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Abstract

Adverse drug reactions (ADRs) remain a major public health issue, and genetic factors
contribute importantly to interindividual variability in drug response. Pharmacogenetic
testing helps reduce ADR risk by optimizing drug selection and dosage, particularly
in monogenic disorders. Whole-exome sequencing of 6739 samples from the Russian
population was performed on the DNBSEQ-G400 platform (MGI). Variants in 48 genes were
examined, focusing on inherited arrhythmias, enzyme deficiencies (Glucose-6-Phosphate
Dehydrogenase Deficiency [G6PDD], Porphyrias), Dravet Syndrome (DS) and Malignant
Hyperthermia (MH). Variants reported as pathogenic (P), likely pathogenic (LP), or variants
of uncertain significance (VUS) in ClinVar were manually re-evaluated using ACMG criteria.
A total of 75 unique variants in 18 genes were observed in 119 individuals (1.77%), including
21 carriers and 13 women with a G6PD mutation. Of these, 44 variants were classified as P,
24 as LP, and 7 as VUS. Missense variants accounted for the largest proportion (73.33%).
The most affected genes were KCNQ1 (24/119), which exhibited the highest number of
unique variants (18), G6PD (20/119), SCN1A (15/119), and RYR1 (14/119). Regarding
associated conditions, mutations linked to arrhythmias were found in 51 individuals, MH
in 27, G6PDD in 20, DS in 15, and Porphyrias in 6. Integrating common and rare clinically
actionable genetic variants with attention to penetrance and clinical validity may improve
medication safety, reduce preventable ADRs, and enhance personalized pharmacotherapy.

Keywords: pharmacogenetics; adverse drug reactions; whole-exome sequencing; monogenic
disorders; channelopathies; malignant hyperthermia; G6PD deficiency; porphyrias

1. Introduction
An adverse drug reaction (ADR) is defined as a harmful and unintended response

to a medication occurring at standard doses with an established causal relationship [1].
Although the risk of ADRs in elderly patients was reported to be four times higher than
in younger individuals (16.6% vs. 4.1%), the proportion of preventable cases was 88%
and 24%, respectively, in a 2002 meta-analysis [2]. A subsequent analysis of 5707 emer-
gency hospitalizations, conducted twelve years later, indicated that 5% of cases were
directly attributable to ADRs, with advanced age and the expected polypharmacy remain-
ing the primary risk factors [3]. However, hospital-based ADR statistics differ: among
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5644 cases studied from 2020 to 2023 in a Chinese hospital, severe ADRs (n = 408, 7.2%)
were more common in middle-aged patients (46–65 years, 36.77%), predominantly female
(two-thirds), frequently associated with intravenous administration (53.92%), and primarily
affecting the circulatory system (53.19%) [4]. According to VigiBase data (2010–2019), fatal
ADRs accounted for 1.3% (43,685 cases) of all reported reactions, with antineoplastic and
immunomodulatory drugs (denosumab, lenalidomide, thalidomide) representing the lead-
ing cause [5]. Between Q3 2014 and Q3 2024, approximately 2.7 million ADR reports were
registered in the FAERS database, with each report linking an event to a single drug [6].
Given that the FDA approved roughly 494 drugs during this period, the increase in FAERS
reports is likely more reflective of changes in pharmacovigilance systems and awareness
than of actual incidence [7].

Genetics plays a central role in ADR susceptibility, as UK Biobank data demonstrate
that nearly all individuals (99.5%) carry at least one pharmacogenetic variant capable of
eliciting an atypical drug response, and 24% of participants had already been exposed to
the corresponding medications [8]. While widely implemented pharmacogenetic testing
programs (e.g., PharmCAT [9]) focus on common polymorphisms (allele frequency > 3%)
to optimize dosing of frequently used medications or guide therapeutic substitutions, the
clinical significance of rare variants associated with monogenic syndromes remains insuf-
ficiently explored. The presence of such variants implies a life-threatening risk of severe
idiosyncratic reactions upon exposure to specific medications during essential treatment
courses [10]. ADRs can manifest for the first time in advanced age, as illustrated by a
case of malignant hyperthermia (MH) in a 79-year-old woman following succinylcholine
administration in the absence of prior genetic testing [11].

The clinical utility of genetic screening for long QT syndrome (LQTS) in asymptomatic
carriers has been demonstrated in a large Amish cohort carrying the KCNQ1 p.Thr224Met
variant [12]. Among 124 carriers identified through population screening, 5.7% were
found to be taking QT-prolonging medications at baseline; after genetic disclosure, 93%
received appropriate beta-blocker therapy. Importantly, the oldest syncopal event in a
carrier occurred at age 60 years triggered by an antidepressant, highlighting that the elderly,
often on multiple medications, are additionally vulnerable. This example supports the
value of proactive genotyping for monogenic syndromes, regardless of penetrance.

