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Altered C10 domain in cardiac myosin binding
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Aims A 25-base pair deletion in the cardiac myosin binding protein-C (cMyBP-C) gene (MYBPC3), proposed to skip exon
33, modifies the C10 domain (cMyBP-CDC10mut) and is associated with hypertrophic cardiomyopathy (HCM) and
heart failure, affecting approximately 100 million South Asians. However, the molecular mechanisms underlying the
pathogenicity of cMyBP-CDC10mut in vivo are unknown. We hypothesized that expression of cMyBP-CDC10mut exerts
a poison polypeptide effect leading to improper assembly of cardiac sarcomeres and the development of HCM.

....................................................................................................................................................................................................
Methods
and results

To determine whether expression of cMyBP-CDC10mut is sufficient to cause HCM and contractile dysfunction
in vivo, we generated transgenic (TG) mice having cardiac-specific protein expression of cMyBP-CDC10mut at approx-
imately half the level of endogenous cMyBP-C. At 12 weeks of age, significant hypertrophy was observed in TG
mice expressing cMyBP-CDC10mut (heart weight/body weight ratio: 4.43 ± 0.11 mg/g non-transgenic (NTG) vs.
5.34 ± 0.25 mg/g cMyBP-CDC10mut, P < 0.05). Furthermore, haematoxylin and eosin, Masson’s trichrome staining, as
well as second-harmonic generation imaging revealed the presence of significant fibrosis and a greater relative nu-
clear area in cMyBP-CDC10mut hearts compared with NTG controls. M-mode echocardiography analysis revealed
hypercontractile hearts (EF: 53.4%±2.9% NTG vs. 66.4% ± 4.7% cMyBP-CDC10mut; P < 0.05) and early diastolic dys-
function (E/E0: 28.7 ± 3.7 NTG vs. 46.3 ± 8.4 cMyBP-CDC10mut; P < 0.05), indicating the presence of an HCM pheno-
type. To assess whether these changes manifested at the myofilament level, contractile function of single skinned
cardiomyocytes was measured. Preserved maximum force generation and increased Ca2þ-sensitivity of force gener-
ation were observed in cardiomyocytes from cMyBP-CDC10mut mice compared with NTG controls (EC50:
3.6 ± 0.02mM NTG vs. 2.90 ± 0.01 mM cMyBP-CDC10mut; P < 0.0001).

....................................................................................................................................................................................................
Conclusion Expression of cMyBP-C protein with a modified C10 domain is sufficient to cause contractile dysfunction and HCM

in vivo.
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1. Introduction

Hypertrophic cardiomyopathy (HCM) is a genetic heart disease affecting
one in 200–500 people.1 HCM is clinically defined by left ventricular (LV)

hypertrophy (mainly affecting the septal wall), diastolic dysfunction, mi-
tral valve regurgitation, abnormal coronary microcirculatory function,
and electrocardiographic abnormalities.2 The aetiology of HCM stems
from mutations in genes encoding cardiac contractile proteins, in
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particular mutations in MYBPC3, encoding cardiac myosin binding
protein-C (cMyBP-C), as the most common origin of disease pathogene-
sis.3 Evidence suggests that a subset of these mutations can cause an in-
crease of toxic mutant and truncated proteins that leads to
proteotoxicity in the heart owing to either specific interactions of the
mutant protein or general misfolding that can cause cellular dysfunction
and contribute to the development of HCM.4–7 In cases of mutations
that cause misfolded protein aggregates, it follows that targeting proteo-
toxicity would be a reasonable therapeutic approach to counteract the
resultant proteopathy6,8–10 by removing the offending truncated sarco-
meric proteins.6,11–13 However, the aetiology that would explain why
specific MYBPC3 mutant proteins lead to disease is likely variable and
remains poorly understood.

The first MYBPC3 mutations associated with HCM were reported in
1995.14,15 Since then, more than 350 mutations have been published for
this gene,16 with population-specific founder effects.17–19 cMyBP-C is a
key sarcomeric thick-filament protein that interacts with both myosin and
actin filaments to regulate sarcomere structure and function.20

Importantly, 70% of all MYBPC3 mutations include premature stop codons
or frame shifts that encode proteins lacking key myosin binding residues in
the C-terminus, which prevents protein incorporation into the sarco-
mere.21,22 The pathogenic mechanism of MYBPC3 mutations could stem
from either an insufficient amount of gene product and, hence, reduced
sarcomeric cMyBP-C, i.e. haploinsufficiency, direct pathogenic effects of
the mutants on normal myofilament function, i.e. a poison polypeptide ef-
fect, or an accumulation of misfolded proteins, i.e. proteotoxicity.23–29

Studying the specific pathogenic mechanism for specific MYBPC3 muta-
tions is confounded by an incomplete penetrance and variable onset of
these mutations, which can be exacerbated by other physical or genetic
modifiers,26,30 suggesting that several factors may be involved in the prog-
nosis of HCM. Therefore, it is important to determine the pathogenicity
and underlying molecular mechanism(s) of each mutation in the context
of HCM as an essential first step in identifying targets for therapies di-
rected towards sarcomeric cardiomyopathies.31,32

