YAK 616.127-007.61-07:575.224
https://doi.org/10.20538/1682-0363-2024-2-183-189

Functional analysis of a new splicing mutation in the MYBPC3 gene
in hypertrophic cardiomyopathy

Salakhov R.R.', Golubenko M.V.', Skoblov M.Y.?, Savchenko R.}, Valiakhmetov N.R.},
Pavlyukova E.N.?, Nazarenko M.S."

! Research Institute of Medical Genetics, Tomsk National Research Medical Center (NRMC), Russian Academy
of Sciences
10, Ushayka Embankment, Tomsk, 634050, Russian Federation

2 Research Center of Medical Genetics
1, Moskvorechye Str., Moscow 115522, Russian Federation

3 Cardiology Research Institute, Tomsk National Research Medical Center (NRMC), Russian Academy of Sciences
111a, Kievskaya Str., Tomsk, 634012, Russian Federation

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:
¢.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 ¢.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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OyHKUMNOHaNbHbIN aHaNN3 HOBON MyTaLUn cnaancuira ¢.2067+2T>G
B reHe MYBPC3 npu runeprtpodpunyeckon Kapguomvonatim
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PE3IOME

Heas — uccnenoBaHmne MaToreHHOTro 3G QeKTa BapuaHTa B caidte cruaiicuara MYBPC3 y manueHTa ¢ THIEpTPO-
(uuecKoi KapANOMHUOTIATHEH.

Marepunansl n Metoabl. MccnenoBanue mpoBefeHo ¢ ucrnonb3oBaHueM obpasua JHK manmentku ¢ rumep-
Tpo(hHIECKOH KapIHOMHONaTHEll, y KOTOpOil ObLT BBISBICH pPaHEe HE ONMCAHHBIA BapHAaHT B JIOHOPHOM caiiTe
crtaiicunra MHTpoHa 21. IIpuMeHeHbl MeToabl KOHCTPYUPOBAHHS U KIOHHPOBAaHUS MUHU-TEHOB (BekTop pSpl3-
Flu2-TKdel), tpancdexuun kyasTyps! kietok yenosexka (HEK293T), ¢ nocnenyronmm seiaeneanem MPHK, noy-
yenneM k/JHK, TILIP yyacTka MHUHH-Te€Ha, COAEPIKAIIETO aHATIM3UPYEMBIi pparMeHT, a1ekTpodopesa B arapo3HOM
rene, CeKBeHHpoBaHus 1o CaHrepy.

PesyasTatsl. Bapuant chrl1:47339649-A-C (hg38), napymaronyii JOHOPHBIH CaiT cIulalicMHra B HHTpoHE 21
(NM_000256.3: ¢.2067+2T>G), ObL1 BBISBICH Yy MAlMEHTKH 23 JeT ¢ 00CTPYKTHBHON (opMmoii runeprpodude-
CKO Kapauomuonatuu. [ mpsMOro aHajau3a BIMSHUS 9TOTO BapHaHTA Ha CIUIAMCHHT OBUI IOJIydeH BEKTOp,
cojepxkamuil 5k30H 21, uHTpoH 21, 3K30H 22, yactuyHO UHTpOHBI 20 u 22 MYBPC3. CpaBHenue MPHK,
MOJIy4YEHHBIX JUI1 MUHU-TE€HOB, COAEPKAIUX WIN HECOAEPKALIUX HCCIeyeMbli BapHaHT, 10Ka3alo, 4YTo 3aMeHa
chr11:47339649-A-C npuBoHT K IPOITYyCKY 3K30HOB 21 1 22 B mporiecce crutaiicuHra.

3akuouenue. B pesynbrare uccieoBaHNS yCTaHOBICHA (YHKIMOHATBHAS 3HAYMMOCTh paHee HE OMHMCAHHOTO
BapuanTa ¢.2067+2T>G B rene MYBPC3, npuBOAILIETO K HAPYIICHIIO MeXaHu3Ma ciutaiicuara MPHK y marenTa
¢ runepTpoduuecKoil KapauoMuonaTueil. JlaHHbI BapuaHT MOXKET ObITh KIacCH(HIMPOBAH KaK IaTOTCHHBII.

KoaroueBsble cioBa: runeprpoduueckas kapauomuonarus, MYBPC3, MUHU-T€HBI, CITaHCHHT

KoHpanKT nHTepecoB. ABTOPHI ACKIapUPYIOT OTCYTCTBHE SIBHBIX M MOTEHIMAIBHBIX KOH(IUKTOB UHTEPECOB,
CBSI3aHHBIX C MyOIUKalKeil HacTOSIIEeH CTaThH.

Hcrounuk ¢puHancupoBanus. MccnenoBanue BBITOIHEHO 3a cueT rpanTa Poccuiickoro HayuHoro ¢onna Ne 22-24-
01164, https://rscf.ru/project/22-24-01164/

s uutupoBanus: Canaxos P.P., ['onybenko M.B., Ckob6noB M.IO., CaBuenko P., Banmaxmeros H.P., IlaB-
mokoBa E.H., Hazapenko M.C. ®yHKIIMOHATIBHBIA aHANIN3 HOBOM MyTanuu ciutaiicunra c¢.2067+2T>G B rene
MYBPC3 nipy runepTpopuuecKoil KapAuoMuonaThu. brosiemens cubupckoi meouyunst. 2024;23(2):183-189.
https://doi.org/10.20538/1682-0363-2024-2-183-189.

INTRODUCTION 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].

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
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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 chrl11:47339649-A-C (hg38)
substitution disrupting the splice donor site in exon
21 (NM_000256.3: ¢.2067+2T>QG). 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 /
m? following the results of an echocardiographic
examination. The patient’s family history is not

available. Since the ¢.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
Xhol 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 ug / 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
¢.2067+2T>G variant was carried out using Sanger
sequencing.

HEK293 FT cells (6 x 10° 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% CO,  Transfection
of the plasmids carrying the minigene constructs, as
well as empty plasmids, was carried out in 6-well
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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.

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

186

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
¢.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, ¢). Sequencing of these products showed that
in the case of the ¢.2067+2T>G variant, both exons
21 and 22 are removed from the mRNA, and the two
transcripts observed in the case of the ¢.2067+2T allele
contain either both exons or only exon 21 (Fig. 2, ¢).

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].
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Fig. 2. Analysis of the ¢.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
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represents exons of the MYBPC3 gene; ¢) sequencing results of RT-PCR products obtained from lines containing the mutant and
wild-type variants.

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 ¢.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

bionneteHb cMbUpcKo meanumHbl. 2024; 23 (2): 183-189

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

Theresulting 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.
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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 ¢.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:
¢.2067+2T>Q@) variant.
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