Motivated by such evidence, and given the increasing accessibility of whole-exome se-
quencing (WES) in the Russian Federation, it has become feasible to construct a population-
level genetic risk profile for severe ADRs, which is particularly relevant for a country with
pronounced ethnic diversity. Integration of such data into preoperative screening, targeted
genetic testing, and clinical protocols could substantially reduce the risk of fatal outcomes.

2. Results
2.1. Overall Characteristics of Clinically Significant Variants

In the studied cohort, 119 individuals were identified with clinically significant rare
variants associated with monogenic disorders predisposing to ADRs (Figure 1a). Among
them, 21 individuals (17.65% of genotype-positive subjects) carried at least one clinically
significant rare variant associated with a monogenic disorder conferring pharmacogenetic
risk, corresponding to an overall prevalence of 1.77% (Figure 1a). Additionally, 13 women
were carriers of variants in the G6PD gene (X-linked) (10.92%).
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Figure 1. Population distribution and genetic architecture of pharmacogenetically significant mono-
genic conditions. (a) Proportion of the screened population carrying clinically significant rare variants
associated with monogenic syndromes predisposing to disease (n = 119, 1.77% of the total cohort).
The distribution of carriers is shown separately: 21 individuals, including 13 women carrying variants
in the X-linked G6PD gene. (b) Distribution of unique variants across genes associated with pharmaco-
genetically significant monogenic disorders: a total of 75 variants, including 44 pathogenic (P), 24 likely
pathogenic (LP), and 7 variants of uncertain significance (VUS).

Six distinct G6PD missense variants were identified: Mediterranean, Kerala-Kalyan,
Chatham, Nashville, Union, and Kaiping. All variants were classified as pathogenic in
ClinVar and by ACMG criteria. According to the 2022 WHO classification, five variants fell
into class B (moderate deficiency, associated with acute hemolytic anemia), while Nashville
(rs137852316) was assigned to class A (severe deficiency with chronic non-spherocytic
hemolytic anemia). The mean residual enzymatic activity in hemizygotes ranged from
6% (Nashville) to 57% (Mediterranean), with a weighted average of 27% across all variants.
Reduced protein stability was reported for five of six variants (all except Kerala-Kalyan,
where conflicting data exist).

A total of 75 unique genetic variants were identified across 18 genes (Figure 1b,
Table S1): CACNA1C, CASQ2, CPOX, G6PD, HMBS, KCNA5, KCNE1, KCNH2, KCNQ1,
RYR1, RYR2, SCN1A, SCN5A, STAC3, TECRL, TRDN, UROD, and UROS. According to
ACMG classification, the majority of variants were interpreted as pathogenic (P; 44/75,
58.67%) or likely pathogenic (LP; 24/75, 32%), whereas 7 variants (9.33%) were clas-
sified as variants of uncertain significance (VUS). Missense mutations predominated
(55 variants, 73.33%), while nonsense and frameshift mutations accounted for 17.33%,
and splice-site variants comprised the remaining ~10% of detected alterations. Notably,
we also examined variants located within 10 bp of exon boundaries due to acceptable
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coverage (>14×), which is an atypical approach for WES; the most distal variant identified
was KCNQ1(NM_000218.3):c.477+5G>A in a single individual.

Our cohort included samples referred from multiple federal medical centers across
Russia, capturing substantial genetic diversity beyond the Moscow region. To assess
population stratification, we compared allele frequencies of the identified autosomal vari-
ants across three RUSeq genetic clusters (Eur.Rus, Caucasus, East Russia) using Fisher’s
exact test with Bonferroni correction (15 comparisons). No statistically significant differ-
ences were observed after correction. The smallest raw p-value was obtained for TRDN
p.Glu351ArgfsTer7 (p = 0.0257, padj = 0.3856 between Eur.Rus and Caucasus) and RYR1
p.Ala2367Thr (p = 0.0266, padj = 0.3988). For STAC3 p.Lys288Ter, the smallest p-value
was 0.1171, and all other comparisons yielded p = 1. In contrast, the X-linked variant
G6PD p.Ser188Phe demonstrated significant frequency differences across RUSeq subpopu-
lations. Compared with the RUSeq Eur.Rus cluster, the variant was enriched in our cohort
(OR = 14.97, padj = 0.0072), whereas the Caucasus cluster demonstrated higher frequencies
than our cohort (OR = 0.22, padj = 0.0230). No significant difference was observed relative
to the East Russia cluster. Thus, despite the known genetic heterogeneity of the Russian
population, the frequencies of the pharmacogenetically relevant variants identified in this
study do not differ significantly between the major regional subpopulations.