Previously, we discovered a specific variant in MYBPC3, a 25-base pair
deletion that leads to the loss of the splicing branch point in intron
32.19,21,33,34 This variant affects approximately 100 million South Asians
and is associated with HCM and heart failure (HF).19,35,36 This mutation
is thought to result in the skipping of exon 33 with a corresponding re-
placement of 62 amino acids with 55 non-native amino acids at the C10
domain of the C-terminus of cMyBP-C (cMyBP-CDC10mut).21 The muta-
tion was found to be associated with the development of HCM and
HF.19 Individuals carrying this variant are at high risk of developing HCM,
but its functional and molecular effects are largely unknown.19

Adenoviral expression of cMyBP-CDC10mut in adult rat cardiomyocytes
showed contractile dysfunction,37 but whether expression of cMyBP-
CDC10mut alone is enough to cause an HCM phenotype in vivo remains
elusive. Similar MYBPC3 mutations have been shown to be quickly de-
graded; however, we have recently identified an additional mutation,
D389V, which occurs in a subpopulation of cMyBP-CDC10mut carriers.38

This D389V variant occurs on the same allele as the cMyBP-CDC10mut

and is strongly associated with a HCM phenotype, suggesting that this
protein is present in appreciable levels to cause dysfunction.

Therefore, to study the pathogenic potential of the cMyBP-CDC10mut

mutation in vivo, we generated transgenic (TG) mice expressing cardiac-
specific cMyBP-CDC10mut to define the link between cMyBP-CDC10mut

expression and HCM. We found that cMyBP-CDC10mut did not incorpo-
rate into the C-zone of the sarcomere, but rather localized to the cyto-
sol and Z-line. This evidence supports the poison-polypeptide

hypothesis, in which an increase of toxic mutant and truncated proteins
leads to a cascade of events beginning with improper incorporation of
cMyBP-CDC10mut, then contractile dysfunction, and finally the induction
of pro-hypertrophic signalling and cardiac remodelling. This study details
the progressive pathogenicity of these events, thus providing mechanistic
insight into the in vivo pathogenicity of the most common mutation asso-
ciated with the development of HCM.

2. Methods

An expanded Methods section can be found in the Supplementary mate-
rial online.

2.1 Cardiac-specific cMyBP-CDC10mut

transgenic mouse model
The previously generated mouse cMyBP-C wild-type cDNA (�3.8 kb)
(Accession # NM_008653) was subjected to removal of exon 33, including
62 residues, and 55 non-native residues were introduced to generate the
cMyBP-CDC10mut protein.37 The sequence encoding the myc epitope tag
(10 amino acids, EQKLISEEDL, Roche) was incorporated into the primer
such that the tag was placed after the initiator Met residue. The anti-Myc
antibody was used to distinguish the cMyBP-CDC10mut protein from endog-
enous cMyBP-C. After the correct sequence was confirmed, the entire
cDNA fragment was ligated into the mouse Myh6 promoter vector at the
unique SalI site. The final construct was then resequenced to ensure
the correct orientation. Next, the construct (�10 kb) was digested free of
the vector sequence (�2.8 kb) with NotI, purified from agarose gels, and
used to generate multiple TG lines (C57BL/6 strain). We obtained seven
founder lines that were identified by PCR using primers corresponding to
the a-MyHC 5’-untranslated (UTR) region with an internal control. An ini-
tial screening was performed on TG expression levels with a cMyc anti-
body (Data not shown), and the line with the highest levels of transgene
expression was found and then selected for further analysis. All animal
experiments were approved by the Institutional Animal Care and Use
Committee at Loyola University Chicago and the University of Cincinnati
and followed the policies described in the Guide for the Use and Care of
Laboratory Animals published by the National Institutes of Health. Carbon
dioxide (CO2) inhalation was used for euthanasia via the chamber method.
This method employs a top-opening chamber into which the animal(s)
was/were introduced. After the animal(s) was/were placed in the chamber,
a slow flow of CO2 was initiated for a few minutes to slowly establish a
high concentration at the bottom of the chamber. After breathing had
stopped and the animal(s) were unconscious, euthanasia was completed
by thoracotomy and removal of the heart for processing.

2.2 Mouse echocardiography
To assess cardiac function in non-transgenic (NTG) and cMyBP-CDC10mut

animals at 3 months of age, non-invasive M-mode echocardiography was
performed using a VisualSonics Vevo 2100 imaging system (FUJIFILM
VisualSonics Inc.) with an MS-550D 22–55 MHz transducer, as described
previously.39 Under isoflurane anaesthesia delivered via inhalation (5% for
knockdown and 1.5% for sedation during the duration of the procedure),
the hearts were monitored to assess function and morphology.

