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ABSTRACT

The aim of the present study was to summarize the data on the spectrum of genetic diseases and their phenotypic
manifestations in case of structural and functional defects in 75 genes, pathogenic variants of which are associated
with the formation of different types of cardiomyopathy (CMP). The search for scientific publications was carried
out in foreign (PubMed) and Russian (eLibrary) digital libraries. The data analysis was performed using the Simple
ClinVar, An Online Catalog of Human Genes and Genetic Disorders, and STRING databases.

It was shown that the vast majority of CMP genes are pleiotropic. Monogenic diseases caused by mutations
in CMP genes are characterized by a wide range of pathological manifestations in various organs and systems
(cardiovascular, nervous, endocrine, musculoskeletal systems, connective tissue, skin and appendages, organs of
vision and hearing, kidneys) as well as by metabolic and immune disorders. Therefore, if a patient (regardless
of the primary diagnosis) has pathogenic / likely pathogenic variants or variants of uncertain significance in the
CMP genes, we recommend a detailed and comprehensive clinical examination. This is important for clarifying
the effects of rare genetic variants, identifying significant clinical and prognostic features for CMP and monogenic
diseases associated with CMP genes, and identifying risk groups and controllable triggers that contribute to the
manifestation of pathogenic genetic variants.
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PE3IOME

Llenp HACTOSIIETO UCCIIEAOBAHMS 3aKII0Yanach B 0000IIEHHN JaHHBIX O CIIEKTPE HACNIEJICTBEHHBIX 3a00JIeBaHI
U uX (EHOTUNHMYECKHUX MPOSBICHUIX NP CTPYKTYpPHO-(DYHKINOHAJIBHBIX HAapyLIEHHUs X B 75 TeHaX, MaTOreHHbIe
BapUaHThl KOTOPBIX CBs3aHBI ¢ HOPMUpPOBaHHEM pa3nuuHbIX TUMOB Kapauomuonatuil (KMIT). TTonck HaydHBIX
nmyOaMKaiyii mposezeH B 3apy6exHbix (PubMed) u oteuecTBeHHBIX (eLibrary) anekTpoHHBIX OnbOIHOTEKaX. AHa-
JIU3 TaHHBIX BBITIOJIHEH ¢ Ucmonb3oBanueM 06a3 Simple ClinVar, An Online Catalog of Human Genes and Genetic
Disorders, a Takxe narepueT-pecypca STRING.

[Tokazano, uTo moxamisitoniee GoMbIMHCTBO TeHOB KMIT o0namaror miueHoTpornu3mMoM M IPH MOHOTCHHBIX
3a00JICBaHUSX, BBI3BAHHBIX MYTAalUSIMH B JaHHBIX T'€HAX, PETHCTPUPYIOT IIHPOKHUN CHEKTP MATOJOTHYCCKHX
MIPOSIBIICHHUH B PA3JIMYHBIX CUCTEMAaX OPraHoB (CepAeYHO-COCYIUCTON, HEPBHOMU, SHIOKPUHHOM, KOCTHO-MBIIICYHOMH
CHUCTEMBI U COCIMHUTEIHHON TKaHU, KOKH U MPUAATKOB, OPTaHOB 3pPEHUS U CIIyXa, MOYCEK), a TAKKE HAPYIICHUS
MeTa0oNIM3Ma U UMMYHHTETA. B CBSI3M C 3TUM BHE 3aBUCHMOCTH OT MEPBHYHOTO JTHATHO3a NPHU BBHISBICHUU Y
nanueHToB B reHax KMII maTtoreHHBIX / BEpOSATHO MATOT€HHBIX BApPUAHTOB WM BAPUAHTOB C HEONPEACICHHOMN
3HAYMMOCTBIO PEKOMEH Ty €TCsI IPOBEICHUE ICTATHHOTO U KOMIUIEKCHOTO KITMHUYIECKOT0 00CIIEIOBaHUS. DTO UMEET
Ba)XKHOE 3HAUCHHE ISl YTOYHEHHS 9P (EKTOB PEAKHX BAPHAHTOB T'€HOB, BBIICICHUS KIMHHYECKH U IIPOTHOCTUICCKU
3HaYMMBIX Tipu3HaKkoB Uit KMIT u MoHOTeHHBIX 3a00sieBaHUH, CBsI3aHHBIX ¢ TeHamu KMII, a Takke BBIABICHUS
TPYIII PUCKA U YIPABISIEMBIX TPUTTEPOB, CIIOCOOCTBYIOIIUX TPOSIBICHUIO MATOrCHHBIX TCHETHIECKUX BAPUAHTOB.