When comparing our cohort with the non-Finnish European (NFE) population from
gnomAD v4.1.1, five autosomal variants showed significantly higher frequencies in
our Moscow-based sample after Bonferroni correction: STAC3 p.Lys288Ter (OR = 16.18,
padj = 3.75 × 10−9), KCNQ1 c.477+1G>A (OR = 27.31, padj = 0.00015), KCNQ1 p.Arg591Leu
(OR = 175.13, padj = 0.0178), KCNH2 p.Ala79AspfsTer63 (OR = 174.65, padj = 0.0179), and
SCN5A p.Val1404Met (OR = 58.36, padj = 0.0586, borderline). One X-linked pharmacogenetic
variant remained significantly enriched after Bonferroni correction: G6PD p.Ser188Phe
(OR = 7.23, padj = 6.24 × 10−7). These findings indicate that several pharmacogenetically
relevant rare variants are enriched in the Russian population compared to the general
European population, highlighting the importance of population-specific reference data for
clinical interpretation.

2.2. Spectrum of Pharmacogenetically Relevant Genetic Syndromes

Data on ADRs for LQTS were obtained from the online resource CredibleMeds®

(Drugs with Known Risk of TdP, Only Marketed Drugs) [13]; for Brugada syndrome
(BrS), from BrugadaDrugs.org [14]; for glucose-6-phosphate dehydrogenase deficiency
(G6PDD) and porphyrias, from the study by Micaglio et al. [10]; and for MH, from CPIC
recommendations [15]. ADRs associated with other syndromes were assessed exclusively
based on data from the published literature (Table 1).

As shown in Figure 2a, several genes are associated with multiple clinical syndromes,
highlighting the complexity of genotype–phenotype relationships underlying pharmaco-
genetic risk. Among all detected conditions, LQTS was the most frequent, observed in
35 individuals (29.41% of genotype-positive subjects), followed by MH (27 individuals,
22.69%) and G6PDD (20 individuals, 16.81%). Less frequent conditions included Dravet
syndrome (DS; 15 individuals, 12.61%), BrS (8 individuals, 6.72%), porphyrias (6 individu-
als, 5.04%), catecholaminergic polymorphic ventricular tachycardia (CPVT; 6 individuals,
5.04%), and monogenic atrial fibrillation (AF; 2 individuals, 1.68%) (Figure 2b).

Gene-level analysis revealed KCNQ1 as the primary contributor to LQTS, har-
boring the largest number of associated variants (24 variants, 18 unique). KCNH2
(n = 6, 5 unique) and SCN5A (n = 3) also significantly contributed to cardiac pharma-
cogenetic risk, reflecting their pleiotropic involvement in multiple arrhythmogenic syn-
dromes. Additionally, single variants with corresponding carriers were detected in TRDN,
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CACNA1C, and KCNE1. RYR2 was the principal gene underlying CPVT; however, only one
carrier was identified, whereas TECRL, TRDN, and CASQ2 variants collectively affected
four additional individuals. Variants in HMBS, UROS, UROD, and CPOX causing por-
phyria were mostly singular occurrences, although UROS (NM_000375.3):c.63+1G>A was
observed in three individuals; its clinical significance was lower due to carrier status com-
pared to, for instance, CPOX(NM_000097.7):c.991C>T (p.Arg331Trp), which is associated
with autosomal-dominant coproporphyria. Among individuals predisposed to MH, RYR1
variants predominated (9 unique variants; 14 carriers), whereas STAC3 variants were fewer
in number (2 unique) but present in a similar number of carriers (13 individuals). Hemizy-
gous G6PD variant carriers accounted for 35%, with no homozygous women identified.
BrS in this cohort was associated exclusively with SCN5A variants.

Table 1. Syndrome-specific adverse drug reactions relevant for clinical practice.

Disease Drugs

Glucose-6-Phosphate Dehydrogenase
Deficiency

Acetylphenylhydrazine, Anacin, Articaine, Ascorbic Acid, Aspirin, Beta-naphthol,
Bufferin, Bupivacaine, Ceftriaxone, Chloramphenicol, Chloroprocaine,

Chloroquine, Ciprofloxacin, Dabrafenib, Dapsone, Dimercaprol, Ecotrin, Empirin,
Epinephrine, Excedrin, Flutamide, Furosemide, Furazolidone, Glimepiride,
Glyburide, Hydroxychloroquine, Isobutyl nitrite, Levofloxacin, Lidocaine,

Mafenide, Mefloquine, Menthol, Mepivacaine, Methylene blue, Moxifloxacin,
Nalidixic Acid, Nitrofurantoin, Norfloxacin, Oxymetazoline, Pamaquine,

Pegloticase, Penicillamine, Peptobismol, Phenazopyridine, Phenylhydrazine,
Prilocaine, Primaquine, Probenecid, Quinidine, Quinine, Rasburicase, Ropivacaine,

Sulfacetamide, Sulfamethoxazole, Sulfanilamide, Sulfasalazine, Sulfisoxazole,
Tafenoquine, Tetracaine, Tolazamide, Tolbutamide, Toluidine blue, Trametinib

Porphyrias
Articaine, Bupivacaine, Lidocaine, Mepivacaine, Prilocaine, Ropivacaine,

