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Gene therapy is a promising option for severe forms of genetic

diseases. We previously provided evidence for the feasibility of

trans-splicing, exon skipping, and gene replacement in a mouse

model of hypertrophic cardiomyopathy (HCM) carrying a mu-

tation inMYBPC3, encoding cardiacmyosin-binding protein C

(cMyBP-C). Here we used human induced pluripotent stem

cell-derived cardiomyocytes (hiPSC-CMs) from an HCM pa-

tient carrying a heterozygous c.1358-1359insCMYBPC3muta-

tion and from a healthy donor. HCM hiPSC-CMs exhibited

�50% lower MYBPC3 mRNA and cMyBP-C protein levels

than control, no truncated cMyBP-C, larger cell size, and

altered gene expression, thus reproducing human HCM fea-

tures. We evaluated RNA trans-splicing and gene replacement

after transducing hiPSC-CMs with adeno-associated virus.

trans-splicing with 50 or 30 pre-trans-splicing molecules repre-

sented �1% of total MYBPC3 transcripts in healthy hiPSC-

CMs. In contrast, gene replacement with the full-length

MYBPC3 cDNA resulted in �2.5-fold higher MYBPC3

mRNA levels in HCM and control hiPSC-CMs. This restored

the cMyBP-C level to 81% of the control level, suppressed hy-

pertrophy, and partially restored gene expression to control

level in HCM cells. This study provides evidence for (1) the

feasibility of trans-splicing, although with low efficiency, and

(2) efficient gene replacement in hiPSC-CMs with a MYBPC3

mutation.

INTRODUCTION
In the last decade, several strategies have been developed to correct or

remove gene mutations at the DNA or RNA level, including gene

replacement by cDNA overexpression, CRISPR/Cas9 gene editing,

exon skipping, spliceosome-mediated RNA trans-splicing (trans-

splicing), and RNAi (as reviewed elsewhere1–3). Hypertrophic cardio-

myopathy (HCM) is a myocardial disease with a revised estimated

prevalence of 1:200 in the general population.4 It is mainly character-

ized by hypertrophy of the left ventricle, increased interstitial fibrosis,

and diastolic dysfunction.5 Current therapies, including b-blockers

and Ca2+-channel blockers, aim at the relief of symptoms, but they

are not curative.6 HCM is caused by mutations in genes encoding

sarcomeric proteins. Among them, MYBPC3, encoding cardiac

myosin-binding protein C (cMyBP-C), is the most frequently

mutated gene.5,7 To date more than 350 HCM-causing MYBPC3

mutations have been reported in the literature.7 The majority of

MYBPC3 mutations are truncating, leading to C-terminal-truncated

cMyBP-C proteins, which were never detected in the myocardial

tissue of HCM patients.8

cMyBP-C is a multidomain protein that plays a role in the regulation

of cardiac function and in sarcomeric organization.9–11 A growing

body of evidence indicates that double heterozygous, compound

heterozygous, and homozygous mutations in sarcomeric genes are

associated with severe forms of cardiomyopathies.12–14 Specifically,

individuals carrying bi-allelic truncating MYBPC3 mutations pre-

sented already at birth with various forms of cardiomyopathies (hy-

pertrophic, dilated, and/or left ventricular non-compaction), which

quickly developed into systolic heart failure and death within the first

year.15–17 For these infants, there is no curative therapy other than

heart transplant. Recently, proof-of-concept studies reported the

feasibility of exon skipping, trans-splicing, RNAi, or gene replacement
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as gene therapy options in HCM mouse models.18–21 To move this

concept toward clinical application, advantage could be taken from

the use of human induced pluripotent stem cell-derived cardiomyo-

cytes (hiPSC-CMs). These cells have already been used for disease

modeling of long-QT syndrome,22,23 dilated cardiomyopathy,24–26

and HCM,27–29 and they could be used as a platform for testing

different gene therapy options. In the present study, we evaluated

the feasibility and efficiency of MYBPC3 trans-splicing and gene

replacement strategies in hiPSC-CMs obtained from a healthy donor

and anHCMpatient harboring a heterozygous truncatingmutation in

the MYBPC3 gene.

trans-splicing involves two separate mRNAs, the target endogenous

mutant pre-mRNA and an exogenous wild-type (WT) pre-trans-

splicingmolecule (PTM; as reviewed elsewhere30,31). After gene trans-

fer of the PTMs, a splice event in trans can occur between the two

molecules, resulting in a chimeric repaired mRNA, which is then

translated into a corrected protein (Figure S1A). Beside the WT cod-

ing sequence, PTMs carry strong splice sequences and a binding

domain for specific recognition of the target. Depending on the posi-

tion of the mutation in the pre-mRNA, trans-splicing can occur in 50

or 30 mode, and PTMs will contain a splice donor or acceptor site,

respectively. In the gene replacement approach, a correct copy of

the defective gene, i.e., full-length WT cDNA, is provided to the cell

in order to replace the non-functional and/or missing protein (Fig-

ure S1B; as reviewed elsewhere32,33). In the present work, PTMs car-

rying each half of the MYBPC3 coding sequence and full-length WT

MYBPC3 cDNA were packaged into the adenovirus-associated virus

serotype 9-SRLSPPS (hereafter AAV),34 and analyses were done

7 days after AAV transduction.

RESULTS
HCM hiPSC-CMs Show Hypertrophy and cMyBP-C

Haploinsufficiency

At the time of septal myectomy, the patient had an interventricular

septal thickness of 26 mm, ejection fraction of >60%, and a left

ventricular outflow gradient of 85 mmHg. Genetic testing of genomic

DNA with a panel of 19 HCM genes revealed an insertion of a C

in exon 16 of the MYBPC3 gene (c.1358_1359insC; Figure S2) on

one allele of the HCM patient. This variant was not found in the

Exome Association Consortium (ExAC) Browser, which harmonized

sequencing data frommore than 60,000 unrelated individuals (http://

exac.broadinstitute.org/), supporting its causal effect. The mutation

induced a frameshift and a premature termination codon (PTC) in

exon 16. At the protein level, an amino acid substitution at position

454 was followed by 21 new amino acids (p.Val454CysfsX21) and

truncation in the C3 domain of cMyBP-C.

