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Abstract

Mutations in cardiac myosin binding protein C (MYBPC3) represent the most frequent cause of 

familial hypertrophic cardiomyopathy (HCM), making up approximately 50% of identified HCM 

mutations[4]. MYBPC3 is distinct among other sarcomere genes associated with HCM in that 

truncating mutations make up the vast majority, whereas non-truncating mutations predominant in 

other sarcomere genes[4,84]. Several studies using myocardial tissue from HCM patients have 

found reduced abundance of wild-type MYBPC3 compared to control hearts[34,43,79,80,47,28], 

suggesting haploinsufficiency of full-length MYBPC3. Further, decreased mutant versus wild-type 

mRNA and lack of truncated mutant MYBPC3 protein has been demonstrated, highlighting the 

presence of allelic imbalance[34,43,79,80,47,28]. In this review, we will begin by introducing 

allelic imbalance and haploinsufficiency, highlighting the broad role each plays within the 

spectrum of human disease. We will subsequently focus on the roles allelic imbalance and 

haploinsufficiency play within MYBPC3-linked HCM. Finally, we will explore the implications of 

these findings on future directions of HCM research. An improved understanding of allelic 

imbalance and haploinsufficiency may help us better understand genotype-phenotype relationships 

in HCM and develop novel targeted therapies, providing exciting future research opportunities.
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Introduction

Allelic imbalance and haploinsufficiency represent disturbances in genetic and protein 

homeostasis, respectively. Allelic imbalance occurs when higher mRNA or protein 

expression is generated from one allele compared to the other (deviating from the expected 

1:1 ratio of expression). Using allele-specific serial analysis of gene expression tags, it has 

been demonstrated that 25% of human genes display allelic imbalance[81]. Mechanisms 

leading to allelic imbalance can originate at the DNA, mRNA, and protein levels[20]. 

Epigenetic modifications of one allele such as gene imprinting or differential methylation/

acetylation associated with cis-acting mutations can affect accessibility of a gene to 
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transcription machinery. Meanwhile mutations in transacting regulatory machinery such as 

microRNA, transcription factors, and proteins can interact with wild-type and mutant alleles 

unequally. For example, on the mRNA level, mutations can lead to decreased transcript 

stability by affecting the 3’-untranslated region or microRNA binding. Further, mutant 

mRNA transcripts with premature termination codons are susceptible to nonsense-mediated 

mRNA decay (NMD)[68]. Protein allelic imbalance can occur if the mutation alters 

interaction with protein quality control machinery, protein-protein interactions, intrinsic 

protein folding, or cellular localization, typically leading to a decrease in mutant protein 

stability (Figure 1A).

Haploinsufficiency occurs when a heterozygous mutation results in single functional copy of 

a gene that is insufficient to maintain normal function[17]. The expression of the functional 

protein does not necessarily have to be 50% of the normal total expression, but simply below 

the threshold of expression required for proper function. This can be caused by the same 

mechanisms which drive allelic imbalance including mechanisms of NMD and mutational-

induced protein instability as discussed above. However, this may also occur when mutant 

protein is present but non-functional, as in the case of in-frame mutations resulting in loss of 

function. Allelic imbalance can theoretically exacerbate or compensate for 

haploinsufficiency by altering the relative expression of wild-type versus mutant protein.

Allelic imbalance and haploinsufficiency are the primary mechanisms underlying many 

Mendelian diseases. Of >220,000 disease-associated variants currently in the Human Gene 

Mutation Database (HGMD), ~50% of the mutations are nonsense, splice site, or frameshift 

mutations that would be predicted to result in loss-of-function. Interestingly, each human 

genome carries ~100 loss-of-function variants and ~20 completely inactivated genes[40,41]. 

Genes with loss-of-function alleles are less evolutionarily conserved and have more closely 

related gene paralogs, suggesting that at least partial redundancy may account for genetic 

robustness[40,32]. In addition, these genes tend to have lower connectivity in protein-protein 

interactions, and gene interaction networks, suggesting they also may be less central to 

essential cellular pathways[40]. Genes linked to hypertrophic, dilated and arrhythmogenic 

cardiomyopathies, harbor both truncating and non-truncating (mostly missense) 

mutations[4,26]. However, the majority of cardiomyopathy genes are enriched for missense 

mutations with only a small subset demonstrating strong evidence for dosage sensitivity[83]. 

