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ORIGINAL ARTICLE

Transcriptome Sequencing of Patients With 
Hypertrophic Cardiomyopathy Reveals Novel 
Splice-Altering Variants in MYBPC3
Mira Holliday, BSc; Emma S. Singer , BSc; Samantha B. Ross, BSc; Seakcheng Lim , BSc, PhD; Sean Lal , MBBS, PhD;  
Jodie Ingles , PhD, MPH; Christopher Semsarian , MBBS, PhD; Richard D. Bagnall , PhD

BACKGROUND: Transcriptome sequencing can improve genetic diagnosis of Mendelian diseases but requires access to tissue 
expressing disease-relevant transcripts. We explored genetic testing of hypertrophic cardiomyopathy using transcriptome 
sequencing of patient-specific human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs). We also explored 
whether antisense oligonucleotides (AOs) could inhibit aberrant mRNA splicing in hiPSC-CMs.

METHODS: We derived hiPSC-CMs from patients with hypertrophic cardiomyopathy due to MYBPC3 splice-gain variants, or an 
unresolved genetic cause. We used transcriptome sequencing of hiPSC-CM RNA to identify pathogenic splicing and used 
AOs to inhibit this splicing.

RESULTS: Transcriptome sequencing of hiPSC-CMs confirmed aberrant splicing in 2 people with previously identified MYBPC3 
splice-gain variants (c.1090+453C>T and c.1224-52G>A). In a patient with an unresolved genetic cause of hypertrophic 
cardiomyopathy following genome sequencing, transcriptome sequencing of hiPSC-CMs revealed diverse cryptic exon 
splicing due to an MYBPC3 c.1928-569G>T variant, and this was confirmed in cardiac tissue from an affected sibling. 
Antisense oligonucleotide treatment demonstrated almost complete inhibition of cryptic exon splicing in one patient-specific 
hiPSC-CM line.

CONCLUSIONS: Transcriptome sequencing of patient specific hiPSC-CMs solved a previously undiagnosed genetic cause of 
hypertrophic cardiomyopathy and may be a useful adjunct approach to genetic testing. Antisense oligonucleotide inhibition 
of cryptic exon splicing is a potential future personalized therapeutic option.

Key Words: cardiomyopathy, hypertrophic ◼ genetic testing ◼ oligonucleotide, antisense ◼ stem cell ◼ transcriptome

Genetic testing with transcriptome sequencing is a 
new approach that involves sequencing all of the 
mRNA transcripts of a diseased tissue. A key advan-

tage of transcriptome sequencing is that it demonstrates 
the outcomes of mRNA splicing; thus, it can highlight 
splice-disrupting intronic variants that may not have been 
sequenced, or considered, with DNA sequencing.1–3 
A limitation of this approach is that it requires mRNA 
extracted from a relevant diseased tissue of the patient, 
which is often impossible to access without invasive or 

unwarranted surgery, or the resected tissue is stored in a 
way that does not preserve the RNA integrity.

Peripheral blood cells can be reprogrammed into 
induced pluripotent stem cells (iPSCs) and then differen-
tiated into almost any cell type.4 IPSC technology could 
therefore overcome a key limitation of transcriptome 
sequencing–based genetic testing by providing con-
venient access to disease relevant cells of any patient. 
Furthermore, these patient-derived cells replicate cel-
lular phenotypes of disease and can be considered a 
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disease-in-a-dish, which provide patient-specific models 
to study disease etiology, progression, and therapeutics.5,6

Hypertrophic cardiomyopathy (HCM) is the most 
common genetic heart disorder, affecting up to 1 in 500 
individuals, and leads to significant morbidity and mor-
tality, including heart failure and sudden death.7 While 
major advances have been made in defining the genetic 
causes of HCM, screening of all of the known causal 
genes identifies a pathogenic variant in ≈40% of all 
HCM.8 Recently, variants within intronic regions that dis-
rupt splicing of an established HCM gene, myosin bind-
ing protein C3 (MYBPC3 transript NM_000256.3), have 
emerged as an underappreciated cause of HCM.9–11 
Variants causing aberrant splicing can be challeng-
ing to identify from DNA sequence context alone and 
usually require analysis of mRNA to confirm their clini-
cal relevance.12 Transcriptome sequencing of patients 
with HCM, in which prior DNA based analysis has not 
revealed a molecular cause of disease, may thus be an 
adjunct approach to improve the genetic testing diagnos-
tic yield. Furthermore, the emergence of deep intronic 
splice gain variants in an appreciable number of HCM 
families raises the intriguing possibility of a new future 
therapeutic option involving inhibition of aberrant splicing 
using antisense oligonucleotides (AOs).