Dermal fibroblasts from the HCM patient and from a healthy donor

(control) were reprogrammed into hiPSCs, followed by differentiation

into CMs (see the Materials and Methods). Both HCM and control

hiPSC-CMs were seeded in a confluent monolayer and cultured for

7 days. hiPSC-CMs of both cell lines exhibited spontaneous beating

(data not shown). After fixation, immunofluorescence analysis with an-

tibodies directed against cMyBP-C and a-actinin showed a cross-stri-

ated pattern, indicating proper formation of sarcomeres (Figure 1A).

Cell size, as determined by automated analysis of large numbers of cells

(see the legend of Figure 1B), was significantly higher in HCM than in

control hiPSC-CMs (3,656 ± 201 mm2 versus 2,213 ± 145 mm2;

Figure 1B). Total MYBPC3 mRNA level was 50% lower in HCM

than in control cells (Figure 1C). MutantMYBPC3mRNAwas not de-

tected by Sanger sequencing or with a specific Taqman probe (data not

shown). The amount of cMyBP-C protein normalized to a-actinin

tended tobe lower (p= 0.064) inHCMthan in control hiPSC-CMs (Fig-

ures 1D and1E).No truncated protein (�52kDa)was detected inHCM

cells (data not shown). The disease phenotype ofHCMhiPSC-CMswas

further evaluated by gene expression profile of 49 proteins involved in

the regulation of cardiac hypertrophy and contraction with the nano-

String nCounter Elements technology (Figure S3; Table S1). Most of

the proteins associated with hypertrophy, cardiomyopathy, and/or

PI3K-Akt signaling exhibitedhighermRNA levels inHCMthan in con-

trol CMs (green bars), whereas many proteins involved in excitation-

contraction coupling or adrenergic signaling had lower mRNA levels

in HCM than in control CMs (red bars).

50 trans-Splicing Is Feasible in hiPSC-CMs

We designed a 50 PTM that would be able, in principle, to repair all

MYBPC3 mutations contained in the first half of the gene. It carried

the WT MYBPC3 cDNA sequence from exon 1 to exon 21 under

the control of a CM-specific promoter (TNNT2, human cardiac

troponin T; Figure 2A). The 50 PTM included a binding domain for

base pairing with a complementary sequence (120 nt) in intron 21

of the MYBPC3 gene, a canonical 50 splice site sequence followed

by a downstream intronic sequence enhancer element, which has

been shown to markedly increase trans-splicing efficiency (Fig-

ure S4A).35 To allow specific detection of MYBPC3 trans-spliced

mRNA and cMyBP-C protein, we included a FLAG-tag sequence at

the N terminus of the coding sequence (Figure 2A). To prevent trans-

lation of the PTM, we removed the polyA signal as described previ-

ously.19 For gene transfer in hiPSC-CMs, 50 PTMs were packaged

into AAV. Beforehand, we tested the transduction efficiency of

different MOIs of AAV-TNNT2-GFP in control hiPSC-CMs. The

MOI of 10,000 proved to transduce >80% of hiPSC-CMs after

7 days of transduction (Figure S5).

Control hiPSC-CMs were then transduced with AAV-50 PTM or

AAV-Mock (empty virus; both at an MOI of 10,000) and cultured

for 7 days in 2D. Using PCR primers that amplify only trans-spliced

MYBPC3 transcript (Figure 2B), we obtained a specific fragment only

in AAV-50 PTM-transduced hiPSC-CMs, but not in non-transduced

or mock-transduced hiPSC-CMs (Figure 2C). After agarose gel

extraction, sequencing of the 2,180-bp trans-spliced MYBPC3 frag-

ment validated the presence of the FLAG-tag (Figure S6A). To eval-

uate the effect of trans-splicing on cis-splicing, totalMYBPC3mRNA

( = trans-spliced + endogenous) was amplified with primers in exon 1

and exon 23 (Figure 2B). A specific amplicon was obtained in all sam-

ples without a major intensity difference among them (Figure 2C).

To estimate the efficiency of 50 trans-splicing, cDNA from AAV-50
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PTM-transduced hiPSC-CMs was used to amplify either trans-

spliced or total MYBPC3 mRNA by PCR (25 cycles). PCR fragments

were column-purified and further analyzed by qPCR using a common

primer pair for amplification of the same fragment in all MYBPC3

transcripts. The percentage of trans-spliced MYBPC3 mRNA was

calculated using a standard dilution (2� 109� 2� 101 copy number)

of a plasmid encoding the full-length WT MYBPC3 cDNA. Samples

and standards were amplified with the same primer pair, enabling

us to specifically calculate a 50 trans-splicing efficiency of 0.96%

(Figure 2D). FLAG immunoprecipitation experiments to detect

trans-spliced cMyBP-C protein were not successful (data not shown),

probably due to low trans-splicing efficiency.

30 trans-Splicing Is Feasible in hiPSC-CMs

We designed a 30 PTM, that would principally be able to repair all

MYBPC3 mutations contained in the second half of the gene. It car-

Figure 1. Phenotypic Characterization of HCM

hiPSC-Derived Cardiomyocytes

Patient-specific (HCM) and control (Ctrl) hiPSC-derived

cardiomyocytes (hiPSC-CMs) were seeded in a confluent

monolayer, cultured for 7 days, and prepared for

subsequent analysis. (A) Representative immunoflu-

orescence images of HCM and control hiPSC-CMs.