Of ~50 unique cardiomyopathy genes, those with truncating mutations that exhibit a high 

ratio of cases compared to reference populations include DSP (desmoplakin), PKP2 
(plakophilin 2), DSC2 (desmocollin 2), and DSG2 (desmoglein 2) for arrhythmogenic 

cardiomyopathy, LMNA (Lamin A/C), TTN (titin), and SCN5a (sodium voltage-gated 

channel) for dilated cardiomyopathy, and MYBPC3 (myosin binding protein C), TNNT2 
(troponin T), and PLN (phospholamban) for hypertrophic cardiomyopathy[83]. MYBPC3 
carries a particularly high odds ratio (118-fold) for the likelihood of hypertrophic 

cardiomyopathy for truncating variant carriers over noncarriers. Interestingly, mutations in 

TTN and MYBPC3 are the most common mutations in dilated cardiomyopathy and 

hypertrophic cardiomyopathy, respectively. Thus, while truncating mutations affect a 

minority of disease causing genes they account for a significant burden of disease.
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Allelic imbalance in HCM

In hypertrophic cardiomyopathy, allelic imbalance for a select number of missense 

mutations in MYH7, TNNT2, MYL2, and MYBPC3 has been noted at the protein 

level[28,11,68]. In these studies, the proportion of mutant to wild-type protein varied 

according to the specific mutation, some samples with a higher and some with a lower 

percentage of mutant protein relative to the wild-type allele. This imbalance could be due to 

effects of the mutations on protein stability or avidness of binding within the sarcomere 

lattice[28]. It could also be due to allelic transcript imbalance. Our group previously 

demonstrated an equal abundance of wild-type and mutant transcripts for all 11 missense 

mutations studied[28], but another group observed differential abundance for wild-type and 

mutant transcripts for some of the mutations they studied[11,68]. Other than the difference 

in the techniques used (primer extension vs RT-qPCR with allele-specific digestion) and the 

mutations themselves, the reason for the discrepancy in these results is unclear.

For truncating mutations, the mechanism of allelic imbalance is more clearly defined. More 

than 90% of mutations in MYBPC3 associated with HCM contain premature termination 

codons and encode for truncated proteins.[68,11,4]. A reduction in the abundance of PTC-

containing mutant transcripts relative to wild-type has been observed in human heart 

samples from multiple studies[28,82,57,23,59,79]. These observations are consistent with 

the known susceptibility of these transcripts to NMD which targets primarily nonsense 

mutant mRNA transcripts for degradation[82,68]. It is important to note, however, that NMD 

is not always 100% efficient and 5–25% of nonsense transcripts have been shown to escape 

degradation.[58] Our group has shown that for MYBPC3 mutations in human HCM, mutant 

transcripts constituted 0–44% of the total mRNA pool[28]. All of the transcripts were >55 

nucleotides upstream from the terminal intron, but there was no association between the 

location of the PTC and the efficiency of NMD to degrade the PTC-containing transcripts. 

Despite mutant MYBPC3 mRNA levels being present in sufficient quantities to provide 

template for mutant protein synthesis[28], truncated mutant protein has not been 

detected[43,79,34]. This suggests that the protein is either not synthesized, or rapidly 

degraded leading to haploinsufficiency. The mechanisms driving this phenomenon will be 

discussed in more detail below.

Given the lack of detection of mutant proteins, the clinical significance of differential 

efficiency of NMD of mutant transcripts is unclear. Understanding additional mechanisms 

that drive allelic imbalance will be important as we strive to establish genotype-phenotype 

relationships. For example, allelic imbalance favoring the normal allele of MYBPC3 would 

represent a compensatory mechanism that could abrogate disease severity. Interestingly, 

level of allelic imbalance within MYH7 has been observed to be inherited within families, 

suggesting cis-acting variants contributing to allelic imbalance[55,76]. Emerging genome-

wide allele-specific approaches will allow for high-throughput genome-wide evaluation of 

allelic imbalance[50,16,85]. Applying this technology to HCM patient samples could allow 

for a more direct evaluation of cis-regulatory variants and the relationship between allelic 

imbalance and disease severity for MYBPC3 mutation carriers[10,21,56,63].
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Haploinsufficiency in HCM

