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A B S T R A C T   

Hypertrophic cardiomyopathy (HCM) is frequently caused by mutations in the cardiac myosin binding protein-C 
(cMyBP-C) encoding gene MYBPC3. In the Netherlands, approximately 25% of patients carry the MYBPC3
c.2373InsG founder mutation. Most patients are heterozygous (MYBPC3+/InsG) and have highly variable phenotypic 
expression, whereas homozygous (MYBPC3InsG/InsG) patients have severe HCM at a young age. To improve un
derstanding of disease progression and genotype-phenotype relationship based on the hallmarks of human HCM, 
we characterized mice with CRISPR/Cas9-induced heterozygous and homozygous mutations. At 18–28 weeks of 
age, we assessed the cardiac phenotype of Mybpc3+/InsG and Mybpc3InsG/InsG mice with echocardiography, and 
performed histological analyses. Cytoskeletal proteins and cardiomyocyte contractility of 3–4 week old and 
18–28 week old Mybpc3c.2373InsG mice were compared to wild-type (WT) mice. Expectedly, knock-in of 
Mybpc3c.2373InsG resulted in the absence of cMyBP-C and our 18–28 week old homozygous Mybpc3c.2373InsG model 
developed cardiac hypertrophy and severe left ventricular systolic and diastolic dysfunction, whereas HCM was 
not evident in Mybpc3+/InsG mice. Mybpc3InsG/InsG cardiomyocytes also presented with slowed contraction- 
relaxation kinetics, to a greater extent in 18–28 week old mice, partially due to increased levels of detyrosi
nated tubulin and desmin, and reduced cardiac troponin I (cTnI) phosphorylation. Impaired cardiomyocyte 
contraction-relaxation kinetics were successfully normalized in 18–28 week old Mybpc3InsG/InsG cardiomyocytes 
by combining detyrosination inhibitor parthenolide and β-adrenergic receptor agonist isoproterenol. Both the 
3–4 week old and 18–28 week old Mybpc3InsG/InsG models recapitulate HCM, with a severe phenotype present in 
the 18–28 week old model.   

1. Introduction 

Hypertrophic cardiomyopathy (HCM) is the most common inherited 
cardiac disease with a worldwide prevalence of 1:200–1:500 [1]. HCM is 
clinically defined by increased left ventricle (LV) wall thickness and is 
typically accompanied by impaired relaxation and increased risk of ar
rhythmias [2]. HCM is frequently caused by mutations in sarcomere 
protein encoding genes, with the majority of HCM cases attributed to a 

truncating mutation in the gene MYBPC3, encoding cardiac myosin 
binding protein C (cMyBP-C) [1,3]. The majority of MYBPC3 mutations 
have been identified in single families, although a few mutations have 
spread and become prevalent within populations, known as founder 
mutations. The most prevalent MYBPC3 founder mutation in the 
Netherlands is c.2373InsG, accounting for approximately 25% of HCM 
cases [4]. Insertion of guanine (p.Trp792fs) creates a frameshift muta
tion, with an alternative splice site generating a premature stop codon, 
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resulting in truncated mRNA [5]. 
Importantly, MYBPC3 mutations are frameshift or missense muta

tions resulting in haploinsufficiency of full-length cMyBP-C [5,6]. These 
studies in human cardiac myectomy tissue did detect mutant mRNA in 
patients with a MYBPC3 mutation, but not truncated cMyBP-C protein. 
In addition to cMyBP-C haploinsufficiency, cardiac tissue of HCM pa
tients with MYBPC3 mutations revealed reduced phosphorylation of 
cMyBP-C [7]. Crucially, dephosphorylated cMyBP-C interacts with 
myosin heavy chain S2, slowing cross-bridge kinetics [8,9]. Phosphor
ylation of cMyBP-C upon beta-adrenergic receptor stimulation reduces 
its interaction with myosin heavy chain, accelerating cross-bridge ki
netics, contributing to positive lusitropic effect of adrenaline [10,11]. 
Phosphorylation of another contraction-associated protein, cardiac 
troponin I (cTnI), is also reduced in cardiac tissue of MYBPC3 mutation 
carriers [5,12]. cTnI is also phosphorylated upon β-adrenergic receptor 
stimulation and contributes to the positive lusitropic effect of adrenaline 
by lowering myofilament Ca2+ sensitivity and accelerating cross-bridge 
kinetics [13,14]. Thus, reduced phosphorylation of cMyBP-C and cTnI is 
associated with impaired cardiac relaxation [10,11,13,14]. Diastolic 
dysfunction is indeed one of the first clinical signs of HCM, as impaired 
myocardial relaxation has been observed in the absence of cardiac hy
pertrophy in preclinical MYBPC3 mutation carriers [15,16]. In addition 
to impaired relaxation, the HCM myocardium is characterized by 
myofibril disarray, hypertrophied cardiomyocytes and fibrosis [15,17]. 

The vast majority of HCM patients are heterozygous mutation car
riers with diverse age of disease onset and heterogeneous phenotypic 
expression, ranging from asymptomatic to severe cardiac disease 
[17,18]. In contrast, a compound heterozygous or homozygous MYBPC3 
mutation results in infant death due to severe, early manifestation of 
HCM [18,19]. The heterogeneity of the disease hampers our under
standing of the exact pathomechanisms and disease triggers associated 
with the initiation and progression of HCM in heterozygous patients, 
urging the need for an animal model that recapitulates human disease. 

Gene editing with clustered regularly interspaced short palindromic 
repeats (CRISPR) and CRISPR-associated protein 9 (Cas9) in a mouse 
model allows us to closely mimic the heterozygous and homozygous 
genotype as present in patients [20]. Using CRISPR/Cas9 technology, we 
generated mice carrying the heterozygous (Mybpc3+/InsG) and homozy
gous (Mybpc3InsG/InsG) Dutch c.2373InsG founder mutation. We show 
that a severe cardiac phenotype in Mybpc3InsG/InsG mice is characterized 
by cardiac and cellular hypertrophy, and severe contractile dysfunction, 
while no cardiac phenotype is evident in Mybpc3+/InsG mice compared to 
wild-type (WT) mice at 18–28 weeks of age. In 3–4 week old Mybpc3InsG/ 

InsG mice, contractile dysfunction is present as well. Our model re
capitulates human HCM and indicates that akin to heterozygous human 
mutation carriers, additional disease triggers are warranted to expose a 
disease phenotype in heterozygous Mybpc3 mice. 