2.2 Histopathology
To assess gross morphology, cardiac sections were taken from NTG
and cMyBP-CDC10mut hearts and stained with haematoxylin and eosin
(H&E) or Masson’s trichrome (MT), as described previously.39
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2.3 mRNA isolation, qPCR, and RNA-seq
analysis
Gene expression changes between NTG and cMyBP-CDC10mut hearts
were evaluated as described previously.39

2.4 cMyBP-CDC10mut protein localization
analysis
To determine the localization of the cMyBP-CDC10mut protein in the car-
diac sarcomere of DC10 mice, cardiomyocytes were isolated from
cMyBP-CDC10mut hearts, as well as NTG hearts, for comparison.
Following their isolation, cultured cardiomyocytes were fixed, permeabi-
lized, and incubated with antibodies to detect endogenous cMyBP-C,
myc-tagged cMyBP-CDC10mut protein, and a-actinin.37 The immunofluo-
rescence-labelled cardiomyocytes from NTG and cMyBP-CDC10mut

hearts were imaged using a Leica TCS SP5 microscope.

2.5 Second-harmonic generation imaging
Second-harmonic generation (SHG) imaging of NTG and cMyBP-
CDC10mut hearts was performed and quantified as we previously
described.40

2.6 Cardiac muscle organization analysis
To examine whole heart morphology, hearts from NTG and cMyBP-
CDC10mut animals were processed and imaged as described previously.41

2.7 Western blot analysis
The level of endogenous cMyBP-C and cMyBP-CDC10mut was evaluated
by western blot analysis using both cMyBP-C (polyclonal) and anti-Myc
antibody tag (Roche) antibodies in whole heart and myofilament isola-
tions. Following our previously described method, we used a calibration
curve of both cMyBP-C and Myc antibodies to perform semi-
quantitative analysis.37 In addition to total protein levels, cMyBP-C phos-
phorylation was determined by using site-specific phospho-antibodies, as
described previously.21

2.8 Force-calcium relationship in
permeabilized cardiomyocytes
Isometric force measurements on permeabilized myocytes were per-
formed, as described before.42

2.9 Electron microscopy
Hearts were dissected and then fixed with glutaraldehyde/paraformalde-
hyde. For sectioning, fixed muscles were post-fixed with 1% OsO4 in
0.1 M sodium cacodylate buffer for 1 h, dehydrated in graded alcohol and
then embedded in Epon. Ultrathin sections were cut with a diamond
knife on a Leica UC7 Ultramicrotome. A-band length, M-line width, and
Z-line width were measured using ImageJ.43 The averaged data were
analysed for statistical significance in GraphPad Prism using a one-way
analysis of variance (ANOVA) with Tukey’s multiple comparison test.

2.10 Statistical analyses
Tension-pCa relationships were fit with a modified Hill equation.44–46

The data are presented as mean ± SEM. Normal distribution of data was
tested with the Shapiro–Wilk test. If data were normally distributed, a
Student’s t-test was used to determine significant differences between
groups. The Mann–Whitney U test was used for non-normal distribution
of data. Statistically significant differences were considered as P < 0.05.

3. Results

3.1 TG expression of cMyBP-CDC10mut

causes HCM in mice
Data gained from previous in vitro experiments showed that cMyBP-
CDC10mut could not properly incorporate in adult rat cardiomyocytes
which resulted in decreased sarcomere contractility.37 However, it is un-
known whether abnormal localization of cMyBP-CDC10mut or its overex-
pression can cause HCM in vivo. A knock-in model of this mutation was
considered unsuitable because mouse intron 32 is entirely different from
that of human, and ablation of exon 33 would result in a different stop
codon when compared with human. Therefore, a cardiac-specific TG
mouse model expressing cMyBP-CDC10mut was established (Figure 1A) to
determine the physiological changes that result from the presence of
cMyBP-CDC10mut and to define the functional defects underlying HCM.
High levels of transgene expression were seen at the mRNA level (Figure
1B, panel left), as primers recognizing both endogenous and TG Mybpc3
showed 19.6± 1.3-fold higher expression in cMyBP-CDC10mut mice than
NTG littermates, while primers recognizing only endogenous Mybpc3
showed a slightly lower expression in cMyBP-CDC10mut compared with
NTG (Figure 1B, panel right). Analysis at the protein level revealed no sig-
nificant change in total cMyBP-C levels (Figure 1C) or myofilament
cMyBP-C levels (Supplementary material online, Figure S1A–C). cMyBP-C
is heavily regulated by phosphorylation; therefore, the phosphorylation
levels of the four most common sites were evaluated, but these were
found to be unchanged (Supplementary material online, Figure S2).
Additionally, cardiac troponin I (cTnI) phosphorylation was unchanged
between the groups (Supplementary material online, Figure S1A, B, and
D). Most HCM-associated MYBPC3 mutations lead to premature stop
codons, resulting in mRNA degradation by nonsense-mediated decay
(NMD) and/or quick degradation of the truncated protein.11,47 To estab-
lish if this is true for cMyBP-CDC10mut, the percentage of cMyBP-C
derived from the c-Myc-tagged transgene was determined. In cMyBP-
CDC10mut mice, 31.6 ± 6.2% of cMyBP-C was derived from the transgene
(i.e. c-Myc tagged, Figure 1D). These data show that the cMyBP-CDC10mut

protein can be translated and remain stable enough for detection. Thus,
any pathological effect elicited by cMyBP-CDC10mut could be attributed
to a poison polypeptide effect, or, in the alternative, through dysregula-
tion of RNA or protein degradation pathways. This model is, therefore,
suitable for studying the pathophysiological consequences of cMyBP-
CDC10mut.