Haploinsufficiency has been suspected as a potential pathogenic mechanism in HCM 

patients with truncating MYBPC3 mutations since the first truncating mutations were 

identified[87,88,5]. The possibility of truncated MYBPC3 acting as a poison peptide within 

the sarcomere, or a dominant negative (antimorph) mutation, has also been evaluated as 

some early murine disease models suggested truncated MYBPC3 was capable of aberrant 

sarcomeric incorporation[87]. However, over twenty years later, multiple independent 

studies have failed to detect truncated mutant proteins in myocardial tissue of HCM 

patients[43,79,34]. Therefore, haploinsufficiency is considered the most likely mechanism 

driving disease in these cases. In further support, the majority of studies using patient tissue 

also found reduced wild-type MYBPC3 protein expression. A summary of study results can 

be found in Table 1. As discussed above, allelic imbalance of mRNA favoring an increased 

ratio of wild-type to mutant transcript was also reported in some cases[43,79,28]. The 

combined results from studies of patient tissue indicate that on average, HCM patients with 

MYBPC3 truncating mutations express roughly 70% of wild-type MYBPC3 protein present 

in control individuals. This raises several important questions, such as: why is the reduction 

in MYBPC3 levels partially but not sufficiently compensated for by the wild-type allele, is 

there a threshold of MYBPC3 expression below which hypertrophic remodeling begins to 

develop, and do phenotype negative individuals carrying truncating mutations express higher 

levels of wild-type MYBPC3?

However, to truly differentiate haploinsufficiency from a dominant negative (antimorph) 

mutation it must be demonstrated that HCM phenotypes are exacerbated by decreases in 

MYBPC3 protein level and rescued by increasing MYBPC3 protein level. Both animal and 

in vitro studies have helped to begin the process of linking MYBPC3 protein level to disease 

phenotypes. As differentiation methods become more standardized, cardiomyocytes derived 

from human induced pluripotent stem cells (hiPS-CMs) and embryonic stem cells 

(hESCMs) are emerging as a powerful tool to study cardiomyopathies in a human model. A 

summary of MYBPC3 studies in hiPS-CMs and hES-CMs can be found in Table 2. These 

studies broadly suggest reduction of MYBPC3 is also present in both patient-derived and 

genetically engineered hiPS-CMs. Differentiated cardiomyocytes showed a mixture of 

phenotypes including cellular hypertrophy, myofibrillar disarray, reduced force generation, 

and Ca2+ dysregulation. In further support of the haploinsufficiency hypothesis, gene 

replacement therapy resulting in increased WT MYBPC3 expression was found to 

ameliorate hypertrophy and dysfunction in two independent studies within stem cell based 

systems[56,66].

Animal models of HCM provide an experimental platform to test whether ameliorating 

haploinsufficiency by increasing expression of MYBPC3 can rescue whole-organ disease 

phenotypes. A summary of relevant animal models can be found in Table 3. Several mouse 

models carrying null or truncating MYBPC3 mutations exist; however, there is considerable 

variability in severity and onset of phenotype between heterozygotes of different models, 

with some exhibiting very mild to no phenotype. It is possible that this variability is 

correlated to the amount of wild-type MYBPC3 each model expresses. In vivo experiments 

which have utilized approaches to correct or induce haploinsufficiency have helped 
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mechanistically dissect whether reduction in MYBPC3 expression is a precursor or 

downstream consequence of cardiac hypertrophy. Heterozygous knock-in mice carrying a 

G>A transition in the last nucleotide of exon 6, which produces multiple products including 

a full-length missense transcript, a transcript terminating in exon 9, and a deletion of exon 6, 

express ~80% of control MYBPC3 levels and display diastolic dysfunction[82,19]. Exon 

skipping of exons 5 and 6 via antisense oligoribonucleotide injection increased expression of 

total MYBPC3 and temporarily rescued cardiomyopathy, though only in neonatal mice[22]. 