2. Methods 

2.1. Mybpc3c.2373InsG mouse model 

The knock-in model was generated in C75BL6/J mice, where the 
homozygous MYBPC3c.2373InsG (Mybpc3InsG/InsG) mouse model was 
engineered by CRISPR/Cas9 mediated insertion of a guanine in exon 24, 
position 2385, on both alleles [21]. Mybpc3+/InsG mice were obtained by 
breeding of WT littermates with Mybpc3InsG/InsG mice. 

Animals were housed according to the Guide for the Animal Care and 
Use Committee of the VU University Medical Center and with approval 
of the Animal Care Committee of the VU University Medical Center 
(AVD114002016700). Adult mice were phenotyped and sacrificed be
tween 18 and 28 weeks of age. Young mice were 3–4 weeks of age. 

2.2. Echocardiography 

WT (4 females, 5 males), Mybpc3+/InsG (3 females, 4 males), and 

Mybpc3InsG/InsG (5 females, 4 males) mice (18–28 weeks old) were 
anesthetized with 4% (v/v) isoflurane and maintained under anesthesia 
with 2% isoflurane and mechanical ventilation (0.25 l/min O2, 0.45 l/ 
min air). Functional 2D echocardiography (Vevo 2100, Visualsonics, 
Netherlands) was recorded. From the parasternal LV-short axis (M- 
mode) recordings, the following parameters were determined: LV 
anterior and posterior wall thickness at diastole (LVAWd, LVPWd), LV 
internal diameter at diastole (LVIDd), and fractional shortening. From 
LV-long axis IVS wall thickness at diastole (IVSd) was obtained. Pulse 
wave and tissue Doppler echocardiography (4 chamber view) were 
employed to determine isovolumetric relaxation time (IVRT) and LV 
filling pressure (E/e’) based on the ratio of early (E) LV ventricular 
filling velocity to early (e’) mitral annulus motion. After echocardiog
raphy, mice were killed and LV and right ventricle were weighed to 
determine total ventricle weight/body weight (VW/BW). For 3–4 week 
old mice, HW/BW of WT (n = 2) and Mybpc3InsG/InsG mice (n = 3), was 
determined. 

2.3. Western blot 

LV and apex homogenates were made as previously described [21] of 
18–28 week old WT (n = 6), Mybpc3+/InsG (n = 11), and Mybpc3InsG/InsG 

mice (n = 6). For 3–4 week old mice, WT (n = 3) and Mybpc3InsG/InsG (n 
= 3) apex homogenates were made. 7 μg of protein was loaded on 
4–15% precast Criterion™ gradient gels (Bio-Rad Laboratories Inc.). 
Proteins were separated by electrophoresis in sodium dodecyl sulfate 
(SDS) running buffer run at until the dye front reached the bottom of the 
gel. Wet tank membrane transfer to PVDF membranes ran at 0.3 A for 
120 min. Membranes were blocked in 3% (w/v) bovine serum albumin 
(BSA) in tris-buffered saline with 0.1% (v/v) tween (TBS-T). Primary 
antibodies were incubated in 3% BSA-TBS-T overnight at 4 ◦C, and were 
as follows: Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) 
1:1000 (2118S, Cell Signaling), α-actinin 1:2500 (a7811, Sigma- 
Aldrich), cMyBP-C 1:3000 (sc-67,354, Santa Cruz Biotechnology), 
tyrosinated tubulin 1:2500 (T9028, Sigma-Aldrich), detyrosinated 
tubulin 1:1000 (ab48389, Abcam), desmin 1:2000 (5332S, Cell 
Signaling), α-tubulin 1:5000 (T9026, Sigma-Aldrich) and acetylated- 
α-tubulin 1:10,000 (T7451, Sigma-Aldrich), cMyBP-C pS273 1:2000, 
pS282 1:4000, and pS302 1:8000 (gifted from Sadayappan lab). After 
washing the membranes in TBS-T, secondary antibodies (goat anti- 
rabbit immunoglobulin G-horseradish peroxidase (IgG-HRP, 1:5000, 
P0448, Dako) and goat anti-mouse IgG-HRP (1:2000, P0447, Dako)) 
were incubated in 3% BSA-TBS-T for 1 h at room temperature. Mem
branes were imaged on the Amersham Imager 600 (GE Healthcare Bio- 
Sciences AB) or Odyssey XF (LI-COR Biosciences, USA). Protein levels 
relative to α-actinin or total protein stain (TPS) were determined in 
ImageQuant (Cytiva, USA) or Image Studio Lite (LI-COR Biosciences, 
USA), respectively. 

2.4. Cardiac troponin I phos-tag 

To analyze the phosphorylation status of cTnI, 2.5 μg protein of 
18–28 week old WT (n = 4), Mybpc3+/InsG (n = 5), and Mybpc3InsG/InsG (n 
= 5) LV homogenates was loaded on 12% acrylamide gels containing 10 
mmol/l MnCl2 and 5 mmol/l Phos-Tag™ Acrylamide biotinylated probe 
(FUJIFILM, Wako Chemicals). Electrophoresis ran at 20–50 mA until the 
dye front reached the bottom of the gel. The gel was washed in ethyl
enediaminetetraacetic acid (EDTA)-containing transfer solution, fol
lowed by membrane transfer and blocking as performed for other 
western blots. Membranes were incubated overnight at 4 ◦C with anti- 
cTnI (1:1000, ab10231, Abcam). After washing the membranes in 
TBS-T, they were incubated with goat anti-mouse IgG-HRP (1:2000, 
P0447, Dako) secondary antibody for 1 h at room temperature. Mem
branes were imaged on the Amersham Imager 600 (GE Healthcare Bio- 
Sciences AB, Sweden). cTnI phosphorylation levels were determined in 
ImageQuant (Cytiva, USA). 
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2.5. Histological analyses 

Paraffin-embedded coupes of 18–28 week old WT, Mybpc3+/InsG, and 
Mybpc3InsG/InsG mouse hearts (n = 4, 5 μm) were deparaffinized in xylene 
followed by a hydration series of 100, 96, 70, and 50% ethanol, and 
dH2O. The tissue was then incubated in 0.1% Picrosirius Red (Sigma- 
Aldrich) for 1 h followed by double washing with 0.01 mol/l HCl and 
dehydration in ethanol (70, 96, 100%). Excess staining was cleared by 
washing with xylene. Tissues were imaged on a Motic BA210 (Motic, 
Spain). Per heart, 10 images were analyzed with ImageJ (National In
stitutes of Health, USA) to determine the mean ratio of fibrosis to 
sarcomere size. 