3.2 Augmented fibrosis is evident in
cMyBP-CDC10mut hearts
We next asked whether cMyBP-CDC10mut expression alone would be
sufficient to cause HCM in mice. Indeed, cMyBP-CDC10mut expression
resulted in increased heart size and weight compared with NTG mice
(Figure 2A). A characteristic of HCM is myocardial fibrosis.48 Thus, histo-
pathological analyses using myocardial sections from cMyBP-CDC10mut

and NTG hearts was performed. Percent nuclear area, an indicator of
cellularity, was significantly elevated in cMyBP-CDC10mut hearts (Figure 2B
and C). Similarly, significant fibrosis was noticed in cMyBP-CDC10mut myo-
cardial sections, as shown by increased Masson’s trichrome staining
(Figure 2B and D). This was confirmed with SHG imaging (collagen depo-
sition, Figure 2E and G). SHG was also used to quantify sarcomere area
(Figure 2E and F) and revealed a significant increase in sarcomere area in
cMyBP-CDC10mut myocardial sections compared with those from NTG
mice. Together, these data demonstrate that myocardial fibrosis
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accompanies cardiac remodelling in cMyBP-CDC10mut mice, further impli-
cating that cMyBP-CDC10mut expression leads to the macroscopic
changes seen in HCM.

3.3 cMyBP-CDC10mut mice show cardiac
hypertrophy and diastolic dysfunction
cMyBP-CDC10mut protein expression caused hypertrophy in 3-month-
old animals (Figures 2 and 3A). In line with this finding, morphometric
measurements revealed a significant elevation in LV wall diameter
and area (Figure 3B and C), right ventricular wall diameter and volume

(Figure 3D and E), and heart width (Figure 3G) in cMyBP-CDC10mut hearts
compared with NTG controls. No significant difference in heart height
was observed between cMyBP-CDC10mut and NTG mice (Figure 3F). To
evaluate cardiac function in cMyBP-CDC10mut hearts compared with
NTG controls, short-axis M-mode echocardiography was performed
(Figure 4A). In keeping with an early HCM phenotype, systolic function
was elevated (Figure 4B and C), while diastolic function, as determined by
blood and tissue Doppler measurements, was impaired (Figure 4D) in
cMyBP-CDC10mut hearts compared with NTG controls. Evaluation of
percent global longitudinal strain (GLS) in cMyBP-CDC10mut hearts com-
pared with NTG controls revealed no difference (Figure 4E). No other

Figure 1 Cardiac-specific TG expression of cMyBP-CDC10mut. (A) Schematic diagram of the TG construct expressing the cMyBP-CDC10mut (DC10) un-
der the control of a-myosin heavy chain promoter. (B) mRNA gene expression levels of MYBPC3 using primers targeting endogenous cMyBP-C and TG
cMyBP-CDC10mut (left) or endogenous cMyBP-C only (right) from NTG vs. cMyBP-CDC10mut (n = 6). Quantification of cMyBP-CDC10mut expression rela-
tive to total cMyBP-C. (C) Western blot analysis showing total cMyBP-C expression in NTG and cMyBP-CDC10mut hearts (left) and their quantification
normalized to the internal loading control a-tropomyosin (TPM) (5 NTG and 6 DC10). (D) Western blot analysis depicting total cMyBP-C and the c-
Myc-tagged cMyBP-CDC10mut in NTG and cMyBP-CDC10mut mice, as well as adenovirus-expressed cMyBP-CDC10mut in A7R5 rat aortic smooth muscle
cells (left) (n = 4 DC10). ***P < 0.001.
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significant changes in cardiac function or morphology were seen by
echocardiography (Table 1). cMyBP-CDC10mut expression caused dia-
stolic, but not systolic dysfunction, a pattern that is typical of HCM.
Together, these data indicate that expression of cMyBP-CDC10mut is suffi-
cient to cause cardiac hypertrophy.

3.4 cMyBP-CDC10mut myofilaments exhibit
increased Ca2þ-sensitivity
We next evaluated whether the diastolic dysfunction that was observed
through echocardiography (Figure 4D) also occurred at the myofilament
level. Maximal force-generating capacity of permeabilized cardiomyo-
cytes did not change between cMyBP-CDC10mut and NTG mice (Figure
5A and C), while an increased Ca2þ-sensitivity of force development was
observed in cMyBP-CDC10mut cardiomyocytes (Figure 5B and D). When
cardiomyocyte ultrastructure was studied by electron microscopy, no
changes were apparent in thick filament length or arrangement, or in M-
line or Z-line structure and dimensions (Supplementary material online,

Figure S3). In vivo and in vitro contractile analyses indicated altered relaxa-
tion in cMyBP-CDC10mut hearts owing to changes in myofilament Ca2þ-
sensitivity.