KuroueBble cjioBa: reHbl KapﬂMOMMOHaTMﬁ, MOHOI'CHHBIC 33.60J'[eBaHI/IH, (beHOTunuqecxne TIPOsIBJICHU S

KoHpaukT mHTepecoB. ABTOPHI 3asBISIOT OTCYTCTBHE SIBHBIX M IOTEHIMAIBHBIX KOH(MIMKTOB WHTEPECOB,
CBSI3aHHBIX C MMyOJIMKaIMel TaHHOW CTaThH.

Hcrounuk ¢puHancupoBanusi. PaGora BeioHeHa npyu GpuHaHCHMpoBanuK ['oc3ananus MUHUCTEPCTBA HAYKH U
BhIciiero oopasosanus (Ne 122020300041-7).

Jsa uutupoBanus: Kydep A.H., Hazapenko M.C. CriekTp peHOTUIIMYECKUX MPOSBICHUH MOHOT€HHBIX 3a00I1e-
BaHUi, CBA3aHHBIX C TCHAMU KapauoMuonatuil. boiemens cubupckoi meduyunst. 2024;23(1):156—165. https://

doi.org/10.20538/1682-0363-2024-1-156-165.

INTRODUCTION

One of the key problems of modern biomedical
research is to understand the regularities of
implementation of the genetic program and identify the
mechanisms of formation of genetically determined
phenotypes, including pathological ones [1, 2].
Advances in the field of molecular genetic research,
systems biology, and systems medicine allow to take a
fresh look at the issue of transformation from genotype
to phenotype [3].

Cardiomyopathies (CMPs) represent a clinically
and etiologically heterogeneous group of myocardial
pathologies and are a remarkable example of the
complexity of pathological phenotype formation. CMPs
can have a monogenic, oligogenic or polygenic basis
[4-6], which develops into a pathological phenotype
over decades (and is manifested more often in adults)
and in some cases only under certain environmental
triggers [5, 6]. Clinically, CMPs can be separated into
hypertrophic (HCM), dilated (DCM)), restrictive (RCM)
and arrhythmogenic right ventricular cardiomyopathy
(ARVC); dysfunctions of certain genes are often
considered to be their causes [6-8].

However, similar ~ myocardial disorders
can be caused by both external and internal
environmental factors (for example, drug-induced,
diabetic, peripartum, stress-induced, inflammatory
(myocarditis) CMP, etc.), and pathogenic variants
in genes thought to cause CMPs are also detected in
patients with these conditions [9—11]. In some cases,
there is a combination of several types of CMP or
a transition from one form to another as the disease
progresses [12—14], and CMPs can also represent a
symptom of other complex pathological phenotypes
[11, 15].

Dozens of genes are known, pathogenic / likely
pathogenic variants of which can lead to one of the
types of CMP. The number and spectrum of causative
genes vary for different CMPs, but negative variants in
the same genes (and even the same variants) can lead
to both different and same types of CMPs [16]. There
is a growing body of evidence that, on the one hand,
mutations indifferent genes can lead to the development
of similar phenotypes (in particular, to CMP), and, on
the other hand, pathological variants in the same gene
can contribute to the formation of different clinical
phenotypes and traits, even not associated with the
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underlying pathology [4, 6, 17, 18]. Identification
of phenotype features, as well as clarification of the
spectrum of possible disorders in the presence of
pathogenic gene variants is of interest not only from
a fundamental point of view (to determine the scope
of specific genes), but also has clinical significance,
in particular for translational medicine [3, 19]. The
aim of this study was to summarize the data on the
spectrum of genetic diseases and their phenotypic
manifestations in structural and functional defects of
the CMP genes.

DATA SOURCE AND ANALYTICAL TOOLS

Information about the genes of primary CMPs does
not completely match in different sources (ClinGen,
SimpleClinVar, Online Mendelian Inheritance in Man
(OMIM) databases, etc.), which is due to differences
in the criteria used for classifying genes as significant.
In the present study, the Simple ClinVar database
(https://simple-clinvar.broadinstitute.org/, accessed
on February 2023), was used as a source of information
on CMP genes.