Both cell lines were stained with antibodies directed

against cMyBP-C (red), a-actinin (green), and with

Hoechst33342 for nuclear staining (blue; scale bars,

50 mm). Higher magnification images of a few sarcomeres

are shown on the right panels. (B) Quantification of CM cell

size. Control andHCMhiPSC-CMswere seeded in 96-well

plates at a density of 10,000 cells/well, cultured for 7 days,

andstainedwithanantibodyagainsta-actinin.Cell sizewas

measured in 27–51 fields/well in both groups. Control

hiPSC-CMs were evaluated from 33 wells of three inde-

pendent experiments and HCM hiPSC-CMs from 21 wells

of two independent experiments, for a total of 28,336 and

12,874 CMs, respectively. Images were taken with the

Opera High-Content Screening System (PerkinElmer), and

the analyses were performed with the Columbus Image

Data Management and Analysis System. (C) Evaluation of

MYBPC3mRNA levelsdeterminedbyqRT-PCRwithSYBR

Green in control and HCM hiPSC-derived CMs (n = 3–5,

with n = number of wells from one transduction experi-

ment). (D) Western blot of control and HCM hiPSC-CMs

stained with antibodies directed against cMyBP-C. a-acti-

nin was used as the loading control. (E) Quantification of

cMyBP-C protein levels in control and HCM hiPSC-CMs

normalized to a-actinin and related to control (n = 3–4, with

n = number of wells from two independent transduction

experiments). Values are expressed as mean ± SEM

(*p < 0.05 and ***p < 0.001, unpaired Student’s t test).

cMyBP-C, cardiac myosin-binding protein C; CMs, car-

diomyocytes; Ctrl, control.

ried the WT MYBPC3 cDNA sequence from

exon 22 to exon 34 under the control of the

TNNT2 promoter (Figure 3A). The MYBPC3

cDNA sequence was FLAG-tagged at the C ter-

minus to discriminate the trans-spliced MYBPC3 mRNA and

cMyBP-C protein from endogenous ones. To prevent any translation

of the 30 PTM, no ATG sequence was introduced. To allow 30 trans-

splicing, we also inserted in the 30 PTM a binding domain (same

sequence as in 50 PTM) targeting intron 21 followed by a linker

sequence, a branch point, a polypyrimidine tract, and a 30 splice site

(Figure S4B). After packaging in AAV, control hiPSC-CMs were

transduced with AAV-30 PTM or AAV-Mock (MOI 10,000), and

they were cultured for 7 days in 2D prior to collection. Primer pairs

for detection of trans-spliced or total MYBPC3 mRNA are shown

in Figure 4B. A specific 1,874-bp amplicon was obtained in the

AAV-30 PTM-transduced sample with primers designed to recognize

trans-splicedMYBPC3mRNA. Sequencing of this amplicon validated

the presence of the FLAG sequence (Figures 3B and 3C; Figure S6B).

A fragment of similar size was detected in the non-transduced sample,

but sequencing did not reveal the FLAG sequence (data not shown).

www.moleculartherapy.org
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Similarly, PCR fragments also appeared in the AAV-30 PTM-trans-

duced but without reverse transcriptase sample, indicating nonspe-

cific binding of the primers to the endogenous mRNA. RT-PCR

with a primer pair that amplified total MYBPC3 mRNA showed a

signal of similar intensity in non-transduced and in AAV-transduced

samples (Figure 3C). As was done for 50 trans-splicing, the efficiency

of 30 trans-splicing was determined by qRT-PCRwith a standard dilu-

tion (2 � 109 � 2 � 101 copy number) of the same plasmid carrying

the full-length WT MYBPC3 cDNA. The concentration of trans-

splicedMYBPC3mRNA reached 1% of the total (Figure 3D). Similar

to 50 trans-splicing, the trans-spliced cMyBP-C protein was not de-

tected after FLAG immunoprecipitation (data not shown).

Gene Replacement in HCM hiPSC-CMs Partially Corrects

cMyBP-C Haploinsufficiency and Reduces Cell Hypertrophy

To evaluate a gene replacement therapy option, the FLAG-taggedWT

MYBPC3 cDNA under the control of the TNNT2 promoter was pack-

aged in AAV (AAV-FLAG-MYBPC3). After transduction (MOI

10,000) of control and HCM hiPSC-CMs, cells were cultured for

7 days in 2D prior to harvesting. RT-PCR with specific primers for

exogenous MYBPC3 transcript revealed a specific fragment in both

control and HCM transduced hiPSC-CMs (Figures 4A and 4B). A

signal of lower intensity was also obtained in AAV-transduced sam-

ples, which were not retrotranscribed, corresponding to the trans-

gene. The transcription of the entire FLAG-MYBPC3 cDNA sequence

was also validated (data not shown). Total MYBPC3 transcript was

amplified using a common primer pair in all samples, transduced

or not (Figures 4A and 4B). To quantify the overall level ofMYBPC3

mRNA after transduction, a qRT-PCR was performed with a primer

pair recognizing both exogenous and endogenous MYBPC3 mRNA

transcripts (Figures 4A and 4C). About 2.5-fold overexpression of

MYBPC3 was obtained in both control and HCM transduced

hiPSC-CMs over the non-transduced cells (Figure 4C). To evaluate

the efficiency of gene replacement, RT-PCR with specific primers to

amplify either exogenous or totalMYBPC3 transcripts was performed

in control and HCM transduced samples. PCR fragments were col-

umn-purified and used further for qPCR with a common primer

pair, together with a standard dilution curve of a plasmid carrying

Figure 2. 50 trans-Splicing in Control hiPSC-Derived

Cardiomyocytes

(A) Schematic representation of 50 trans-splicing. 50 pre-

trans-splicing molecules (50 PTMs) carry a 50 FLAG-tag-

ged wild-type (WT) MYBPC3 cDNA sequence from exon

1 to exon 21, conserved 50 splice donor site (50SS) se-

quences, and a binding domain (BD) targeting intron 21.

