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Abstract. Familial hypercholesterolemia (FH) is a very common human hereditary disease in Russia and in the
whole world with most of mutations localized in the gene coding for the low density lipoprotein receptor (LDLR).
The object of this review is to systematize the knowledge about LDLR mutations in Russia. With this aim we ana-
lyzed all available literature on the subject and tabulated the data. More than 1/3 (80 out of 203, i. e. 39.4 %) of
all mutations reported from Russia were not described in other populations. To date, most LDLR gene mutations
have been characterized in large cities: Moscow (130 entries), Saint Petersburg (50 entries), Novosibirsk (34 muta-
tions) and Petrozavodsk (19 mutations). Other regions are poorly studied. The majority of pathogenic mutations
(142 out of 203 reported here or 70 %) were revealed in single pedigrees; 61 variants of mutations were described
in two or more genealogies; only 5 mutations were found in 10 or more families. As everywhere, missense muta-
tions prevail among all types of nucleotide substitutions in LDLR, but the highest national specificity is imparted by
frameshift mutations: out of 27 variants reported, 19 (or 70 %) are specific for Russia. The most abundant in muta-
tions are exons 4 and 9 of the gene due to their largest size and higher occurrence of mutations in them. Poland,
the Czech Republic, Italy and the Netherlands share the highest number of mutations with the Russian population.
Target sequencing significantly accelerates the characterization of mutation spectra in FH, but due to the absence
of systematic investigations in the regions, one may suggest that most of LDLR mutations in the Russian population
have not been described yet.
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AHanu3s crieKTpa MyTaluimn
reHa pelerntopa Hu3Kom mioTHOCTU (LDLR)
IIpU CEMEHO rumepxonecrepmHemMni B Poccun
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AHHoTayusa. CemeliHan runepxonectTeprHeMns — pacnpoCcTPaHeHHOe BO BCEM MUPe HAceACTBEHHOe 3aboneBa-
HMe YenoBeKa, MPU KOTOPOM yalle Bcero AedeKTbl 0OHapPYKMBaIOTCA B reHe peLienTopa MMMonpoTEMHOB HU3KOW
nnotHocTu (LDLR). Lienb paboTbl — cMcTemMaT3npoBaTh 3HaHKA 0 MyTauuax reHa LDLR B Poccuu. NposeaeH aHanums
NUTepaTypbl N0 NPeaMeTy NCCNeA0BaHUA, COCTaB/IeHbl CBOAHbIE TabnuLbl, MOKa3biBaloLWMe BCTPEYAaeMOCTb MyTa-
L1 B OTAENbHbIX PermoHax, 1 onpeaesneHbl YacTo BCTpeyatowmeca mytauun. bonee tpetu (80 u3 203, . e. 39.4 %)
NaToOreHHbIX WM BEPOATHO MaTOreHHbIX MyTaLuuid NpeAcTaBneHbl BapraHTamu, cneunduyHbiMm ana Poccum n He
BCTPEeYaLWmMMNCA B Apyrnx cTpaHax. Hanborbliuee KOMMYeCcTBO BapraHTOB OXapakTepr30BaHO B KPYMHbIX ropo-
nax: Mockse (130 natoreHHbix myTauuin), CaHkT-lNeTepbypre (50), HoBocnbupcke (34) n Metposasoacke (19), Tor-
[la KaK pervoHbl 0xapakTepr3oBaHbl ropa3fo xyxe. lNogaenatoLlee Yncio natoreHHbIx MyTtauuii (142 n3 203, nnn
70 %) HallAeHO B €AUHUYHbIX CEMbAX, U TONbKO 61 BUA MyTaLuii BCTPeYanca B ABYX UV B HECKOJIbKMUX POAOC/IOB-
HbIX. JIuwb 5 BMOOB MyTaLmid 6binK HaliAeHbl He MeHee Yem B 10 cembsix. Kak 1 Besge B mupe, B Poccun B reHe LDLR
npeo6safaloT MUCCEHC-MyTaL MK, HO 0COBEHHBIM HaLMOHaNbHbIM CBOeOOpa3neM xapakTepur3yoTca MyTaLmmy Tuna
CABUra pamKuy CYUTBIBAHWA: U3 27 HaaeHHbIX BapraHToB 19 (70 %) cneundunuHbl ans Poccun. Hausbicluee yncno
MyTauuii B reHe LDLR B poccMnCKoM nonynaumm obHapy»keHo B YUeTBepPTOM 1 AEBATOM dK30Hax. ITO onpefenserca
TEM, UTO YETBEPTbIV 1 AEBATbIN IK30HbI ABAATCA CaMbIMU MPOTAKEHHBIMU B TeHE 1 KOAMPYIOT GYHKLUOHaNbHO
BaXKHble y4acTKu 6enka, 4To 0OyC/IOBNMBAET MOBbILEHHYIO MAOTHOCTb MNATOreHHbIX MyTaLMiA B pacyeTe Ha OfUH
HYKNeoTU OAMHbI UMEHHO B 3TUX 3K30Hax. Poccuinckasa nonynauma umeet HambonblLuee YACSIO COBMAAaloLWmnx my-
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LDLR mutation spectrum
in Russia