3.5 Gene pathway enrichment analyses and
network visualization
To determine the global gene expression changes in cMyBP-CDC10mut

hearts compared with NTG controls, we performed RNA-seq analysis
using total mRNA isolated from the hearts of these mice (Figure 6). In to-
tal, we observed 222 upregulated and 299 downregulated genes in
cMyBP-CDC10mut compared with NTG hearts. As expected, total
Mybpc3 gene expression was highly up-regulated in cMyBP-CDC10mut

compared with NTG hearts by the TG overexpression of cMyBP-
CDC10mut. Supporting the observed increased heart size and wall thick-
ness, we detected an upregulation of several hypertrophy genes, includ-
ing Myh7 and Nppa, in cMyBP-CDC10mut hearts. We next performed
gene ontology analyses of this RNA-Seq dataset for biological processes

Figure 2 Myocardial fibrosis is elevated in cMyBP-CDC10mut hearts. (A) Gross morphology, cross section of whole isolated hearts and heart/body
weight (HW/BW) ratio (mg/g). Scale marks are separated by 1000lm in left panel and scale bar = 1000lm in middle panel. (B) Representative H&E- and
Masson trichrome (MT)-stained myocardial sections from cMyBP-CDC10mut and NTG hearts. Scale bar = 50lm. (C) Quantification of percent nuclear
area and (D) percent MT fibrosis obtained from measurements of H&E- and MT-labelled myocardial sections from cMyBP-CDC10mut and NTG hearts
(n = 3 NTG hearts, 62 sections and 3 cMyBP-CDC10mut hearts, 106 sections for panel C and n = 3 NTG hearts, 53 sections and 3 cMyBP-CDC10mut hearts,
52 sections for D). (E) Representative SHG-imaged myocardial sections from cMyBP-CDC10mut and NTG hearts. The green channel is backward SHG
(BSHG) predominantly depicting collagen fibres, and the blue channel is forward-directed SHG (FSHG) showing the sarcomere pattern. Scale bar =
20lm. Quantification of (F) percent FSHG sarcomere area and (G) percent BSHG fibrosis obtained from SHG-imaged myocardial sections from cMyBP-
CDC10mut and NTG hearts (n = 3 NTG hearts, 10 sections and 3 cMyBP-CDC10mut hearts, 10 sections for F and n = 3 NTG hearts, 12 sections and 3
cMyBP-CDC10mut hearts, 13 sections for G). *P < 0.05, ****P < 0.0001.
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..and pathways that were overrepresented or underrepresented in
cMyBP-CDC10mut compared with NTG hearts, as we described pre-
viously.49 Selected enriched biological processes and pathways in
cMyBP-CDC10mut compared with NTG hearts are depicted in the net-
work representation in Figure 6B.

3.6 cMyBP-CDC10mut protein mislocalizes at
the Z-line

It has been established that the cMyBP-CDC10mut leads to the replace-
ment of 62 of the C-terminal amino acids with a non-native sequence of

Figure 3 cMyBP-CDC10mut hearts display myocardial hypertrophy. (A) Confocal microscopy of myocardial sections from NTG and cMyBP-CDC10mut

hearts with cardiac chambers artificially filled with blood. Scale bar = 1000lm. Morphometric measurements of confocal myocardial sections from NTG
and cMyBP-CDC10mut hearts quantifying (B) LV wall thickness, (C) Internal LV area, (D) RV wall thickness, (E) internal RV volume, (F) heart height, and (G)
heart width (n = 5 NTG, 5 DC10). *P < 0.05, **P < 0.01, ****P < 0.0001.
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Figure 4 Diastolic dysfunction in cMyBP-CDC10mut mice. (A) M-mode echocardiographic tracings showing LV hypertrophy in cMyBP-CDC10mut hearts.
Echocardiographic analysis of (B) ejection fraction (EF, %), (C) fractional shortening (FS, %), (D) E/E0 ratio and (E) global longitudinal strain analysis (GLS, %)
(n = 6) *P < 0.05.

..............................................................................................................................................................................................................................

Table 1 Echocardiographic data and cardiomyocyte force-Ca2þ data of NTG and cMyBP-CDC10mut TG mice

NTG cMyBP-CDC10mut P-value n value (NTG vs. cMyBP-CDC10mut)

