diagnostics of familial hypercholesterolemia has also undergone significant changes since the beginning of
the study of familial hypercholesterolemia in 1987 and to the present, consideration of these changes formed the basis
of this review.
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CeMeiiHasi TUTIEpXOJIECTEPUHEMHUSI — TsDXeJIoe HaclIeACTBEeHHOe 3a0oJieBaHMe, Benylllee K Pa3BUTHUIO aTepoOCKIepo3a
M €T0 OCJIOXKHEHWI B BUIEC CTCHOKApIWUU, WH(MAPKTOB MUOKApIa, MO3TOBBIX MHCYJILTOB WJIM HaXe MPUBOISIICe K BHE-
3anmHoM cMmeptr. C MOMEHTa ONMMCaHUsI 3a00JIeBaHUST MPEACTABICHUE O HEM TPETepIeIN CYIIECTBEHHYIO SBOJIIOLMIO.
Bo-nepBbIx, cTajgo O4EBUIHO, YTO PACIIPOCTPAHEHHOCTb 3TOr0 3a00JIeBaHMS 3aMETHO BBIIIE, YeM MCXOMHO Ipenroara-
soch (1:300 mis rereposurotHoi opmbl, a He 1: 500, Kak olleHUBaJIOCh paHee). Bo-BTOpBIX, YCTAHOBIEHO, YTO B €r0
OCHOBE JIEXKWT HE IMaToJOrMs OJHOTO JIMIIb T'eéHa pelenTopa JIMIMOMPOTEMHOB HU3KOM TUIOTHOCTH, OHO BKIIIOYAET, IO
KpaiiHeil Mepe, yeTblpe MOHOTeHHbIe (opMbl (nedekTsl reHoB APOB, PCSK9, ARH) v Takxke MOXET UMETh MYJIbTUTCH-
HyI0 ipupony. B-Tpetbux, ¢ passutuem Meronos aHanmsa JJHK oT moctymHoit ncxomHo rubpunusannu no CaysepHy 10
MeTonoB cekBeHMpoBaHMsl JIHK HoBoro moxkosneHus crtajia o4eBHMIHA MCKIIOUUTEIbHAS MOJIEKY/ISIpHAsI T€TePOreHHOCTD
CEMEIHOI rMIepXoJeCTepUMHEMHUU 1, COOTBETCTBEHHO, OMpeesieHa HEOOXOAMMOCTh YCTAaHOBJIEHUS HALIMOHAIBHBIX CIIEK-
TPOB MyTallMii, BEAYIIUX K ee pa3BUTHIO. OT XapaKTepUCTUKH OTAEIbHBIX MyTallMii KCCIIEAOBATE N MTEPEIUTN K CO3IaHUIO
HaIlMOHAJILHBIX PETUCTPOB M 06a3 maHHBIX. HakoHel, nccaemoBaHe TeHETUKN CEMEHOM THIIEpXOJIeCTEPUHEMUN TIPUBEIIO
K TIOSIBJICHWIO HOBBIX KJIACCOB TUIIOXOJIECTEpUMHEMUYECKUX TperapatoB. B Poccuu monekymnsipHass AMarHOCTMKA TakKxke
MpeTepriesia CylecTBeHHbIe U3BMEHEHMSI ¢ MOMEHTa Hayvajla M3y4eHUs ceMeitHol rurepxosiectepuHeMuu B 1987 r. u 1o
HacToslIlee BpeMsl; pacCCMOTPEHME STUX M3MEHEHMIT JIeTJIo B OCHOBY HACTOSIIIETO 0030pa.

KioueBbie ciioBa: TUIICPXOJICCTCPUHEMMU S, MOJICKYJIAPHAd JUArHOCTUKA, PELCITOP JIMITOIIPOTCMHOB HU3KON TJIOT-
HOCTU, 3a00yieBaHUs Cep,[le‘-lHO-COCY,E[HCTOfI CHUCTEMBI.

List of abbreviations
FH — familial hypercholesterolemia; LDL — low-density lipoproteins.
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What is the incidence of familial
hypercholesterolemia in Russia?