The analysis of the scope of the CMP genes
was performed on the basis of Online Mendelian
Inheritance in Man (OMIM) (https://www.omim.
org/) data on monogenic diseases that can be caused
by mutations in the CMP genes under discussion. To
describe the features of phenotypic manifestations of

monogenic diseases caused by mutations in the CMP
genes, we used MeSH, a vocabulary thesaurus used for
indexing citations in MEDLINE (https://www.ncbi.
nlm.nih.gov/mesh/). The online STRING (https:/
string-db.org/) resource was also used to characterize
the CMP genes. The search for scientific publications
was carried out in foreign (PubMed) and Russian
(eLibrary) digital libraries.

CHARACTERISTICS OF THE PRIMARY
CARDIOMYOPATHY GENES

According to Simple ClinVar, pathogenic / likely
pathogenic variants of 75 genes can lead to one of
the forms of primary CMPs; 40 of these genes are
reported for HCM, 50 genes for DCM, 11 genes for
ARVC, and 7 genes for RCM (Figure). Most of the
CMPs genes are protein-coding genes, FLNC-ASI and
TTN-AS1 belong to non-coding RNA genes. Along
with specific genes (which are characterized as causal
to one type of CMP), there are genes variants of which
can lead to different types of CMPs. For example,
variants in the ACTN2, DES, LMNA, and TMEM43
genes are considered causal for HCM, DCM, and
ARVC; variants in the MYH7, TNNI3, TNNT2, and
TTN are considered causal for HCM, DCM, and RCM
(Figure). In other words, pathogenic variants in the
same CMP genes can lead to different pathological
phenotypes affecting the functioning of the heart.

ALPK3, BRAF, CACNAIC, CASR, CAV3, GLA, ACTC1, CSRP3, LAMP2, MT - ABCCS, BAG3, DMD, EMD, EYA4, FKTN,
IPH2, MT-TG, MYH78, MYL2, MYL3, T1, MYBPC3, MYHE, NEXN, HAND2, KLFS, LAMAA4, LD83, MYPN,
MYOB, MYOZ2, NCF1, PRKAG2, PTPN11, PLN, RAF1, TCAP, TNNCI, . MYZAP, NEBL, NKX2-5, PLEKHA3, PPPIR13L,
SLC30A5, TRIME3, UQCRCI TPM1, VCL PRDM1E, REM20, SCNSA, 5C02, SDHA,
’ ’ SGCD, TAFAZZIN, TNNI3K, TTN -A51
CRYAB, FLNC
HCM-19 " pom-25 /o
:‘u o ./-;:“
.\'-._ ARVC -5 ;/' "._. /.- . f - FINC-AS1
CTNNA3, DSC2, JUP, AN 2.5 - .
PKP2, TAX1BP3 | — —— 'y e S .
: N 2 & | 7 T———| MYHJ, TNNI3, TNNTZ, TTN
ACTNZ, DES, LMNA, N =
TMEM43 L
DSG2, DSP

Figure. Common and specific genes for different monogenic CMPs
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According to the Tissue Expression Database
(https://tissues.jensenlab.org/) and STRING [20, 21],
the CMP genes under discussion are expressed in
many tissues, including various parts of the heart
(right ventricle, cardiac muscle, left and right atrium,
ventricle, atrium), embryonic tissues (21 genes),
tissues of the female reproductive system (17 genes),
testicles (9 genes), fetus (13 genes), sensory organs
(6 genes), rectum (5 genes), gallbladder (3 genes),
in adipocytes (2 genes), platelets (4 genes), etc. [20,
21]. In particular, the PKP2, UQCRCI, VCL, RAF1,
MYH7B, SDHA, DSC2, NCFI, TMEM43, FLNC,
PTPNI1,MYPN, HANDZ2, DMD, LMNA, BAG3, EMD,
KLF5, JUP, MYH6, LAMP2 genes are expressed in
embryonic structures (BTO:0000174 according to
[20]), the BAG3, DMD, VCL, SDHA, NCF1, PTPNI11
genes are expressed in the sensory organs, etc.
Expression in different types of tissues and at different
stages of ontogenesis suggests that dysfunction in
CMP genes can affect the functioning of not only the
cardiovascular, but also other organ systems.