Herein, we show how transcriptome sequencing of 
patient-specific human iPSC-derived cardiomyocytes 
(hiPSC-CMs) identifies the genetic cause of HCM. 
Aberrant mRNA splicing of MYBPC3 was detected with 
transcriptome sequencing and pinpointed deep intronic 
variants that activate splicing of cryptic exons. The same 
aberrant mRNA was confirmed in myocardial tissue of one 
patient’s affected sibling. We also use hiPSC-CMs to eval-
uate antisense oligonucleotides (AOs) inhibition of cryptic 
exon splicing. Transcriptome sequencing of patient-spe-
cific iPSC-derived tissue is an adjunct approach to genetic 
testing of families in which current strategies have not 
achieved a genetic diagnosis and where diseased tissue, 
or a suitable surrogate tissue, is not available.

METHODS
Extended details of methods and computational procedures 
are provided in the Data Supplement.

Patients provided consent for cellular and genetic studies, 
which were carried out in accordance with the ethics protocol 

approved by the Sydney Local Health District Ethics Review 
Committee, Australia, and The University of Sydney, Australia. 
Human heart tissue was provided with approval from the 
University of Sydney Human Research Ethics Committee, 
No. 2016/923.

The Genotype-Tissue Expression Project was supported 
by the Common Fund of the Office of the Director of the 
National Institutes of Health, and by NCI, NHGRI, NHLBI, 
NIDA, NIMH, and NINDS. The data used for the analyses 
described in this article were obtained from the Genotype-
Tissue Expression Portal on August 27, 2019 and are pub-
licly available at https://www.gtexportal.org/home/datasets. 
Raw RNA sequencing files from human heart tissue during 
developmental stages13 are publicly available at ArrayExpress 
with the accession code E-MTAB-6814 and can be accessed 
at https://www.ebi.ac.uk/arrayexpress/. Because of the con-
fidential nature of some of the research materials supporting 
this publication, not all of the data can be made accessible to 
other researchers. Please contact the corresponding author 
for more information.

RESULTS
Patient Clinical Characteristics and Prior 
Genetic Testing Outcomes
We included 3 unrelated people with HCM for tran-
scriptome-sequencing of hiPSC-CMs, including 2 
with a known genetic cause of disease and 1 with an 
indeterminate genetic test after genome sequencing 
(Figure I in the Data Supplement), as we previously 
reported in detail.9 DA1 is a male aged 48 years with 
severe nonobstructive HCM and no family history of 
HCM. He harbors a likely pathogenic MYBPC3 c.1224-
52G>A variant that creates a new splice acceptor site 
resulting in a 50 bp extension of exon 14. This variant 
accounts for 1% of HCM in 3 large cohorts of HCM 
probands.11,14 SW1 is a female aged 65 years with 
moderate nonobstructive HCM and a family history of 
HCM in her father, brother, and son. She harbors a likely 
pathogenic MYBPC3 c.1090+453C>T variant that cre-
ates a new splice donor site resulting in activation of a 
77 bp cryptic exon between exons 12 and 13. ID4 is a 
female aged 56 years with nonobstructive HCM. She 
has a family history of HCM in her sister, mother, and 
aunt, and an uncle had a sudden cardiac death. Her 
sister and mother have an implantable cardioverter defi-
brillator and her sister (ID2) underwent a septal myec-
tomy from which a piece of the resected myocardial 
tissue was stored in liquid nitrogen within minutes of 
harvest. Genome sequencing identified a deep intronic 
MYBPC3 c.1928-569G>T variant in ID4 that creates 
a potential splice acceptor sequence. Analysis of RNA 
extracted from venous blood from ID4 and myectomy 
tissue from ID2 with RT-PCR showed canonical splic-
ing of exons 20 and 21 only, and the variant was classi-
fied as benign.9 We did not establish the genetic cause 
of HCM in this family with genome sequencing.