Similarly, the coupes of the paraffin-embedded hearts (n = 4, 5 μm) 
were also deparaffinized and hydrated to determine the size of car
diomyocytes. The tissue was stained with hematoxylin and eosin 
(Thermo Fisher) (H&E), followed by a dehydration series of 70, 96, and 
2 × 100% ethanol, and 2× xylene. Tissues were imaged on a Motic 
BA210 (Motic, Spain). Per heart, five images were analyzed to quantify 
mean cross-sectional area (CSA) using ImageJ (National Institutes of 
Health, USA). 

2.6. Cardiomyocyte isolation and unloaded shortening measurements 

Single cardiomyocytes were isolated from 18 to 28 week old WT (n =
5), Mybpc3+/InsG (n = 4), and Mybpc3InsG/InsG mice (n = 8), and from 3 to 
4 week old WT (n = 3) and Mybpc3InsG/InsG mice (n = 3) as described 
previously [21]. Cardiomyocytes were plated on laminin-coated dishes 
(10 μg/ml, Sigma-Aldrich) in Medium 199 (Lonza), supplemented with 
1% penicillin/streptomycin and 5% bovine serum. Cells were incubated 
for 1 h at 37 ◦C and 5% (v/v) CO2. Non-attached cells were washed off 
and attached cells were incubated in medium 199 (Lonza), 1% peni
cillin/streptomycin, 1× insulin-transferrin‑sodium selenite supplement 
(Sigma-Aldrich), and 0.5 μmol/l cytochalasin D (Life Technologies). 
18–28 week old cardiomyocytes were treated with vehicle dimethyl 
sulfoxide (DMSO, 0.1% v/v), or parthenolide (PTL, 10 μmol/l, Sigma- 
Aldrich) for 2 h at 37 ◦C. Cells were also measured immediately after 
addition of 15 nmol/l isoproterenol (ISO) (Sigma-Aldrich) to untreated 
cells, and to PTL-treated cells (PTL + ISO). 3–4 week old WT and 
Mybpc3InsG/InsG cardiomyocytes were measured under control conditions 
(DMSO). 

Contractility was measured in modified Tyrode’s solution (contain
ing in mmol/l: 10 HEPES, 133.5 NaCl, 5 KCl, 1.2 NaH2PO4, 1.2 MgSO4, 
11.1 glucose, 5 sodium pyruvate; pH 7.4). Measurements were per
formed at 37 ◦C with the MultiCell system (CytoCypher BV, the 
Netherlands) and cells were field-stimulated at 2 Hz, 25 V, and 4 ms 
pulse duration as described previously [21,22]. Fractional shortening, 
contraction time (time to peak 70%), relaxation time (time to baseline 
70%), and diastolic sarcomere length (SL) were analyzed with auto
mated video-based detection software (IonOptix, USA). Contractility 
measurements were included when cardiomyocytes had a minimum of 4 
contraction transients during field-stimulation, and R2 > 0.95 for peak 
and baseline fit. 

2.7. Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM). 
Comparisons amongst 18–28 week old WT, Mybpc3+/InsG, and Mybp
c3InsG/InsG were carried out with a One-way ANOVA and Tukey’s post 
hoc correction for multiple testing (cMyBP-C/α-actinin, VW/BW, IVSd, 
LVPWd, IVRT, fibrosis, cardiomyocyte CSA, detyrosinated tubulin/TPS, 
Tyrosinated tubulin/TPS, α-tubulin/TPS, acetylated-α-tubulin/TPS, 
desmin/TPS). For non-normal data, Kruskal-Wallis’ nonparametric test 
was applied (LVAWd, and LVIDd). Independent samples t-test was per
formed when comparing two groups (E/e’, and all 3–4 week old mouse 
data). Two-way ANOVA and Tukey’s post hoc multiple testing correc
tion were applied to compare all three groups and multiple variables 

(cTnI phosphorylation). Unloaded shortening data was transformed and 
significance was determined with hierarchical testing. A linear regres
sion model was applied to assess the correlation between peak height 
and sarcomere length. Analyses were performed with GraphPad Prism 
9.1.0 (GraphPad Software, USA). A p-value <0.05 was considered sta
tistically significant. 

3. Results 

3.1. Successful generation of CRISPR/Cas9 homozygous 
Mybpc3c.2373InsG mice with cardiac hypertrophy 

Mybpc3InsG/InsG mice were generated with CRISPR/Cas9 (Fig. 1A). 
Successful generation of the mouse model was confirmed by western 
blot analysis of LV lysates (WT n = 6, Mybpc3+/InsG n = 11, and Mybp
c3InsG/InsG n = 6, 18–28 weeks old), which marked the complete absence 
of cMyBP-C in the Mybpc3InsG/InsG mice (Fig. 1B). In heterozygous 
MYBPC3c.2373InsG patients, no truncated cMyBP-C is detected [5]. No 
haploinsufficiency was detected in the Mybpc3+/InsG mice, which had 
cMyBP-C levels akin to WT. Cardiac hypertrophy was observed in 
Mybpc3InsG/InsG mice, where VW/BW nearly doubled in comparison to 
WT and Mybpc3+/InsG mice (n = 9) (Fig. 1C). 