The protein product lacking the sequence encoded by exons 5 and 6 was stable and 

functional. In the same mouse model, wild-type MYBPC3 gene therapy delivered by adeno-

associated virus to neonatal mice was able to partially prevent hypertrophic remodeling in a 

dose-dependent manner[49]. These studies support MYBPC3 haploinsufficiency as a key 

instigator of hypertrophic remodeling.

Conversely, a tamoxifen-inducible homozygous MYBPC3 knockout mouse model was used 

to assess the consequences of loss of MYBPC3 expression in adult (12 week-old) mice. By 

2 weeks after knockdown, MYBPC3 expression was reduced to ~40% of controls, and 

diastolic dysfunction was observed. At 20 weeks after knockdown, with MYBPC3 protein at 

~10% of controls, left ventricular weight and wall thickness had significantly increased, 

suggesting that a marked reduction in MYBPC3 beginning in adulthood can induce 

significant functional and structural changes. An interesting unresolved question is whether 

MYBPC3 mutation carriers remain asymptomatic until a certain threshold of 

haploinsufficiency is reached. Some recent studies have raised the question of whether stress 

can trigger reduction in MYBPC3 levels and remodeling in asymptomatic individuals, which 

may explain the variable age of onset of MYBPC3-linked HCM[72]. Schlossarek et al. 

found that adrenergic challenge via one week of treatment with isoprenaline and 

phenylephrine induced ventricular hypertrophy and proteasome dysfunction in previously 

phenotype-negative heterozygous MYBPC3 mutant mice[71]. Additionally, Barefield et al. 

observed reduction in wild-type MYBPC3 expression in heterozygous, but not wild-type, 

mice following both transverse aortic constriction surgery and, surprisingly, sham 

surgery[7]. These findings tentatively suggest that stress may influence MYBPC3 expression 

particularly in truncating mutation carriers.

Despite substantial evidence for the haploinsufficiency hypothesis, the mechanism linking 

reduced MYBPC3 expression to hypertrophic remodeling has not been completely 

demonstrated. As with HCM caused by a subset of mutations in other sarcomere genes, Ca2+ 

sensitivity of the myofilament is increased in MYBPC3-linked HCM[79]. Increased Ca2+ 

sensitivity, potentially leading to hypercontractility, impaired relaxation, and alterations in 

Ca2+-dependent signaling pathways, has been suggested as a unifying pathogenic 

mechanism in HCM (Figure 1B). In support of this, partial extraction of MYBPC3 from rat 

cardiomyocytes has been shown to result in increased Ca2+ sensitivity, and total ablation of 

MYBPC3 is associated with increased Ca2+ sensitivity in some mouse models[31,19]. 

Another compelling hypothesis proposes HCM is the result of energetic deficits stemming 

from overuse of ATP by myosin due to altered contractility[6]. MYBPC3 acts as a “brake” 

on contraction, as evidenced in in vitro motility assays by slower actin sliding velocity in the 

C-zone compared to MYBPC3-free thick filament[65]. Haploinsufficiency of MYBPC3 

would blunt this braking function, leading to a higher rate of cross-bridge cycling in the C-
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zone. Evidence in support of this includes recent findings in both mouse and human 

cardiomyocytes that MYBPC3 may stabilize the super-relaxed conformation of myosin, in 

which actin binding and ATP hydrolysis are severely restricted[48,47]. These reports 

demonstrated accelerated ATP turnover and a decrease in the proportion of super-relaxed 

myosin heads in patient cells and MYBPC3-knockout murine cells, respectively. Further 

studies are needed to fully illuminate the entire molecular pathway from haploinsufficiency 

to hypertrophy.

Further, the cellular mechanisms which drive haploinsufficiency are incompletely 

understood. As discussed above we know that there is allelic imbalance at the mRNA level 

favoring the wild-type allele. This finding and the presence of MYBPC3 at >50% of controls 

suggests a compensatory mechanism that incompletely overcomes the loss of mutant allele. 

