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ABSTRACT

Aim. To study the pathogenic effect in the MYBPC3 splice-site variant in the patient with hypertrophic 
cardiomyopathy.

Materials and methods. The study was conducted using a DNA sample obtained from a patient with hypertrophic 
cardiomyopathy, in whom a previously undescribed variant was identified in the splice donor site of intron 21. The 
methods used included constructing and cloning of minigenes (vector pSpl3-Flu2-TKdel) and transfection of a 
human cell culture (HEK293T), followed by isolation of mRNA, production of cDNA, PCR of the minigene region 
containing the analyzed fragment, agarose gel electrophoresis, and Sanger sequencing.

Results. The chr11:47339649-A-C (hg38) variant, disrupting the splice donor site in intron 21 (NM_000256.3: 
c.2067+2T>G), was identified in the 23-year-old patient with obstructive hypertrophic cardiomyopathy. To directly 
analyze the effect of this variant on splicing, a vector containing exon 21, intron 21, exon 22, and partially introns 
20 and 22 of the MYBPC3 gene was obtained. A comparison of mRNAs from the minigenes containing / not 
containing the variant showed that the chr11:47339649-A-C substitution led to exon 21 and exon 22 skipping 
during splicing.

Conclusion. The study established the functional significance of the previously undescribed variant c.2067+2T>G 
in the MYBPC3 gene, resulting in disruption of the mRNA splicing mechanism in the patient with hypertrophic 
cardiomyopathy. This variant can be classified as pathogenic.
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РЕЗЮМЕ

Цель – исследование патогенного эффекта варианта в сайте сплайсинга MYBPC3 у пациента с гипертро-
фической кардиомиопатией.

Материалы и методы. Исследование проведено с использованием образца ДНК пациентки с гипер-
трофической кардиомиопатией, у которой был выявлен ранее не описанный вариант в донорном сайте 
сплайсинга интрона 21. Применены методы конструирования и клонирования мини-генов (вектор pSpl3-
Flu2-TKdel), трансфекции культуры клеток человека (HEK293T), с последующим выделением мРНК, полу-
чением кДНК, ПЦР участка мини-гена, содержащего анализируемый фрагмент, электрофореза в агарозном 
геле, секвенирования по Сэнгеру.

Результаты. Вариант chr11:47339649-A-C (hg38), нарушающий донорный сайт сплайсинга в интроне 21 
(NM_000256.3: c.2067+2T>G), был выявлен у пациентки 23 лет с обструктивной формой гипертрофиче-
ской кардиомиопатии. Для прямого анализа влияния этого варианта на сплайсинг был получен вектор, 
содержащий экзон 21, интрон 21, экзон 22, частично интроны 20 и 22 MYBPC3. Сравнение мРНК, 
полученных для мини-генов, содержащих или несодержащих исследуемый вариант, показало, что замена 
chr11:47339649-A-C приводит к пропуску экзонов 21 и 22 в процессе сплайсинга.

Заключение. В результате исследования установлена функциональная значимость ранее не описанного 
варианта c.2067+2T>G в гене MYBPC3, приводящего к нарушению механизма сплайсинга мРНК у пациента 
с гипертрофической кардиомиопатией. Данный вариант может быть классифицирован как патогенный.
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INTRODUCTION
Hypertrophic cardiomyopathy is the most 

common hereditary cardiovascular disease with the 
prevalence of 1:500 in the population [1], and even 
1:200, according to some data [2]. The disease is 

characterized by left ventricular hypertrophy, diastolic 
dysfunction, arrhythmias, and sudden cardiac death. 
Mutations in the sarcomeric protein genes are 
primarily distinguished among the causes underlying 
the development of the disease [3]. 
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The most common causes of the disease are 
pathogenic variants found in the myosin binding 
protein C (MYBPC3) gene [4]. It is worth noting that 
more than 60% of the total number of variants of this 
gene are nonsense mutations and splicing mutations, 
leading to the nonsense-mediated degradation of 
truncated transcripts [5].

In recent years, both the number of identified 
genetic variants and the number of bioinformatics 
tools for predicting their pathogenicity have been 
steadily growing. However, despite all the progress 
in the development of algorithms for predicting the 
effect of variants in silico, functional analysis with 
modeling of the effect at the transcriptional or post-
transcriptional level remains the classic confirmation 
of the pathogenicity of a variant. According to the 
guidelines for the interpretation of DNA sequence 
variants [6], functional studies confirming the influence 
of a genetic variant either on the protein structure and 
function or on the mRNA structure are some of the 
decisive criteria for assessing the pathogenicity of a 
variant (PS category criterion – Pathogenic strong).