An early histopathological hallmark of HCM is cardiomyocyte 
enlargement [23]. Therefore, cardiomyocyte hypertrophy of our 18–28 
week old Mybpc3c.2373InsG model was quantified based on cardiomyocyte 
cross-sectional area (CSA) by H&E staining (Fig. 1D). Cardiomyocyte 
CSA was increased in Mybpc3InsG/InsG hearts to 333 ± 17 μm2 compared 
to 186 ± 8 μm2 in WT and 194 ± 22 μm2 in Mybpc3+/InsG hearts (n = 4) 
(Fig. 1E). Another pathological hallmark of HCM is myocardial fibrosis, 
estimated to be prevalent in 70% of HCM patients [24], although there is 
a large inter-patient variability in the degree of cardiac fibrosis [25,26]. 
We determined relative fibrosis in our mouse model by picrosirius red 
staining of collagen in WT, Mybpc3+/InsG, and Mybpc3InsG/InsG LVs (n = 4) 
(Fig. 1D, F). The extent of fibrosis was similar between the three groups. 

3.2. Severe cardiac dysfunction in Mybpc3InsG/InsG but not Mybpc3+/InsG 

mice 

Mice were phenotyped with echocardiography (Fig. 2A). Increased 
ventricular wall thickness of Mybpc3InsG/InsG mice (n = 7) was evident 
based on a significant increase in IVSd, LVIDd, and LVAWd, in compar
ison to WT (n = 8) and Mybpc3+/InsG (n = 8) mice (Fig. 2B-D). LVPWd of 
Mybpc3InsG/InsG mice was increased compared to WT mice (Fig. 2E). 
Cardiac dimensions were not altered in Mybpc3+/InsG mice compared to 
WT. 

Functionally, fractional shortening decreased by >80% in Mybp
c3InsG/InsG mice, compared to WT and Mybpc3+/InsG mice (Fig. 2F). Using 
Pulsed-wave Doppler echocardiography, diastolic dysfunction was 
detected in Mybpc3InsG/InsG mice, where IVRT tripled in comparison to 
WT and Mybpc3+/InsG mice (Fig. 2G). LV filling pressure (E/e’) could not 
be determined in Mybpc3InsG/InsG mice due to the merging of the e’ and a’ 
waves, but was similar in Mybpc3+/InsG and WT mice (Fig. 2H). 

3.3. Cardiomyocyte contraction-relaxation kinetics are impaired in 
Mybpc3InsG/InsG mice 

As contractility of isolated cardiomyocytes from HCM patients 
cannot be studied easily, our mouse model provides additional insight 
into cardiac function and the effect of potential therapeutic in
terventions. Unloaded shortening of single isolated cardiomyocytes 
from 18 to 28 week old WT (N = 5 mice, n = 292 cells), Mybpc3+/InsG (N/ 
n = 4/257), and Mybpc3InsG/InsG (N/n = 8/249) mice was assessed. For 
baseline measurements, cardiomyocytes were exposed to 0.1% DMSO 
(vehicle) for 2 h. Diastolic SL of Mybpc3InsG/InsG cardiomyocytes (1.64 ±
<0.01 μm) was significantly shorter than found in WT (1.81 ± <0.01 
μm) and Mybpc3+/InsG (1.80 ± <0.01 μm) cardiomyocytes (Fig. 3A, 
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Supplementary Fig. S3B). As reported previously [21], contraction 
duration (time to peak 70%) and relaxation duration (time to baseline 
70%) of Mybpc3InsG/InsG cardiomyocytes (0.03 ± <0.01 s and 0.053 ±
<0.01 s, respectively) were prolonged compared to WT (0.023 ± <0.01 
s and 0.042 ± <0.01 s, respectively) (Fig. 3C,D). Contraction-relaxation 
kinetics of 18–28 week old Mybpc3+/InsG cardiomyocytes were akin to 
WT. Fractional shortening of Mybpc3InsG/InsG (4.91 ± 0.17%) car
diomyocytes was increased compared to WT (3.57 ± 0.13%) and 
Mybpc3+/InsG (3.14 ± 0.12%) cardiomyocytes as well (Fig. 3B). Overall, 
contraction-relaxation kinetics were impaired in Mybpc3InsG/InsG mice. 

3.4. Cardiomyocyte microtubule remodeling and cTnI dephosphorylation 
contribute to impaired relaxation and increased stiffness in Mybpc3InsG/ 

InsG mice 

A proteomics study in human myectomy samples revealed an altered 
signature of non-sarcomere cytoskeletal proteins, characterized by 
increased levels of detyrosinated and acetylated tubulin and desmin. 
Modified microtubule composition has been reported to alter visco
elasticity and stiffness in heart failure [27,28]. Desmin, a cytoskeletal 
connective protein has been reported to influence microtubule stabili
zation and cardiomyocyte stiffness [27]. We previously reported that 
expression of the non-sarcomere cytoskeletal protein desmin and 
detyrosinated tubulin were increased in Mybpc3InsG/InsG compared to WT 
mice [21]. 

Here, cardiac protein levels of tubulin and desmin were determined 
for WT (n = 6), Mybpc3+/InsG (n = 11), and Mybpc3InsG/InsG (n = 6) by 
western blot. Tyrosinated tubulin, α-tubulin, and acetylated α-tubulin 
levels were comparable amongst all groups (Fig. 4A,C,D). In line with 

our previous work [21], we noted increased levels of detyrosinated 
tubulin in Mybpc3InsG/InsG mice (2.19 ± 0.45) compared to WT (1.00 ±
0.25) and Mybpc3+/InsG (0.75 ± 0.13) (Fig. 4B). Desmin was also 
increased in Mybpc3InsG/InsG mice (4.44 ± 0.48) compared to WT (1.00 
± 0.13) and Mybpc3+/InsG (1.68 ± 0.13) (Fig. 4E). 

Impaired cardiomyocyte relaxation in HCM is partially caused by 
microtubule remodeling [21,28], as well as increased myofilament Ca2+

sensitivity as a consequence of reduced cTnI phosphorylation [5,13,14]. 
Here, cTnI phosphorylation of WT, Mybpc3+/InsG, and Mybpc3InsG/InsG 

mice was determined by Phos-Tag western blot (Fig. 4F). This revealed a 
significantly different cTnI phosphorylation pattern in Mybpc3InsG/InsG 

compared to WT hearts, with a smaller fraction of bi-phosphorylated 
cTnI (2P: 18.2 ± 5.1%) and more monophosphorylated cTnI (1P: 72.4 
± 3.0%) in Mybpc3InsG/InsG compared to WT (2P and 1P, 38.5 ± 5.0% 
and 51.4 ± 2.7%, respectively). Heterozygous mice did not have an 
altered cTnI phosphorylation profile, although a small increase in 
cMyBP-C phosphorylated serine 282 (pS282), but not 273 and 302, was 
seen in Mybpc3+/InsG mice, compared to WT (Supplementary Fig. S1). 