Upon successful binding of 50 PTM to the endogenous

MYBPC3 pre-mRNA, 50 trans-splicing can occur and

results in a trans-splicedMYBPC3 mRNA. (B) Schematic

illustration of primer pairs used to amplify either only trans-

spliced or trans-spliced and/or endogenous (total)

MYBPC3 mRNAs. The primer pair FLAG-F/E23-R was

used to generate a 2,180-bp fragment corresponding to

the trans-spliced MYBPC3 mRNA. trans-spliced and/or

endogenous MYBPC3 mRNA was amplified either using

the primer pair E1-F/E23-R (2,138-bp fragment) or the

primer pair E15-F/E16-R (193-bp fragment). (C) hiPSC-

derived cardiomyocytes (hiPSC-CMs) were transduced

with AAV-50 PTM or AAV-Mock (TNNT2 promoter without

insert) at an MOI of 10,000 and cultured in 2D for 7 days

prior to harvesting. Representative agarose gel of RT-

PCR, using specific primer pairs for trans-spliced and

total MYBPC3 mRNA, is shown (n = 5, from three inde-

pendent transductions). (D) Determination of the per-

centage of trans-splicedMYBPC3mRNA by qRT-PCR. In

a first round of PCR, either trans-spliced (FLAG-F/E23-R

primers) or total (E1-F/E23-R primers) MYBPC3 mRNAs

were amplified from cDNA of AAV-50 PTM-transduced

hiPSC-CMs. PCR fragments were column-purified and

used in qPCR, together with a standard dilution of a

plasmid encoding full-length wild-type MYBPC3 cDNA,

using a common primer pair (E15-F/E16-R primers). Data

are expressed as mean ± SEM with n = 3 (three wells of

one transduction experiment). AAV, adeno-associated

virus; bp, base pair; CMs, cardiomyocytes; E, exon; F,

forward; hiPSC, human induced pluripotent stem cell; NT,

non-transduced; MOI, multiplicity of infection; R, reverse;

RT, reverse transcriptase; WT, wild-type.
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the full-length wild-type MYBPC3 cDNA sequence (2 � 109 � 2 �

101 copy number). In control and HCM hiPSC-CMs, exogenous

MYBPC3 transcript level reached 70% and 57% of total, respectively

(Figure 4D). The level of cMyBP-C protein was determined by west-

ern blot analysis in protein samples, normalized to a-actinin content

and related to non-transduced control hiPSC-CM sample (Figures 4E

and 4F). The total cMyBP-C protein level did not differ between

transduced and non-transduced control hiPSC-CMs. In contrast,

cMyBP-C protein level was 2.5-fold higher (p < 0.05, Student’s

t test) in transduced than in non-transduced HCM hiPSC-CMs,

reaching 81% of the cMyBP-C level of the non-transduced control

sample (Figures 4E and 4F).

Sarcomere organization after transduction of control and HCM

hiPSC-CMs with AAV-FLAG-MYBPC3 was evaluated by immuno-

fluorescence analysis with anti-FLAG and anti-a-actinin antibodies.

FLAG-cMyBP-C protein was properly organized in doublets at the

A-band of the sarcomere, well alternating with a-actinin located at

the Z-disk (Figure 5A). Finally, we evaluated the impact of MYBPC3

gene transfer on cell size. Cell size was significantly higher in non-

transduced HCM than in control hIPSC-CMs (Figure 5B). MYBPC3

gene transfer did not affect cell size in control hiPSC-CMs (2,715 ±

168 mm2 versus 2,665 ± 120 mm2 in non-transduced control). In

contrast, cell size was significantly lower in MYBPC3-transduced

than in non-transduced HCM hiPSC-CMs (3,205 ± 139 mm2 versus

4,409 ± 217 mm2), and it did not differ from non-transduced control

hiPSC-CMs (Figure 5B).MYBPC3 gene replacement lowered mRNA

levels of several proteins involved in cardiomyopathy and PI3K-Akt

signaling, and it increased mRNA levels of calcium-handling proteins

in HCM hiPSC-CMs (Figure 6).

DISCUSSION
In this study, we report the principal feasibility of two gene therapy

options for HCM in hiPSC-CMs from a healthy donor and an

HCM patient carrying a MYBPC3 truncating mutation. While our

data suggest that trans-splicing efficiency is too low to be a therapeutic

option to treat severe forms of HCM, theMYBPC3 gene replacement

strategy looks promising, particularly for its ability to circumvent

haploinsufficiency of cMyBP-C (restoration of a correct amount of

protein) and to reduce CM hypertrophy. Numerous studies have

used hiPSC-CMs as a tool for disease modeling of different car-

diac diseases, including HCM with MYBPC3 mutations.22–29,36–39

Figure 3. 30 trans-Splicing in Control hiPSC-Derived

Cardiomyocytes

(A) Schematic illustration of 30 trans-splicing. 30 pre-trans-

splicing molecules (30 PTMs) contain a BD complemen-

tary toMYBPC3 intron 21, conserved 30 splice donor site

sequences (30SS), and a 30-FLAG-tagged wild-type (WT)

MYBPC3 cDNA sequence from exon 22 to exon 34.

