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Abstract: Variants in cardiac myosin-binding protein C (cMyBP-C) are the leading cause of inherited
hypertrophic cardiomyopathy (HCM), demonstrating the key role that cMyBP-C plays in the heart’s
contractile machinery. To investigate the c-MYBPC3 HCM-related cardiac impairment, we generated
a zebrafish mypbc3-knockout model. These knockout zebrafish displayed significant morphological
heart alterations related to a significant decrease in ventricular and atrial diameters at systolic and
diastolic states at the larval stages. Immunofluorescence staining revealed significant hyperplasia in
the mutant’s total cardiac and ventricular cardiomyocytes. Although cardiac contractility was similar
to the wild-type control, the ejection fraction was significantly increased in the mypbc3 mutants.
At later stages of larval development, the mutants demonstrated an early cardiac phenotype of
myocardium remodeling, concurrent cardiomyocyte hyperplasia, and increased ejection fraction as
critical processes in HCM initiation to counteract the increased ventricular myocardial wall stress.
The examination of zebrafish adults showed a thickened ventricular cardiac wall with reduced heart
rate, swimming speed, and endurance ability in both the mypbc3 heterozygous and homozygous
groups. Furthermore, heart transcriptome profiling showed a significant downregulation of the
actin-filament-based process, indicating an impaired actin cytoskeleton organization as the main
dysregulating factor associated with the early ventricular cardiac hypertrophy in the zebrafish mypbc3
HCM model.

Keywords: hypertrophic cardiomyopathy; HCM; c-MYBPC3; actin; RNA seq; zebrafish knockout

1. Introduction

Hypertrophic cardiomyopathy (HCM) is one of the most common heritable cardiac
conditions, with an estimated prevalence in the general population of >1:500 [1–3]. HCM
is an archetypical single gene disorder with an autosomal dominant pattern of inheri-
tance [4,5]. Patients usually present with fatigue, palpitations, dizziness, dyspnea, syncope,
angina, and congestive heart failure. Clinical characteristics include left ventricular hy-
pertrophy, diastolic dysfunction, outflow obstruction, and myocardial ischemia [6]. It is
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well-established that the clinical and genetic heterogeneity of HCM is associated with vari-
able disease onset, prognosis, and manifestation [5,7,8]. This complexity leads to challenges
in finding a curative treatment for some cases. HCM is considered as a leading cause of
sudden cardiac death (SCD) in young patients and athletes [9–11]. To date, more than
2000 variants in at least 11 genes encoding sarcomeric proteins have been associated with
HCM [10,12–18]. Variants in the cardiac myosin-binding protein C3 (c-MYBPC3) gene
account for most of the genetic variants causative of HCM [12,18,19]. The MyBP-C protein
is present in all slow and fast striated muscles, however, the cardiac isoform (cMyBP-C) is
the abundant component of the thick filament within the cardiac sarcomere, the functional
unit of the heart muscle. It possesses unique domains that play a regulatory role in the
heart structure by decorating the C-zone of the A-band of the cardiac sarcomere [7,20]. Ad-
ditionally, the cMyBP-C acts as a dual regulator, playing a significant role in cardiac muscle
assembly and contractility [21–23]. Evidence suggests that cMyBP-C might act as a bridge
between the cardiac sarcomere’s thick and thin filament components to modulate sarcomere
contraction [24–26]. Specifically, the first four N-terminal domains interact with cardiac
actin (thin filaments), the S1/S2 junction myosin heavy chain, and the myosin regulatory
light chain [27,28] while, cMyBP-C, C-terminal domains, C7–C10, interact with myosin, the
thick filament protein. Additionally, the C9–C10 domains were found to interact with titin
and the C10 domain to interact with light meromyosin (LMM). Earlier studies have estab-
lished that cMyBP-C acts in a phosphorylation-dependent manner as a tether between thin
and thick filaments, modulating their sliding within the cardiac sarcomere [29–32]. Variants
of c-MYBPC3 causing alterations in the protein expression levels or protein function lead
to severe cardiac dysfunction and structural abnormalities, particularly early-onset HCM
with poor prognosis [29]. In attempts to understand the molecular and cellular switch from
normal cardiac function to cardiac impairment related to the c-MYBPC3 variants, different
studies have used in vitro pathological cardiomyocyte hypertrophy cellular models and the
analysis of the myocardium samples from patients [33–35]. However, the relevance of these
approaches to human disease remains ambiguous, as these models resulted in conflicting
findings and interpretations. Animal models have also played a critical role in validating
c-MYBPC3 variants, particularly those associated with severe prognosis in HCM patients.
However, the pathophysiological mechanism(s) by which c-MYBPC3 variants modulate
MyBP-C function and interactions with other sarcomeric proteins remain unclear [23,36,37].
Zebrafish has emerged as an important vertebrate model for human cardiac disease mod-
eling [38,39]. In particular, the conserved and fundamental transcriptional pathways that
regulate zebrafish heart development make this model a valuable tool for studying various
human cardiovascular diseases. Our study generated a mybpc3 zebrafish knockout (KO)
model to provide a concise synopsis of how c- mybpc3 gene loss at the early stages of cardiac
development leads to cardiac dysfunction results in HCM. Our mybpc3 zebrafish KO model
mimicked the human HCM presentations. The model demonstrated aberrant cardiac devel-
opment and dysfunction and elucidated the pathophysiology of mybpc3 loss through early
cardiac development. Transcriptome profiling identified differentially expressed genes
involved in actin organization as the key regulator of the early initiation of hypertrophic
cardiomyopathy. In later developmental stages, adult mutants presented typical HCM
phenotypes of a thickened ventricular cardiac wall accompanied with reduced heart rate
and reduced endurance. Together, our study revealed the mybpc3 HCM pathophysiology
through the early stages of heart development.

2. Results
2.1. Human MyBP-C Is Highly Conserved in the Zebrafish Model

The human c-MYPBC3 (NM_000256) gene is located on chromosome 11, encoding a pro-
tein of 1274 amino acids (NP_000247), while its zebrafish ortholog mybpc3 (NM_001044349)
is located on chromosome 7, encoding a protein of 1287 amino acids (NP_001037814) [40].
A neighbor-joining phylogenetic tree for human c-MYBPC3 orthologs was constructed to
show the evolutionary distances (Figure 1A). The list of protein sequences is presented in
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Supplementary Materials S1. The protein sequence alignment of human and zebrafish
MyBP-C proteins represented 97% coverage and shared a 62% amino acid similarity
(Figure 1B). The conservation of MyBP-C suggests that zebrafish is a suitable model
for studying human c-MYBPC3 genetic variants associated with HCM.