HW/BW (mg/g) 4.43 ± 0.11 5.38 ± 0.24 0.02* 12 vs. 11

IVSTd (mm) 0.77 ± 0.05 0.82 ± 0.04 0.53 11 vs. 7

IVSTs (mm) 1.18 ± 0.05 1.23 ± 0.08 0.54 11 vs. 7

LVPWd (mm) 0.80 ± 0.05 0.77 ± 0.02 0.98 11 vs. 7

LVPWs (mm) 1.06 ± 0.08 1.14 ± 0.07 0.47 11 vs. 7

LVIDd (mm) 3.98 ± 0.17 3.61 ± 0.17 0.16 11 vs. 7

LVIDs (mm) 2.90 ± 0.16 2.39 ± 0.18 0.05 11 vs. 7

EF (%) 53.4 ± 2.9 66.4 ± 4.7 0.03* 11 vs. 7

FS (%) 27.4 ± 1.9 36.6 ± 3.5 0.02* 11 vs. 7

GLS (%) -13.0 ± -1.0 -13 ± -1.1 0.98 5 vs. 5

E/A 1.66 ± 0.09 1.64 ± 0.10 0.88 6 vs. 6

E/E0 28.7 ± 3.7 46.3 ± 8.4 0.04* 6 vs. 6

Fmax (kN/m2) 19.96 ± 2.2 24.62 ± 3.4 0.36 5 vs. 10

EC50 (mM) 3.58 ± 0.33 2.74 ± 0.13 0.018* 5 vs. 10

Summary of the heart weight (HW) to body weight (BW) ratio, echocardiographic findings, and functional measurements of cardiomyocytes from cMyBP-CDC10mut compared with
NTG hearts. P-values were calculated by two-tailed unpaired Student’s t-tests.
*P < 0.05.
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..55 residues. This includes the four out five of critical amino acids crucial
for binding to the rod domain of myosin heavy chain.21 We and others
have shown that this domain is crucial for incorporation into the sarco-
mere; therefore, the amount of cMyBP-C in the soluble fraction (i.e.
non-sarcomere) was studied. Levels of cMyBP-C in the soluble fraction
were increased 22.5 ± 6.8-fold in cMyBP-CDC10mut mice vs. NTG con-
trols (Figure 7A). The apparent mislocalization of cMyBP-C was con-
firmed with immunofluorescence staining of isolated cardiomyocytes
from cMyBP-CDC10mut and NTG hearts (Figure 7B and C). Staining with
an antibody raised against the N-terminus of cMyBP-C resulted in the
typical doublet staining between each actinin-labelled Z-line (Figure 7B).
In contrast, localization of cMyBP-CDC10mut, as specifically identified with
an antibody raised against the c-Myc tag, was not restricted to the C-
zone of the sarcomere, but was, instead, present at the Z-line with some
diffuse, randomly distributed staining along the rest of the sarcomere
(Figure 7C). This suggests that mislocalization of cMyBP-CDC10mut at the
Z-line in cMyBP-CDC10mut cardiomyocytes could cause the contractile
abnormalities, as observed in the hearts of these animals, and trigger
myocardial remodelling leading to HCM.

4. Discussion

The cMyBP-CDC10mut variant is associated with the development of vari-
ous forms of cardiomyopathy and HF, but its functional and molecular
effects are unknown.19 Seventy percent of all MYBPC3 mutations, includ-
ing cMyBP-CDC10mut, are predicted to produce proteins that have prema-
ture stops or frame shifts that terminate or change the C’-terminal, which
includes key myosin-binding residues. These truncated protein products
are either not expressed or quickly degraded, as expression of the mutant
protein cannot be found in cardiac tissue from HCM patients.23,28,50 This
means that reduced cMyBP-C expression, i.e. haploinsufficiency, rather
than detrimental effects of the mutant protein, i.e. poison polypeptide, is

the predominant disease mechanism of MYBPC3 truncation mutants,51,52

but the aetiology of HCM in heterozygous MYBPC3 truncation mutation
carriers may vary depending on the specific mutation.

The genotype–phenotype relationship in HCM is far from straightfor-
ward. The same mutation can lead to HCM development at young age in
one person, while a family member could live symptom-free until late
age. This was illustrated in a recent study in which genotype–positive/
phenotype–negative subjects (family members of overt HCM patients)
were monitored for almost two decades.38 The study determined that
carrying the cMyBP-CDC10mut does not mean that disease will develop,
at least not at a young age.38 It is possible that some mutations are more
penetrant than others, but this needs to be established. Studying the dis-
ease mechanisms of specific MYBPC3 mutations is complicated by the oc-
currence of mutations in other sarcomeric proteins, resulting in worse
prognoses.34 For example, if carriers of cMyBP-CDC10mut also carry a
mutation in MYH7, this combination frequently results in sudden cardiac
death.33 More shocking statistics indicate that South Asians carrying the
cMyBP-CDC10mut have 50% higher rates of morbidity and mortality after
ischaemia–reperfusion injury compared with other ethnic groups.53–55

Supporting these data, Srivastava et al.36 showed that the presence of
cMyBP-CDC10mut leads to reduced contractile function following coro-
nary artery disease, suggesting that cMyBP-CDC10mut pathogenicity can
exacerbate cardiac dysfunction in patients with myocardial infarction.

To the best of our knowledge, the pathological consequences of
cMyBP-CDC10mut expression have never been studied in vivo. Given its
presence in and potential impact on 100 million people of South Asian
descent worldwide, systematically studying the presumed expression of
cMyBP-CDC10mut at the whole-organ level would have clear translational
value. The cMyBP-CDC10mut mutation was initially described in a group
of Indian HCM patients in 2003.34 In a more extensive follow-up study
using a large cohort of cardiomyopathy cases and healthy controls, this
mutation was shown to be a founder mutation highly prevalent among
South Asians (6%).38 The mutation was overrepresented in the