Upon successful binding of the 30 PTM to the endoge-

nous MYBPC3 pre-mRNA, 30 trans-splicing can occur

and results in trans-spliced MYBPC3 mRNA. (B) Sche-

matic representation of primer pairs used to amplify either

only trans-spliced MYBPC3 mRNA or trans-spliced

and/or endogenous (total) MYBPC3 mRNA. The primer

pair E21-F/FLAG-R amplifies a 1,874-bp fragment spe-

cific of trans-spliced MYBPC3 mRNA. The primer pairs

E21-F/E33-R and E33-F/E33-R amplify in both trans-

spliced and endogenous MYBPC3 mRNA a 1,812-bp

and a 157-bp fragment, respectively. (C) Control hiPSC-

CMs were transduced with AAV-30 PTM or AAV-Mock

(MOI 10,000) for 1 week prior to harvesting. Represen-

tative agarose gel of RT-PCR, using specific primer pairs

for trans-spliced and total MYBPC3 mRNA, is shown

(n = 9 from four independent transductions). (D) Deter-

mination of the percentage of trans-spliced MYBPC3

mRNA by qRT-PCR was performed as described in Fig-

ure 2D, with the common primer pair E33-F/E33-R. Data

are expressed as mean ± SEM with n = 5 (five wells of

one transduction experiment). bp, base pair; CMs, car-

diomyocytes; E, exon; F, forward; hiPSC, human induced

pluripotent stem cell; NT, non-transduced; MOI, multi-

plicity of infection; R, reverse; RT, reverse transcriptase;

WT, wild-type.
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Figure 4. Proof-of-Concept of MYBPC3 Gene Replacement in Human iPSC-Derived Cardiomyocytes

(A) Schematic illustration of full-length wild-type (WT) exogenous and totalMYBPC3 cDNA/mRNA sequence (exons 1–34). Location of primer pairs and size of amplicons are

shown. The primer pair FLAG-F/E2-R amplifies exclusively the exogenousMYBPC3 sequence (amplicon size: 193 bp). The primer pair E1-F/E2-R is suitable for amplification

of both exogenous and endogenous (total)MYBPC3 sequence (amplicon size: 151 bp). (B) Control and HCMhiPSC-CMswere transduced with AAV-FLAG-MYBPC3 (GR) or

AAV-Mock (Mock) at an MOI of 10,000 and cultured in 2D for 7 days before harvesting. Representative RT-PCR using primers shown in (A) for specific amplification is shown

(n = 3, one well each from three independent transductions). (C) Evaluation ofMYBPC3 transcript levels in GR-transduced control and HCM hiPSC-CMs by qRT-PCR with a

common primer pair (n = 3–5, with n = number of wells of one transduction experiment). (D) Determination of the percentage of exogenousMYBPC3mRNA by qRT-PCR. In

a first round of RT-PCR, either exogenous (FLAG-F/E2-R primers) or total (E1-F/E2-R primers) MYBPC3 transcripts were amplified in control and HCM GR samples.

After column purification of PCR fragments, a qPCRwith a common primer pair (E1-F/E2-R) was performed together with a standard dilution of a plasmid encoding full-length

(legend continued on next page)
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However, so far only one study used the gene replacement strategy

to correct a phospholamban (PLN) mutation associated with dilated

cardiomyopathy in vitro.39

We believe that the truncating p.Val454CysfsX21MYBPC3mutation,

described here for the first time, is HCM causing for the following rea-

sons. First, truncating MYBPC3 mutations were reported to have

WTMYBPC3 cDNA (n = 3, three wells of one transduction experiment). (E) Western blot performed on pooled protein samples (n = 6, from three independent transduction

experiments) of non-transduced (NT) or transduced (GR) control and single protein samples (n = 3, three wells of one transduction experiment) of HCM hiPSC-CMs with anti-

cMyBP-C and anti-a-actinin antibodies. (F) Quantification of cMyBP-C level normalized to a-actinin and related to control NT pooled sample. Data are expressed as

mean ± SEM (*p < 0.05, unpaired Student’s t test). E, exon; F, forward; NT, non-transduced; MOI, multiplicity of infection; R, reverse; WT, wild-type.

Figure 5. Phenotypic Characterization of Control

and HCM hiPSC-Derived Cardiomyocytes after

MYBPC3 Gene Transfer

(A) Representative images of non-transduced (NT) and

transduced (GR) control (Ctrl) and HCM hiPSC-CMs after

immunofluorescence staining with anti-FLAG and anti-

a-actinin antibodies. Images were taken with a Zeiss LSM

800microscope (scale bars, 20 mm). Higher magnification

images of a few sarcomeres are shown on the right panel.

(B) Quantification of CM cell size. NT and GR control and

HCM hiPSC-CMs were seeded in 96-well plates at a

density of 10,000 cells/well, cultured for 1 week, and

stained with antibodies against FLAG-tag and a-actinin.

Low-resolution images of >100 cells in each group from

six wells of one experiment each (Ctrl NT n = 108; Ctrl GR

n = 110; HCM NT n = 114; HCM GR n = 133) were taken

with the Zeiss LSM 800 microscope and analyzed with Fiji

software (ImageJ). Data are expressed as mean ± SEM

(***p < 0.001, two-way ANOVA plus Bonferroni post-test;
###p < 0.001, unpaired Student’s t test).

a >110-fold higher odds ratio to cause HCM.40

Second, this specific mutation was not found

in the population of about 60,000 unrelated

individuals of the ExAC Browser (http://exac.

broadinstitute.org/). HCMhiPSC-CMs revealed

larger cell size, higher mRNA levels of proteins

associated with hypertrophy, such as four and

a half LIM domains 1 (FHL1), S100 calcium-

binding protein A4 (S100A4), and connective

tissue growth factor (CTGF), and lower

mRNA levels of proteins involved in calcium

handling, such as PLN, SERCA2A (ATP2A2),

ryanodine receptor (RYR2), and inhibitor 1

(PPP1R1A) than control CMs, all hallmarks of

HCM. This is in agreement with previous find-

ings using HCM hiPSC-CMs or human embry-

onic stem cell (hESC) carrying MYBPC3 muta-

tions.28,29,37,41 While Dambrot et al.37 described

that the supplementation of serum in culture

medium masks the hypertrophic phenotype in

2D culture of hiPSC-CMs, in the present study

the enlarged cell size was evident already in the presence of serum,

as also reported by Ojala et al.28

In addition to hypertrophy, the HCM CMs used in the present work

presented another hallmark of the MYBPC3-causing HCM, namely

haploinsufficiency (for review, see Marston et al.42). Indeed, the

amounts of MYBPC3 mRNA and cMyBP-C protein were �50% of
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the control hiPSC-CMs. Furthermore, the mutant nonsense mRNA

was not detected, suggesting that it is degraded by the nonsense-medi-

ated mRNA decay (NMD), as previously shown in Mybpc3-targeted

knockin HCMmice.43 The location of the PTC at >50–55 nt upstream

of the most 30 exon-exon junction perfectly matches the NMD rules,44

therefore supporting its NMD-mediated degradation. The expected

52-kDa truncated cMyBP-C protein was also not detected by western

blot, in agreement with previous observations in human myocardial

samples with truncating MYBPC3 mutations.8,45 Thus, the combina-

tion of a unique truncatingMYBPC3mutation, cMyBP-C haploinsuf-

ficiency, and CM hypertrophy makes this hiPSC cell line a good test

bed for the application of different treatment options for HCM.