In cases when it is not possible to obtain mRNA 
from the affected tissue of the patient for reverse 
transcription polymerase chain reaction (RT-PCR), a 
minigene system can be used for functional analysis in 
order to study the effect of identified genetic variants 
on splicing. The minigene method allows for studying 
the effect of the variant using genomic DNA as the 
starting material. This approach is very convenient 
for studying putative splicing mutations. A significant 
advantage of this method is the ability to analyze both 
the variant and the wild-type sequence simultaneously 
on an identical cell line. This feature makes it possible 
to exclude the influence of the in vitro experiment on 
the events occurring in vivo. In addition, the use of this 
approach allows for interpreting the influence of the 
variant on the splicing process itself [7, 8].

During the study of sarcomeric protein genes 
in patients with HCM, we identified a previously 
undescribed variant at the canonical splice site in the 
MYBPC3 gene, which was assessed by the online 
resource VarSome [9] as “potentially pathogenic”. 
The variant was a chr11:47339649-A-C (hg38) 
substitution disrupting the splice donor site in exon 
21 (NM_000256.3: c.2067+2T>G). The variant was 
identified in a 23-year-old female patient with signs 
of left ventricular outflow tract obstruction and left 
ventricular myocardium mass index of 144.9 g / 
m2 following the results of an echocardiographic 
examination. The patient’s family history is not 

available. Since the c.2067+2T>G variant has not 
been previously described in the literature, the aim of 
the study was to perform a functional analysis using 
a minigene construct to confirm its effect on mRNA 
splicing.

MATERIALS AND METHODS 
For amplification and subsequent cloning in the 

vector, primers with vector linker sequences at the 
ends were selected for a genomic fragment containing 
exons 21 and 22 and flanking intronic regions (with 
at least 100 base pairs) in the MYBPC3 gene (Fig. 1). 

F:5’-accagaattctggagctcgagTGACCTGAATATT
ACAAGCCTCCC-3’ and R:5’-attaaggagtgtattaagctt
AGCACACTTCACAGAGACCC-3’. 

With these primers, the specified region was 
amplified from the patient’s genomic DNA using the 
Q5® High-Fidelity 2X Master Mix kit (New England 
Biolabs, USA), with the PCR conditions described 
further. Step 1: denaturation at 98 °C for 30 sec. Step 
2 (35 cycles): denaturation at 98 °C for 10 sec, primer 
annealing at 60 °C for 15 sec, elongation at 72 °C for 
30 sec. Step 3: final elongation at 72 °C for 2 minutes.

The pSpl3-Flu2-TKdel vector used was digested by 
XhoI and HindIII restriction enzymes (New England 
Biolabs, USA). The PCR product and the restricted 
plasmid fragment were purified using the CleanUp 
kit (Evrogen, Russia). Then the PCR product with a 
total length of 946 bp was cloned into the vector using 
the Gibson Assembly® Cloning Kit (New England 
Biolabs, USA), as described earlier [10]. The resulting 
recombinant vectors were introduced into NEB® 
5-alpha Competent E. coli cell culture by chemical 
transformation, according to the manufacturer’s 
protocol (New England Biolabs, USA).

The selection of colonies containing recombinant 
vectors was carried out by seeding the culture onto Petri 
dishes containing solid LB medium with kanamycin 
(selection marker, 50 μg / ml), followed by reseeding 
of the grown colonies into liquid LB medium. 
Plasmid DNA was isolated from an overnight culture 
of NEB® 5-alpha Competent E. coli. Testing for the 
presence of an insert containing or not containing the 
c.2067+2T>G variant was carried out using Sanger 
sequencing.

HEK293 FT cells (6 × 105 cells) were seeded in a 
6-well plate in the DMEM medium (PanEco, Russia) 
with 10% FBS (Capricorn Scientific, Germany)  
at 37 °C in an atmosphere of 5% CO2. Transfection 
of the plasmids carrying the minigene constructs, as 
well as empty plasmids, was carried out in 6-well 
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plates using the GenJect-39 reagent (Molecta, Russia) 
according to the manufacturer’s protocol. Forty-eight 
hours after transfection, the cells were harvested for 
total RNA extraction using the Lyra kit (Biolabmix, 
Russia). The resulting RNA samples were used for 
reverse transcription followed by PCR with primers 
flanking the minigene construct. PCR products were 
visualized using a 1.5% agarose gel with ethidium 
bromide.

RESULTS AND DISCUSSION
As a result of the study, we constructed the 

pSpl3-Flu2-TKdel vector containing a fragment 
of the MYBPC3 gene limited by introns 20 and 22 
(chr11:47360694-47361598, hg38) (Fig. 1). After 
assemblying the construct and transforming it into E. 
coli, we screened colonies containing the wild-type 
insert and the potentially pathogenic variant (Fig. 2, 
a). Next, the isolated plasmids were transfected into 
HEK293T cell culture. Two days later, total RNA 
was isolated and reverse transcription was performed 
with DNase treatment. Next, PCR was carried out 

with primers selected for the flanking regions of the 
vector encoding fluorescent proteins (TurboFP365 
and TagGFP2).