Tauui ¢ nonynsaumamu NMonbww, Yewckon Pecny6nuku, Hugepnanaos n Utanuu. BHegpeHne meTofoB TapreTHOro
CEKBEHMPOBAHWA CYLLECTBEHHO YCKOPUIO XapaKTeprCTUKY MyTaLMOHHOTO CMeKTpa Npu CEMEHOW rmnepxonecTe-
PUHEMMK, HO 13-3a OTCYTCTBUSA CUCTEMATUYECKMX NCCNef0BaHUIA B permoHax 60/bWMHCTBO BULOB MyTauuii B Poc-

Ccnn, BepoATHee BCEro, elle He onncaHo.

KntoueBble crioBa: cemenHas rmnepxosiectTepuHeMund; peuentop nMnonpoTenHoB HU3KOW NJIOTHOCTY; MyTauunn.

Introduction

The term ‘familial hypercholesterolemia’ (FH) is generally
used to refer to monogenic diseases caused by mutations
in the low-density lipoprotein (LDL) receptor (LDLR) gene
(OMIM 606945), in the apolipoprotein B (4POB) gene
(OMIM 107730), in the PCSK9 gene (OMIM 607786), in the
adapter protein gene for the LDL receptor LDLRAPI (OMIM
605747) and some minor genes, such as STAPI, APOE, LIPA,
or in the sterol transporter genes, sterolins ABCG5/ABCGS
(Defesche et al., 2017; Berberich, Hegele, 2019). At the
same time, 80-85 % of FH cases are caused by mutations in
the LDL receptor gene. Mutations in the apolipoprotein B
gene are responsible for 5-10 % of FH cases. Mutations
in the PCSK9 gene and in the LDL receptor adapter protein
gene are the rarest, occurring in no more than 1 % of patients
with FH.

It was previously believed that heterozygous FH occurs
in 1 out of 500 people examined in the population, but the
current data allow us to conclude that it is much more frequent.
A study of 69,106 patients in Denmark who were diagnosed
with FH based on the recommendations of the Dutch Lipid
Clinic Network (DLCN) demonstrated that the prevalence of
the disease is 1:219 (Benn et al., 2012). It may be even higher
in Russia, 1. e. 1:148 (Ershova et al., 2017). However, in this
instance, cases of not only definite, but also probable FH were
taken into account. Such frequency allows attributing FH to
the most common monogenic human diseases.

Already in 2018, the ClinVar database (Landrum et al.,
2016) included 4973 variants of the LDLR gene (Iacocca et
al., 2018) associated with FH, of which 2351 variants were
classified as pathogenic, and 1525 as probably pathogenic,
the rest considered as benign variants or variants of uncertain
clinical significance. The history of FH research in Russia
has recently been reviewed (Vasilyev et al., 2020; Meshkov
et al., 2021a). Most of the mutations leading to FH, as
expected, were found in the LDLR gene, 187 pathogenic or
likely pathogenic variants of which were identified in Russia
(Meshkov et al., 2021a); 67 out of 187 were not described in
other populations of the world. An important article on the
genetics of FH in St. Petersburg was later published based
on targeted sequencing of genes involved in the origin of the
disease (Miroshnikova et al., 2021). As a result, 23 variants
of the LDLR gene sequence were found in the St. Petersburg
population, most of which had not been described in that
area (Mandelshtam et al., 1993; Tatishcheva et al., 2001;
Zakharova et al., 2005, 2007; Vasilyev et al., 2020). The results
of studying mutations in the regions of Russia appeared only
recently (Meshkov et al., 2021b). Continuously replenished
data on the subject indicate the necessity for regular revisions
of'the tables of the LDLR gene mutations in Russia (Meshkov
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etal., 2021a). In our view, such a notion supports the relevance
of the present review: it already mentions 203 pathogenic or
likely pathogenic variants in the gene discussed.