Carbamazepine, Phenytoin, Phenobarbitone, Primidone, Ethosuximide, Tiagabine,
Felbamate, Valproate, Oxcarbazine

Malignant
Hyperthermia

Succinylcholine (suxamethonium), Desflurane, Enflurane, Halothane, Isoflurane,
Methoxyflurane, Sevoflurane

Long QT syndrome

Aclarubicin, Amiodarone, Anagrelide, Arsenic trioxide, Azithromycin, Cesium
Chloride, Chloroquine, Chlorpromazine, Chlorprothixene, Cilostazol,

Ciprofloxacin, Citalopram, Clarithromycin, Cocaine, Disopyramide, Dofetilide,
Domperidone, Donepezil, Dronedarone, Droperidol, Erythromycin, Escitalopram,

Flecainide, Fluconazole, Halofantrine, Haloperidol, Hydroquinidine
(Dihydroquinidine), Hydroxychloroquine, Ibogaine, Ibutilide, Ivabradine,

Levofloxacin, Levomepromazine (Methotrimeprazine), Levosulpiride, Meglumine
antimoniate, Methadone, Mobocertinib, Moxifloxacin, Nifekalant, Ondansetron,

Osimertinib, Oxaliplatin, Papaverine HCl, Pentamidine, Pimozide, Procainamide,
Propofol, Quinidine, Quizartinib, Roxithromycin, Sertindole, Sevoflurane, Sotalol,

Sulpiride, Sultopride, Terlipressin, Terodiline, Thioridazine, Vandetanib

Brugada Syndrome

Ajmaline, Allapinin, Ethacizine, Flecainide, Pilsicainide, Procainamide,
Propafenone, Amitriptyline, Clomipramine, Desipramine, Lithium, Loxapine,

Nortriptyline, Oxcarbazepine, Trifluoperazine, Bupivacaine, Procaine, Propofol,
Acetylcholine, Alcohol, Cannabis, Cocaine, Ergonovine, Amiodarone, Cibenzoline,

Disopyramide, Lidocaine, Propranolol, Verapamil, Vernakalant, Bupropion,
Carbamazepine, Clothiapine, Cyamemazine, Dosulepine, Doxepin, Fluoxetine,
Fluvoxamine, Imipramine, Lamotrigine, Maprotiline, Paroxetine, Perphenazine,

Phenytoin, Thioridazine, Ketamine, Tramadol, Dimenhydrinate,
Diphenhydramine, Edrophonium, Indapamide, Metoclopramide,

Terfenadine, Fexofenadine

Atrial Fibrillation Acetylcholine, Adenosine, Ibrutinib

Ventricular tachycardia, catecholaminergic
polymorphic Epinephrine, Pseudoephedrine

Dravet Syndrome Carbamazepine, Lamotrigine, Vigabatrin, Phenytoin, Rufinamide, Oxcarbazepine
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Figure 2. Genetic and clinical heterogeneity of pharmacogenetically significant syndromes.
(a) Overlap of hereditary arrhythmogenic syndromes at the gene level, demonstrating pleiotropy and
the potential for a single gene to be associated with multiple phenotypes. Dark blue indicates the
presence of a reported gene–phenotype association, whereas light blue indicates no established asso-
ciation. (b) Comparison of the number of patients with syndromes and the corresponding number
of drugs associated with an increased risk of adverse drug reactions. Notes: LQTS—long QT syn-
drome, SQTS—short QT syndrome, AF—atrial fibrillation, CPVT—catecholaminergic polymorphic
ventricular tachycardia.

Figure 2b summarizes, for each syndrome, both the number of affected patients and
the corresponding number of drugs associated with increased ADR risk that should be
avoided. Notably, LQTS and BrS were associated with the highest number of contraindi-
cated drugs, emphasizing their particular relevance in the context of preventive pharmaco-
genomic screening.

For several recurrent variants, the following penetrance estimates were obtained
from the literature: the RYR2 p.Arg420Trp variant associated with CPVT showed a pene-
trance of 25% [16]; the SCN1A p.Ala1669Val variant demonstrated complete penetrance
in the reported family [17]; the CACNA1C p.Arg858His variant exhibited a penetrance of
50–60% [18]; both CASQ2 variants identified in our cohort were 100% penetrant (consis-
tent with autosomal recessive inheritance); the G6PD p.Ser188Phe variant was found in
859 hemizygous males and 23 homozygous females in gnomAD v4.1.1, indicating low clinical
penetrance; the KCNE1 p.Arg98Trp variant had an ECG penetrance (QTc > 460 ms) below
10% [19]; KCNH2 variants in our cohort were fully penetrant in the families where they were
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described; KCNQ1 variants consistently showed reduced penetrance, with some carriers
presenting only ECG abnormalities without symptoms [20–23]; and a woman carrying the
SCN5A p.Glu428Lys variant (classified as VUS in our study) had no QT prolongation [24].