Nonstandard Abbreviations and Acronyms

iPSC induced pluripotent stem cells
HCM hypertrophic cardiomyopathy
hiPSC-CM  human induced pluripotent stem cell–

derived cardiomyocyte
TPM transcripts per million
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Cardiac Gene Expression Levels in Accessible 
Tissues
We explored the expression levels of 8 established HCM 
genes in various accessible human tissues using the Gen-
otype-Tissue Expression project data to assess whether 
any would be suitable for transcriptome sequencing 
(Table I in the Data Supplement). Tissues accessible using 
noninvasive procedures include whole blood, skin fibro-
blasts, skeletal muscle, and renal epithelial cells, which 
can be harvested from urine. Each tissue showed very low 
expression of <1 transcripts per million of at least one of 
the established HCM genes. In contrast, hiPSC-CMs of 4 
unrelated individuals showed very high expression (>500 
transcripts per million) of all 8 genes, suggesting tran-
scriptome sequencing of these cells would have ample 
sequencing read depth to detect RNA splice junctions.

Finding Novel Splice Junctions in Patients With 
a Known Genetic Cause of HCM
Transcriptome sequencing was performed on hiPSC-
CMs of the genetically solved cases, DA1 and SW1. We 
extracted all splice junctions within 8 established HCM 
genes, which were supported by >25 sequencing reads 
and were absent in our splice junction reference set 
(Table). DA1 had only one novel splice junction, supported 
by 489 sequencing reads, which joins MYBPC3 exon 13 
to a 50 bp extension of exon 14. This new exon has a 
splice acceptor site created by the previously identified 
c.1224-52G>A variant (Figure 1A). In SW1, we found 
a novel splice junction supported by 1042 sequencing 
reads that joins MYBPC3 exon 12 to a new 77 bp exon 
composed of intron 12 sequence (Figure 1B). The splice 
donor site of this new exon (exon 12a) is created by the 
previously identified c.1090+453C>T variant. Further 
inspection of splice junctions in MYBPC3 intron 12 of 
SW1 revealed a second new exon of 85 bp (exon 12b) 
that is flanked by canonical AG/GT splice sites in the 
reference sequence. We found a very low level of exon 
12b splicing in both control hiPSC-CMs lines, with 59 
and 7 supporting reads, but not in the GENCODE gene 
set. We confirmed the aberrant MYBPC3 splicing found 
in DA1 and SW1 with RT-PCR amplification and Sanger 
sequencing of mRNA extracted from hiPSC-CMs and 
whole blood (Figure II in the Data Supplement). We also 
detected a very low level of canonical MYBPC3 exon 
27 skipping in hiPSC-CMs of SW1, supported by 43 
sequencing reads, which was not considered to be bio-
logically relevant.

Transcriptome Sequencing of iPSC 
Cardiomyocytes Identifies a Cause of HCM
We next performed transcriptome sequencing on 
hiPSC-CMs of the genetically unsolved case, ID4, and 

looked for novel splice junctions in the 8 established 
HCM genes. We found a cluster of novel splice junc-
tions in MYBPC3 intron 20 that corresponded to 3 cryp-
tic exons (Table, Figure 2A). Exon 20a is composed of 
138 bp of intron 20 sequence and is flanked by a novel 
splice donor site, created by a c.1928-569G>T variant. 
Splicing of exon 20a to canonical exon 21 is supported 
by 1224 sequencing reads. Exon 20b is a 413 bp exten-
sion of exon 20 and exon 20c is composed of 74 bp 
of intron 20 sequence, and both exons are flanked by 
canonical AG/GT splice sites in the reference sequence. 
The MYBPC3 c.1928-569G>T variant co-segregates 
with disease in affected family members ID1, ID2, ID4 
and obligate carrier ID3 (Figure I in the Data Supple-
ment). To confirm whether the same aberrant splicing of 
MYBPC3 occurs in the heart, we used RNA extracted 
from frozen septal myectomy tissue of an affected sib-
ling, ID2. The RNA had an RNA integrity value of 3.2, 
indicating that it was degraded and unsuitable for tran-
scriptome sequencing; however, it supported RT-PCR 
amplification using primers annealing within exon 20b 
and exon 21 of MYBPC3. Sanger sequencing confirmed 
an identical pattern of aberrant splicing as found in the 
proband’s hiPSC-CMs (Figure 2B), and western analy-
sis of myectomy tissue showed ID2 had the lowest level 
of MYBPC3 protein when compared with 3 age- and 
sex-matched control hearts and 3 age-matched HCM 
probands without MYBPC3 truncating variants (Fig-
ure 2C and 2D). MYBPC3 transcripts containing exon 
20b would result in a reading frameshift, whereas 
those containing the in-frame exon 20a would encode 
18 new amino acids after Glu642 followed by a pre-
mature termination codon. We classified the MYBPC3 