Electrophoresis of PCR fragments obtained using 
cDNA as a template showed that in the presence of the 
c.2067+2T>G variant, the length of the PCR product 
was 140 bp less than in the case of the reference 
sequence of this region. Moreover, in the case of the 
wild type, the predominant presence of a transcript 
containing only exon 21 and a small amount of a 
transcript containing exons 21 and 22 was observed 
(Fig. 2, b, c). Sequencing of these products showed that 
in the case of the c.2067+2T>G variant, both exons 
21 and 22 are removed from the mRNA, and the two 
transcripts observed in the case of the c.2067+2T allele 
contain either both exons or only exon 21 (Fig. 2, c). 

It is known that the accuracy and efficiency of 
splicing are influenced by many factors, including the 
efficiency of splice site recognition, masking of splice 
sites and branch points by RNA secondary structures, 
intron – exon gene architecture, exonic and intronic 
silencers, and enhancers of splicing [11]. 

Transfection (HEK293T)

Fig. 1. Schematic representation of the pSpl3-Flu2-TKdel vector and minigene assay protocol. Orange rectangles correspond to 
the vector intronic sequences limiting the insertion. Red and green rectangles correspond to exonic sequences of the vector. Gray 

rectangles are the exons of the MYBPC3 gene, and a thin green line designates intronic sequences.
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а     b

c

Given that introns 20 and 22 are not fully included 
in the minigene, it can be assumed that splicing 
enhancers may be located in these regions, affecting 
the efficiency of excision of introns 21 and 22 and the 
retention of exon 22 in the transcript.

Thus, the experiment showed that the studied 
variant leads to the loss of the donor splicing site 
and skipping of the entire exon 21. This fact makes 
it possible to classify the c.2067+2T>G variant as a 
pathogenic variant underlying the development of 
hypertrophic cardiomyopathy and to identify it as the 
cause of HCM in this patient. 

RNA splicing is the post-transcriptional process 
of removing non-coding intronic sequences from 
the original transcripts and joining exons to create 
a messenger RNA (mRNA). A significant number 
of pathogenic variants in the MYBPC3 gene lead to 
a frameshift and subsequent gain of premature stop 
codon in the mRNA, or to the splicing alterations and, 
as a consequence, to skipping of individual exons (and 
also, in some cases, to a frameshift). It is also reported 
that variants localized in gene exons can alter exonic 

splicing enhancers and also lead to a disruption of this 
process [12]. 

The resulting truncated mRNA undergoes nonsense-
mediated decay, leading to haploinsufficiency 
(insufficient amount of protein synthesized from one 
allele) as the mechanism of action of pathogenic 
variants in this gene in the development of HCM [13]. 
However, it has recently been shown that induced 
pluripotent stem cell-derived cardiomyocytes (iPSC-
CMs) with LoF mutations in the MYBPC3 gene 
do not always demonstrate a decrease in myosin 
binding protein C (MyBP-C) [14]. Similarly, another 
study showed that iPSC-CMs containing mutations 
resulting in a premature stop codon in MYBPC3 
exhibit abnormal calcium signaling and molecular 
dysregulation even with normal amounts of MyBP-C, 
leading to the activation of the nonsense-mediated 
decay pathway and ultimately to the development 
of the HCM phenotype [15]. Thus, the very fact of 
activation of this pathway triggers the pathogenetic 
mechanism of disease development for MYBPC3 
variants.

Fig. 2. Analysis of the c.2067+2T>G variant of the MYBPC3 gene: a) results of plasmid sequencing for the presence of mutant and 
wild-type variants; b) results of electrophoretic separation of RT-PCR products in HEK293T cell lines: cell line without plasmids 
(pSpl3-), cell line with an empty plasmid (pSpl3+), cell line with plasmid containing the wild type (WT), cell line with a plasmid 
containing a mutant variant (Mut); red and green rectangles correspond to exonic sequences of the vector; the gray rectangle 
represents exons of the MYBPC3 gene; c) sequencing results of RT-PCR products obtained from lines containing the mutant and 

wild-type variants.
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CONCLUSION
Variations in canonical splice sites almost always 

result in splicing errors. However, this disruption type 
must be confirmed by studying the mRNA sequence, 
since the structure of mRNA cannot yet be accurately 
predicted in silico using bioinformatics methods [16–
18]. It should be noted that although some genetic 
effects are tissue specific, cis-regulatory effects on 
splicing are typically present in a variety of tissues 
and cell types [19]. Thus, the effects that a pathogenic 
splice variant may have in one tissue are likely to 
be very similar to those in other tissues. Therefore, 
in vitro cell line studies represent well the in vivo 
situation. Our results showed that the c.2067+2T>G 
variant at the donor splice site in intron 21 leads to 
skipping of exon 21, and moreover, to skipping of 
exon 22, at least when using this minigene construct. 
Thus, the results of the study prove the pathogenic 
effect of the chr11:47339649-A-C (NM_000256.3: 
c.2067+2T>G) variant.
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