In the last years, mRNA trans-splicing has been evaluated both

in vitro and in vivo as an alternative option for currently incurable

genetic diseases, such as Duchenne muscular dystrophy and spinal

muscular atrophy (as reviewed elsewhere30,31). In the case of HCM-

associated MYBPC3 mutations, the trans-splicing approach was

appealing because by generating only two PTMs covering the first

and the second half of the MYBPC3 mRNA, one could principally

repair all the mutations and, therefore, treat 40%–60% of all HCM

patients.6,7 In addition, and in contrast to exon skipping mediated

by antisense oligonucleotides (AONs), trans-splicing is expected to

result in a repaired full-length and functional cMyBP-C protein.

Furthermore, FDA or EMA authorization for marketing of two

PTMs as new medicinal products would be easier and quicker than

for several AONs.

In the present study, we showed the feasibility of both 50 and 30 trans-

splicing in control hiPSC-CMs. However, we did not test these ap-

proaches in HCM hiPSC-CMs, since the efficiency of the process

was low and we were unable to detect repaired cMyBP-C protein.

This supports our previous data obtained in vivo inMybpc3-targeted

knockin mice, in which the low amount of repaired cMyBP-C protein

produced by 50 trans-splicing was not sufficient to prevent the devel-

opment of the cardiac disease phenotype.19 Efficient trans-splicing
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Figure 6. Gene Expression Analysis of HCM hiPSC-

Derived Cardiomyocytes in the Absence of or after

MYBPC3 Gene Transfer

The mRNA levels of transduced (GR) and non-trans-

duced (NT) HCM hiPSC-CMs were determined with the

nanoString nCounter Elements technology, normalized to

housekeeping genes, and related to NT CMs. Data are

expressed as mean ± SEM (*p < 0.05, **p < 0.01, and

***p < 0.001, unpaired Student’s t test; n = 3, with

n = number of wells from one transduction experiment).

depends on different factors, such as efficient

delivery of PTMs to desired cell type and espe-

cially PTM design.30 Increasing the number of

viral particles used for transduction could be

difficult, since at a certain point AAV turned

to be toxic for the cells (data not shown). On

the other hand, PTM design could be improved, particularly for the

binding domain. To have approximately the same packaging size

for the 50 PTM and 30 PTM, we chose to target intron 21 in the

MYBPC3 gene. The binding domain covered 120 nt (of 246) and

was located roughly in the middle. However, we included highly

conserved splice donor and acceptor sites in the 50 PTM and 30

PTM, respectively, which could be even stronger than the corre-

sponding sequences in MYBPC3 intron 21. We are aware that

additional systematic testing of different lengths and complementary

regions might have led to higher binding affinities for the endogenous

pre-mRNA and, therefore, to higher trans-splicing efficiencies.

Further optimization should be done in the future. Nevertheless,

this is the first proof of concept of trans-splicing in hiPSC-CMs.

Gene replacement by cDNA overexpression is another very attractive

treatment option for sarcomeric cardiomyopathies. Indeed, we

recently demonstrated that AAV-mediated delivery of full-length

WT Mybpc3 cDNA in homozygous Mybpc3-targeted knockin mice

not only prevented the development of cardiac hypertrophy and

dysfunction, by increasing the amount of cMyBP-C protein, but

also suppressed the expression of the endogenous mutant alleles.21

Exogenous expression of a sarcomeric protein is expected to replace

in part or completely the endogenous counterpart, since the sarco-

mere is a tightly regulated system with a preserved stoichiometry of

all structural components.46 This is the case in this study for the con-

trol cell line sinceMYBPC3 gene transfer resulted in a 2.4-fold higher

level of MYBPC3 mRNA without change in the level of full-length

cMyBP-C protein. Similarly, MYBPC3 gene transfer resulted in a

2.6-fold higher amount of MYBPC3 mRNA in HCM cells. Impor-

tantly and because the basal level was lower than in control cell lines,

the cMyBP-C amount after gene transfer in HCM CMs reached 81%

of the control cell line. In this condition, we expected at least a partial

correction of the disease phenotype, since we previously showed that

restoration of 80% of the cMyBP-C level by MYBPC3 gene transfer

partially restores the disease phenotype of engineered heart tissue

derived fromMybpc3-deficient mice.47 Indeed, the partial restoration
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of cMyBP-C haploinsufficiency was sufficient to suppress hypertro-

phy in HCM CMs. Exogenous FLAG-cMyBP-C proteins were prop-

erly incorporated into the sarcomere in both cell lines.MYBPC3 gene

replacement had a positive effect on mRNA levels of proteins associ-

ated with hypertrophy or calcium handling. For instance, serum

response factor (SRF) and S100A4, which are known to be higher

in cardiomyopathies,48,49 were significantly reduced after 7 days of

MYBPC3 therapy. In addition, levels of mRNAs encoding proteins

belonging to the PI3K-Akt Kyoto Encyclopedia of Genes and

Genome (KEGG) pathway, such as CTGF, collagens (COL1A1 and

COL3A1), and fibronectin (FN1), were significantly reduced. The

mechanism by which the latter are regulated by gene therapy is not

certain, but it could be related to paracrine factors mediating the

crosstalk between CMs and fibroblasts (as reviewed elsewhere50,51).