Table. Novel Splice Junctions in 8 Established HCM Genes

Sample Splice junction (GRCh38)

Sup-
porting 
reads* Location

DA1 chr11:47343312-47343490 489 MYBPC3 Intron 13

SW1 chr11:47345833-47346206 1042 MYBPC3 intron 12

SW1 chr11:47334011-47335876 43 MYBPC3 exon 27 
skipping

ID4 chr11:47339791-47340360 1224 MYBPC3 intron 20

ID4 chr11:47340496-47340589 78 MYBPC3 intron 20

ID4 chr11:47340496-47341002 26 MYBPC3 intron 20

ID4 chr11:47340499-47340589 338 MYBPC3 intron 20

ID4 chr11:47340499-47341002 186 MYBPC3 intron 20

ID4 chr11:47340664-47341002 189 MYBPC3 intron 20

ID4 chr1:201365671-201377622 26 TNNT2 exon 1 to 
exon 9

ID4 chr3:46836204-46846796 28 MYL3 noncoding 
exon to intragenic 
space

HCM indicates hypertrophic cardiomyopathy.
*Number of sequencing reads spanning an exon-exon junction as reported by 

STAR alignment tool. Junctions supported by fewer than 25 reads are not shown.



Holliday et al RNA Analysis of Hypertrophic Cardiomyopathy

Circ Genom Precis Med. 2021;14:e003202. DOI: 10.1161/CIRCGEN.120.003202 April 2021 186

c.1928-569G>T variant as likely pathogenic using the 
American College of Medical Genetics and Association 
of Molecular Pathology guidelines for the interpretation 
of sequence variants.15 Our functional study of mRNA 
is supportive of a damaging effect on the protein (PS3), 
the variant is absent in gnomAD version 2.1.1 and ver-
sion 3 (PM2), and it co-segregates with disease in 4 
affected family members with 4 meiosis in an estab-
lished disease gene (PP1). In hiPSC-CMs of ID4, we 
also detected very low levels of a novel splice junction 
between the noncoding exon 1 and exon 9 of TNNT2, 
and a noncoding exon of MYL3 and a downstream intra-
genic region, neither of which were considered to be 
biologically relevant (Table).

Patient-Specific Antisense Oligonucleotide 
Treatment Inhibits Aberrant Splicing
MYBPC3 intronic splice-gain variants that activate splic-
ing of cryptic exons are the underlying cause of HCM 
in cases DA1, SW1, and ID4. We evaluated whether 
AOs designed to bind across the disease-causing splice 
gain variants could inhibit splicing of cryptic exons and 
restore the natural MYBPC3 protein-coding transcript in 
patient-specific hiPSC-CMs. We designed up to 3 dif-
ferent AOs to inhibit splicing of each cryptic exon, and a 
standard control AO which binds to an intron of the beta-
globin gene (Table II in the Data Supplement). We treated 
hiPSC-CMs derived from SW1 with 3 different patient-
specific AOs, or control AO. RT-PCR amplification of 
MYBPC3 transcripts and transcriptome sequencing 

of RNA extracted from the hiPSC-CMs showed that 
each patient-specific AO inhibited splicing of exon 12a, 
whereas control AO had minimal effect (Figure 3). In 
untreated cells, or those treated with control AO, 50% 
and 59% of MYBPC3 transcripts contained canonical 
exon 12 to exon 13 splicing, respectively. Treatment of 
these cells with SW1_AO1, SW1_AO2, and SW1_AO3 
inhibited cryptic exon 12a splicing, with up to 97% of 
MYBPC3 transcripts containing canonical exon 12 to 
exon 13 splicing. Increasing concentrations of the best 
performing AO (SW1_AO2) progressively reduced the 
levels of cryptic exon 12a splicing in MYBPC3 mRNA, 
as assessed with RT-PCR (Figure III in the Data Supple-
ment). We in silico assessed off-target binding of SW1_
AO2 in RefSeq transcripts and RefSeq genes and found 
minimal homology to established cardiac disease genes 
(Table III in the Data Supplement).