FH is the most prevalent hereditary disease in hu-
mans and typically exhibits an autosomal dominant
type of inheritance. The classical form is associated
with impaired low-density lipoprotein (LDL) catabo-
lism due to LDL receptor dysfunction or quantitative
deficiency [1]. This disease has two variants, hetero-
zygous and homozygous, differing in symptom se-
verity. Previously, the incidence of the heterozygous
form of FH in most populations of the world was es-
timated at 1:500, while that of the homozygous form
was estimated to be one case per million of patients
examined [1]. However, studies conducted in indi-
vidual countries using standardized diagnostic crite-
ria have revealed that the incidence of FH in out-
bred populations is substantially higher: 1:219—300
for the heterozygous form and 1:300,000 for the
homozygous form [2—4]. In populations where the
founder effect is substantial, the incidence of FH
may be even higher, as observed in Johannesburg
Jews (1:67) [5], South African Afrikaners (1:76)
[6—8], French-speaking Canadians (1:270) [9], and
Lebanese Christians (1:90) [10]. The exact inci-
dence of FH in Russia remains unknown. According
to various estimates, the number of patients with
the heterozygous form of FH in Russia varies
from 287,000 [11] to 1,300,000 people [12], while
150—300 people in the country have the homozy-
gous form of FH [11]. The incidence of FH in the
Tyumen and Kemerovo regions was evaluated as part
of the largest population study in the modern annals
of Russia, ESSE-RF (Epidemiology of cardiovascu-
lar diseases and their risk factors in the regions of the
Russian Federation) [12]. The incidence of reliably
established FH (definite FH according to the criteria
of the Dutch Lipid Clinic Network, DLCN) [3, 13]
(Table 1) was determined in a group of 1630 pa-
tients from the Tyumen region and 1622 patients
from the Kemerovo region aged 25—64 years, which
amounted to 0.24% (1 of 407 examined), and that
of probable FH was 0.68% (1 of 148 examined),
with the total number of patients with these two
diagnoses being 0.92% (1 of 108 examined). In this
study, 40% of FH patients had experienced ischemic
heart disease because of atherosclerosis, and 23% had
received statin therapy. In the combined group of
patients diagnosed with probable or definite FH, the
odds of developing ischemic heart disease and myo-
cardial infarction were 3.71 (95% CI (confidence
interval) 1.58—8.72) (p =0.003) and 4.06 (95% CI
0.89—18.55) (p =0.070), respectively, compared to
patients without FH. These results suggest that the
FH incidence in Russia may be significantly higher
than previously believed and that only a small pro-
portion of FH patients are diagnosed and receive
appropriate treatment. Thus, the FH incidence in

Russia may be even higher than the average among
the white races. The necessity of conducting genetic
studies on the molecular nature of FH in Russia is
determined by the elevated risk of coronary athero-
sclerosis among FH patients and the potential for
preventive medical intervention.

Molecular nature of familial
hypercholesterolemia

In 1938, Muller first characterized FH as an
“inborn error of metabolism” that led to high
blood cholesterol and early myocardial infarctions
in patients. Muller proposed that FH is a mono-
genic, autosomal dominant disease [14]. Later, in
the mid-1960s and early 1970s, it was discovered
that FH clinically exists in two forms: a less severe
heterozygous form and a more severe homozygous
form [15].

M. Brown and J. Goldstein [16] demonstrated
that the primary cause of FH is dysfunction of the
receptor that extracts LDL from the bloodstream.
The LDL receptor gene was cloned [17], the initial
mutations in it were identified, and the LDL re-
ceptor cell cycle was established. After the cloning
of the apolipoprotein B (APOB) gene in 1985 [18]
and the identification of a variant known as familial
defective apolipoprotein B (FDB) in 1989 [19-21],
it became evident that FH was not restricted to mu-
tations in the receptor gene but necessitated APOB
gene analysis. It was subsequently determined that
several variants, located in diverse gene locations,
contribute to a defective binding of APOB to the
receptor [22]. However, 95% of all FDB cases are
linked to a single mutation p.(Arg3527Gln), previ-
ously cited as R3500Q.