Finally, gene therapy increased mRNA levels of calcium-handling

proteins, suggesting improvement of the cardiac contraction. We

are aware that a weakness of the findings reported here concerns

the comparison of the diseased line to an unrelated control and not

to a corrected isogenic hiPSC line. However, in line with our findings,

adenoviral-mediated MYBPC3 gene delivery for 7 days restored the

amount of cMyBP-C protein toward WT level and prevented hyper-

trophy in CMs derived from hESCs.41

In conclusion, our findings support gene replacement by overexpres-

sion ofMYBPC3 cDNAas a promising therapeutic option, particularly

for infants with bi-allelic truncating MYBPC3 mutations.15–17 This

causal therapy could prolong and improve quality of life of these

affected infants for whom no other therapy exists except heart trans-

plantation. The evaluation of the efficacy of therapeutic options in a

human cellular model, such as hiPSC-CMs, represents an intermedi-

ate step toward clinical application for these infants. Further studies

with large animal models of severe forms of cardiomyopathy are still

required to testAAVdoses anddelivery before going tofirst-in patient.

MATERIALS AND METHODS
Vector Design

The 50 PTM was obtained by fusion PCR ofMYBPC3 exon 1–21 cod-

ing sequence (PCR1) and the binding domain in intron 21 (PCR2)

with partially overlapping primers. The list of primers is given in Ta-

ble S2. The amplicon of PCR1 was obtained with a forward primer

(F5-1) containing the NheI restriction site, the FLAG sequence,

and the first 16 coding nt of MYBPC3 exon 1. The reverse primer

(R5-1) for PCR1 contained the BamHI restriction site, the down-

stream intronic splicing enhancer (DISE) element sequence, followed

by the 50 canonical splice donor site and the last 15 nt of MYBPC3

exon 21. The MYBPC3 coding sequence was amplified from the

pSPORT-CMV-MYBPC3, clone BC151211.1 (Thermo Scientific).

The amplicon of PCR2 was obtained with a forward primer (F5-2)

containing a few nucleotides of the DISE, a BamHI restriction site,

and 18 nt of intron 21. The reverse primer (R5-2) comprised an

NotI restriction site and 18 nt of intron 21. Amplicons obtained in

PCR1 and PCR2 were then used as templates for a third (fusion)

PCR with primers F5-1 and R5-2. The 30 PTMwas obtained by fusion

PCR of three different PCRs. PCR1 was performed to amplify the

binding domain in intron 21 using a forward primer (F3-1) contain-

ing an NheI restriction site followed by 18 nt of MYBPC3 intron 21

and a reverse primer (R3-1) comprising 14 nt of the linker sequence,

a BamHI restriction site, and 18 nt of MYBPC3 intron 21. PCR2 was

performed to amplify the 30 splicing sequences with forward primer

F3-2 (same sequence as R3-1) and reverse primer (R3-2) carrying

10 nt ofMYBPC3 exon 22, 30 canonical splice acceptor site sequence,

and the polypyrimidine tract. PCR3 was performed to amplify the

MYBPC3 coding sequence from exon 22 to exon 34 with a forward

primer F3-3 (same sequence as R3-2) and a reverse primer R3-3 car-

rying an NotI restriction site, the stop codon TGA, the FLAG

sequence, and 12 nt of exon 34. PCR1 and PCR2 were then used as

templates in PCR4 with primers F3-1 and R3-2 and finally PCR4

and PCR3 were fused in PCR5 with primers F3-1 and R3-3.

Production and Titration of AAV Particles

For production of AAV vectors, HEK293T cells were triple trans-

fected with modified rep2/cap9-plasmid p5E18-VD-2/9-SLRSPPS,34

plasmid pDGDVP containing adenovirus helper functions, and

one of the ITR-containing plasmids (scAAV-TNNT2-EGFP,52

pGG2-TNNT2-FLAG-MYBPC3, pGG2-TNNT2-50 PTM, or pGG2-

TNNT2-30 PTM, with FLAG-MYBPC3, 50 PTM, and 30 PTM inserted

by NheI and NotI). Transfection, harvesting, and purification were

performed as described previously.34 In brief, cells were transfected

with PEI (Polysciences), harvested after 48–72 hr cells by Trypsin-

EDTA, and lysed in cell lysis buffer (50 mM Tris-Cl [pH 8.5],

150 mM NaCl, and 5 mM MgCl2). Cell lysates were sonicated with

a Sonorex TK device for 1 min at 48 W (Bandelin) and treated with

100 U Benzonase (Sigma-Aldrich) per milliliter of lysate for 30 min

at 37�C. AAV particles were then purified by iodixanol density

gradient ultracentrifugation, desalted (ZebaSpin desalting columns,

recommended for processing compounds >7,000 Da [7 MWCO];

Thermo Fisher Scientific) from 40% iodixanol to 1� PBS, followed

by concentration using Vivaspin6 columns (10 MWCO, Sartorius).

Generation of Patient-Specific hiPSC Line

The HCM patient was recruited in the outpatient clinic at the Univer-

sity Heart Center Hamburg and provided written informed consent

for the use of fibroblasts. A skin biopsy was taken, washed in PBS,

minced, and placed in a six-well plate in fibroblast medium

(DMEM with 10% fetal bovine serum [FBS, PAA], 2 mM L-gluta-

mine, and 0.5% penicillin and streptomycin; all Life Technologies).