According to STRING [21], 71 proteins encoded
by the CMP genes were functionally related (the
average local clustering coefficient is 0.656), a
total of 683 functional or physical interactions were
registered (on average, 19.2 per protein) with the
expected 35 interactions (protein-protein interactions
enrichment p < 1.0e-16). The protein products of only
7 genes were not included into the network: NCF1,
TAXIBP3, KLF5, SLC3045, PLEKHA3, PRDMI16
and CASR. The integration of proteins encoded by
the CMP genes into a single network is expected due

to criteria for their selection for analysis, but this also
implies the possibility of involvement of these genes
in common pathological conditions when other organ
systems are affected.

THE SPECTRUM OF MONOGENIC DISEASES
ASSOCIATED WITH THE CMP GENES
(ACCORDING TO OMIM) AND THEIR
CLINICAL MANIFESTATIONS

Monogenic diseases are not indicated for 13 genes
in the Online Mendelian Inheritance in Man (OMIM)
database: forthe HAND2, KLF5 MT-TG,MT-TI, MYH7B,
MYZAP, NEBL, PLEKHA3, PPPIRI3L, SLC3045,
TAXIBP3, TRIM63, TTN-ASI genes [22]. For the 62
remaining genes, a total of 191 diseases are listed, with
only two pathologies being reported as predisposition
(the CASR gene — to idiopathic generalized epilepsy;
SCN5A gene — to sudden infant death syndrome). In
most cases, autosomal dominant (72.8%) or autosomal
recessive (17.3%) inheritance is noted, less frequently —
mixed autosomal dominant / autosomal recessive
(4.0%), autosomal dominant / digenic dominant (1.2%),
and X-linked (4.6%) inheritance of the disease in the
presence of pathological variants are observed. In five
cases, somatic mutations are considered as the cause of
the pathology (for cancers).

The CMP genes are characterized both by a
different number of monogenic diseases and by their
diversity. The largest number of diseases (from 5 to
11) was registered for LMNA, SCN5A, MYH7, BRAF,
NKX2-5, DSP, TTN, CASR, CAV3 genes (Table 1).

Table 1

CMP genes characterized by the largest number of monogenic diseases according to OMIM

DCM, 1A; Charcot — Marie — Tooth disease, type 2B1; Emery— Dreifuss muscular dystrophy type 2, (AD); Emery — Dreifuss muscular
dystrophy type 3, (AR); heart — hand syndrome, Slovenian type; Hutchinson — Gilford progeria syndrome; familial partial lipodys-
trophy, type 2; Malouf syndrome; mandibuloacral dysplasia; muscular dystrophy, congenital; restrictive dermopathy 2 — 11 diseases

Atrial fibrillation, familial, 10; Brugada syndrome 1; DCM, 1E; heart block, nonprogressive; heart block, progressive, type I1A; long
QT syndrome 3; sick sinus syndrome 1; ventricular fibrillation, familial, 1; susceptibility to sudden infant death syndrome — 9 diseases

DCM, 1S; HCM, 1; Laing distal myopathy; left ventricular noncompaction 5; myosin storage congenital myopathy (AD and AR);

Lung adenocarcinoma, somatic; cardiofaciocutaneous syndrome; colorectal cancer, somatic; LEOPARD syndrome 3; melanoma, ma-

Atrial septal defect 7, with or without AV conduction defects; conotruncal heart malformations, variable; hypoplastic left heart syn-

Arrhythmogenic right ventricular dysplasia 8; DCM with woolly hair and keratoderma; dilated cardiomyopathy with woolly hair,
keratoderma, and tooth agenesis; epidermolysis bullosa, lethal acantholytic; palmoplantar keratodermas striata II; woolly hair-skin

Gene Monogenic diseases
LMNA
in total
SCN5A4
in total
MYH7 scapuloperoneal myopathy — 7 diseases in total
BRAF . . . . .
lignant, somatic; non-small cell lung cancer, somatic; Noonan syndrome 7 — 7 diseases in total
NKX2-5 L . . . . .
drome 2; hypothyroidism, congenital nongoitrous, 5; tetralogy of Fallot; ventricular septal defect 3 — 7 diseases in total
DSP
fragility syndrome — 6 diseases in total
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Table 1 (continued)

Gene Monogenic diseases
TTN DCM, 1G; HCM, 9; rpuscular dystrop}}y, li.m.b—girdle, (AR) 10; myopathy, myofibrillar, 9, with early respiratory failure; congenital
myopathy-5 with cardiomyopathy; tardive tibial muscular dystrophy — 6 diseases in total
CASR Hyperparatk.l}{roidism,. neonz.ital; hypo.calcem.ia (AD); hypocalcemia (AD) with Bartter syndrome; hypocalciuric hypercalcemia, type
I; predisposition to idiopathic generalized epilepsy 8, late onset — 5 diseases in total
CAV3 HCM, familial; creatine phosphokinase, elevated serum; long QT syndrome 9; distal myopathy, Tateyama type; rippling muscle dis-
ease 2 — 5 diseases in total

Note. AD and AR designate autosomal dominant and autosomal recessive inheritance, respectively.