In 2001, the autosomal recessive hypercholester-
olemia (ARH) gene [23] was identified, which en-
codes an adapter protein for the LDL receptor that
facilitates the internalization of the LDL receptor
that has bound lipoproteins. The PCSK9 gene of
the subtilisin-kexin type proprotein convertase [24],
which functions as a chaperone in the intracellular
transport of the receptor, was cloned in 2003. It was
discovered that mutations in this gene can result in
both hypercholesterolemia due to increased recep-
tor degradation and hypocholesterolemia as a result
of decreased receptor degradation [25, 26]. Fig. 1
illustrates the interaction scheme of proteins that
are involved in the removal of LDL from the cir-
culation. In 2013, rare variants of the apolipopro-
tein E (APOE) gene were identified in FH patients.

The LDL receptor, a product of the LDLR
gene, interacts with a single LDL protein, apolipo-
protein B-100 (APOB-100), a product of the
APOB gene. This interaction leads to lipoprotein-
receptor complex uptake, which is facilitated by the
accessory protein LDLRAPI1, a product of the gene
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Table 1/ Tabamya 1
Diagnostic criteria of familial hypercholesterolemia according to Dutch Lipid Clinic Network (DLCN) [3, 13]

AVArHocTuYeckue Kputepum cememnHom rmnepxoAecTepuHeMmm nNo roOAAGHACKON CeT AUNMUAHBIX KAUHUK
(Dutch Lipid Clinic Network, DLCN) [3, 13]

Criteria group Symptoms of hypercholesterolemia Points

Amnestic Presence of first-degree relatives with ischemic heart disease up to 55 years of 1
age in men, up to 60 years of age in women, or with LDL cholesterol level
above the 95th percentile in the population

Presence of first-degree relatives with tendon xanthomas and/or lipoid corneal 2
arcus, or children under 18 years of age with LDL cholesterol level above the
95™ percentile for this population and age

Clinical Early ischemic heart disease in a patient (up to 55 years of age in men, up to 2
60 years of age in women)

Early cerebral or peripheral vascular disorders in a patient (up to 55 years of age 1
in men, up to 60 years of age in women)

Examination data Presence of tendon xanthomas

Presence of lipoid corneal arcus under age 45

Biochemical LDL cholesterol level >8.5 mmol (328 mg/dL)

LDL cholesterol level 6.5—8.4 mmol (251-327 mg/dL)
LDL cholesterol level 5.0—6.4 mmol (193—250 mg/dL)
LDL cholesterol level 4.0—4.9 mmol (155—192 mg/dL) 1
Genetic Pathogenic mutation in one of the LDLR, APOB, or PCSK9 genes 8

W | | oo | K| O\

Note: LDL — low-density lipoproteins. The diagnosis of familial hypercholesterolemia is considered definite in case of
the score of 8 or more; probable if the score is 6 to 8; possible if the score is 3 to 5; and unlikely if the score is 2 or less.
Only one point from each category is used for the calculation. For example, if a patient under 45 years of age has both
tendon xanthomas and lipoid corneal arcus, the score for these examinations is taken as 6.

LDL / JHN
-

PCSK9 induces degradation
of LDLRs

<
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ApoB-100 ligand for LDLR k J \ PCSK9 Bbi3biBaeT
nerpagaumto PITHM
AnoB-100 nuraHa ans PITHM ¥~ LDLR/ PIHN

LDLRAP1 ensures
endocytosis of the complex

LDLRAP1 obecneunsaet

3HOLMTO3 KOMMIIEKca /@ @\
Return of LDLRs to the cell LDLRs do not return to the
surface cell surface
BosspatueHve PITHI PJTHM He Bo3BpalLaeTcs
Ha KIETOYHYIO NOBEPXHOCTb Ha KNETOYHYI0 MOBEPXHOCTL

Degradation in the lysosome
[lerpanauvs B nm3ocome

Liver cell / Knetka nequw/

Extracellular space / BHekneTouHoe NpoCTPaHCTBO
Fig. 1. Interactions of proteins involved in LDL uptake from bloodstream. LDL — low-density lipoprotein; LDLR — low-
density lipoprotein receptor