We designed 2 AOs to inhibit splicing of exon 20a 
in hiPSC-CMs derived from case ID4, but splicing of 
this exon was only marginally inhibited (Figure IV in the 
Data Supplement). Two AOs designed to inhibit splicing 
of exon 14a in hiPSC-CMs derived from DA1 had no 
discernible effect on splicing of this exon (Figure V in the 
Data Supplement).

DISCUSSION
We have explored genetic analysis of HCM with tran-
scriptome sequencing of RNA extracted from patient-
specific hiPSC-CMs. We identified aberrant mRNA 
splicing of MYBPC3 in 3 patients that was caused 

Figure 1. Novel MYBPC3 splice junctions detected in human induced pluripotent stem cell derived cardiomyocyte (hiPSC-CM) 
of DA1 and SW1.
Sashimi plots show sites of aberrant MYBPC3 splice junctions in control hiPSCM-CMs (upper blue) and (A) DA1 (left red) and (B) SW1 (right 
red). Loops with numbers show number of sequencing reads supporting each major splice junction, as reported by Integrated Genome Viewer. 
Lower panels show transcript structures with exons (black boxes) and position of intronic splice gain variant.
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by deep intronic splice-gain variants, which are often 
missed with standard genetic testing of protein coding 
regions. The same pattern of aberrant MYBPC3 splic-
ing found in hiPSC-CM of 1 patient was confirmed in 
primary heart tissue of an affected family relative. Our 
use of hiPSC-CMs as a source of RNA overcomes the 
main barrier to performing transcriptome sequencing–
based genetic testing when the disease-relevant tissue 
is unavailable. We also showed how hiPSC-CMs can 
be used to explore the efficacy of patient specific AOs 
to inhibit cryptic exon splicing, and for 1 cell line we 
were able to restore the correct MYBPC3 transcript. 
Our work is an exploration of genetic testing with tran-
scriptome sequencing of hiPSC-CMs and correction of 
MYBPC3 cryptic exon splicing with a patient-specific 
AO in a human HCM model.

A New Strategy for Transcriptome-Sequencing 
Based Genetic Testing
Although genetic testing of Mendelian diseases has 
improved with the widespread adoption of exome and 
genome sequencing, the rate at which this testing yields 
a genetic diagnosis ranges from 25% to 50% across 
many diseases.16,17 Genetic testing with transcriptome 
sequencing is a complimentary approach that was 
shown to increase the diagnostic rate for muscular and 
mitochondrial diseases, as it identified aberrant mRNA 
splicing and expression that was not found with DNA 
sequencing.1,3 Transcriptome sequencing requires RNA 
extracted from a tissue expressing relevant transcript 
isoforms, which is often a major barrier when such tis-
sue, or a suitable surrogate, is not available. We showed 

Figure 2. Novel MYBPC3 splice junctions detected in human induced pluripotent stem cell derived cardiomyocyte (hiPSC-CM) 
of ID4.
A, Sashimi plots show sites of aberrant MYBPC3 splice junctions in control hiPSCM-CMs (blue) and ID4 (red) and SW1 (right red). Loops 
with numbers show number of sequencing reads supporting each major splice junction, as reported by IGV. Middle shows transcript structures 
with exons (black boxes) and position of intronic splice gain variant. B, Sanger sequencing across the novel splice junction of exon 20a and 
exon 20b/20c in myectomy tissue and hiPSC-CMs. C, Western blot of human heart tissue from 3 age- and sex-matched control donors, 3 age-
matched HCM who do not have an MYBPC3 pathogenic variant and ID2. D, Relative band intensity of MYBPC3 compared with GAPDH.