Figure 1. The phylogenetic tree illustrating the multiple sequence alignment analysis of the fully
sequenced cardiac myosin binding protein C3 associated with hypertrophic cardiomyopathy. (A) The
CLC sequence viewer program was used with the neighbor-joining method. The numbers for
the interior branches were bootstrap percentages, and a branch length of the 0.22 site was given
to the phylogenetic distances; the branching points in this tree structure were significant (>50%
bootstrapping). (B) Human MyBP-C isoforms demonstrated evolutionary distances and conserved
protein domains with the zebrafish orthologs. Red rectangle showing the human MYBPC3 and
its zebrafish ortholog mypbc3 (TreeFam of the curated phylogenetic tree for animal gene families
(http://www.treefam.org)).

2.2. Zebrafish Mybpc3 Knockout (KO) Model Generation

The injected founder generation (F0) zebrafish embryos were tested for TALEN design
efficiency in targeting mybpc3 exon 2. The specificity of the designed TALEN to target
the mybpc3 was verified via a blast run for the designed TALEN left and right sequences;
this was only specific to Danio rerio chromosome 7, the cardiac myosin-binding protein
c3 {mybpc3} gene of the GRCz11 genome assembly. The TALEN injection introduced a
stop codon, and the BsaJI restriction enzyme site within exon 2 was lost in the mybpc3 KO
zebrafish. Genomic DNA extraction from the injected embryos showed two corresponding
genomic bands, the wild-type copy that maintained the BsaJI site and the edited genomic
band that lost the BsaJI site (Supplementary Figure S1). The F0 embryos were raised to
adulthood and consequently outbred to wild-type zebrafish to produce the F1 generation.
The F1 progeny were sequenced to identify heterozygous zebrafish and then used for in-
crossing to produce an F2 generation of mybpc3−/−::cmlc2:eGFP that exhibited an intense
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expression of heart GFP to adulthood (Supplementary Materials S1). The F2 generation was
fertile and survived into adulthood, and wild-type, mybpc3+/−, and mybpc3−/− zebrafish
were born following Mendelian inheritance ratios.

2.3. Early Phenotype Analyses of mybpc3 Mutant Zebrafish
2.3.1. Cardiac Morphology

To characterize the role of c-MYBPC3 on cardiac development, we examined the ze-
brafish mybpc3 KO group (Figure 2). Morphological examination of the larvae at 72 h post-
fertilization (hpf) showed an apparent alteration in the KO heart morphology (Figure 2B–E).
Cardiac defects in KO embryos were observed compared to the wild-type zebrafish con-
trols, which exhibited normal cardiac development. The in-crossing of the mybpc3−/−
KO fish produced larvae that displayed the cardiac phenotype, as demonstrated by im-
aged hearts collected from different clutches. The mybpc3 KO zebrafish heart displayed
cardiac structural changes as it was notable that the ventricles and atria became more
compact compared to the controls (Figure 2, Supplementary Videos). In addition, the
ventral assessment of the cardiac chambers showed a thickened ventricle in the examined
mybpc3 KO zebrafish (Figure 2B–E, Supplementary Videos B–E) compared to the control
group (Figure 2A, Supplementary Videos A,F). At the same time, the larvae with severe
cardiac impairment developed cardiac edema, which severely impacted their blood flow
(Supplementary Videos G–H).

Figure 2. The mutant mybpc3 displayed distinct cardiac phenotypes in the zebrafish model. Repre-
sentative zebrafish heart images at the ventral view at 72 hpf. (A) The control showing the cardiac
chambers (atrium (a) and ventricle (v)). (B–E) The zebrafish mybpc3 mutant displayed distinct cardiac
phenotypes. The zebrafish larvae from different clutches were mounted into 3% methylcellulose, and
video recordings were taken using a Zeiss Axio-Zoom V16 stereomicroscope equipped with an Image
Source Camera (60 frames per second) at 100×magnification, scale bar: 50 µm. A yellow traced line
marks the zebrafish ventricle.

2.3.2. Cardiac Chambers

Zebrafish larvae were imaged using a Zeiss Lumar 12 stereomicroscope to examine the
cardiac morphology and function at 72 hpf. The homozygous mybpc3 mutants displayed
distinct restrictive physiology of the cardiac chambers. Gross morphological examination
of the mutant heart showed smaller cardiac chambers, both the ventricle and the atrium,
compared to the control group. Remarkably, the mutant myocardial wall was thicker
than the control group (Supplementary Videos B–E). We also compared one-dimensional
parameters of the ventricular internal chamber dimensions at end-diastole [end-diastolic
diameter (EDD; largest ventricular diameter)] and end-systole [end-systolic diameter (ESD;
smallest ventricular diameter)]. These measurements confirmed the substantial reduc-
tions in the ventricular EDD in the mutant compared to the control group (control EDD
12.33 ± 0.20 µm, n = 28; mybpc3 KO EDD 10.53 ± 0.35 µm, n = 18; p < 0.0001). Further-
more, ventricular ESD was also significantly decreased but to a lesser extent (control ESD
11.57 ± 0.19 µm; mybpc3 KO ESD 9.80 ± 0.34 µm; p < 0.0001) (Figures 2B–E and 3A,B).
Likewise, measurements of the atrium internal dimensions confirmed substantial reduc-
tions in the atrial EDD in the mutant group compared to the control group (control EDD
8.30 ± 0.28 µm, n = 28; mybpc3 KO EDD 6.76 ± 0.45 µm, n = 18; p < 0.003). Addition-
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ally, the atrial ESD was also significantly decreased but to a lesser extent (control ESD
7.25 ± 0.30 µm; mybpc3 KO ESD 5.8 ± 0.47 µm; p < 0.01) (Figure 3C,D). This suggests that
the observed defective cardiac chamber development in the mybpc3 mutant contributes to
cardiac dysfunction and is attributed to the early stages of cardiac impairment.