3. Discussion
Among the 608 entries in the FDA table “Pharmacogenomic Biomarkers in Drug

Labeling”, G6PDD (n = 41) and MH (n = 4) were predominantly represented [25], sug-
gesting that the current pharmacogenetic regulatory framework is insufficiently adapted
to account for risks associated with rare monogenic conditions. Nevertheless, out of
48 genes listed, 16 had documented associations in PharmGKB, as accessed via VarSome
(retrieved 13 December 2025) [26]; KCNH2 ranked second after G6PD in terms of the
number of associated drugs, while some single reported associations did not involve the
primary phenotype (e.g., montelukast use in asthma and ABCC9 variants [27]). Impor-
tantly, carriers of variants in these genes may be required to avoid or use with extreme
caution at least 179 drugs and other substances spanning multiple pharmacological classes,
including analgesics and nonsteroidal anti-inflammatory drugs, antimalarial agents, an-
timicrobials (antibiotics, antifungals, and antiprotozoals), antiarrhythmic drugs, local and
general anesthetics, anticonvulsants, psychotropic medications, diuretics, antidiabetic
agents (particularly sulfonylureas), immunosuppressants, prokinetic agents, oncological
and hematological therapies, antidotes, antigout medications, sympathomimetic agents,
vitamins and vitamin-like compounds, as well as industrial and chemical substances
with pharmacological effects. Notably, the studied cohort also comprised individuals
harboring single alleles in genes with recessive inheritance, which, while not necessar-
ily associated with overt disease, has important implications for genetic counseling and
therapeutic decision-making.

Inherited arrhythmias represent a significant, albeit relatively rare, cause of sudden
cardiac death (SCD). In the general population, SCD incidence ranges from approximately
1 per 100,000 in adolescents to 1 per 1000 among individuals aged 45–75, with a substan-
tial proportion of sudden unexplained deaths in young adults and children (~10–15%)
attributable to primary arrhythmogenic channelopathies in the absence of structural heart
disease, such as LQTS, CPVT, and BrS [28]. CPVT is a less commonly recognized syndrome
in predictive pharmacogenetics, most frequently caused by RYR2 variants. It manifests in
children and adolescents during physical exertion or emotional stress, despite structurally
normal hearts [29]. Its prevalence in Europe is estimated at approximately 1:10,000, and
untreated disease carries a high risk of SCD, reaching up to 31% by age 30. A critical
clinical feature of CPVT is that standard resuscitative and pharmacologic interventions,
particularly catecholamine administration, may exacerbate arrhythmogenicity and lead to
fatal outcomes [30].

Another condition often overlooked in pharmacogenomics is AF. GenCC classifies
three genes as “Strong” (KCNQ1, GJA5, MYL4) and three as “Moderate” (KCNA5, NPPA,
SCN2B) for monogenic AF. AF is one of the most prevalent arrhythmias, with a lifetime
risk of 1:3–5 after age 45 and a global prevalence increase from 33.5 million to 59 million
cases between 2010 and 2019 [31]. In our cohort, only SCN5A(NM_000335.5):c.1282G>A
(p.Glu428Lys) (“Supportive”) and KCNA5(NM_002234.4):c.143A>G (p.Glu48Gly) variants
were identified in two individuals, underscoring the limited representation of monogenic
AF components detectable via WES. Despite the large number of drugs that can precipi-
tate AF, only three are explicitly flagged for patients with pre-existing AF: acetylcholine,
adenosine, and ibrutinib [32].

Although the classical neonatal estimate of LQTS prevalence (~1:2000) remains widely
cited [33], population-based studies in Norway suggest that 1 in 100 individuals carries
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a pathogenic variant causing LQTS [34]. Limited Russian data also indicate a higher
rate of QT interval prolongation (1.96%) detected among 2140 psychiatric patients [35].
The high population frequency of LQTS-associated variants combined with low clinical
penetrance creates a substantial hidden-risk group in which life-threatening arrhythmias
may be triggered by routine medications [36]. Notably, in 15–20% of individuals with a
phenotypic LQTS presentation, no causative variant is identified; however, their clinical
risk is comparable to genotype-positive patients [37]. In our study, this nosological group
was the most frequently identified, representing 0.52% of the total cohort. Additionally, no
patients with short QT syndrome (SQTS) were observed, likely reflecting the extremely
low prevalence of this condition, with only approximately 43 clinically confirmed cases
worldwide as of January 2025 [38].

BrS has an estimated global prevalence of approximately 1 in 2000 individuals, com-
parable to that of LQTS, with substantially higher rates reported in Southeast Asia—up
to 35.5 per 1000 overall and up to 17.7 per 1000 in Thailand [39]. Although associations
with BrS have been proposed for 22 genes to date, only SCN1B and SCN5A have achieved a
“Definitive” level of evidence according to GenCC [40]. In BrS cohorts published between
2002 and 2022, genetic testing was performed in an average of 59% of patients, with an
overall diagnostic yield of 26%. Both testing rates and diagnostic yield varied markedly
across regions, ranging from 10% in Hong Kong to 100% in selected centers in China, Japan,
France, and Spain, while diagnostic yield ranged from 10% in Japan to 67% in Belgium [41].