3.5. Detyrosination inhibitor PTL and β-adrenergic agonist ISO rescue 
impaired cardiomyocyte contraction-relaxation kinetics of Mybpc3InsG/InsG 

mice 

To investigate if modulation of detyrosinated tubulin and cTnI 
phosphorylation could correct hampered unloaded shortening of 
Mybpc3InsG/InsG cardiomyocytes, cells were treated with PTL, ISO, and a 
combination of PTL + ISO. Single cardiomyocytes isolated from WT (N/ 
n = 4/141), Mybpc3+/InsG (N/n = 3/128), and Mybpc3InsG/InsG (N/n = 7/ 
143) mice were incubated with detyrosination inhibitor PTL (10 μmol/l) 

Fig. 1. Validation of CRIPSR/Cas9 engineered Mybpc3InsG/InsG knock-in mice. (A) CRISPR/Cas9 generation of homozygous Mybpc3c.2373InsG mice by introduction of a 
premature stop codon at exon 24 on both alleles. (B) cMyBP-C protein levels relative to α-actinin in 18–28 week old WT (n = 6, black), Mybpc3+/InsG (n = 11, red), 
and Mybpc3InsG/InsG (n = 6, blue) mice. (C) VW/BW (mg/g) of WT, Mybpc3+/InsG, and Mybpc3InsG/InsG mice (n = 9). (D) Representative images of cardiomyocyte 
hypertrophy (H&E) and fibrosis (picrosirius red) corresponding to E,F. (E) Cardiomyocyte cross-sectional area (CSA, μm2) and (F) cardiac fibrosis/sarcomere volume 
of WT, Mybpc3+/InsG, and Mybpc3InsG/InsG (n = 4) mice. Scale bar represents 25 μm. Darker-shade symbols represent male mice. Mean ± SEM. ***p < 0.001, ****p <
0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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for 2 h to inhibit tubulin detyrosination (Supplementary Fig. S2) after 
which unloaded shortening was assessed. Isolated cardiomyocytes of 
WT (N/n = 3/130), Mybpc3+/InsG (N/n = 4/257), and Mybpc3InsG/InsG 

(N/n = 5/94) were also acutely treated with 15 nmol/l ISO to stimulate 
β-adrenergic activity. Additionally, ISO was added to WT (N/n = 3/ 
109), Mybpc3+/InsG (N/n = 3/131), and Mybpc3InsG/InsG (N/n = 4/45) 
cardiomyocytes incubated with PTL (PTL + ISO). 

Addition of β -adrenergic stimulant ISO shortened relaxation time of 
WT, Mybpc3+/InsG and Mybpc3InsG/InsG cardiomyocytes compared to their 
respective vehicle baseline (Fig. 5C). This was also evident in PTL + ISO 
treated cells. PTL did not significantly affect relaxation time but did 
accelerate the rate of contractility (time to peak 70%) in all groups 
compared to their respective baseline, and PTL + ISO further shortened 
contraction time (Fig. 5D). In Mybpc3InsG/InsG cardiomyocytes, ISO 
treatment also shortened time to peak 70%. ISO also increased fractional 
shortening of WT, Mybpc3+/InsG and Mybpc3InsG/InsG cardiomyocytes 
(Fig. 5E). 

To test if the lower diastolic sarcomere length observed in Mybp
c3InsG/InsG cardiomyocytes (Fig. 5A,B, Supplementary Fig. S3B,C) would 
limit the increase in fractional shortening, we plotted diastolic SL and 

peak height, but found no correlation (Supplementary Fig. S3D). The 
main deficit in Mybpc3InsG/InsG cardiomyocytes was their slowed 
contraction and relaxation kinetics. 

3.6. HCM in 3–4 week old Mybpc3InsG/InsG mice 

As our adult Mybpc3InsG/InsG model displays an end-stage HCM 
phenotype, we sought to determine whether the mutation at an earlier 
stage expresses a milder phenotype resembling early-stage HCM, as 
found in part of the heterozygous patient population. cMyBP-C levels are 
also negligible in our 3–4 week old Mybpc3InsG/InsG mouse model (n = 3) 
(Fig. 6A). Cardiac hypertrophy is suggested to be present in Mybpc3InsG/ 

InsG (n = 3) mice, as HW/BW doubled in comparison to WT (n = 2), 
although the WT sample size limits the certainty of this finding (Sup
plementary Fig. S4). 

Protein levels of the non-sarcomere cytoskeleton which are known to 
be altered towards a stiffer profile in adult mice, were also assessed in 
our 3–4 week Mybpc3InsG/InsG model. In these mice (n = 3), desmin, 
tyrosinated tubulin, detyrosinated tubulin, and acetylated-a-tubulin, 
were elevated in comparison to WT (n = 3) (Fig. 6B-D,F). Although 

Fig. 2. Hampered cardiac function and severe hypertrophy in homozygous Mybpc3c.2373InsG mice. (A) Representative m-mode echocardiography images (dashed red 
line) and echo parameters for WT (n = 8, black), and Mybpc3+/InsG (n = 8, red), and Mybpc3InsG/InsG (n = 7, blue) mice. (B) Diastolic intraventricular septal thickness 
(IVSd, mm). (C) Diastolic LV internal diameter (LVIDd, mm). (D) Diastolic LV anterior wall thickness (LVAWd, mm). (E) Diastolic LV posterior wall thickness (LVPWd, 
mm). (F) Fractional shortening (%). (G) Isovolumetric relaxation time (IVRT, ms). (H) LV filling pressure (E/e’). Darker-shade symbols represent male mice. Mean ±
SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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not significant, α-tubulin levels of Mybpc3InsG/InsG trend towards an in
crease as well. 