Figure 3. The zebrafish mybpc3 knockout (KO) model displayed restrictive physiology of the cardiac
chambers at 72 h post-fertilization (hpf). (A,B) Cardiac ventricular and (C,D) cardiac atrial analysis
of the zebrafish mybpc3 KO demonstrated by the measurement of diastolic/systolic diameters that
were significantly decreased in comparison to the wild-type (control) group. The number of embryos
analyzed for the control = 28 and mybpc3 KO = 18. The larvae were mounted to image both chambers
of the heart. Cardiac function analyses were represented in Box–Whisker plots and analysis using a
one-way ANOVA multiple comparisons test. Values were expressed as the means ± SE. p values of
<0.05 were considered statistically significant, a value of * p < 0.05, ** p < 0.01, and **** p < 0.0001.

2.3.3. Cardiac Remodeling at the Cellular Level

Since the ventricle and atrium of the mybpc3 mutants were compact with a thicker
myocardial wall compared to the control, we examined the growth of the heart cham-
bers. Packed heart chambers can be described by increased individual cardiomyocyte
size or increased cardiomyocyte number. Our mybpc3 mutant model established the car-
diac remodeling process at the cellular level. We examined the zebrafish mybpc3 mutant
embryonic hearts by immunofluorescence staining to quantify the total and ventricular
cardiomyocyte cells by the overlay of green fluorescently labeled cardiomyocytes, DAPI
stain, and the ZN-8 antibody (Figure 4A). The total and ventricular cardiomyocytes were
significantly increased in the mybpc3 KO compared to the controls at 72 hpf. Indeed, the
count of total cardiomyocytes in the mybpc3 mutant was 608 nuclei, n = 10, compared to
the control (wild-type) at 302 nuclei, n = 9; p < 0.0004 (Figure 4B), and the mybpc3 mutant
ventricular cardiomyocyte nuclei count was 339 compared to the control group at 208;
p < 0.03 (Figure 4C). These mutants developed cardiomyocyte hyperplasia in response
to the genetic knockout of mybpc3. The zebrafish cardiac phenotype demonstrates that
KO of mybpc3 can alter cardiomyocyte biology at the early stages of heart development.
The increased number of cardiomyocytes and the restrictive cardiac chamber diameters
detected in mybpc3 KO imply that myocyte hyperplasia is a physiological effect that results
in overcoming the chronic myocardial wall stress in zebrafish.
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Figure 4. The zebrafish mybpc3 knockout (KO) displayed cardiomyocyte hyperplasia, indicated by
a significantly increased total and ventricular cardiomyocytes. (A) The zebrafish control Tg (cmlc2:
GFP) and mybpc3 KO staged at 72 hpf were stained with the ventricular cardiomyocyte cell surface
marker, mouse anti-ZN-8 (red), and Dapi for their nuclei (blue). Heart chambers were scanned
anterior to posterior using confocal microscopy at a Z-resolution of 3 µm, scale bar: 50 µm. The
total cardiomyocytes and ventricular cardiomyocytes were quantified by scanning the whole heart;
representative images demonstrated green hearts (Tg:cmlc2:GFP), a red ventricular cell surface, blue
nucleus, merged sections, and red dots for the cell count. (B) Heart images were analyzed to count
the total cardiomyocytes (green); mybpc3 KO displayed a significantly increased number of total
cardiomyocyte cell nuclei compared to the control. (C) The ventricular cardiomyocyte count (red)
demonstrated that mybpc3 KO significantly increased the cell nuclei of the ventricular cardiomyocytes
compared to the control group. Datasets were analyzed by the t-test using GraphPad Prism; the
zebrafish group numbers analyzed were n = 9 for the control and n = 10 for mybpc3 KO. p values of
<0.05 were considered statistically significant, a value of * p < 0.05 and *** p < 0.001.

2.3.4. Cardiac Contractility

To examine the impact of mybpc3 KO on cardiac contractility, we analyzed both
the ventricular and atrial heart rates at 72 hpf. The zebrafish mybpc3 mutants did not
alter the heart beating rate compared to the control group. However, we observed a
broader, more variable heart rate range within the mutant group (Figure 5A,B). The control
group’s average ventricular/atrial heart rate measurements were 150/150 bpm, n = 28. The
average was 144/144 bpm for the mutant group, n = 18, in contrast to the cardiotoxic drug
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haloperidol, which was used as the positive control and resulted in a significant reduction
in the heart rate at 65/70 bpm, n = 17; p < 0.0001.

Figure 5. The zebrafish mybpc3 KO cardiac function parameter analysis. The analysis of the zebrafish
captured videos demonstrated a variable cardiac phenotype. (A,B) Heart rate measured at ventricular
and atrial contractions. The cardiac contractility functional analysis demonstrated that mybpc3 KO
displayed a similar heart rate to the control group compared to the positive control group (haloperidol),
which significantly impaired the heart rate. (C,D) Cardiac arrhythmia measurements of cardiac rhythm
showed similar readings for both the mybpc3 KO and control group compared to the haloperidol
group, which produced significant ventricular and atrial arrhythmias. (E) Ejection fraction calculation
showed that the mybpc3 KO group exhibited a significantly increased percentage than the control
group. The ejection fraction, calculated as the maximal dilatation (the diastolic diameter, DD) versus
the maximal contraction (systolic diameter, SD), is measured in % as EF% = (DD − SD)/DDX100.
Control EDD 12.33 ± 0.20 mm, n = 28; mybpc3 KO EDD 10.53 ± 0.35 mm, n = 18; p < 0.0001). ESD
was also significantly decreased, but to a lesser extent (control ESD 11.57 ± 0.19 mm; mybpc3 KO ESD
9.80 ± 0.34 mm; p < 0.0001). The embryos analyzed were 28, 18, and 17 for the control, mybpc3 KO,
and haloperidol groups, respectively. One-way ANOVA using GraphPad Prism software for multiple
comparisons of the p-value of * p < 0.05, ** p < 0.01, and **** p < 0.0001.

2.3.5. Cardiac Rhythm

To gain further mechanistic insight into the effect of mybpc3 knockout, we assessed the
cardiac rhythm by measuring both ventricular and atrial arrhythmias. Zebrafish mybpc3
mutants produced a non-significant increase in cardiac rhythm at 72 hpf. The control
group’s ventricular/atrial rhythm measurements were at 2.2/1.8, n = 28, and for the mybpc3
KO group, the percentage of beats defect was at 3.3/3.2, n = 18. Although we observed
increased arrhythmias in the KO group; still, this difference was not significant. In contrast,
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embryos treated with cardiotoxic haloperidol showed arrhythmia, which was indicated
by the significant increase in the percentage of beat defect at 8.4/7.1 (ventricular/atrial),
n = 17; p < 0.004/p < 0.02 (Figure 5C,D).