Holliday et al RNA Analysis of Hypertrophic Cardiomyopathy

Circ Genom Precis Med. 2021;14:e003202. DOI: 10.1161/CIRCGEN.120.003202 April 2021 188

that 4 accessible tissues do not express all 8 estab-
lished HCM genes sufficiently for meaningful analysis, 
whereas hiPSC-CMs showed very high expression of 
these genes. Transcriptome sequencing of hiPSC-CMs 
confirmed aberrant splicing of MYBPC3 in 2 patients 
with HCM due to known intronic splice-gain variants and 
identified aberrant splicing in patient ID4 with a previously 
unresolved cause of HCM. The aberrant splice junctions 
found in ID4 guided us to an intronic splice gain variant 
(c.1928-569G>T) as the cause of disease. This variant 
was identified with prior genome sequencing but classi-
fied as benign since RT-PCR analysis of RNA extracted 
from blood and myectomy tissue amplified only correctly 
spliced products of 293 bp when using primers annealing 
within exons 19 and 23. Resolving the pattern of aber-
rant splicing with transcriptome sequencing guided us 
to redesign RT-PCR primers to amplify transcripts con-
taining the additional 138 bp of cryptic exon 20a plus 
413 bp of cryptic exon 20b. Confirmation of the aber-
rantly spliced transcripts in RNA extracted from hiPSC-
CM and myectomy tissue (Figure 2) provided functional 
evidence of pathogenicity to support variant classification. 

A limitation of our study is that heart tissue was only avail-
able for 1 family member and western analysis showed a 
small reduction in MYBPC3 protein level that does not 
definitively confirm haploinsufficiency as a result of aber-
rant splicing. Our approach of deriving disease-relevant 
cells from blood, using iPSC technology, is a promising 
new strategy for transcriptome sequencing when a rel-
evant tissue is otherwise not available.

Limitations of our approach include that it is costly, 
and time and labor intensive as it takes 3 months to 
derive hiPSC-CMs from blood. Nevertheless, many 
families have already undergone multiple genetic tests 
without a resolution, and transcriptome sequencing pro-
vides a new option to evaluate the clinical relevance of 
noncoding variants. Another limitation is that, for some 
genes, the transcript isoforms and splice junctions found 
in hiPSC-CMs may not correspond to those found in 
adult heart tissue. All identified variants affected splicing 
of MYBPC3 and genes with more numerous and com-
plex transcript isoforms, such as titin, will be more chal-
lenging to interpret. Development of a reference set of 
splice junctions helped us to filter out natural alternative 

Figure 3. Antisense oligonucleotide treatment of SW1 human induced pluripotent stem cell–derived cardiomyocytes (hiPSC-CMs).
A, Location of antisense oligonucleotides (AOs) designed to inhibit splicing of exon 12a. B, RT-PCR amplification of RNA extracted from 
induced pluripotent stem cell-derived cardiomyocytes of SW1 and controls. C, Sashimi plots show number of reads supporting canonical exon 
12 and 13 splicing and exon 12 to cryptic exon 12a splicing in hiPSC-CMs with no AO treatment (blue), AO treatment (red), or control AO 
(black). Number of reads supporting canonical exon 12 to exon 13 splicing over total reads supporting exon 12 splicing are shown on the right. 
chx indicates cycloheximide.
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splicing and low-level background splicing events, leaving 
a manageable shortlist of candidate splice junctions for 
investigation. Our strategy may therefore provide a long 
sought-after answer for some families in which standard 
approaches have not achieved a genetic diagnosis.

Splice Gain Variants Enhance Transcript 
Diversity
We found unexpected diversity of MYBPC3 splicing in 
hiPSC-CMs of people with intronic splice gain variants, 
but not controls, including splicing of novel exons distal 
from the underlying splice-gain variant. Examples include 
splicing of cryptic exon 12b in SW1, and exons 20b and 
exon 20c in ID4. It is unlikely that these exons are com-
mon artifacts of hiPSC-CMs as they were unique to each 
patient and absent from control hiPSC-CMs. Further-
more, novel exons 20b and 20c found in hiPSC-CMs 
of ID4 were also found in the myocardial heart tissue of 
an affected sibling. Transcriptional diversity was similarly 
found in MYBPC3 transcripts amplified from peripheral 
blood lymphocyte RNA of a patient with a canonical splice 
site variant.18 It is possible that disruption of canonical 
splicing amplifies aberrant mis-splicing by impacting on 
splicing regulatory elements or by remodeling assembly 
of the spliceosome on the nascent premRNA. Although 
the novel exons are flanked by canonical splice sites in the 
reference sequence, they are not usually found in primary 
heart tissue and the exon sequences are not evolution-
arily conserved. Our sequencing data, and data derived 
from long-read RNA sequencing technology,18 suggest 
that current predictions of mRNA splicing outcomes 
may be too simplistic. It is therefore important to deter-
mine the full repertoire of transcriptional diversity and 
the consequences on the protein sequence to improve 
variant interpretation as not all aberrant transcripts may 
contain premature stop codons that are targeted for non-
sense mediated decay. We suggest that new improved 
approaches to demonstrate mRNA splicing outcomes are 
needed for accurate interpretation of the consequences 
of splice altering variants in MYBPC3.