This finding is consistent with the lack of evidence for widespread dosage compensation to 

maintain normal expression levels of genes affected by heterozygous PTC-containing 

variants.[68] However, the feedback mechanisms or transcription factors which would drive 

this compensatory response remain to be defined. Despite allelic imbalance, mutant mRNA 

remains present, suggesting mutant MYBPC3 protein is either not synthesized or rapidly 

degraded. In support of the latter mechanism, prior work has demonstrated that mutant 

MYBPC3 is degraded via the ubiquitin proteasome system (UPS)[82]. Further, in several 

studies, using cell models, animal models, and human samples, expression of truncated 

mutant MYBPC3 was associated with impairment of the UPS[69–71]. Deficits in the 

ubiquitin proteasome system (UPS) have been linked to human HCM particularly when 

caused by truncating mutations[64,75]. Thus, haploinsufficiency and UPS dysfunction may 

work in parallel to influence disease pathogenicity and severity. However, it remains unclear 

whether UPS dysfunction is a result of direct proteotoxicity of truncated MYBPC3 proteins, 

or a secondary consequence of myocardial remodeling. Our group found no proteotoxic 

effects or UPS dysfunction associated with expression of five MYBPC3 mutants in primary 

neonatal rat cardiomyocytes[24]. One approach to devising novel therapeutic strategies that 

aim to ameliorate both haploinsufficiency and UPS dysfunction would be to inhibit the 

mechanism by which MYBPC3 is targeted for degradation. Most recently our group has 

demonstrated that the HSC70 molecular chaperone regulates MYBPC3 protein homeostasis 

and turn-over rates, uncovering one such potential therapeutic target[24].

Implications for HCM Phenotypes

Phenotypic presentation in HCM is markedly heterogeneous, with severity and age of onset 

varying considerably. Family members of affected individuals who carry the same mutation 

often have different degrees of disease expression and complications, and some remain 

completely phenotype negative. This heterogeneity has made it difficult to connect 

genotypes to specific phenotypes and predict who is most at risk of developing disease. 

Conclusions from genotype-phenotype correlation studies have been limited by relatively 

small patient cohorts and possibly overrepresentation of specific mutations in areas with 

high frequencies of founder mutations. However, some trends have been observed. Patients 

with mutations in sarcomere genes have been reported to have worse clinical outcomes than 

patients for whom no mutation was identified (Ho et al, Circulation, 2018 in press)[18]. 

While multiple studies have aimed to differentiate disease severity, progression, and 
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phenotype with specific sub-classes of mutations; there is currently no consensus regarding 

MYBPC3 mutations, truncating or otherwise, being predictive of any particular phenotype 

or prognosis[39]. Likewise, it has not yet been shown that the location of truncating 

mutations or missense mutations within MYBPC3 are predictive of clinical outcomes. The 

SHARE registry aims to address this gap in knowledge by capitalizing on a large multicenter 

patient cohort to understand the relationship of subtypes of mutations to clinical outcomes. 

Significant gaps in knowledge which will be important to consider in future genotype-

phenotype correlation studies include the relationship between the magnitude of MYBPC3 

haploinsufficiency and disease severity, and the role of modifier genes and environmental 

and behavioral factors in penetrance and phenotypic heterogeneity.

Future Directions and Potential Therapeutic Interventions

Recognition that allelic imbalance and haploinsufficiency play a central role in disease 

pathogenesis for MYBPC3 mutation-linked HCM raises interesting possibilities for disease-

modifying therapies. Currently, medical management is supportive. Treatments include beta 

blockers, calcium channel blockers, surgical myectomy for symptomatic left ventricular 

outflow tract obstruction, implantable cardiac defibrillators for prevention of sudden cardiac 

death, and heart transplantation for a small subset of patients who progress to decompen 

sated heart failure. There is a great interest in exploring therapies that could prevent the 

emergence and/or progression of HCM. In a small randomized trial of diltiazem in 

sarcomere gene mutation carriers, LV chamber size increased toward normal in those taking 

diltiazem compared to placebo[29]. MYBPC3 carriers showed the greatest benefit with 

reductions in LV wall thickness and mass, improved diastolic filling, and lower cardiac 

troponin I levels in those taking diltiazem compared with controls. An ongoing clinical trial 

(VANISH) aims to evaluate if valsartan, an angiotensin-receptor blocker, can show similar or 

even greater benefits to halt disease progression across young patients carrying sarcomere 

gene mutations and exhibiting early signs of disease or overt HCM[30].