2.3.6. Ejection Fraction

Furthermore, we examined the functional consequences of the restrictive morphologic
heart chambers phenotype in modulating the cardiac mechanistic function. The ejection
fraction was calculated as an index of ventricular contractility. The mybpc3 KO showed a
cardiac functional defect; the mutant ejection fraction percentage was significantly increased
at 64%, n = 18; p < 0.04, compared to the control group at 54%, n = 28. Similarly, cardiotoxic
haloperidol treatment resulted in an increased ejection fraction percentage at 70%, n = 17;
p < 0.0006 (Figure 5E). This increase in the mybpc3 KO volumetric fraction of blood pumped
out of the ventricle with each cardiac cycle relative to the maximum volume in the heart
suggests ventricular cardiac dysfunction in these mutants, likewise mimicking the trend
reported in patients with HCM condition [41].

2.4. Ventricular Hypertrophy in Adult mybpc3 Mutant Zebrafish

The F2 generation was fertile and survived into adulthood. We raised three zebrafish
groups: the wild-type, mybpc3+/−, and mybpc3−/−, and examined the morphology and
function of the adult hearts. The heart specimen of the mybpc3 mutant model exhib-
ited marked ventricular hypertrophy compared to the age-matched controls (Figure 6i).
The dissected mybpc3−/− and mybpc3+/− hearts were enlarged in size in comparison
to the control group (Figure 6ii). Myocardial histological sections of both mybpc3−/−
and mybpc3+/− demonstrated more extensive cardiomyocyte hypertrophy, myofibrillar
disarray, and interstitial fibrosis than sections from the control zebrafish. H&E-stained sec-
tions of the hearts from the control wild-type zebrafish appeared normal compared to the
mybpc3−/−, mybpc3+/− zebrafish sections (Figure 6iii,iv). Remarkably, the mybpc3−/−
exhibited a more compacted and thickened ventricular wall than the mybpc3+/− zebrafish
ventricular wall sections (Figure 6).

Figure 6. The adult zebrafish mybpc3 mutant heart anatomy and histology. Adult age-matched zebrafish
hearts were dissected (location: red star) and then compared across groups: (A) Control, (B) Heterozy-
gous mybpc3+/−, and (C) Homozygous mybpc3−/− mutant. (i). Representation of the anatomical
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position of the heart in the adult zebrafish. (ii). The dissected heart demonstrates the two cardiac
chambers, a single atrium (A), and a single ventricle (V), with an elastic, non-contractile chamber
consisting of smooth muscle bulbus arteriosus (BA). (iii). Histological organization of the adult
zebrafish ventricle, magnification 80×, scale bar: 10 µm. (iv). The ventricular myocardial wall is
hypertrophic in the zebrafish mybpc3 mutant model (red square) when compared to the control group
subset, magnification 150×, scale bar: 10 µm.

To examine the cardiac function in adults, we calculated the cardiac activity percentage
from oscillations in the cardiac signal at the contraction–relaxation status of the ventricle, with
corresponding peaks and lows at regular intervals of contractions at the correct pace over time
of a total of 10 s of video recording of the beating heart. Our analysis of the cardiac activity
percentage revealed that both the mybpc3−/− and mybpc3+/− groups displayed decreased
amplitude compared to the control group’s cardiac activity percentage median (Figure 7A).
Remarkably, the heterozygous mybpc3+/− group showed a more irregular pattern of ventricular
oscillations (Figure 7A). Furthermore, although at larval stages, the heart rates of the mutants
were comparable to the control group. In contrast, in adults, interestingly, the heterozygous
mybpc3+/− adult zebrafish group showed a significantly reduced heart rate (Figure 7B). The
observed irregular pattern of the ventricular oscillations in the adult mybpc3+/− group was also
associated with a significantly reduced heart rate at 61.5 bpm, p < 0.0001, when compared to
both the mybpc3−/− and control groups’ heart rates at 88.5 bpm and 87.6 bpm, respectively.

Figure 7. The zebrafish mybpc3 mutant adult heart function. (A) Cardiac activity percentage analyzed
from oscillations in the cardiac signal at the contraction-relaxation status of the ventricle, The zebrafish
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mybpc3 mutant adult heart function. (A) Cardiac activity percentage analyzed from oscillations in
the cardiac signal at the contraction-relaxation status of the ventricle, with corresponding peaks
and lows at regular intervals of contractions at the correct pace over time of a total of 10 s of
video recording of beating heart. Both mybpc3+/− and mybpc3+/− groups displayed decreased
amplitude. (B) Heart rate was measured in the adult zebrafish after incubation in the combined
MS-222 (Tricaine methanesulfonate) and isoflurane for minimal cardiac consequence function effects.
The examined adult heterozygous mybpc3+/− group (n = 35) displayed a significant reduction in
heart rate, 58.36 beats per minute (BPM), **** p < 0.0001 in comparison to the control (n = 37) at
87.61 BPM and mutant mybpc3−/− (n = 40) at 88.51 BPM. The fluorescent heart of the fish was
directly imaged for 10 s using a ZEISS stereomicroscope Lumar12 supplied with an Imaging source
camera (Model33UX252); data are presented as mean ± SEM. (C) The calculated cumulative duration
of moving rate to nonmoving was lower in the mybpc3 mutant fish. Similarly, the heterozygous
mybpc3+/− group showed the lowest ratio decrease compared to the homozygous and control groups.
(D,E) The maximum swimming speed and endurance experiments: the adult zebrafish mybpc3 mutant
demonstrated declines in the exercise capacity. The total distance and velocity decreased significantly
in the mybpc3 mutant fish. However, the heterozygous mybpc3+/− group showed a more significant
decrease when compared to the control group. * p < 0.05.