As altered composition of the cytoskeleton affects cardiac contractile 
kinetics, we investigated unloaded shortening of single isolated car
diomyocytes from WT (N/n = 3/294) and Mybpc3InsG/InsG (N/n = 3/208) 
mice. Compared to age-matched WT cardiomyocytes, contraction and 
relaxation duration were prolonged in Mybpc3InsG/InsG cardiomyocytes 
(Fig. 6H,I). A small, yet significant decrease in fractional shortening was 
observed in Mybpc3InsG/InsG cardiomyocytes (Fig. 6J). Akin to the 18–28 
week old Mybpc3InsG/InsG model, 3–4 week old Mybpc3InsG/InsG car
diomyocytes had a shorter diastolic SL than WT cardiomyocytes 
(Fig. 6G, Supplementary Fig. S3A). 

3.7. Differences in HCM phenotype of young and adult homozygous 
Mybpc3c.2373InsG mice 

Our 3–4 week homozygous Mybpc3c.2373InsG model provides insight 
into changes associated with HCM at an earlier stage. At 3–4 weeks of 
age, Mybpc3c.2373InsG mice present with an altered tubulin signature. 
This further develops in the 18–28 week old Mybpc3InsG/InsG mice. The 

increase in detyrosinated tubulin is evident early on in HCM, with a 4- 
fold increase in 3–4 week old Mybpc3InsG/InsG mice and >2-fold in
crease in 18–28 week old mice compared to age-matched WT mice 
(Fig. 7). Tyrosinated tubulin levels were also 4-fold increased in the 3–4 
week old Mybpc3InsG/InsG mice. Increase of these post-translational 
modifications (PTMs) requires increased total α-tubulin as well, which 
is present in 3–4 week old Mybpc3InsG/InsG model compared to the 18–28 
week old model. Relatively, acetylated-α-tubulin increased more in the 
18–28 week old Mybpc3InsG/InsG model, although it is also increased in 
the 3–4 week old Mybpc3InsG/InsG mice. Desmin is increased by 4-fold in 
18–28 week old Mybpc3InsG/InsG mice, and to a far lesser degree in 3–4 
week old Mybpc3InsG/InsG mice. Relative to their age-matched WT, rate of 
contractility was prolonged in 18–28 week old Mybpc3InsG/InsG mice. 

4. Discussion 

We describe a mouse model harboring the Mybpc3c.2373InsG mutation, 
where 18–28 week old homozygous mice recapitulate a phenotype 
representative of severely affected HCM mutation carriers, denoted by a 
thickened LV septum and wall, cardiomyocyte hypertrophy, and 

Fig. 3. Impaired cardiomyocyte function in 18–28 week old Mybpc3InsG/InsG mice. (A) Averaged contraction-relaxation traces of vehicle (0.1% DMSO) WT (N = 5 
mice, n = 292 cells, black/grey), Mybpc3+/InsG (N/n = 4/257, red), and Mybpc3InsG/InsG (N/n = 8/249, blue) cardiomyocytes. (B) Fractional shortening (%), (C) Time 
to baseline 70% (s), (D) time to peak 70% (s). Single cardiomyocytes represented as grey dots. Darker-shade symbols represent male mice. Mean ± SEM. *p < 0.05, 
****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. Altered protein signature of cardiomyocyte contraction-relaxation determinants in Mybpc3InsG/InsG mice. Quantification of relative protein levels in 18–28 
week old WT (n = 6, black/grey), Mybpc3+/InsG (n = 11, red), and Mybpc3InsG/InsG (n = 6, blue) mice and representative western blot images of (A) tyrosinated tubulin 
(B) detyrosinated tubulin, (C) α-tubulin, (D) acetylated α-tubulin, and (E) desmin. A-E Normalized to total protein stain (Supplementary materials). Darker-shade 
symbols represent male mice. Mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001. (F) Phosphorylation levels of cTnI (0P (white), 1P (grey), and 2P (black) in 
WT, Mybpc3+/InsG, and Mybpc3InsG/InsG hearts (n = 4, 5, 5, respectively) and representative Phos-Tag western blot. Mean ± SEM. *p < 0.05 between WT and 
Mybpc3InsG/InsG 2P. **p < 0.01 between WT and Mybpc3InsG/InsG 1P. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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Fig. 5. Rescuing altered contraction-relaxation kinetics in Mybpc3InsG/InsG cardiomyocytes. (A-B) Mean contraction-relaxation traces of (A) WT and (B) Mybpc3InsG/ 

InsG cardiomyocytes treated with DMSO (vehicle, black), parthenolide (PTL, 10 μmol/l, red), isoproterenol (ISO, 15 nmol/l, blue), and PTL + ISO (yellow). (C-E) 
Cardiomyocytes of WT (black circles), Mybpc3+/InsG (red squares), and Mybpc3InsG/InsG (blue triangles) mice were treated with DMSO (vehicle) (N = 5 mice, n = 292 
cells, black), Mybpc3+/InsG (N/n = 4/257, red), and Mybpc3InsG/InsG (N/n = 8/249, blue) PTL (WT N/n = 4/141, Mybpc3+/InsG N/n = 3/128, Mybpc3InsG/InsG N/n = 7/ 
143), ISO (WT N/n = 3/130, Mybpc3+/InsG N/n = 4/257, Mybpc3InsG/InsG N/n = 5/94), or PTL + ISO (WT N/n = 3/109, Mybpc3+/InsG N/n = 3/131, Mybpc3InsG/InsG N/ 
n = 4/45). (C) Time to baseline 70% (s), (D) Time to peak 70% (s), (E) Fractional shortening (%). Background symbols represent single cardiomyocytes. Darker-shade 
symbols represent male mice. Mean ± SEM. *p < 0.05 within one animal group, compared their own baseline (vehicle). #p < 0.05 compared to PTL within one 
animal group. †p < 0.05 compared to ISO within one animal group. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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diastolic dysfunction. Heterozygous mice displayed a similar cardiac 
phenotype to WT mice. An HCM phenotype is likely to be present from 
an young age, as in 3–4 week old Mybpc3InsG/InsG mice, as cardiomyocyte 
contraction-relaxation kinetics were impaired, and the non-sarcomere 
cytoskeleton, akin to 18–28 week old Mybpc3InsG/InsG cardiomyocytes, 
shifted towards a stiffer profile due to increased desmin and tubulin 
detyrosination. Furthermore, unloaded shortening experiments revealed 
slowed contraction and relaxation kinetics of Mybpc3InsG/InsG car
diomyocytes. When treating 18–28 week old Mybpc3InsG/InsG car
diomyocytes with PTL, contraction duration shortened, and ISO 
treatment accelerated the rate of relaxation. Combining PTL + ISO 
further improved kinetics of relaxation of Mybpc3InsG/InsG 