Figure 5 Increased myofilament Ca2þ-sensitivity of force generation in cMyBP-CDC10mut skinned myocytes. Functional measurements of cardiomyo-
cytes isolated from NTG and cMyBP-CDC10mut hearts showing (A) force-Ca2þ, (B) relative force curves, (C) maximal force, and (D) EC50 values (n = 5
NTG, 10 cMyBP-CDC10mut). *P < 0.042.
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.cardiomyopathy group, indicating that carrying the mutation confers a
greater risk of developing cardiomyopathy. Of note, carrying the muta-
tion could lead to HCM, but it could also lead to dilated cardiomyopathy
to a similar degree, or to restrictive cardiomyopathy to a lesser degree.19

In a recent study, we found a similarly high mutation frequency in people
of South Asian descent living in the USA (6.0%).38 The screening per-
formed in this study was done on people attending community events,
not a hospital setting. Therefore, most people were free of cardiac dis-
ease. In this group of subjects, we did not find an increase in systolic or
diastolic dysfunction measured by echocardiography. This discrepancy
could be explained if cMyBP-CDC10mut causes late disease onset. Most
people screened (84.5%) were under the age of 60.38 Founder mutations
can subsist in the population if they are associated with a mild phenotype
or a late disease onset.

We performed cardiomyopathy panel screening on this cohort and
identified a second, previously undescribed, mutation on the same
MYBPC3 allele, D389V. This mutation strongly correlated with hyperdy-
namic ventricular function and ventricular wall thickening.38 The D389V
mutation sits at a critical regulatory region of cMyBP-C that may alter
the ability of cMyBP-C to regulate actomyosin interactions, but future
studies are needed to directly assess the function of this mutation.
Because this missense mutation was strongly linked to HCM and oc-
curred on the same allele as that of the cMyBP-CDC10mut, it can be

argued that this mutant protein must at least be translated to exert a
pathophysiological function, whether by improper binding and resultant
myofilament dysregulation, or by a protein aggregation mechanism. This
information provides support for studying the TG expression of cMyBP-
CDC10mut in mice at the whole-heart level.

By examining its underlying molecular mechanism, the present study
aimed to determine the sufficiency of cMyBP-CDC10mut expression as a
causative factor in the development of an HCM phenotype. We have
demonstrated that TG expression of cMyBP-CDC10mut in mouse hearts
in vivo results in a phenotype of HCM with hypertrophy, diastolic dys-
function, and fibrosis. Indeed, this was supported by earlier in vitro find-
ings showing that expression of cMyBP-CDC10mut in adult rat
cardiomyocytes leads to contractile dysfunction.37 Further in vitro analy-
sis showed that the mutant C10 domain loses its ability to interact with
the light meromyosin region of myosin heavy chain. The decreased thick
filament affinity of the C’-terminal of cMyBP-CDC10mut also explains the
increased presence of cMyBP-C in the soluble fraction of cMyBP-
CDC10mut heart lysates. Since TG expression of wild-type cMyBP-C in
mice did not result in a phenotype,56,57 we have evidence that the culprit
is cMyBP-CDC10mut, not high expression levels of cMyBP-C.

The apparent discrepancy between the high levels of non-
symptomatic human mutation carriers and the TG mouse data pre-
sented in this manuscript, as well as the rat cardiomyocyte data published

Figure 6 Differentially regulated genes in cMyBP-CDC10mut compared with NTG hearts. (A) RNA-seq heat maps depicting clusters of genes differen-
tially regulated in cMyBP-CDC10mut vs. NTG hearts. Shown is a subset of the most up-regulated (red) and down-regulated (green) genes from the total
gene set. The fold change, up or down, is represented in the key for the respective panels (n = 4 pooled samples per genotype). (B) Network of signifi-
cantly enriched gene ontology terms for upregulated genes in cMyBP-CDC10mut hearts. The red and green circles denote upregulated and downregulated
genes, respectively, in cMyBP-CDC10mut compared with NTG hearts. Blue rectangles represent significantly enriched (P < 0.05; FDR) biological processes
using the ToppFun application of ToppGene Suite.
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earlier,37 could be explained if high expression levels of cMyBP-CDC10mut

are needed to induce disease. In both the TG mice and adenoviral-based
experiments in rat cardiomyocytes, high expression levels of cMyBP-
CDC10mut were induced. At present, the protein level of cMyBP-
CDC10mut in human heart tissue is unknown, but it could be that hetero-
zygous cMyBP-CDC10mut carriers express the mutant protein at a low
level. If that is the case, the addition of a secondary stressor, whether by
a co-mutation or other external factors, could be the trigger leading to
cardiomyopathy. It has been shown that carrying cMyBP-CDC10mut leads
to greater cardiac dysfunction in post-myocardial infarction patients,53–