Deep Intronic Splice-Gain Variants Are an 
Increasingly Recognized Cause of Disease
Recently, genome sequencing, targeted sequencing of 
the entire MYBPC3 gene, and re-analysis of intronic 
regions covered by exome sequencing have highlighted 
that MYBPC3 intronic splice-gain variants are an under-
appreciated cause of HCM.9–11 Identifying intronic 
splice-gain variants from DNA sequence context alone 
is challenging, and it is difficult to predict with certainty 
what the final outcomes of mRNA splicing will be. While 
computational tools that predict whether variants at 
canonical splice sites have an impact on splicing are 
commonplace,19 less focus has been given to approaches 

to predict deep intronic spice gain variants, which may 
represent a pool of missed genetic diagnoses. Any pre-
dicted splice disrupting variants must be validated using 
RNA analyses such as RT-PCR, minigene assay, or RNA 
sequencing, before clinical interpretation of pathogenic-
ity.12 Transcriptome sequencing is one genetic testing 
approach that may increase the diagnostic rate by finding 
deep intronic splice gain variants and there is a mounting 
argument to include all intronic regions of MYBPC3 in 
DNA-based genetic testing of HCM.9–11

Splice-Redirecting Antisense Oligonucleotides 
Are a Potential Future Personalized Therapy
The increasing recognition of deep intronic splice gain 
variants opens up a possible new therapeutic approach 
for HCM involving AO directed inhibition of aberrant 
splicing. AOs bind to specific RNA regions and modulate 
premRNA splicing by sterically blocking the assembly of 
the spliceosome to the premRNA. AOs have emerged as 
a new clinical therapeutic for Duchenne muscular dys-
trophy and spinal muscular atrophy.20 We demonstrated 
near 100% inhibition of cryptic exon splicing in SW1 
hiPSC-CMs. This restoration of full-length MYBPC3 
coding transcripts would be expected to avoid chronic 
overactivation of nonsense-mediated decay, haploinsuf-
ficiency of MYBPC3 protein, and clearance of misfolded 
protein, each of which has been proposed as molecular 
mechanisms underlying HCM.21–23 There are limitations 
to this approach. We were not successful in redirect-
ing splicing in 2 hiPSC-CM cell lines for which we had 
designed 2 AOs each. Additional AO designs around 
the target residue or at other essential splice motifs, 
such as the branchpoint or other splicing regulatory ele-
ments, may prove to be more successful. There is the 
potential for unintended off target effects, although our 
most successful AO had few predicted off target bind-
ing sites (Table III in the Data Supplement). hiPSC-CMs 
enable assessment of off target effects specific to the 
patient and hence development of an optimized person-
alized therapeutic intervention. Achieving tissue specific 
and sustained tissue-specific therapeutic levels of AOs 
is challenging; however, adenoviral vectors are emerg-
ing as a promising avenue for delivery of AOs into the 
heart. Systemic delivery of an adenoviral vector encod-
ing an AO was able to modulate splicing of MYBPC3 
in the heart in vivo in mice and prevented development 
of left ventricular hypertrophy in neonatal mice.24 More 
recently, AOs were shown to induce specific silencing 
of an MYH7 Arg403Gln missense allele in hiPSC-CMs 
with modest effects on hypertrophic cell size.25

CONCLUSIONS
We have explored transcriptome sequencing of patient-
specific hiPSC-CMs as an adjunct genetic test for 
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HCM. We show that patient-derived hiPSC-CMs are a 
suitable source of cardiac transcripts for transcriptome 
sequencing and validated our method in 2 patients with 
known deep intronic variants in MYBPC3 and a previ-
ously unsolved family with HCM. hiPSC-CMs are a use-
ful human model for screening patient-specific AOs to 
inhibit aberrant splicing events, which represent a poten-
tial future therapeutic option for patients with HCM.
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