2.5. Reduced Adult Swimming Performance in mybpc3 Mutant Zebrafish

The adult mybpc3+/− zebrafish model was examined for its cardiac function. The
reduced heart rates of the adult mutant zebrafish resulted in a decreased ability to swim in
the endurance experiment. Both the calculated cumulative duration of moving speed to
nonmoving for the heterozygous mybpc3+/− group were significantly lower and reduced
compared to the homozygous mybpc3−/− mutant fish control group. The movement
ability of both the mybpc3−/− and mybpc3+/− adult fish was associated with reduced
swimming distance and velocity (Figure 7C–E). The total distance and velocity decreased
in the mybpc3 mutant fish; however, the heterozygous mybpc3+/− group showed a more
significant decrease when compared to the control fish (Figure 7D,E).

2.6. Differentially Expressed Genes through the Development of Hypertrophic Cardiomyopathy

To investigate the cell signaling mechanisms that may influence the differential path-
ways leading to physiologic growth vs. pathologic hypertrophy and to highlight differential
RNA expression before and after the presentation of overt hypertrophy and dysfunction, we
performed RNA-Seq analysis using the total RNA isolated from the hearts of mybpc3−/−,
mybpc3+/−, and the control (wild-type) zebrafish groups at different developmental stages,
comparing the heart average physiologic vs. hypertrophic growth. Development of the
cardiac conduction system in zebrafish [42] processes were selected as the study time
points; the examination of five-day-old larvae at the cardiac looping trabeculation ver-
sus adult zebrafish at three-months old and at six-months old to follow HCM disease
progression through life. We did find gene expression differences between the examined
groups. Additionally, Gene Ontology enrichment and the KEGG analysis of mRNAs were
conducted to identify the biological modules and pathological pathways associated with
the differentially expressed genes (DEGs). Through heart development from larvae stage
(5-days old) to adult stage (3-months old), we did find gene expression differences be-
tween the examined groups (Figure 8A). All groups shared the downregulation of the
following biological processes: muscle structure and tissue development, striated muscle
development, and actin filament-based process (Figure 8B). However, the heterozygous
mybpc3+/− group differed in the downregulation of the heart process and contraction
biological processes, the circulatory system process, and blood circulations. In contrast,
the homozygous mybpc3−/− group differed in the downregulation of heart development
and in the biological processes of actin cytoskeleton organization. Interestingly, in the early
stages of cardiac development in 5-day old larvae, the mybpc3−/− versus mybpc3+/−
showed specific enrichment of 1349 DEGs involved in protein translation, protein catabolic
process, and peptide biosynthetic process (Supplementary Figure S2). Following disease
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progression from 3 to 6 months, all groups shared the upregulation of physiological and
biological processes: muscle structure and tissue development, striated muscle develop-
ment, and heart development (Figure 8A). The HCM zebrafish model deviated in the
transcriptome profile through hypertrophic heart growth. The heterozygous mybpc3+/−
group differed in the upregulation of the biological process of the circulatory system devel-
opment. Both the homozygous and heterozygous, mybpc3−/− and mybpc3+/−, groups
differed in the upregulation of the heart process and contraction and cardiac muscle tissue
development biological processes. Remarkably, at later stages, the zebrafish mybpc3−/−
model at 3-months of age showed 23 DEGs that matched 14 hypertrophy-associated genes
and other genes from the calcium-handling, and the NMD prespecified pathway defined
associated genes (igf1ra, itpr1a, jak1, kras, mapk1, mef2aa, mtor, nf1b, nfatc3a, ptena, raf1a,
rnps1, slc8a1b, stim1b, tgfbr2a, trpm4b.2, upf3b, ednrab, erbb2, fgfr1bl, and atf2). These
results demonstrate that these genes primarily regulate cardiovascular system development
and cardiac physiology through the mybpc3-related HCM.

Figure 8. A Venn diagram illustrating the differentially expressed genes (DEGs). (A) DEGs were
examined for the groups across heart development (time: 5 days, 3 months, and 6 months). (B) DEGs
whose expression was changed ≥1-fold throughout normal physiologic growth (control (wild-type),
red circle), or hypertrophic growth (mypbc3+/−, blue circle; mypbc3−/−, green circle). Subsections of
the Venn diagram include genes that are exclusively regulated during physiologic growth, regulated
during both physiologic and hypertrophic growth, and regulated exclusively during hypertrophic
growth. The values listed indicate the number of genes that belong to each section. The genes that
comprise each subsection of the Venn diagram are available in Supplementary Table S1 (cardiac
physiologic growth), and Supplementary Table S2 (cardiac hypertrophic growth).
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3. Discussion

HCM c-MYBPC3-related early-onset cardiac impairment associated with poor progno-
sis is a growing health care burden [43]. We employed the zebrafish model organism to
studying cardiac remodeling in the early stages of HCM heart disease by establishing the
first zebrafish stable mybpc3-HCM model. In this study, the mutant pathogenesis of cardiac
remodeling in zebrafish larvae recapitulated perspectives of hypertrophic cardiomyopa-
thy in mammals as mybpc3 KO contributed to early adverse cardiac events. The results
presented here indicate that mybpc3 is essential for early cardiac development and cardiac
function in zebrafish larvae. These mutants displayed restrictive compact cardiac cham-
bers at the initial stages of development. The model demonstrated that cardiomyocyte
hyperplasia is one of the early stages of cardiac remodeling, thus, highlighting the effects
of cardiomyocyte hyperplasia on cardiac remodeling and its contribution to HCM to be
studied. In the current study, at the larval stages, the mypbc3-KO zebrafish displayed signif-
icant morphological heart alterations related to a significant decrease in the ventricular and
atrial diameters at both systolic and diastolic states (Figures 3 and 4). Remarkably, when
we examined the growth of the heart chambers, the mutant myocardial wall was thicker
and more compact in comparison to the control. Similarly, cardiomyocyte hypertrophy
or hyperplasia was shown to contribute to the cardiac remodeling process in different
mammalian models [44–46]. An earlier study utilizing the microarray analysis of the
HCM MyBP-C−/−mice model revealed an increase in the cell proliferation markers that
were associated with early cardiac hyperplasia and contributed to hypertrophic cardiac
growth [47]. Our study showed that the KO of mybpc3 can alter cardiomyocyte biology at
the very early stages of heart development. The increased number of cardiomyocytes and
the restrictive cardiac chamber diameters detected in the zebrafish mybpc3 KO imply that
myocyte hyperplasia is a physiological effect that is associated with the chronic ventricular
myocardial wall stress in zebrafish hearts. Consistently, previous studies have shown
that heterozygous mutant mice expressing a truncated form of Mybpc (Mybpc3t/+) have a
normal morphology, but are more prone to developing greater left ventricular hypertrophy
than wild-type mice [48,49].