Puc. 1. BzaumoneiicTBUs O€JIKOB, YYacTBYIOIIMX B 3axXBaTe JIMIIONPOTEMHOB HU3KOM IUIOTHOCTA M3 KpoBoToka. JIHIT —
JIMTIONPOTEeUHbI HU3KOM TioTHocTh; PJIHIT — peuentop JUMONpOTEMHOB HU3KOM TJIOTHOCTU
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of the same name, also known as ARH. The PCSK9
protein serves as a molecular chaperone for this
complex. An autosomal dominant form of hyper-
cholesterolemia is caused by receptor dysfunction
due to mutations in its gene or impaired binding
to the ligand due to mutations in the APOB gene.
Dominant mutations in the PCSK9 gene result in an
increase in affinity for the receptor, LDL receptor
degradation in lysosomes, and prevent its return to
the cell surface, leading to the development of FH.
Mutations in the LDLRAPI (ARH) gene are linked
to the development of an autosomal recessive form
of hypercholesterolemia.

The ClinVar database currently contains 4,127 cli-
nically significant variants associated with FH inci-
dence for the LDLR gene. Of these, 1,422 variants
were classified as pathogenic mutations and 875 vari-
ants were classified as likely pathogenic. The re-
maining variants were considered benign variants or
variants of uncertain clinical significance. According
to the same database, the PCSK9 gene contains
25 pathogenic and 10 likely pathogenic variants,
while the LDLRAPI gene contains 40 pathogenic
and 15 conditionally pathogenic variants. The pur-
pose of providing these figures is to illustrate the
extremely high level of heterogeneity in FH.

The APOE gene variants, which were recently
identified in the context of FH research, should be
individually discussed. A small number of APOFE gene
variants are associated with FH development. These
include the ¢.500 502delTCC/[p.(Leul67del)] vari-
ant, which is associated with FH in a large French
family [27], and the [p.(Argl63Cys)] variant, which
was found in a homozygous state in a 9-year-old
boy and his heterozygous mother in a Canadian
family of Italian origin [28] [29]. Another 7 APOE
variants [p.(Glu21Lys), p.(Leud46Pro), p.(GIn99Lys),
p.(Pro102Arg), p.(Arg269Gly), and p.(Leu270Glu)]
were identified in probands with FH without changes
in other genes associated with FH. However, no reli-
able evidence of their role in the genesis of the dis-
ease was obtained based on functional tests or fam-
ily analysis [30]. Thus, the APOFE gene is evidently
associated with FH occurrence, but makes only
a minor contribution to the diversity of its forms.
The ABCG5/ABCGS and LIPA genes are potential
locations for rare mutations in FH [3]. However, it
has become clear that most cases of FH, in which
mutations in the aforementioned genes are not iden-
tified, are linked to polygenic heredity, as they imi-
tate monogenic forms of the disease [31].

This is the process by which the modern un-
derstanding of the genetics of FH was established.
Typically, FH is considered a monogenic disease
that involves the LDLR, APOB, LDLRAPI, and
PCSK9 genes, necessitating the analysis of all four of
these genes for diagnosis. This has become possible
with the introduction of next generation sequenc-

ing methods into diagnostic practice in 2010—2012,
enabling whole-exome or whole genome sequencing.
These methods are also employed to identify nu-
merous intron mutations that can result in splicing
disorders and a severe clinical phenotype. Moreover,
80%—85% of FH cases are caused by LDL receptor
gene mutations. Mutations in the APOB gene are
responsible for 5%—10% of FH cases, and the rar-
est mutations are those in the PCSK9 gene and in
the LDL receptor adaptor protein gene LDLRAPI,
occurring in no more than 1% of patients with the
disease [3]. The utilization of next-generation se-
quencing methods in Russia was delayed, and FH
diagnostics employing them commenced in 2019
[32—35].