At the same time, it is important to distinguish true BrS from the Brugada ECG pattern,
which may occur transiently and be induced by fever, medications, or electrolyte distur-
bances, without clinical manifestations of the disease. The Brugada pattern is considerably
more common than overt BrS and is often detected in individuals without a family history
of SCD, substantially complicating the interpretation of genetic findings and clinical risk
assessment [42]. For example, a Brugada ECG pattern has been described in a patient with
hypertrophic cardiomyopathy carrying pathogenic variants in MYBP3 and MYH7 [43].
Contemporary clinical observations and experimental data further indicate a close rela-
tionship between BrS and arrhythmogenic right ventricular cardiomyopathy/dysplasia
(ARVC/D). In some patients, features of BrS and ARVC/D may coexist, combining charac-
teristic Brugada ECG patterns with structural abnormalities of the right ventricle that meet
diagnostic criteria for ARVC/D. In our study, no clinically significant PKP2 variants were
identified; however, this gene was included based on its reported overlap with ARVC/D
type 9 and its “Limited” evidence of association with BrS according to GenCC [44,45].

Variants in RYR1 are identified in the majority of patients with MH, accounting for
approximately 50–60% of cases. Notably, pathogenic RYR1 variants are far more common
in the general population (approximately 1 in 800 individuals), whereas a clinical MH crisis
occurs in only 1 per 10,000–150,000 anesthetic exposures. Nevertheless, in the absence
of timely treatment, MH-related mortality may reach up to 80% [46]. In our cohort, the
number of carriers of RYR1 and STAC3 variants was approximately comparable when
accounting for carrier status in all STAC3-positive individuals; however, the number of
unique RYR1 variants exceeded that of STAC3 by a factor of 4.5. Patients with STAC3
variants frequently require surgical interventions due to multiple congenital anomalies,
necessitating heightened vigilance during anesthesia. Given the autosomal recessive
inheritance pattern, parents of affected individuals may be asymptomatic carriers [47]. The
prevalence of STAC3-associated MH is difficult to estimate but appears to be extremely low
based on the limited available literature [48].

Although the penetrance of RYR1 mutations is incomplete (estimated at 40.6% overall,
with significantly higher penetrance in males [50% vs. 29.7% in females]) [49], the 2025 Eu-
ropean Malignant Hyperthermia Group (EMHG) guidelines have introduced the diagnostic

https://doi.org/10.3390/ijms27114851

https://doi.org/10.3390/ijms27114851


Int. J. Mol. Sci. 2026, 27, 4851 9 of 16

category MH genotype (MHG). According to these guidelines, any individual carrying a P
or LP RYR1 variant is considered at increased risk of developing MH under anaesthesia
and should be managed accordingly, regardless of penetrance estimates. Furthermore, the
EMHG now provides a consensus definition of a clinical MH event and emphasises that
functional characterization of variants remains key for pathogenicity classification [50].

DS is a rare epileptic encephalopathy with an incidence of approximately
2.2–6.5 cases per 100,000 individuals and a prevalence of 1.2–6.5 per 100,000 population (up
to 0.0065%). In our cohort, the prevalence of genotype-positive DS was 0.22%, exceeding
global estimates. Despite its rarity, DS is associated with high mortality (approximately
15.8 per 1000 patient-years, primarily due to sudden unexpected death in epilepsy [SUDEP])
and an earlier age at death [51]. It is well established that sodium channel blockers, particu-
larly carbamazepine, oxcarbazepine, and lamotrigine, may exacerbate seizures and worsen
cognitive outcomes in DS. Other antiepileptic drugs, including vigabatrin, rufinamide, and
phenobarbital, may also increase seizure frequency in some patients [52]. The economic
burden of DS is substantial, with costs estimated to be 1.5-fold higher than those for drug-
resistant epilepsy and fivefold higher than for epilepsy in remission; mean annual costs
have reached up to €29,872 in a multicenter German study [53].

Porphyrias constitute a group of rare disorders with prevalence varying widely by
clinical subtype. In Europe, the most common forms—porphyria cutanea tarda, acute inter-
mittent porphyria, and erythropoietic protoporphyria—occur at approximate frequencies
of 1:10,000, 1:20,000, and 1:50,000–75,000, respectively. A decline in symptomatic acute
hepatic porphyrias alongside increased detection of erythropoietic protoporphyria has
been observed, likely reflecting improved diagnostics and reduced exposure to triggering
factors [54]. In children, porphyrias often mimic common pediatric conditions, and clinical
manifestations are frequently precipitated by medications and other external factors. Cer-
tain antiepileptic drugs (e.g., carbamazepine, phenytoin, valproate) are known to worsen
disease severity. Given the overlap of clinical and biochemical features among porphyria
subtypes, molecular confirmation is crucial for selecting safe therapies and identifying
asymptomatic carriers within families [55].