Four monogenic diseases were associated with 14
genes (ABCCY, ACTC1, ACTN2, CACNAIC, CRYAB,
FKTN, FLNC, LDB3, MYH6, MYO6, MYPN, PTPN1 1,
SDHA, TNNT2), and the number of diseases indicated
in OMIM does not exceed three for the remaining
genes.

From the above list of monogenic diseases for the
CMP genes (Table 1), it is obvious that pathological
manifestations of mutations in these genes are
detected not only in the cardiovascular system, but
also in other organs. In MeSH terminology, genetic
diseases caused by pathogenic variants in the CMP
genes can manifest as symptoms of damage to various
organ systems (Table 2). According to OMIM and
MeSH data, damage to the cardiovascular system
accompanies monogenic diseases caused by 56 CMP
genes, damage to the musculoskeletal system and
connective tissue is caused by 24 CMP genes, skin
and appendages, and metabolic disorders — by 8 genes
each, pathology of the central nervous system is
associated with 6 CMP genes. In addition, endocrine
system disorders, pathology of the kidneys, eyes,
immunity, hearing, and some other disorders were
recorded with mutations in 4 or less genes.

It is worth noting that the “ranking” of CMP genes
by the number of nosologies indicated in OMIM is not
fully consistent with the that in relation to the organ
systems in which such disorders occur. Full accordance
is observed only for the LMNA gene (maximum number
of inherited diseases and the number of affected
systems) and a number of genes with a small number of
monogenic diseases indicated in OMIM (for example,
for the ALPK3, CSRP3, JPH2, LAMA4, CTNNA3
and some others genes, only cardiovascular system
is indicated). Similar estimates were obtained for the
BRAF, CASR, and CAV3 genes, which have a high
“ranking” both in terms of the number of nosologies
and the number of disorders in monogenic diseases of
affected organ systems (Table 1, 2). It is important to
emphasize that the list of disorders presented in MeSH
that are characteristic of monogenic diseases caused by

pathogenic variants in the CMP genes is not complete
and does not take into account all pathological features
that are characteristic of the respective diseases.

The table does not include the MeSH “Immune
System Diseases” category, which is found only for the
NCF1 gene (characterized by Phagocyte bactericidal
dysfunction).

A variety of clinical manifestations in monogenic
diseases caused by pathogenic variants in the CMP
genes is also registered within individual organ
systems (Table 2) [22]. CMP genes dysfunction can
lead to other heart pathologies (various arrhythmias,
heart and vascular defects, etc.). Thus, variants in the
ABCCY9 and SCN54 genes lead to atrial or ventricular
fibrillation. A number of CMP genes (CTNNA3,
DSC2, DSG2, DSP, PKP2, TMEMA43) act as causative
factors for the development of arrhythmogenic
right ventricular dysplasia or arrhythmias among
symptoms, syndromes, and diseases. For example,
tachycardia is caused by SCN54 and CACNAIC in
Brugada syndrome, and by PRKAG?2 gene in Wolff —
Parkinson — White syndrome [22].

According to clinical observations, atrial fibrillation
may represent the initial stage of cardiomyopathy
manifestation (in particular in carriers of pathogenic
/ likely pathogenic variants in CMP genes) [23], and
the phenotype of arrhythmogenic CMP may occur in
other genetically determined cardiomyopathies [24].
However, arrhythmias do not always manifest in
patients with monogenic CMPs even in the presence
of the same pathogenic variant, as was observed,
in particular, in patients with HCM caused by the
p.GIn1233Ter substitution in the MYBPC3 gene [25].