cardiomyocytes. 
Although LV fibrosis was somewhat increased in Mybpc3InsG/InsG 

mice, it was not significantly different from WT and Mybpc3+/InsG mice. 
This may be due to intra-animal model variability in the degree of 
fibrosis, which has been noted in the few other cMyBP-C mouse models, 
where fibrosis was increased in homozygous mice [29,30], but not in 
neonatal homozygous mice [31], nor in heterozygous mice [32]. 
Moreover, large variety in the degree of fibrosis is also found in HCM 

patient studies [26,33] and is often classified as a hallmark of late-stage 
HCM [33,34]. However, an earlier hallmark of HCM, cardiomyocyte 
hypertrophy, was present in the Mybpc3InsG/InsG model. At 3–4 weeks of 
age, a trend towards cardiac hypertrophy was observed as HW/BW 
doubled compared to a small sample of WT HW/BW measurements. This 
is similar to HW/BW ratios noted in other cMyBP-C null models [30,35]. 
Although HW was assessed, this is representative of ventricular hyper
trophy as VW constitutes at least 60%, up to 80% of HW in mice [36,37]. 
At 18–28 weeks old, VW/BW of Mybpc3InsG/InsG was also significantly 
greater than WT and Mybpc3+/InsG mice. The enlarged CSA of 18–28 
week old Mybpc3InsG/InsG mice is also is in line with findings from cardiac 
tissue of HCM mutation carriers, where CSA was increased compared to 
non-failing donors [38], as well as in another cMyBP-C null neonatal 
mouse model [31]. We did not detect changes to cardiomyocyte CSA in 
Mybpc3+/InsG mice, similar to another heterozygous cMyBP-C mouse 
model [32]. Of note, fractional shortening significantly decreased and 
LVIDd was enlarged in our homozygous Mybpc3c.2373InsG model, dis
playing overall hypocontractility. The enlarged CSA and increased 
LVIDd with decreased fractional shortening fit a late-stage (clinical class 
IV) HCM phenotype with systolic dysfunction [18]. Taken together, our 

Fig. 6. HCM-associated changes in 3–4 week old Mybpc3InsG/InsG mice. (A) cMyBP-C protein levels relative to α-actinin in WT (n = 3, black/grey) and Mybpc3InsG/InsG 

mice (n = 3, blue). (B-F) Desmin, tyrosinated tubulin, detyrosinated tubulin, α-tubulin, and acetylated-α-tubulin levels of WT (n = 3) and Mybpc3InsG/InsG (n = 3) mice 
relative to total protein stain (Supplementary material). (G-J) Unloaded shortening measurements of 3–4 week old WT (N/n = 3/294, black/grey) and Mybpc3InsG// 

InsG (N/n = 3/208, blue) cardiomyocytes. (G) Averaged contraction-relaxation traces of cardiomyocytes, (H) Time to baseline 70% (s), (I) Time to peak 70% (s), (J) 
Fractional shortening (%). Background symbols represent single cardiomyocytes. Darker-shade symbols represent male mice. Mean ± SEM. *p < 0.05, **p < 0.01. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Mypbc3c.2373InsG homozygous mouse is a representative model of end- 
stage HCM, as in vivo and histological hallmarks of HCM are present 
at 18–28 weeks of age. 

Thus far, the few studies of cMyBP-C null mouse models that have 
been described, report contrasting findings regarding cardiomyocyte 
Ca2+ sensitivity. Harris et al. [39] found Ca2+ sensitivity to be decreased 
in homozygous cMyBP-C mice, whereas Ca2+ handling was unaltered in 
other models [30,40–42]. On the other hand, Fraysse et al. [43] and 
Najafi et al. [44,45] reported increased Ca2+ sensitivity in heterozygous 
and homozygous Mybpc3 point mutation mice. In HCM patients, 
increased Ca2+ sensitivity has been reported consistently, including in 
MYBPC3 mutation carriers [5,46,47]. This is due to diminished stimu
lation of the β-adrenergic pathway in HCM [48], which reduces PKA- 
dependent phosphorylation of its targets, including cTnI [14]. In turn, 
cTnI hypophosphorylation, impairs relaxation as Ca2+ dissociation from 
the troponin complex is hampered [49]. Our unloaded shortening data 
indeed demonstrates slowed contraction-relaxation kinetics of car
diomyocytes from both 3–4 week old and 18–28 week old Mybpc3InsG/ 

InsG mice. Moreover, bi-phosphorylated cTnI was significantly reduced in 
Mybpc3InsG/InsG mice. Impaired contractile kinetics may therefore be, in 
part, caused by altered cTnI phosphorylation profile in the homozygous 
Mypbc3c.2373InsG mice. Reduced bi-phosphorylated cTnI, with the ma
jority of cTnI dephosphorylated, has also been detected in myectomy 
tissue of HCM patients compared to donors in a proteomic analysis [12], 
Phos-Tag analysis [50], and specifically in myectomy tissue of MYBPC3 
mutation carriers [5]. 