Functionally, although the zebrafish mybpc3 KO cardiac contractility was similar to the
wild-type control, the ejection fraction was significantly increased in the mypbc3 mutants
(Figure 4). At the larval stage, the zebrafish mutants demonstrated an early cardiac pheno-
type of myocardium remodeling, evident by concurrent cardiomyocyte hyperplasia and
increased ejection fraction, suggesting these critical processes in HCM initiation to counter-
act the increased ventricular myocardial wall stress (Figure 4). Consistently, homozygous
mutant mice expressing a truncated form of Mybpc (Mybpc3t/t) have significantly increased
left ventricular volumes and hypertrophy (increased left ventricular wall thickness) due in
part to increased numbers of cardiomyocytes (hyperplasia) from additional perinatal cell
divisions [50]. It was presented earlier that transcriptome analysis of cardiac hypertrophic
Mybpc3-null mice demonstrated contractile changes related to the absence of MyBP-C at the
heart sarcomere level [51]. Likewise, earlier studies have revealed that the mechanical stress
induced by cardiac pressure overload may lead to early ventricular hypertrophic remodel-
ing during cardiac stress [51,52]. It has been shown that the deletion of Mybpc3 increases
ventricular shortening velocity, force output, and force redevelopment [53–55]. The impact
of Mybpc3 deletion on the left atrium was more prolonged Ca2+ transient and sarcomere
shortening in the Mybpc3 knockout mice [56]. As a result of the enhanced myofilament Ca2+
sensitivity, a deficit in diastolic relaxation and a reduced dynamic range of cell shortening
were observed [56,57]. Later through cardiac development, our assessment of the genetic
mybpc3 knockout impact on the larvae cardiac development and function culminated this
early cardiac phenotype into specific hypertrophic cardiomyopathy seen in adult zebrafish
model. The histological examination of adult zebrafish revealed hypertrophic ventricular
growth and one impairment is the cardiac function in both heterozygous and homozy-
gous groups. Additionally, the heterozygous group average heart rate was significantly
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decreased, and interestingly, the heterozygous group showed a more significant reduction
in swimming total distance and velocity and cumulative movements after exercise.

It is established that MyBP-C is a crucial regulator of actin-myosin contractile dynam-
ics [58]. The contraction and relaxation of cardiac muscle are mediated by the sliding of
interdigitating thick filaments (myosin) and thin filaments (actin). In addition, the sarcom-
ere also contains several accessory proteins that are involved in the assembly, maintenance
of structural integrity, and regulation of contractile activity of the heart. Our transcrip-
tome analysis using dissected zebrafish hearts revealed that actin is the critical component
that is directly associated with the molecular mechanism involved in the pathogenesis
of mybpc3-related HCM (Figures 6–8). Our transcriptome data of 5-day old larvae of
mybpc3−/− zebrafish model supported the in vitro model of the MYBPC3-mutant cell
lines of patient-engineered iPSCMs in which the protein folding-associated gene pathways
were significantly dysregulated (Supplementary Figure S2) {Helms, 2020 #64}. While at
3-months of age, the mybpc3−/− zebrafish model demonstrated calcium-handling, NMD,
and hypertrophic gene dysregulation associated with HCM.

Distinctively, the zebrafish mybpc3-induced cardiac hypertrophic mutants uniquely
dysregulated pathways associated with the actin filament-based process of actin cytoskele-
ton organization through cardiac development and HCM progression in the zebrafish model.

Overall, our present molecular and cellular analysis of cardiac development/function
has further improved our understanding of pathogenic signaling pathways in inherited
hypertrophic cardiomyopathies. Our mybpc3 zebrafish model exhibited an early cardiac
phenotype of myocardium remodeling, associated with concurrent cardiomyocyte hyper-
plasia and increased ejection fraction, suggesting that mybpc3 KO-induced hyperplasia
may be a key mechanism in HCM initiation. The alterations in gene expression patterns
also highlighted the downregulation of the actin cytoskeleton organization followed by
the upregulation of heart contraction through HCM progression. These processes can be
further investigated for biomarkers of HCM progression or can be targeted for potential
therapeutics. Furthermore, our established zebrafish model can serve as a basic genetic
background model to further study the biological functions of mybpc3 in an in vivo system
or to study specific alleles of human c-MYBPC3 variants observed in patients to unravel
the molecular mechanisms that lead to cardiac dysfunction.

4. Materials and Methods
4.1. Zebrafish Lines and Maintenance

Zebrafish (Danio rerio) were raised and maintained, at the Sidra Medicine, Research
Department, Doha, Qatar, following the procedures described in the zebrafish book [59].
Adult zebrafish were kept within a circulating system (Pentair Aquatic Habitats, Apopka,
FL, USA) on cycles of 14 h light, 10 h dark at 28 ◦C, and fed Artemia nauplii (Invy, Cat
# BS-90, Aquaculture, USA). Wild-type zebrafish embryos were obtained according to
the scheduled breeding and staged [60]. All experiments were carried out according
to the protocols approved by Qatar University IACUC Office regulations (QU-IACUC
2-9/2019-1).

4.2. TALEN and Targeting-Vector Construction for mybpc3

A CLC sequence viewer was used to obtain the alignments and phylogenetic tree for
cardiac myosin-binding protein sequences from different species. The cardiac MyBP-C
protein sequences from the following species were used for alignment: human (Homo
sapiens, NM_000256, NP_000247), rat (Rattus norvegicus, NM_001106490, NP_001099960),
mouse (Mus musculus, NM_008653, NP_032679), cat (Felis catus, M3VYP3), chicken (Gallus,
NM_205116, NP_990447), zebrafish (Danio rerio, NM_001044349, NP_001037814), and frog
(Xenopus tropicalis, F6VSF7).