Correcting the fundamental defect that triggers pathological remodeling in HCM is the 

ultimate goal for disease prevention. For MYBPC3 mutation carriers, developing strategies 

to normalize MYBPC3 protein levels could hold tremendous promise. In cellular and mouse 

models, increasing WT MYBPC3 levels prevents the development of hypertrophy and other 

HCM phenotypic characteristics[51,49,56]. These studies raise the possibility of gene 

delivery of wild-type MYBPC3 via viral vectors into patients with HCM as a potential 

therapeutic option. Alternatively, with the advent of CRISPR technology, gene correction 

has been proposed as a treatment option (Figure 2). As a proof of concept CRISPR-mediated 

repair of a MYBPC3 mutation was recently successful performed in a human embryo[35]. 

This illustrates a proof of concept for mutation correction with reasonable efficiency in 

fertilized eggs. However, it is important to note that the first step in this process is 

preimplantation genetic diagnosis (PGD) to define the zygotes carrying the MBYPC3 

mutation. PGD allows for the selection and implantation of mutation free zygotes, obviating 

the need to risk off-target mutations associated with gene editing[61]. The possibility of 

homology directed repair (HDR) directly in somatic cells, including cardiomyocytes, is also 

being explored. Although in theory HDR requires cellular replication, HDR in post-mitotic 

skeletal myofibers was achieved using a Cas9 expressed under the control of promoter active 
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only in mature myofibers and inactive in stem cells[8]. Further, supporting the hypothesis 

that HDR can occur without cellular replication, recent studies have achieved HDR in mouse 

hearts[33,86]. Another method of gene editing is exon skipping. This strategy has been 

employed successfully for Duchenne muscular dystrophy[1,2]. In a mouse model carrying 

biallelic MYBPC3 mutations, AON-induced exon skipping produced an alternative 

transcript that restored partial protein expression and function[22]. However, this strategy is 

likely not applicable for heterozygous mutations given that the wild-type allele would also 

undergo exon skipping, leaving no full-length wild-type MYBPC3.

Despite the obvious enthusiasm for applying gene corrective approaches to the treatment of 

Mendelian diseases like HCM, there are many technical obstacles and safety concerns that 

limit its applicability in the near future. HCM is characterized by incomplete penetrance of 

sarcomere gene mutations and highly variable expressivity and prognosis. In addition, 

disease progression occurs slowly, non-linearly, and over many decades, making the timing 

and duration of therapy needed potentially long and difficult to predict. Therefore, gene 

therapy approaches would require delivery of viral vectors to the heart capable of long term 

and robust expression and with an assurance of no off-target effects. Current techniques 

continue to carry risk of off-target effects and are largely untested in humans in regards to 

length and robustness of expression. For these reasons, a more attractive approach to 

targeted therapy for HCM is small molecule therapeutics. An allosteric myosin modulator 

(mavacamten) that inhibits myosin ATPase activity has been developed[25,36] and is 

currently in phase 3 (obstructive) and phase 2 (nonobstructive) clinical trials in HCM 

patients. However, it is not yet clear whether mavacamten will be effective for those who 

carry mutations in genes other than myosin. For MYBPC3 mutation carriers, the possibility 

of targeting haploinsufficiency therapeutically using small molecules could be very attractive 

for preventing or attenuating disease progression. One potential approach would be to 

employ read-through strategies. Small molecule drugs have been developed that enable 

ribosomal read-through of nonsense mutations in mRNA resulting in the production of full 

length protein. Altaluren, one such small molecule, is being tested in phase 3 clinic trials for 

the treatment of Duchene Muscular Dystrophy and has gained approval in Europe[46]. It is 

likewise being tested in cystic fibrosis patients[37]. This approach could be applicable to 

nonsense mutations within MYBPC3, but unfortunately these represent a minority of 

truncating mutations. The majority of MYBPC3 mutations are frameshift or splice site 

mutations and would not be amenable to this therapeutic approach. Thus, additional small 

molecule approaches are needed. As we uncover a more complete understanding 

surrounding how cis/trans-mutations, non-sense mediated mRNA decay, the ubiquitin 

proteasome system, and molecular chaperones regulate and control MYBPC3 protein levels, 

we may identify novel targets that can be regulated to restore wild-type MYBPC3 protein 

levels. Towards this goal, it has already been demonstrated that proteasome inhibition and 

inhibition of nonsense-mediated mRNA decay can increase MYBPC3 protein levels[82]. 