The severity of FH is phenotypically and clini-
cally distinct among mutations in the LDLR, APOB,
LDLRAPI, and PCSK9 genes. Thus, homozygotes
for the p.(Arg3527GIn) mutation in the APOB
gene exhibit total plasma cholesterol concentrations
of 330—420 mg/dL and LDL cholesterol levels of
260—350 mg/dL [36]. Thus, the phenotypic ex-
pression is significantly less severe than that in ho-
mozygotes for LDL receptor gene mutations with
cholesterol levels of 600—1200 mg/dl. Heterozygotes
for this APOB gene mutation exhibit elevated LDL
cholesterol levels by 60—70 mg/dl; however, they
are not always diagnosed with FH. Consequently,
the risk of cardiovascular diseases is highest in FH
caused by the LDLR gene pathogenic variants and
substantially lower in patients with APOB gene de-
fects [37]. Additionally, the LDL cholesterol level
in PCSK9-associated hypercholesterolemia can be
as elevated as in LDLR-associated hypercholester-
olemia [38].

History of familial hypercholesterolemia studies
in Russia

In Russia, research related to FH genetics was
initiated in 1987 (Table 2) and included three stages.
Initially, FH was diagnosed using only one avail-
able method: Southern hybridization for identifying
LDLR gene deletions and restriction fragment length
polymorphism analysis for disease diagnostics, and
the molecular heterogeneity of the disease was thus
revealed [39]. At this stage, it was established that
large-scale LDL receptor gene rearrangements are rare
in the Russian population; a deletion was observed
in only one of 50 probands in St. Petersburg [40].
A systematic search for deletions in the LDLR gene
in 42 patients with FH in Novosibirsk was conducted
much later [35]. The patients underwent targeted se-
quencing of lipid metabolism genes, and no func-
tionally significant substitutions were detected in the
LDLR, APOB, and PCSK9 genes using the method
of multiplex amplification of ligase-linked samples.
The search results identified deletions in the LDLR
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Table 2 / Tabanua 2
Primary milestones in the study of familial hypercholesterolemia genetics in Russia
OCHOBHbI€ BEXW U3YYEHUS FeHeTUKU CEMENHOMN rMnepxoAecTepuHemun B Poccum

Year Event

1987 Start of genetic studies of familial hypercholesterolemia at the Institute of Experimental Medicine

1989 First report of LDLR gene deletion in Russia [40]

1998 First point mutations of LDLR gene in St. Petersburg [51]

1998 First report of APOB mutation in Russia [73]

2001 First report of LDLR gene mutations in Moscow [74]

2005 Spectrum of LDLR gene mutations in St. Petersburg [41]

2008 Spectrum of LDLR gene mutations in a population sample in Novosibirsk [47]

2009 Spectrum of LDLR and APOB gene mutations in Moscow [45]

2013 Spectrum of LDLR gene mutations in Petrozavodsk [42]

2017 Diagnostics and treatment of familial hypercholesterolemia (Russian recommendations) [72]

2017 Launch of next-generation sequencing for diagnosing familial hypercholesterolemia with the study
of many genes, including PCSK9 [75]

2020 Summary of LDLR gene variants in Russia [49]

2021 Results of the ESSE-RF study of familial hypercholesterolemia in the regions of Russia [50]

gene in two patients, which is in good agreement
with the early estimate of the gene deletion fre-
quency in FH in St. Petersburg at 2%. Globally,
in outbred populations, the LDLR gene deletions in
FH make up about 8%—10% of all variants of this
gene [3].

At stage 2, the polymerase chain reaction method
and Sanger DNA sequencing were employed fol-
lowing manual or automatic analysis of the con-
formational polymorphism of single-stranded DNA
fragments. An examination of 74 probands diagnosed
with FH in St. Petersburg, in whom all exons and
the promoter region of the LDLR gene were stud-
ied, revealed 33 types of mutational changes in the
LDLR gene in a total of 59% (44 out of 74) of
probands. This included 30 mutations that, in our
opinion, cause the disease in 55% (41 out of 74) of
families with FH. This cohort did not exhibit any
mutations in the APOB gene [41]. Similar studies
were conducted on populations in Petrozavodsk and
Moscow. The Petrozavodsk cohort of 52 patients
underwent genetic analysis, and 22 probands (42%)
were found to have LDLR gene mutations. Of these,
14 varieties of mutations were suspected to be re-
sponsible for the disease in 14 families (27%)
[42, 43]. To date, 18 mutations have been iden-
tified in FH patients in Petrozavodsk [44]. In the
most extensive study of this period [45], conducted
in Moscow, 21 LDLR gene mutations were detect-
ed in 23 of 50 probands with FH (46%). The same
study examined common APOB gene mutations,
which accounted for a total of 2.6% in a large