G6PDD remains a major global public health concern. By 2021, its prevalence had
reached 443 million cases worldwide, representing an increase of more than 80% compared
with 1990, with the greatest burden observed in South Asia. The condition is more com-
mon in males, particularly in childhood and older age, and exhibits pronounced regional
variability, underscoring the need for expanded screening programs and targeted public
health interventions, especially in low- and middle-income countries [56]. In our cohort,
G6PDD ranked third in frequency, with the important consideration that 13 women were
identified as carriers.

4. Materials and Methods
4.1. Sample Collection

The study included 6739 anonymized WES datasets generated between 2020 and
2025. The cohort represents an unselected population-based sample, including neonates,
pediatric and adult patients, as well as individuals undergoing carrier screening or pre-
conception testing. Samples were primarily collected in Moscow hospitals (including
multidisciplinary clinical centers and federal research institutions), with some patients
referred from other regions. The cohort comprised 3462 females (51.4%) and 3277 males
(48.6%). Although clinical and phenotypic data were available for a subset of samples, they
were not incorporated into the present analysis, which was performed on anonymized
exome data only.
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4.2. DNA Sequencing and Bioinformatic Data Processing

DNA libraries were prepared from 500 ng of genomic DNA from peripheral blood
samples using the MGIEasy Universal DNA Library Prep Set (MGI Tech, Shenzhen,
China). DNA fragmentation was performed via ultrasonication (Covaris S-220, Covaris,
Inc., Woburn, MA, USA) to an average fragment size of 250 bp. Exome enrichment was
conducted using Agilent SureSelect Human All Exon v6/v7/v8 probes [57], and library
concentrations were measured with Qubit Flex using the dsDNA HS Assay Kit (Invitrogen,
Waltham, MA, USA). Library quality and fragment size distribution were assessed with
Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Libraries were circularized
and sequenced in paired-end mode (PE100) on the DNBSEQ-G400 platform (MGI Tech),
achieving an average coverage of 100×.

Raw sequencing reads (FastQ) were generated using basecallLite software
(ver. 1.0.7.84) (MGI Tech) and quality-checked with FastQC v0.12.1 [58]. Low-quality
bases and adapter sequences were trimmed using BBMap v38.96 [59]. Reads were aligned
to the human reference genome GRCh38 with bwa-mem2 v2.2.1 [60], and BAM files were
processed with SAMtools v1.9 [61]. Duplicate marking and enrichment metrics were ob-
tained using Picard v2.22.4 [62]. Variant calling was performed using bcftools v1.9 [63] and
DeepVariant v1.5.0 [64], followed by annotation with VEP v113 [65]. Potential sample relat-
edness was assessed during cohort-level quality control using pairwise PI_HAT estimates
(threshold = 0.35). Finally, MultiQC v1.16 [66] was used for comprehensive quality control
of the sequencing and analysis outputs.

4.3. Clinical Interpretation

Clinical significance of all identified variants, which had been reported at least once
as pathogenic (P) or likely pathogenic (LP) in ClinVar, along with variants occasionally
classified as of uncertain significance (VUS), was assessed according to ACMG/AMP guide-
lines [67], using the Varsome online platform [26] as an ACMG calculator, supplemented
by a literature-based phenotype filter. Variants with an initial ACMG-based classifica-
tion of VUS could be upgraded to LP if at least two independent publications reported a
clear association with the relevant phenotype. Variants lacking any phenotype-supporting
publication could be designated as LP at most, even if their ACMG score reached the P
level. Variants that remained VUS after this assessment were included in Table S1 only if
they had been reported at least once as P/LP in ClinVar; they were retained because, for
some syndromes (notably MH/RYR1), many potentially actionable variants remain VUS
due to the inherent difficulty of functional validation. In cases where a single rsID corre-
sponded to multiple alternative substitutions at the same genomic position, all annotated
variants were additionally evaluated independently using the ACMG/AMP classification
framework. Variants were additionally reviewed manually in IGV [68]. The analysis
focused on genes associated with inherited arrhythmia syndromes (including long and
short QT syndromes, BrS, Timothy syndrome, Andersen–Tawil syndrome, AF, and CPVT),
MH, G6PDD, porphyrias, and DS. Gene–disease associations were primarily determined
based on data from OMIM [69], with additional validation of the level of evidence for
gene–disease relationships using the GenCC database (not lower than the “Limited” level
of evidence) [70]. As an exception, the TRPM4 gene was included because loss-of-function
(LOF) variants in this gene have been reported to cause BrS [71]. In the interpretation of
RYR1 variants associated with MH, we applied not only the standard ACMG/AMP criteria
but also the disease-specific recommendations of the ClinGen Malignant Hyperthermia
Susceptibility (MHS) Variant Curation Expert Panel, developed specifically for RYR1. These
criteria account for gene-specific features of the available evidence, including modified
application of the PS1, PM5, and PS4 rules, as well as the high prevalence of VUS [72].
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For the interpretation of G6PD variants, we additionally followed the ACMG/AMP-based
framework proposed by Geck et al., which incorporates functional data (activity in red
blood cells and model systems), population frequency thresholds (PM2 < 0.001), and the use
of PS4_Moderate (reports of variants in unrelated individuals) and PM1 (location in critical
functional domains: NADP-binding, substrate-binding, or dimerization domain) [73].