Dermal fibroblasts growing out of the explants were collected for

passaging or cryopreservation and used for subsequent reprogram-

ming at passage 5. The reprogramming was performed according to

previously published protocols with retroviruses encoding the human

transcription factors OCT3/4, SOX2, KLF4, and L-MYC.53–55

CM Differentiation, AAV Transduction, and Culture

CM differentiation from hiPSCs was performed following a three-

step protocol with generation of embryoid bodies (EBs) in spinner

flasks as described.56,57 After dissociation with collagenase 2, beating

CMs were transduced in suspension for 1 hr at 37�C with AAV at an

MOI of 10,000. Transduced and non-transduced CMs were plated on
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Geltrex-coated (1:100, Gibco) 12-well or 96-well plates at a density of

440,000 cells/well or 10,000 cells/well, respectively. CMs were man-

tained in culture as a monolayer in DMEM (10% heat inactivated fetal

calf serum [FCS, Gibco], 0.1% insulin [Sigma-Aldrich], and 0.5%

penicillin/streptomycin [Gibco]) for 7 days at 37�C and 10% CO2

prior to further analyses.

Immunofluorescence Staining of hiPSC-CMs

Human iPSC-CMs were cultured for 7 days in 96-well plates (mclear,

Greiner), then rinsed once with pre-warmed 1� PBS and fixed with

Histofix (Carl Roth) for 20 min at 4�C. After washing two times in

cold 1� PBS, hiPSC-CMs were incubated with primary antibodies

directed against the M-motif of cMyBP-C (1:200, custom made),

FLAG (1:800, Sigma), and a-actinin (1:800, Sigma); diluted in perme-

abilization buffer (1� PBS [Gibco], milk powder 3% [w/v, Carl Roth],

and Triton X-100 0.1% [Carl Roth]); and incubated overnight at 4�C

under gentle agitation. After washing two times in cold 1� PBS,

hiPSC-CMs were incubated with secondary antibodies anti-mouse

Alexa Fluor 488 (1:800, Life Technologies) and anti-rabbit Alexa

Fluor 546 (1:800, Life Technologies), diluted in permeabilization

buffer, and incubated for 1–2 hr at room temperature under gentle

agitation and protected from light. In a final step, Hoechst 33342

(1:2,500, Thermo Fisher Scientific) diluted in 1� PBS was added to

the wells and incubated for an additional 20 min. After washing

two times in 1� PBS, hiPSC-CMs were ready for subsequent analysis

in the Opera High-Content Screening System (PerkinElmer) or by

confocal microscopy using a Zeiss LSM 800 microscope with Airy-

scan technology.

Measurement of CM Size

For quantification of hiPSC-CMs and for cell size analysis, the Opera

High-Content Screening System and the Zeiss LSM 800 with Airy-

scan technology system were used. For Opera analysis, stained

hiPSC-CMs in 96-well plates were loaded into the microscope,

and, depending on how many wells were included in the analysis,

500–2,500 images were taken in 10� magnification. Those images

were transferred in the Columbus Image Data Management and

Analysis System (PerkinElmer). Columbus delivers pre-tested

scripts, which were modified according to the characteristics of the

used hiPSC-CMs. In this process, single building blocks were defined

and accustomed to the hiPSC-CMs. Using the customized script,

bulk analyses of the experiments were done and cell parameters of

interest were obtained. For confocal microscopy, hiPSC-CMs were

stained in 96-well plates and >100 images per sample were recorded,

prepared according to the Opera analysis. Cell sizes from confocal

images were measured by using Fiji software (ImageJ). Quality

criteria for hiPSC-CM inclusion were set for single cells with well-

formed sarcomeres.

RNA Isolation and Expression Analysis

Total RNA was extracted from hiPSC-CMs using TRIzol Reagent

(Life Technologies), following the manufacturer’s protocol. The con-

version of cDNA was performed with SuperScript III First-Strand

Synthesis System (Invitrogen), according to the manufacturer’s in-

structions. For reverse transcription, oligo(dT) primers supplied in

the kit and 200 ng extracted RNA were used. Touchdown RT-PCR

to detect different MYBPC3 transcripts in 50 or 30 trans-splicing ex-

periments (63�C–58�C and 67�C–62�C, respectively) was performed

using Phusion Hot Start II High-Fidelity DNA Polymerase (Thermo

Fisher Scientific) in a total volume of 20 mL for 35 cycles, according to

the instructions of the manufacturer’s protocol. The qRT-PCR was

performed in triplicates with SYBR-Green (Fermentas) according to

the manufacturer’s instructions. Glyceraldehyde 3-phosphate dehy-

drogenase (GAPDH) was used as the housekeeping gene. The target

sequences were amplified during 40 cycles in an AbiPrism7000HT

cycler (Applied Biosystems). For expression analysis with the

nanoString nCounter Elements technology, a total amount of 50 ng

RNA was hybridized with a customized nanoString Gene Expression

CodeSet (Table S1) and analyzed using the nCounter Sprint Profiler.

The mRNA levels were normalized to five housekeeping genes

(ABCF1, CLTC, GAPDH, PGK1, and TUBB) and expressed as fold

change in HCM over control CMs.

Western Blot

Western blot analysis was performed on total crude protein lysates

from cultured hiPSC-CMs in the different conditions. Same amount

of proteins (20 mg/lane) of single samples or pooled samples (n = 5–6)

were separated on a 10% SDS-polyacrylamide (29:1) mini-gels (Bio-

Rad) and transferred by wet-electroblotting to nitrocellulose mem-

branes. Membranes were stained with the primary antibodies directed

against theM-motif of cMyBP-C (polyclonal, 1:10,000, custommade)

and a-actinin (monoclonal, 1:10,000, Sigma). Peroxidase-conjugated

secondary antibodies against mouse (1:20,000, Dianova) or against

rabbit (1:20,000, Sigma) were used. Proteins were visualized using

Amersham ECL Prime Western Blotting Detection Reagent (GE

Healthcare), and the signals were detected on Amersham Hyperfilm

MP (GE Healthcare). Signals were quantified with GeneTools image

analyzing software (Syngene).

Statistical Analysis

Data are presented as mean ± SEM. Statistical analyses were per-

formed by Student’s t test and two-way ANOVA with Bonferroni

post-test using the GraphPad Prism 6.0 software. A value of p <

0.05 was considered significant.
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