Methods

All available literature concerning LDLR gene mutations in the
Russian population was analyzed. As a result, a summarizing
table was compiled that significantly expands our knowledge
about the spectrum of mutations in Russia, as compared to
previously published data (Mandelshtam et al., 1993, 1998a, b;
Chakir et al., 1998a, b; Krapivner et al., 2001; Mandelshtam,
Maslennikov, 2001; Tatishcheva et al., 2001; Zakharova et
al., 2001, 2005, 2007; Meshkov et al., 2004, 2009, 2021a, b;
Voevoda et al., 2008; Komarova et al., 2013a—c; Korneva
et al., 2013-2016, 2017a, b; Shakhtshneider et al., 2017,
2019a,b,2021; Averkova et al., 2018; Semenova et al., 2020)
(Supplementary Table)!.

The term ‘mutation’, used throughout the text, implies all
rare variants of a gene (widespread polymorphisms excluded)
that are potentially capable of causing a disease, including
the variants with proven or highly probable pathogenicity.
Synonymous substitutions are not considered in this review
(their list is presented in Vasilyev et al., 2020).

Results and discussion

There are more than 4900 variants of the LDLR gene described
in the world, as was already mentioned (Iacocca et al., 2018).
This review reports 203 pathogenic or likely pathogenic
mutations of this gene in Russia (see Suppl. Table). However,
this diversity is not likely to represent the variability of the
receptor gene in the Russian population, since GWS was
introduced somewhat recently, and a systematic study of the
FH genetics in quite a few regions of Russia has not been
conducted. The studies were carried out mainly in large cities
(Fig. 1). Currently most of the mutations found are specific
for each of these cities, and a significantly smaller proportion
is common with other regions. Thus, the largest number of
pathogenic or probably pathogenic variants in Russia (101)
was found only in Moscow (Krapivner et al., 2001;
Meshkov et al., 2004, 2009, 2021a; Averkova et al., 2018;
Semenova et al., 2020), 35 variants were found only in
St. Petersburg (Mandelshtam et al., 1993; Zakharova et al.,
2001, 2005, 2007; Tatishcheva et al., 2001), 23 — only in
Novosibirsk (Voevoda et al., 2008; Shakhtshneider et al.,
2017, 2019a, b), 11 — only in Petrozavodsk (Komarova et
al., 2013a—c; Korneva et al., 2013, 2014, 2017a, b), 33 — in
other regions, sometimes in several regions simultaneously
(Meshkov et al., 2021b).

T Supplementary Table is available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Vasilyev_engl.pdf
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Fig. 1. The number of pathogenic and likely pathogenic variants in the LDLR gene found in Russian cities with
examined populations (excluding common polymorphisms and benign variants).

Table 1. Analysis of the spectrum of pathogenic and likely pathogenic mutations of the LDLR gene in Russia and in the world

Mutation type

Total number

of pathogenic
variants found
in Russia (%)

Number and proportion
of variants specific

for Russia (%)

Number and proportion Proportion of variants of this type

of variants shared with
other populations
in the world (%)

in the world

Defesche et al.,

Large deletions 10 (5)
Splice site mutations 18(9)
In-frame deletions 7(3.5)

and insertions

2017 2018
8-10 9
8-10 9
15-20 4
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Table 2. Pathogenic variants in the LDLR gene that were found in patients with FH from the Russian population in 10 or more families

Nucleotide Predicted change Num-  Nucleotide Populations References Other countries
change accord- in protein ber change accord- in Russia for Russia in the world
ing to refer- of fami- ing to dbSNP
ence sequence lies
NM_000527.5
(LDLR)
c478T>G p.(Cys160Gly) 10 rs879254540 St. Petersburg, Chakir etal., 1998a;  None
Novosibirsk, Mandelshtam,
Moscow Maslennikov, 2001;
Meshkov et al., 2004,
2009, 2021a
€.654_656delTGG p.(Gly219del) 14 rs121908027 St. Petersburg, Mandelshtam etal.,  The Czech Republic,
Novosibirsk, 1998; Mandelshtam, Germany, UK, Israel, The
Moscow Maslennikov, 2001;  Netherlands, Poland, RSA,
Zakharova et al., USA, mainly in Ashkenazi
2005; 2007; Meshkov  Jews
etal, 2021a
€.986G > A p.(Cys329Tyr) 13 rs761954844 St. Petersburg, Zakharova et al., Canada, China,
Novosibirsk, 2005, 2007; Shakht-  The Czech Republic,
Moscow, shneider et al., Philippines, Poland, Taiwan,
Petrozavodsk 2019b; Semenova et The Netherlands
al., 2020b;
Meshkov et al.,
2021a, b; Mirosh-
nikova et al., 2021
c.1202T>A p.(Leu401His) 33 rs121908038 St. Petersburg, Zakharova et al., Finland, The Netherlands,
Novosibirsk, 2005; Brazil, Mexico, Norway
Moscow, Shakhtshneider et
Krasnoyarsk, al., 2019b;
Petrozavodsk Meshkov et al.,
2021a, b; Mirosh-
nikova et al., 2021
c.1775G>A p.(Gly592Glu) 43 rs137929307 St. Petersburg, Zakharova et al., Austria, Belgium, Brazil,
Novosibirsk, 2001, 2007; Greece, Canada, Germany,
Moscow Voevoda et al., 2008; The Czech Republic, Italy,
Semenova et al., The Netherlands, Norway,
2020; Meshkov et al.,, Poland, Portugal, Spain,
2021a, b USA, etc.