However, this approach could also increase levels of mutant protein which may not 

incorporate into the sarcomere or have deleterious effects. Thus, the phenotypic 

consequences of increased mutant protein levels must be defined. Further, these systems 

may change levels of other cellular proteins resulting in off target effects. A potentially more 
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specific approach is to alter the activity of specific molecular chaperones. For example, our 

group has recently shown that inhibition of HSC70 prolongs the half-life of MYBPC3[24].

As we develop modulators of MBYPC3 protein homeostasis, it is also important to 

recognize that the dynamic relationship between MYBPC3 protein levels and HCM 

phenotypes remains undefined. More accurate techniques to measure and quantify allelic 

imbalance within mRNA and protein levels will facilitate a more refined understanding of 

this relationship. Some potential useful technologies include the use of human SNPs and 

high-density DNA arrays to detect allelic imbalance[50] and quantitative mass spectrometry-

based analytical methods[62]. Single cell techniques hold promise in the deconvolution of 

cellular heterogeneity, potentially providing opportunities to correlate single cell phenotypes 

with single cell MYBPC3 protein levels[3,60,54,53,42]. Finally, the development of 

chemical probes that can dynamically control MYBPC3 protein levels or allow for the 

quantification of MYBPC3 protein levels within live cardiac tissue could significantly 

impact on our ability to evaluate how MYBPC3 protein level and disease phenotypes are 

linked.

Significant progress has been made in defining both allelic imbalance and haploinsufficiency 

as primary drivers of pathophysiology among patients carrying truncating MYBPC3 

mutations. Future work should focus on developing improved methods to measure both 

protein levels and haploinsufficiency in disease models and patient samples to further 

determine the extent to which allelic imbalance and decreased MYBPC3 may drive disease 

severity. Novel tools which allow refined temporal and dose-dependent control of MYBPC3 

protein levels could greatly improve our understanding of the dynamic relationship between 

HCM phenotypes and MYBPC3 protein level and clarify whether specific HCM phenotypes 

are able to be attenuated or reversed by modulation of MYBPC3 expression or stability. 

Finally, a more detailed understanding of the mechanisms which regulate MYBPC3 mRNA 

and protein homeostasis could potentially lead to a successful treatment strategy for HCM, 

where natural protein quality control mechanisms could be leveraged to selectively restore 

MYBPC3 protein homeostasis and overcome haploinsufficiency.
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Figure 1. 
(A) Examples of mechanisms contributing to allelic imbalance at the DNA, RNA, and 

protein levels. In heterozygous individuals, the ratio of wild-type to mutant protein 

ultimately expressed under steady-state conditions could deviate from 1:1 as a result of 

mutations causing altered epigenetic or transcriptional regulation of the gene, premature 

termination of the transcript, or instability of the protein. TF: transcription factor; PTC: 

premature termination codon.

(B) The haploinsufficiency hypothesis as an underlying pathogenic mechanism in HCM. 

Reduced expression of wild-type MYBPC3 within the sarcomere may compromise 

contractile function and energy homeostasis, leading to hypertrophic remodeling. Other 

genetic and non-genetic factors may influence the magnitude of haploinsufficiency that 

results from the primary truncating mutation.
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Figure 2. 
Potential therapeutic approaches to correcting or ameliorating the effects of MYBPC3 

haploinsufficiency in HCM at different mechanistic stages. Such approaches could include: 

correction of the mutant allele through gene editing technology, restoring full expression of 

wild-type MYBPC3; stop codon readthrough for truncating mutations, resulting in 

expression of a mutant but functional full-length protein; increasing expression of the wild-

type protein by modulating its turnover; and targeting of downstream maladaptive 

mechanisms without affecting MYBPC3 protein expression.
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Table 1.