To generate a mybpc3 zebrafish knock-out, TALEN targeting mybpc3 (ENSDARG0000
0011615) located at chromosome 7, exon 2, was selected as the targeted site to introduce



Int. J. Mol. Sci. 2022, 23, 8840 14 of 20

a premature stop-codon. The target gene mybpc3 (ENSDARG00000011615) sequence is
a follows:

‘ATGCCAGAGCCAACTAAAAAAATAGTCTCAGCT TTCAGCAAGAAACCAAAG
TCCCAGACTGCTGA GATTGGGGCAAGAGTCATATTTGAAGCTGAAAC TGAGAAGC
CAGGTGTAAAAGTGAAATGGCAGC GAGAATCCAAGGACATCTTACCCAGTCACAA
A TACACCATCTCAGCAGAGGACAATAAGCATTC TCTCACTATAAATAAT’

The left (L) recognition sequence (16 bp): GTAAAAGTGAAATGGC; the right (R)
recognition sequence (18 bp): GTGACTGGGTAAGATGTC. A total of 10 ng/µL of TALEN
RNAs were injected into the cytoplasm of one-cell stage zebrafish embryos.

4.3. TALEN Efficiency in Zebrafish Embryos

To test the mybpc3 TALEN vector efficiency, the genomic DNA was isolated from 30–50
injected zebrafish embryos. Fragments containing the TALEN target site were amplified by
PCR using genomic DNA-specific primers. Then, the PCR product was digested with a
specific BsaI-HF endonuclease (New England BioLabs, Cat # R3733S, Ipswich, MA, USA)
restriction enzyme to examine the efficiency of TALEN.

4.4. Genotyping of TALEN Edited mybpc3 Zebrafish Line

The adult tail fin or tail clips of zebrafish were incubated in 100 µL extraction buffer
containing 50 mM Tris-HCl (pH 8.5) (Roche, Cat # 1081284601, Mannheim, Germany),
1 mM EDTA (Invitrogen, Cat # 15575-020, Thermo Fisher Scientific, Waltham, MA, USA),
0.5% Tween-20 (Sigma, Cat # P2287, St. Louis, MO, USA), and 80 mg/mL proteinase K
(Ambion, Life Technologies, Austin, TX, USA) for 3–4 h at 55 ◦C to extract its genomic DNA.
Proteinase K (Invitrogen, Cat # 46-6084, Thermo Fisher Scientific, Waltham, MA, USA) was
inactivated by heating to 95 ◦C for 10 min. Then, 1 µL of the genomic DNA mix was used in
a standard 50 µL PCR reaction with Phusion High-Fidelity DNA polymerase (New England
BioLabs, Cat # M0530S, Ipswich, MA, USA) and primers spanning the TALEN target site
(Fw: 5′AAATGTCATATATAAATGATCTTG3′; Rv: 5′CATAAGGACGTAGATGAAGTGGAA3′)
according to the manufacturer’s instructions. PCR products were purified using the Qiagen
QIAquick PCR Purification Kit (Qiagen, Cat #: 28104, Germantown, MD, USA) and digested
using BsaI-HF endonuclease (New England BioLabs, Ipswich, MA, USA) overnight at 37 ◦C
in a 10 µL reaction, according to the manufacturer’s instructions. Samples were then run
on a 2% agarose gel. Mutant products were undigested at 450 bp, whereas digested
wild-type products were detected as fragments of 225 bp. As per the manufacturer’s
instructions, the PCR products were purified using QIAquick purification columns (Qiagen,
Cat # 28115, Germantown, MD, USA), sequenced, and aligned to the wild-type genomic
sequence. Founder zebrafish containing deletions were identified by genotyping with
restriction enzymes, followed by sequencing to determine the precise molecular nature
of the genomic change. Founder zebrafish with the mybpc3 mutation were outcrossed
to wild-type zebrafish to produce an F1 generation, which was then used for breeding
to generate homozygous mutants. Homozygous mutant fish were identified by PCR,
restriction fragment, and genotyping.

4.5. Generation of Zebrafish mybpc3 Mutant with Green-Fluorescent Hearts

Injected F0 embryos were raised to adulthood and outcrossed with wild-type zebrafish
to produce F1. The F1 embryos were raised to adulthood, then genotyped, homozygous
KO mybpc3 zebrafish were outcrossed to Transgenic Tg (cmlc2:eGFP), which expresses
a heart-specific green fluorescent protein (GFP). Embryos were raised to adulthood and
in-crossed to produce mybpc3+/−::cmlc2:eGFP, which were raised to be in-crossed to create
the F2 generation of mybpc3−/−::cmlc2:eGFP that exhibited an intense expression of heart
GFP to adulthood.
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4.6. Microscopic Assessment of Cardiac Phenotypes

At 72 hpf, the heartbeats of different zebrafish groups were recorded at high resolu-
tion using Stereomicroscope Zeiss LUMAR.V12 (Zeiss, Jena, Germany) at 60 frames per
second (fps). Haloperidol (Sigma, Cat # H1512-5G, St. Louis, MO, USA), a first-generation
antipsychotic known to be cardiotoxic in zebrafish and humans, was used as a positive
control [61–63]. Cardiac heart chamber measurements were assessed using Danioscope
software (Noldus Technologies, Wageningen, The Netherlands). To minimize the effect of
environmental temperature on cardiac function, zebrafish larvae were kept in individual
wells and removed from the 28 ◦C incubator immediately before cardiac measurement.
In addition, zebrafish larvae were mounted in 3% methylcellulose (Sigma, Cat # M0387,
St. Louis, MO, USA) before imaging for stabilization.

4.7. Assessment of Cardiovascular Performance

The cardiac contractility of the zebrafish hearts was assessed using Danioscope soft-
ware (Noldus Technologies, Wageningen, The Netherlands). For the heart rate and rhythm
analysis of the embryonic heart, videos were analyzed of beating ventricles and atria for
72 hpf embryos at 60 fps.