It should be highlighted that out of 62 CMP genes
associated with monogenic diseases according to
OMIM, no diseases manifested by the pathology of
the cardiovascular system are mentioned for 6 genes —
CASR, SCO2, EMD, LAMP2, NCF1, and UQCRC]I.
This indicates that information in the OMIM database
about possible monogenic diseases caused by
pathogenic variants in the CMP genes is incomplete.
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The musculoskeletal system and connective tissue
are the second most frequently affected tissues by the
presence of pathogenic variants in the CMP genes.
Anomalies of the muscles, skeleton, and connective
tissue, muscular dystrophy, myopathies, and some
other disorders were registered for mutations in
24 genes (Table 2). In particular, various forms of
myopathy are caused by mutations in the ACTN2
gene (congenital myopathy with structured cores and
Z-line abnormalities; distal myopathy, type 6, with
adult onset), BAG3 (myofibrillar myopathy, type 6),
etc. [22].

Pathogenic variants in the CMP genes are also
associated with the development of other monogenic
diseases, manifested by pathological changes in the
skin and hair (including restrictive dermopathy, skin
pigmentation disorders, keratosis, woolly hair, etc.),
cancers (melanoma, leukemia and other cancers),
neurological disorders (neurodegenerative changes,
seizures, epilepsy, ataxia, autism, etc.), metabolic
(changes in lipid metabolism, mitochondrial pathology,
storage diseases, etc.) and endocrine disorders
(pathology of the parathyroid gland and adrenal glands)
(Table 2), as well as various syndromes characterized
by a wide range of structural and functional disorders.
At the same time, on the one hand, complex clinical
phenotypes are registered in some types of CMP,
and, on the other hand, cardiomyopathies (or other
myocardial disorders) can act as a symptom of a
genetic disease or syndrome [22].

Thus, DCM caused by pathogenic variants in
the DSP gene is combined with woolly hair and
keratoderma; a left ventricular noncompaction can
be registered in DCM and HCM (in both cases, the
causative variant is localized in the ACTN2 gene).
CMP as a symptom is observed in Barth syndrome
(DCM, neutropenia, proximal myopathy, physical and
motor development delay are registered; the causative
gene is TAFAZZIN); Danon disease (HCM, myopathy,
mental retardation, the causative gene is LAMP2),
LEOPARD syndrome (characterized by myocardial
hypertrophy, multiple lentigines, electrocardiography
conduction abnormalities, hypertelorism, pulmonary
stenosis, abnormal genitalia, growth retardation, and
sensorineural deafness; pathogenic variants of PTPN1 1,
RAF1, BRAF can act as causative genes); Malouf
syndrome (DCM, skeletal anomalies, reproductive
disorders, mental retardation, where the causative
gene is LMNA), Naxos disease (arrhythmogenic right
ventricular dysplasia, palmoplantar keratoderma and
woolly hair, the causative gene is JUP) and others [22].

It is worth noting that damage to other organ systems
is observed in monogenic diseases caused by different
CMP genes. Thus, skin and hair structure disorders were
detected in arrhythmogenic right ventricular dysplasia
(the causative gene is DSC2); cardiofaciocutaneous
syndrome (BRAF); lethal acantholytic epidermolysis
bullosa, striate palmoplantar keratoderma II (DSP
gene), Cantil syndrome (ABCCY gene), restrictive
dermopathy 2 (LMNA gene), etc. Mutations in the CMP
genes can lead to sensory organ damage both as isolated
phenotypes (EYA4, MYO6 cause deafness; CRYAB
causes cataract) and as individual symptoms (mutations
in the GLA, PTPNI11, RAF1, BRAF, FKTN genes) [22].

Cancers are caused by somatic mutations in the
BRAF gene (adenocarcinoma, colorectal cancer,
melanoma, non-small cell lung cancer) and the
PTPNII gene (juvenile myelomonocytic leukemia),
and pathogenic variants in the SDHA gene lead to
paraganglioma 5. In addition, it should be noted that
for syndromes caused by mutations in the CMP genes,
malformations of various organ systems, physical and
mental retardation, and disorders in the reproductive
system are observed [22].