55 supporting its role as a disease modifier.
The exact mechanism by which cMyBP-CDC10mut expression leads to

dysfunction is unknown. cMyBP-CDC10mut did not localize to its usual po-
sition in the C-zone. At least part of the protein localized to the Z-line
(Figure 7), and upon subcellular fractionation with high levels of detergent
we observed increased levels of soluble cMyBP-CDC10mut. While the fold
change in soluble cMyBP-C between cMyBP-CDC10mut and NTG is size-
able (22.5 fold), it should be noted that the level of soluble cMyBP-C in
NTG is very low. So even in the cMyBP-CDC10mut, the vast majority of
cMyBP-C is likely to be myofilament associated. Our in vitro analysis also
revealed Z-line staining.37 It is unknown if this mislocalization contributes
to impaired relaxation. As we did not observe an increase of total
cMyBP-C in the myofilament fraction (Supplementary material online,
Figure S1), despite the Z-disc staining of cMyBP-CDC10mut, it could be
possible that endogenous cMyBP-C expression is lower. We did indeed

observe a lower mRNA expression of endogenous cMyBP-C (Figure 1B,
right panel). A lower level of cMyBP-C and cMyBP-CDC10mut that local-
izes to the Z-line rather than C-zone could cause C-zone haploinsuffi-
ciency. From studies in mouse models and HCM patients, we know that
haploinsufficiency of cMyBP-C could lead to increased calcium
sensitivity.58–60 We did observe an increased calcium sensitivity of force
development that was not caused by decreased cTnI phosphorylation. In
a mouse model of a truncating cMyBP-C mutation, a bigger shift in cal-
cium sensitivity was seen,58 but in another study using the same mouse
model an increase of a similar magnitude as the present study was ob-
served.59 This same shift is also seen in myectomy tissue from HCM
patients with a MYBPC3 mutation.60 However, the mechanism by which
cMyBP-CDC10mut leads to increased calcium sensitivity is unknown.
Recent studies have revealed another possible pathogenic effect of
cMyBP-C haploinsufficiency: a reduction in the level of myosin that is in
the super-relaxed state. The super-relaxed state of myosin is a low en-
ergy consuming state and is dependent on cMyBP-C.61 In HCM patients
with a MYBPC3 mutation leading to haploinsufficiency, reduced levels of
super-relaxed myosin were observed.62 This could lead to increased en-
ergy consumption that could contribute to HCM pathophysiology.
Indeed, treatment of mouse cardiomyocytes with reduced cMyBP-C lev-
els with a compound that restored the levels of super-relaxed myosin
normalized contractile performance.63 Whether changes in the super-
relaxed state are present and contribute to pathology in the cMyBP-
CDC10mut model remains to be studied.

Figure 7 cMyBP-CDC10mut protein is highly soluble and localizes at the Z-line in the cardiac sarcomere. (A) Western blot analysis depicting the levels
of total soluble cMyBP-C (endogenous and/or cMyBP-CDC10mut) from cMyBP-CDC10mut and NTG hearts (n = 4 NTG, 5 cMyBP-CDC10mut

; *P < 0.027).
(B) Single cardiomyocytes were isolated from cMyBP-CDC10mut and NTG hearts and were stained with antibodies detecting cMyBP-C’s N-terminus (C0 do-
main) (green) and a-actinin (red). In both NTG and cMyBP-CDC10mut myocytes, the classical staining pattern of two cMyBP-C bands between Z-lines
(stained with a-actinin) was observed, indicating proper localization of endogenous cMyBP-C in cMyBP-CDC10mut and NTG cardiomyoctyes. (C)
Cardiomyocytes from cMyBP-CDC10mut and NTG hearts were stained with antibodies to detect c-Myc (blue), which will show only the c-Myc-tagged
cMyBP-CDC10mut protein and a-actinin (red). The c-Myc signal was only observed in myocytes from cMyBP-CDC10mut hearts. The presence of c-Myc staining
at the Z-line with a-actinin suggests that the cMyBP-CDC10mut protein aberrantly distributes within the cardiac sarcomere in cMyBP-CDC10mut myocytes.
Scale bar = 5 lm in B and C.
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Generally, truncating mutations in MYBPC3 appear to act via haploinsuf-

ficiency, although additional lines of inquiry have looked into the possibility
that these truncated mutants can dysregulate the NMD or proteasomal
pathways as a primary or secondary disease mechanism.6 While a clear re-
lationship between MYBPC3 mutations and these degradation pathways
has not emerged, data do suggest that altering the ubiquitin-proteasome
system can alter disease progression.6 In our RNA-seq analysis, many
genes associated with proteasome function were differentially expressed.
Since the proteasome is involved in the degradation of proteins and is
known to be involved in HCM pathophysiology,10,64 it is not surprising to
find that it is differentially regulated in the cMyBP-CDC10mut group.
Whether or not the high expression of mutant protein overwhelms the
proteasome system and whether activation of the system would be a
therapeutic strategy6 requires further study.

In conclusion, we showed that TG expression of cMyBP-CDC10mut

leads to all the hallmarks of HCM in mice. However, recent data from
people carrying the cMyBP-CDC10mut mutation imply that a heterozy-
gous cMyBP-CDC10mut mutation causes late-onset HCM17–19 or func-
tions as a disease modifier in HCM17–19 or may not be pathogenic under
baseline normal conditions.38 Follow-up studies should focus on eluci-
dating the effects of carrying heterozygous cMyBP-CDC10mut mutation in
humans and whether the 25-base pair deletion results in exon 33 skip-
ping. If so, we should investigate the underlying mechanism and the likeli-
hood of skipping, as these data could have clinical implications for the
large group of mutation carriers living in the USA or abroad.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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