4.8. Immunostaining of Zebrafish Mutants and Cardiomyocytes Count

Whole-mount immunofluorescence was performed as previously described [64,65].
Briefly, mybpc3−/−::cmlc2:eGFP zebrafish expressing GFP in their cardiomyocytes under
the control of the cmlc2 promotor at 72 hpf were fixed in 4% paraformaldehyde (Sigma,
Cat # P6148, St. Louis, MO, USA) and then washed with 1X PBS (Sigma, Cat #P-5493,
St. Louis, MO, USA) containing 0.1% Tween (PBST). Larvae were incubated in a blocking
solution (PBST supplemented with 2% bovine serum albumin (BSA) (VWR, Cat # 0332,
Solon, OH, USA) and 10% goat serum (Sigma, Cat # G9023, St. Louis, MO, USA)) for 1.5 h
at room temperature (RT). Then, the surface marker for ventricular cardiomyocytes, mouse
anti-ZN-8 (Hybridoma bank; 1:50 (Developmental Studies Hybridoma Bank, Houston,
TX, USA)), was added to the zebrafish larvae overnight at 4 ◦C in a blocking solution.
Afterward, the anti-mouse Alexa594 (Invitrogen; 1:400, Cat # A32744, Thermo Fisher
Scientific, Waltham, MA, USA) was added as a secondary antibody and incubated with
DAPI (1:1000) for 5 min. Larvae were imaged using an SP8 Leica confocal microscope for
cardiomyocyte quantification.

4.9. The Heart Rate of Adult Zebrafish

Anesthetic preparation: MS-222 (Tricaine methanesulfonate) is a widely used anes-
thetic material in zebrafish. As previously reported, MS-222 affects skeletal muscle and
cardiac muscle function, which is cardiotoxic and reduces the heart rate [66]. Therefore, a
combination of MS-222 (Western Chemical Inc., Cat #: NC0872873, Ferndale, WA, USA)
and isoflurane (Baxter, Cat #: FDG9621ME, Deerfield, IL, USA) as an anesthetic solution
was prepared via a modified protocol [67] for zebrafish with minimal cardiac consequence
function effects. The solution was prepared with a combination of 0.1 mL of a buffered
MS-222 stock solution “4 mg/mL” and 1.5 mL of isoflurane dissolved in 100 mL of fish
water. Individual fish were gently poured inside the solution until the zebrafish had no re-
sponse. Then, the heart rate was directly imaged for 10 s using a ZEISS microscope (Model
Stemi 2000-C) with a IMAGINGSOURCE camera (The ImagingSource, Model 33UX252,
Bremen, Germany). The recorded videos of each examined zebrafish larvae were used to
calculate the individual heart rate and cardiac activity percentage by DanioScope software
(video-based analysis tool).

4.10. Assessment of Swimming Performance and Endurance of Adult Zebrafish

The zebrafish swimming behavior was assessed using video-based tracking software
that measures the swimming parameters for swimming analysis such as velocity, acceler-
ation, and distance moved during the trial. Swimming behavioral tests were performed
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as previously described with some modifications on adult zebrafish. The fish was placed
in a 3.5 L zebrafish housing tank from Techniplast and allowed to acclimatize for 5 min
inside the system. Then, the water speed flow was increased to the maximum of 55 mL\s
for 30 min. After that, the fish was gently poured into the observation tank for live tracking
records using the EthoVision XT7 system (version 13, Noldus, Wageningen, The Nether-
lands). Two arenas were defined as the top and side view; acquisition started after subject
detection within the arena as defined in the trial control settings. The fish was tracked at a
30 fps rate for 1 min immediately after the fish was poured into the observation tank.

4.11. Identification of Differentially Expressed Genes (DEGs) between HCM Zebrafish Mutants
and Healthy Controls

Dissected zebrafish hearts were collected at different time points of development:
5 days, 3 months, and 6 months. The total RNA was extracted from pooled hearts for
five days (32 hearts), 3 months (24 hearts), and 6 months (12 hearts) using the Qiagen
RNeasy Plus Micro Kit (QIAGEN, Cat #: 74034, Germantown, MD, USA). Three replicates
were submitted for RNA sequencing for each examined group of the control, mutant, and
heterozygous.

The mRNA libraries were prepared from the total RNA using the QuantSeq 3’mRNA-
Seq Library Prep Kit-FWD (Lexogen, Cat #: 015.96, Cambridge Bioscience, Cambridge, UK)
according to the manufacturer’s instructions. The first strand was synthesized using Oligo-
dT primers, followed by RNA removal and the synthesis of complementary strand (second
strand synthesis) initiated by random priming. Afterward, the Illumina- or IonTorrent-
specific linker sequences were introduced by primers. The resulting double-stranded cDNA
was purified with magnetic beads included in the kit. Then, the libraries were amplified for
18 PCR cycles and labeled with different single indices. The quality and size of the libraries
were determined using the NGS 3K assay on the Labchip GXII (Perkin Elmer, Waltham,
MA, USA) and pooled based on quantification via qPCR using the KAPA HiFi Library
Quantification Kit on a Roche LightCycler 480 (Roche Sequencing and Life Science, KK8401
Cat #: 07962169001, Kapa Biosystems, Indianapolis, IN, USA). The final library pool was
sequenced on an Illumina NextSeq 500 with a High Output 75 bp Single End Read Kit, at a
depth of 8 million reads per library.

The RNA sequencing data in the fastq format was first mapped to the zebrafish
(Danio rerio) genome assembly GRCz11 (danRer11) (https://www.ncbi.nlm.nih.gov/grc/
zebrafish, accessed on 17 September 2020) using the STAR aligner (v2.6.1d) (https://
github.com/alexdobin/STAR, accessed on 17 September 2020). Read summarization was
performed using feature counts (v2.0.0) (http://subread.sourceforge.net/, accessed on
17 September 2020). Differential expression analysis was performed using the limma
package (https://bioconductor.org/packages/release/bioc/html/limma.html, accessed
on 17 September 2020). Gene Set Enrichment Analysis was performed using the Cluster
Profiler package (https://bioconductor.org/packages/release/bioc/html/clusterProfiler.
html, accessed on 17 September 2020). To assess the DEGs, the gene expression differences
between the HCM and normal controls were compared. The list of genes was identified
as DEG protein-coding genes based on the cut-off of the false discovery rate (FDR) < 0.05
(Figure 8).

4.12. Statistical Analysis

The values displayed in each graph are the mean ± standard deviation. Statistical
analysis was performed using GraphPad Prism 7. One-way ANOVA was used to analyze
multiple group comparisons. The Student t-test was used for differences between the two
groups. Significant differences between groups were expressed using p values: * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

https://www.ncbi.nlm.nih.gov/grc/zebrafish
https://www.ncbi.nlm.nih.gov/grc/zebrafish
https://github.com/alexdobin/STAR
https://github.com/alexdobin/STAR
http://subread.sourceforge.net/
https://bioconductor.org/packages/release/bioc/html/limma.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
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