sample of 730 patients with FH in Moscow [45].
However, among the variants detected, only the
p.Arg3527GIn (R3500Q) mutation is definitively
associated with hypercholesterolemia and results in
a defective variant in binding to the APOB-100 re-
ceptor (FDB). It was revealed in 14 (1.9%) patients
with FH [45]. A smaller study [46], which included
111 patients with a heterozygous form of FH, re-
vealed that five individuals (4.5%) were carriers of
R3500Q mutation. During stage 2, in Novosibirsk,
the coding region of the LDLR gene was sequenced
in 20 patients aged 45—49 years with the highest
level of total serum cholesterol in this age group,
irrespective of family history of the disease [47].
Consequently, seven previously undescribed muta-
tions and 12 known mutations in the LDLR gene
were discovered. The spectrum of LDLR gene muta-
tions in a population sample of patients with hyper-
cholesterolemia was significantly different from the
spectrum of mutations in FH patients from clinical
samples, as demonstrated by this study [47].

Stage 3 involved the utilization of next-gener-
ation sequencing techniques. In Western Siberia,
80 individuals (60 probands) with heterozygous FH
underwent targeted high-throughput sequencing to
investigate the spectrum of rare variants in 43 genes,
including LDLR, APOB, PCSK9, and LDLRAPI [35].
The targeted gene panel included coding regions and
adjacent splicing sites of 43 genes, including LDLR,
APOB, PCSKY9, LDLRAPI, CETP, LPL, HMGCR,
NPCILI, PPARA, MTTP, LMF1, SARIB, ABCAI,
ABCGS, ABCGS, CYP7A1, STAP1, LIPA, PNPLAS,
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APOAI, APOAS, APOC2, APOE, LCAT, ANGPTL3,
LIPC, APOA4, APOC3, SREBFI, LMNA, PPARG,
PLINI, POLDI, LPA, SMADI, SMAD2, SMADS3,
SMAD4, SMADS5, SMAD6, SMAD7, SMAD9Y, LIPG.
Pathogenetically significant variants in genes as-
sociated with FH were identified in 47.5% of the
examined individuals. Clinically significant variants
in the LDLR gene were observed in 19 probands
(73.1% of all variants identified in probands); patho-
genic variants were detected in the APOB gene in
three probands (11.5%); in four probands (15.4%),
rare clinically significant variants were identified
in the LPL, SREBFI, APOC3, and ABCG5 genes.
Large-scale studies were conducted in Moscow and
included the study of 63 genes in 52 patients [48];
pathogenic variants were revealed in 48% of patients
(in 24 cases in the LDLR gene and in two cases
in the APOB gene). In a large cohort of 595 pa-
tients, mutations in LDLR, APOB, and PCSK9 were
searched using targeted and whole genome sequenc-
ing. However, potentially pathogenic variants were
not detected in 301 patients out of 595 (50.6%) [34].
In St. Petersburg, a comparable study that included
31 adult patients and 28 children and adolescents
with definite or possible FH according to DLCN
criteria identified pathogenic variants in these groups
in 58% and 89% of cases, respectively [33]. Thus,
the disease is linked to polygenic heredity, as even
whole genome sequencing in Russia was unable to
detect gene mutations in autosomal dominant FH
in approximately 50% of adult patients with FH.
At stage 3, reports were published summarizing the
search results for mutations in the FH genes in
Russia [34, 44, 49]. During this stage, the study of
FH genetics was further extended geographically in
Russia, and individual LDLR gene mutations were
identified in multiple cities [50, 44].