As already noted, the data provided in MeSH on
phenotypic manifestationsinmonogenic diseases caused
by mutations in the CMP genes cannot be considered
complete, and as these patients are described in more
detail, their phenotypic features and, accordingly, the
scope of the genes will be refined. Thus, significant
associations were found between pathogenic variants in
the PTPN11 gene and pulmonary stenosis (both valvular
and supravalvular) and pulmonary valve dysplasia [2].
It has been shown that children and young adults with
Noonan syndrome, who have pathogenic variants in the
PTPN11 gene, despite their slim build, are characterized
by an unfavorable metabolic profile (low level of high-
density lipoproteins, a trend toward higher triglyceride
levels, higher HOMA-IR median, impaired glucose
metabolism according to glucose tolerance test) [17].
Rare cases of early-onset cardiomyopathy associated
with pathogenic variants in the ALPK3 gene (DCM,
HCM, mixed DCM/HCM phenotype with progression
to HCM) combined with craniofacial anomalies have
been described [13].

The spectrum of monogenic diseases caused by
pathogenic variants in CMP genes is expanding.
Thus, based on the expression patterns and study of
protein - protein interaction networks using in silico
tools, the TTN gene is considered as a candidate
for arthrogryposis type 10 (a congenital disease
of the musculoskeletal system manifested by joint
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contractures, muscle underdevelopment, and changes
in the spinal cord) [26].

In general, based on the summarized data on the
phenotypic features of monogenic diseases caused
by pathogenic variants in the CMP genes and taking
into account the functional connectivity of the
proteins encoded by these genes, we can expect the
involvement of CMP genes in normal variability
and formation of predisposition to pathological
conditions of the cardiovascular, musculoskeletal,
nervous, endocrine, and other organ systems. The
traits associated with these organ systems may be
of interest for a more detailed study in patients with
various CMPs, including monogenic forms.

CONCLUSION

Despite the fact that the data are incomplete (due
to the peculiarities of formation of any information
resources), the information above allows to make
several generalizations. Firstly, it is obvious that the
CMP genes are pleiotropic, and pathogenic variants
localized in these genes can lead to disorders in
various organ systems. Secondly, the expression
in various organs and the functional connectivity
of the proteins encoded by CMP genes suggest
the involvement of many genes in determining the
structural and functional features of organ systems for
which changes were registered in the already known
monogenic diseases. Thirdly, monogenic diseases
are caused by pathogenic gene variants with a strong
effect, and, accordingly, monogenic diseases are
characterized by extreme phenotypic manifestations
(even in the case of incomplete penetrance and
expressivity). Therefore, that polymorphic variants
of these genes can make a certain contribution to
the normal variability of traits of the relevant organ
systems and take part in the formation of a polygenic
basis of various disease determinations.

This statement is confirmed by the data of genome-
wide association studies (GWAS), according to which
polymorphic variants of the CMP genes are involved
in the formation of variability not only of parameters
reflecting the functional state of cardiovascular system
(ECG and Echo parameters, blood pressure, etc.), but
also in disorders of various organ systems (endocrine,
urogenital, musculoskeletal, organs of vision and
hearing, etc.), biochemical parameters and blood cell
composition [27]. In our opinion, taking into account the
complexity of genetic determination (from monogenic
to polygenic component), incomplete penetrance
and expressivity of genetic variants, and the possible

modifying effect of various genetic factors on the clinical
presentation of CMP [25, 28, 29], this aspect requires
more detailed consideration.

In addition, the data above also define some
important areas of research that may have significant
clinical relevance in the future. First of all, this
concerns a detailed clinical examination of patients
with a diagnosed genetic disease, which is or may
be caused by CMP genes. The examination should
be comprehensive and not limited to the detailed
characterization of previously described symptoms
and traditionally examined parameters or systems of
organs. So, V. Lodato et al. [3] note that physicians
observing CMP in children “can face the most bizarre
scenarios”. And the diagnostic process requires
knowledge in cardiology, pediatrics, metabolism,
radiology, and genetics (both clinical and molecular)
and personalized management. As such data
accumulate, it will be possible to identify clinically
and prognostically significant traits for CMPs and
other monogenic diseases associated with CMP
genes, as well as markers that may contribute to the
phenotypic manifestation of the pathogenic genetic
variant. A detailed phenotypic description of patients
is important to clarify the effects of rare variants of the
CMP genes detected by molecular genetic testing, as
well as variants of uncertain significance (VUS). This
approach may allow for early identification of risk
groups and manageable triggers that contribute to the
manifestation of pathogenic gene variants.

This study was based on the analysis of CMP
genes. At the same time, it seems appropriate to assess
the scope of the genes of other monogenic diseases,
as well as a to perform a deeper, comprehensive
examination of individuals with an established or
suspected diagnosis of various hereditary diseases.
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