Table 3. Occurrence of Russian LDLR gene mutations in other countries

Country Total number of mutations Reference Number of mutations
described shared with Russia
Poland 99 Chmara et al,, 2010 19
The Czech Republic 129 Tichy et al., 2012; 23
Choraetal, 2018
The Netherlands 306 Fouchier et al., 2005; 36
Choraetal, 2018
Spain 205 Mozas et al., 2004; 12
Choraetal, 2018
Italy 251 Bertolini et al., 2013; 28
Pirillo et al,, 2017;
Choraetal, 2018
322 BaBunoBckuii XXypHan reHeTuku n cenekuyum / Vavilov Journal of Genetics and Breeding - 2022 - 26 - 3


file:///K:/%d0%9f%d0%9e%d0%a0%d0%a2%d0%a4%d0%95%d0%9b%d0%ac/%d0%a1%d1%82%d0%b0%d1%82%d1%8c%d0%b8/2022/VJ3/%d0%a2%d0%9e%d0%9c/For_Verstka_RUSS/Vasilyev_V/ 
https://www.ncbi.nlm.nih.gov/snp/rs121908027

B.b. Bacunbes, ®.M. 3axapoBa
T.l0. borocnoeckas, M.IO. MaHgenbwTam

At the moment, we can state
a wide variety of mutations in
Russia, of which more than
one third (39.4 %) are specific
for the local population and have
not been found anywhere else in
the world so far (Table 1). The
distribution of mutations by type in
Russia is very similar to that in the
world (see Table 1).

From the analysis of Table 1 it
follows that the underestimated
percentage of large deletions is due
to the fact that targeted sequencing
was introduced only recently, and
a targeted large-scale search for
large deletions was not carried
out: the researchers focused on
exon screening, which determined
a slightly higher percentage of
missense mutations than in the world
as a whole. The systematic search
for large deletions in the LDLR gene
began very recently (Shakhtshneider
et al., 2021). It included patients
with FH in whom high-throughput
targeted sequencing did not reveal
significant mutations in a panel of
43 lipid metabolism genes using
multiplex ligase-dependent PCR
(MLPA), which revealed two
deletions of the LDLR gene in
a studied sample of 80 patients
with FH.

Only a few variants of the LDLR
gene occur in several families, but
unique mutations predominate. The
majority of pathogenic mutations
(142 out of 203 or 70 %) in Russia
were also found in singular families,
and only 61 types of mutations
were found in two families or in
more pedigrees. Around the world,
the largest number of mutations is
described in the 4th exon. Firstly, it
is the largest of all exons in the LDLR
gene. Secondly, it has the highest
density of mutations, amounting
to 0.882 variants per nucleotide
(Chora et al., 2018). It is in this
exon that the largest number of
functionally characterized mutations
was found, and almost all of those
have a pathogenic effect. Our study
showed that the largest number of
mutations in the LDLR gene in the
Russian population is localized in
the largest exons, i. e. the 4th and
9th (Fig. 2). Considering all the
information available, we conclude
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Fig. 2. Distribution of pathogenic and probably pathogenic variants by exons in the LDL receptor gene
in patients with FH in Russia.
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Fig. 3. Distribution density of pathogenic and likely pathogenic mutations in the exons of the LDL
receptor gene per nucleotide in patients with FH in Russia.

that the highest mutation density per nucleotide (Fig. 3) is determined in the 9th, but not
in the 4th exon, in contrast to other databases reported worldwide (Chora et al., 2018).
Only five pathogenic variants of the LDLR gene in Russia can be classified as major,
found in 10 or more families (Table 2). Of these, only one is specific for Russia, while
the rest are widespread in the world.
The greatest similarity in the spectrum of mutations in the LDLR gene in Russia is
observed with Poland, the Czech Republic, the Netherlands, Spain and Italy, which is
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partly determined by the fact that these populations are the
best characterized (Table 3). This similarity probably results
from the presence of widespread Caucasian race mutations
in the world, but is not due to migration or the founder effect.

Conclusion

Thus, the success of further study of the mutation spectrum
of the LDLR gene will depend on several factors, one of
which is the formation of a complete nation-wide register of
patients with FH, and the other is the introduction of targeted
sequencing into routine practice.
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