It was taken into account that several genes are involved in the pathogenesis of
multiple clinical syndromes, reflecting the overlapping nature of molecular mechanisms
and increasing their clinical and pharmacogenetic relevance. The custom gene panel
comprised 48 genes: ABCC9, ALAD, ALAS2, ANK2, CACNA1C, CACNA1S, CACNB2,
CALM1, CALM2, CALM3, CASQ2, CAV3, CPOX, FECH, G6PD, GJA5, GPD1L, HCN4, HMBS,
KCNA5, KCND3, KCNE1, KCNE2, KCNE3, KCNH2, KCNJ2, KCNJ5, KCNQ1, MYL4, NPPA,
NUP155, PKP2, PPOX, RYR1, RYR2, SCN1A, SCN1B, SCN2B, SCN3B, SCN4B, SCN5A,
SNTA1, STAC3, TECRL, TRDN, TRPM4, UROD, UROS. Among these, 32 genes were
associated exclusively with autosomal-dominant syndromes under study, 8 exclusively
with autosomal-recessive conditions, 6 with both autosomal-dominant and autosomal-
recessive inheritance, and 2 genes were located on the X chromosome.

4.4. Population Frequency Comparisons

For population frequency comparisons, allele frequencies in the study cohort were
compared with reference populations from gnomAD v4.1.1 NFE and RUSeq population
clusters (Eur.Rus, Caucasus, and East Russia) using two-sided Fisher’s exact test. Multiple-
testing correction was performed using the Bonferroni method separately for autosomal and
X-linked analyses due to differences in inheritance patterns and allele counting strategies.
Odds ratios (ORs) were calculated using 2 × 2 contingency tables. For rare variants
containing zero counts in one or more cells, the Haldane–Anscombe correction (+0.5 added
to each cell) was applied to avoid infinite OR estimates.

5. Conclusions
For the first time in a large cohort of 6739 individuals recruited in the Russian popula-

tion, we identified clinically relevant variant findings associated with ADRs in 1.77% of
individuals. LQTS and inherited arrhythmias were the most frequently identified condi-
tions, which, in the absence of adequate clinical awareness, may lead to SCD, followed by
MH, which is of particular relevance in the surgical and anesthetic setting. Incorporation
of extended analyses of monogenic syndromes into standard pharmacogenomic testing
panels has the potential to improve pharmacotherapy safety, provided that the identified
variants are interpreted with attention to variant-specific penetrance, clinical validity, and
the patient’s overall clinical context (e.g., family history, planned procedures, potential
triggers). Further studies are needed to establish the clinical utility of this approach.

6. Limitations of Our Study
We focused on variants previously reported as P or LP in ClinVar, excluding those

annotated as benign, which likely led to an underestimation of the true population preva-
lence of causative variants. This is particularly relevant for variants with high ACMG
classification scores that have not yet been described in clinical practice. It should be noted
that LOF variants predicted to be disease-causing, even when identified for the first time
in a given individual, are important for personalized therapy and for assessing the risk of
severe ADRs, although they require further functional and clinical validation. In addition,
we did not include genes with insufficiently robust evidence for disease association, even
in cases where convincing animal models have been established, such as ZFHX3 in the
context of AF [74].
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The presence of a pathogenic variant does not invariably translate into a clinical phe-
notype: some identified variants may exhibit incomplete penetrance or require additional
genetic or environmental factors for disease manifestation, as observed in susceptibility
to MH. Moreover, because anonymized exome datasets lacked clinical, longitudinal, and
drug-exposure data, we could not determine whether variant carriers had manifested the
corresponding syndromes or experienced ADRs. Thus, the reported prevalence reflects
carrier status for P/LP variants rather than the clinical prevalence of disease. This limits
the direct translation of carrier status into an absolute probability of ADRs but does not
exclude an increased genetic susceptibility.

Although our cohort was relatively large (n = 6739), it may not fully capture the
ethnic and regional diversity of the Russian population; therefore, the observed frequencies
require validation in independent cohorts.

Finally, WES has inherent limitations in detecting copy number variants and noncod-
ing regions that may contribute to ADR risk, as well as other methodological constraints
typical of next-generation sequencing approaches.
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