The success of further research on FH genetics
in Russia will be determined by several factors, one
of which is the establishment of a comprehensive

In Russia / B Poccum
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Frameshift mutations

In-frame deletions and duplications
[lenewnm 1 MHcepumMmn B pamKe CYMTHIBaHUA

MyTaLm co CABMIOM PaMKu CUUTHIBAHUA

registry of FH patients in the country. The other
is the integration of targeted sequencing into the
mainstream practice of laboratories [44].

The spectrum of mutations in the low-density
lipoprotein-receptor gene in patients with familial
hypercholesterolemia in Russia

Currently, it is evident that the founder effect in
Russia is not manifested in FH in relation to LDLR
gene mutations. Most pathogenic variants (142 out
of 203, or 70%) in Russia were identified in sin-
gle families, while only 61 variants were observed
in two or more families [44]. Only five mutations
were detected in ten or more families. The variant
c478T > G [p.(Cys160Gly)] (rs879254540), first
described in St. Petersburg [51] and subsequently
documented in Moscow and Novosibirsk, was
identified in a total of ten families. This mutation
is specific to Russia and is considered a Slavic mu-
tation. Deletion c¢.654 656delTGG [p.(Gly219del)]
(rs121908027) (14 families) is a variant responsible
for up to 30% of FH cases in Ashkenazi Jews in
St. Petersburg [52], as well as globally. Variants
c.986G > A p.[Cys329Tyr] (rs761954844) (13 fami-
lies), ¢.1202T > A [p.(Leud401His)] (rs121908038)
(33 families), c.1775G > A p.[Gly592Glu]
(rs137929307) (43 families) are widespread among
people of the Caucasian race and not exclusively
in Russia [44]. It is important to note that the
ESSE-RF study only examined the incidence of FH
in 11 regions of the Russian Federation. Specifically,
mutations in the LDLR, APOB, and PCSK9 genes
were searched in patients with verified and prob-
able FH. The cities of Krasnoyarsk, Vologda,
Ivanovo, St. Petersburg, Orenburg, Tomsk, Omsk,
Petrozavodsk, Vladivostok, Tyumen, and Kemerovo
were covered [50]. The majority of the LDLR gene
variants were detected in St. Petersburg, Moscow,
Novosibirsk, and Petrozavodsk, as the studies were
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Fig. 2. Comparison of the distribution of mutations in the LDLR gene in patients with familial hypercholesterolemia in Rus-

sia and worldwide by type
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conducted significantly longer and within the con-
text of other programs. Notably, the distribution of
LDL receptor gene mutations by type in Russian
FH patients is similar to that of the global popula-
tion (Fig. 2).

The establishment of national databases on ge-
netic variants that cause the disease and on genetic
polymorphisms of the LDLR gene that are prevalent
in Russia is a critical component of the research on
the range of LDLR gene mutations [53, 54].

New hypocholesterolemic drugs that appeared
during the study of the genetics of familial
hypercholesterolemia

As the genetics of FH have become more well un-
derstood, new classes of hypocholesterolemic medi-
cations have emerged in addition to the traditional
treatment of statins, ezetimibe, and bile acid seques-
trants in the intestine. These drugs predominantly
include monoclonal antibodies against PCSK9, in-
cluding alirocumab and evolocumab [55]. Alirocumab
is a human IgG1 antibody that is administered sub-
cutaneously at a dose of 75—150 mg once every two
weeks or 300 mg once every four weeks. Evolocumab
is a human IgG2 antibody administered subcutane-
ously at a dose of 140 mg once every two weeks
or 420 mg once every four weeks. They decrease
LDL cholesterol levels by 40%—64% when used
concurrently with statins in heterozygous FH [56]
and achieve a reduction in LDL cholesterol by
20%—30% in the presence of a non-null allele of
the LDL receptor gene in homozygous FH [56, 57].
Another therapeutic agent is inclisiran, a small inter-
fering RNA that inhibits PCSK9. When administered
subcutaneously at a dose of 300 mg once every four
months, inclisiran can reduce LDL cholesterol lev-
els in homozygous FH by 12%—37% [58]. Another
new hypocholesterolemic drug is bempedoic acid,
which inhibits ATP citrate lyase in its activated form.
ATP citrate lyase is involved in liver cholesterol bio-
synthesis at earlier stages than hydroxymethyl-CoA
reductase, which is inhibited by statins [59, 60].
In patients with heterozygous FH or as monother-
apy, the use of bempedoic acid is recommended in
conjunction with dietary measures and the maximum
tolerated dose of statins for the treatment of hyper-
cholesterolemia. Novel drugs for FH treatment also
include mipomersen, an antisense oligonucleotide to
the APOB gene mRNA, and lomitapide, an inhibitor
of microsomal triglyceride transfer protein, which is
involved in the assembly and secretion of very low-
density lipoproteins in the liver and chylomicrons
in the intestine [30]. Angiopoietin-like protein 3
(ANGPTL3) modulates the metabolism of triglyc-
eride-rich lipoproteins predominantly by inhibiting
lipoprotein lipase [61]. The development of famil-
ial combined hypolipidemia, which is characterized