Studies in patient myocardium

Study
Number of 

unique 
mutations

Allelic 
Imbalance % 

mutant 
MYBPC3 

mRNA

Haploinsufficiency 
%Total MYBPC3 

protein compared to 
donors

p-value for 
MYBPC3 

protein level
Protein detection method

Jacques et al. (2008)
[34] 2 Not reported 76±4% not reported Immunoblot normalized to actin

Marston et al. 
(2009)[43] 5 ~40% 76±3% not reported Immunoblot normalized to actin

Theis et al. (2009)
[74] 7 Not reported ~200% p<0.001 Immunoblot normalized to GAPDH

Van Dijk et al. 
(2009)[79] 2 ~20% 67±5% p<0.05 Immunoblot normalized to α-actinin

Van Dijk et al. 
(2012)[80] 4 Not reported 67±5% p<0.0001 SDS-PAGE and SYPRO stain 

normalized to α-actinin

Van Dijk et al. 
(2014)[78] 3 Not reported 65±5% not reported SDS-PAGE and SYPRO stain 

normalized to α- actinin

Helms et al. (2014)
[28] 15 16±3% 88±6% not significant Immunoblot normalized to GAPDH

McNamara et al. 
(2017)[47] 8 Not reported ~68% p<0.05 Immunoblot normalized to α-actinin
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Table 3.

In vivo studies in animal models.

Study Mutation type Homozygous phenotype Heterozygous phenotype

WT MYBPC3 
protein levels 
compared to 

controls

Mouse Models

McConnell et al. 
(1999)[45]
McConnell et al. 
(2001)[44]
Vignier et al. 
(2009)[82]
Fraysse et al. 
(2012)[19]

Truncation in 
exon 30

At 8–12 weeks:

• Fibrosis

• Diastolic dysfunction

• Dilated cardiomyopathy

At >125 weeks:

• LV wall 
hypertrophy

• No functional 
deficits

+/−: 89.9±8.5%

Harris et al. 
(2002)[27]
Korte et al. 
(2003)[38]

Truncation 
removing exon 

3–10

At 12 weeks:

• Ca2+ sensitivity ↓

• Hypertrophy

• Diastolic dysfunction)

• accelerated cross-bridge 
cycling kinetics

• No phenotype +/−: no reduction
−/−: no WT protein

Carrier et al. 
(2004)[13]

Transcription 
start site knock 

out

At ~14 weeks:

• Dilated cardiomyopathy

• Diastolic dysfunction

• Eccentric left ventricular 
hypertrophy

At 10–11 months:

• Asymmetric 
septal 
hypertrophy

At 10–11 mo
+/−: ~75%
−/−: 0%

Vignier et al. 
(2009)[82]
Fraysse et al. 
(2012)[19]
Gedicke-
Hornung et al. 
(2013)[22]
Mearini et al. 
(2014)[49]

Splice site (c.
772G>A) 
multiple 
products. 

truncated and 
Δexon6

• Ca2+ sensitivity ↑

• Hypertrophy

• Diastolic dysfunction

• Ca2+ sensitivity ↑

• Diastolic 
dysfunction

At 60 weeks
+/−: 79% of WT
−/−: 10% of WT

Chen et al. 
(2012)[14]

Conditional 
Nonsense 
(tamoxifen 

induces deletion 
of exons 3–5)

Knockout induced at 12wkBy 20wk post tamoxifen (32wk):

• Myocyte hypertrophy

• Fibrosis

Less than 10% of 
vehicle controls by 
8 weeks after 
tamoxifen treatment

Maine Coon Cat

Meurs et al. 
(2005)[52]
Sampedrano et 
al. (2009)[12]
Van Dijk et al. 
(2016)[77]

Ala31Pro

• Hypertrophy

• Sudden death

• Diastolic dysfunction

• Hypertrophy

• Longer lifespan 
than −/−

Allelic imbalance in 
+/− (WT >A31P). 
Total MYBPC3 
expression 
unchanged in both 
+/− and −/−

Zebrafish

Chen et al. 
(2013)[15]

Knockdown 
using 

morpholinos 
against 

translation start 
site

At 72hr post fertilization, dose dependent increase in:

• Heart failure

• Ventricular wall thickness

• Atrial enlargement

Extent of 
knockdown not 
determined
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