by a decrease in the level of LDL and high-density
lipoproteins, has been demonstrated to be caused
by mutations in the ANGPTL3 gene due to a loss
of its function [62]. The human antibody against
ANGPTL3 (evinacumab [63]) has been demonstrat-
ed to be efficacious in reducing LDL cholesterol by
23% in individuals with elevated LDL cholesterol.
Consequently, it is a promising treatment option for
hypercholesterolemia [64, 65]. This entire collection
of lipid-lowering drugs can be employed to treat FH,
depending on the extent of cholesterol increase as-
sociated with mutations in different genes causing
the disease [66].

Conclusion

Genetic diagnostics of FH is justified, as physi-
cians possess a substantial arsenal of medications that
are effective in treating the condition. Unfortunately,
the disease is not consistently diagnosed in Russia,
and not all patients receive the necessary treatment,
despite understanding the molecular character of
the condition [67]. An example is the most recent
study [50] conducted within the ESSE-RF program,
where the frequency of heterozygous FH was deter-
mined among 18,142 participants. The prevalence
of definite or probable FH according to DLCN
criteria was 0.58% (1 out of 173 patients). Tendon
xanthomas were present in only 16.1% of patients,
while 36.2% of patients had mutations in one of
the three dominant hypercholesterolemia genes.
Cardiovascular diseases were present in 45.6% of
patients, and 63% of patients received statins. Only
one patient received an additional PCSK9 inhibitor,
and none of the patients received ezetimibe. Only
3% of patients attained the recommended cholesterol
level during treatment.

A significant issue linked to FH is the disease
diagnostics among children, which remain at an ex-
tremely low level [68, 69]. Based on the prevalence
in the population, the estimated number of patients
with the heterozygous form of FH in Russia may
be more than 840 thousand [37], including about
200 thousand children under the age of 18 [70].
Cascade screening is the most cost-effective and ef-
ficient method for diagnosing FH in children. This
method involves identifying the disease among the
relatives of the index patient [69, 70]. Conducting
such screening is significantly facilitated by detect-
ing a genetic defect in the family. Currently, in the
all-Russian registry RENESSANS (register of FH
patients and patients with very high cardiovascu-
lar risk with insufficient efficacy of lipid-lowering
therapy) [71], more than 1,700 patients with FH are
registered, which is less than 2% of the potential
number of patients [70].

The necessity for more comprehensive diagnos-
tics of the disease, as well as early and aggressive
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cholesterol-lowering therapy, is underscored by the
ineffective treatment of FH in Russia and the poor
diagnostics. This appears to be the future of FH
research in Russia. Russian guidelines for FH di-
agnostics and treatment [72] acknowledge the obvi-
ous benefits of genetic screening, since identifying
a specific gene mutation significantly simplifies the
diagnosis of FH and cascade screening. The reduc-
tion in the cost of DNA analysis technologies and
the advancement of these technologies provide opti-
mism that these methods will be extensively utilized
in Russian medical practice for FH diagnostics in
the future.
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