Pharmacologically targeting the blunted β-adrenergic pathway and 
PKA-dependent phosphorylation in Mybpc3InsG/InsG mice and HCM pa
tients could rescue relaxation kinetics [13,14,51]. Here, we demonstrate 
that PKA-dependent phosphorylation, mediated by β-adrenergic recep
tor agonist ISO, indeed accelerated relaxation in homozygous Mybpc3
c.2373InsG mouse cardiomyocytes. Mybpc3+/InsG cardiomyocytes were 
largely unaffected upon increased β-adrenergic activity, suggesting that 
there may be mild impairment of cardiomyocyte contraction-relaxation 
kinetics, although no phenotype of HCM was observed. Of note, the yield 
of living cell after cell isolation was considerably lower in Mybpc3InsG/ 

InsG mice. Also, a higher number of Mybpc3InsG/InsG cardiomyocytes 
either did not survive ISO treatment or showed contraction artefacts that 
made them not suitable for downstream analysis. This accounts for the 
variation in number of cardiomyocytes measured per pharmacological 

treatment. 
Another striking feature of Mybpc3InsG/InsG cardiomyocytes is their 

shorter diastolic SL. This is not uncommon to Mybpc3-mutated mouse 
models [43]. Pharmacologically, SL of homozygous Mybpc3 mutated 
mice could be corrected with cross-bridge inhibitor 2,3-butanedione 
monoxime (BDM), indicating that these cells are already partly acti
vated during diastole [43]. In our model, SL could only partially be 
corrected with BDM (Supplementary Fig. S5). Also, fractional shortening 
of homozygous Mybpc3c.2373InsG cardiomyocytes did not increase further 
with PTL or PTL + ISO treatment. Possibly, the shorter diastolic SL ac
counts for this. Yet, diastolic SL did not correlate to peak height (we 
plotted against peak height instead of fractional shortening as fractional 
shortening is dependent on diastolic SL, Supplementary Fig. S3D), in line 
with previous analyses of a large-scale rat cardiomyocyte contractility 
study [22]. 

Furthermore, altered cytoskeletal protein composition also contrib
utes to impaired cardiomyocyte contraction-relaxation kinetics, and 
tubulin detyrosination is associated with increased cardiomyocyte 
stiffness [27,52]. We previously reported increased levels of detyrosi
nated tubulin levels in HCM patients and Mybpc3InsG/InsG mice [21] and, 
indeed, contraction and relaxation duration of 18–28 week old Mybp
c3InsG/InsG cardiomyocytes were prolonged compared to WT and 
Mybpc3+/InsG mice, which was also noted in 3–4 week old Mybpc3InsG/InsG 

cardiomyocytes. Tubulin detyrosination is known to shift the car
diomyocyte cytoskeleton towards a stiffer profile [27,28]. Pharmaco
logically, tubulin detyrosination was suppressed in isolated 18–28 week 
old Mybpc3InsG/InsG cardiomyocytes by PTL, a tubulin carboxypeptidase 
inhibitor [52]. This ameliorated relaxation time of Mybpc3InsG/InsG car
diomyocytes, partially restoring contractile function in these cells, as 
cytoskeletal stiffness is rescued due to diminished levels of detyrosinated 
tubulin. This has also been observed in rat cardiomyocytes, where 
treatment with PTL increased relaxation duration in comparison to 
baseline measurements [53]. 

Detyrosinated tubulin interacts with desmin, coupling microtubules 
to sarcomeres [21,27]. As the connected microtubules need to deform 
when sarcomeres shorten, this affects contraction-relaxation kinetics of 
Mybpc3InsG/InsG cardiomyocytes due to the stiffer tubulin signature. Our 
homozygous Mybpc3c.2373InsG model had elevated desmin levels, further 
contributing to cardiomyocyte stiffness. This in line with research where 
knock-out of desmin resulted in a disorganized and more compliant 
microtubule network compared to WT cells [27]. PTL is only able to 
partially rescue contractile function of Mybpc3InsG/InsG cardiomyocytes. 
In this model, the absence of cMyBP-C also contributes to contractile 
dysfunction, since it is required for interaction with myosin heavy chain 
to aid cross-bridge kinetics [8,9]. Moreover, heterozygous Mybpc3
c.2373InsG cardiomyocytes, which contain cMyBP-C, did not have 
impaired contraction-relaxation kinetics. Their response to PTL was also 
dampened, as their tubulin signature was unaltered. Impaired relaxation 
kinetics are therefore, in part, due to increased tubulin detyrosination, 
as is evident from the correcting effect of PTL. This is further supported 
by the fact that acetylated α-tubulin, another PTM associated with car
diomyocyte stiffness and slows contraction-relaxation kinetics [54], was 
similar amongst all groups. 

Similar to the 18–28 week old Mybpc3InsG/InsG mice, detyrosinated 
tubulin and desmin were increased in 3–4 week old Mybpc3InsG/InsG mice, 
as well as having elevated acetylated α-tubulin levels and a (non-sig
nificant) trend towards increased α-tubulin. Overall, both healthy 
tubulin signature and that of a stiffer cytoskeletal profile were elevated 
in the 3–4 week old Mybpc3c.2373InsG model. Possibly, the compensatory 
mechanism of PTMs is progressing in the this and stabilizing towards a 
stiffer profile at an older age. This is similar to tubulin signatures of stage 
II HCM patients without obstruction and end-stage HCM patients with 
heart failure [55]. 

Our heterozygous Mybpc3c.2373InsG mice did not develop classical 
hallmarks of HCM at an early-adult stage. Two other cMyBP-C mutation 
models [35,37,56] have shown similar findings [30,40]. The 

Fig. 7. Comparison of changes in 3–4 week old and 18–28 week old Mybp
c3InsG/InsG mice. Normalized to age-matched WT. 1 (white) = no change 
compared to WT, red = fold decrease compared to WT, blue = fold increase 
compared to WT. Significant differences (p < 0.05) are indicated by the borders 
surrounding the cells. Independent samples t-test. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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heterozygous models were generated to be haploinsufficient for cMyBP- 
C, while the model described in this study was generated to study the 
patient-specific MYBPC3c.2373InsG mutation and was not cMyBP-C hap
loinsufficient. However, the heterozygous models of McConnell et al. 
and Vignier et al. have been studied with secondary disease triggers such 
as ageing [57], transverse aortic constriction [58], and recently Western 
diet [59], resulting in the development of an HCM phenotype. This in
dicates that the effect of this mutation may be evident at an advanced 
age or in metabolically compromised mice. 

To conclude, our adult homozygous mouse model of the most com
mon Dutch founder mutation, MYBPC3c.2373InsG, is representative of 
disease pathogenicity in mutation carrying patients with severe 
phenotypic expression of HCM. HCM is present with different patho
genic expression in the 3–4 week old homozygous Mybpc3c.2373InsG 
model. Assessing the effect of this mutation in advanced age or meta
bolically compromised heterozygous Mybpc3c.2373InsG models, and car
diac function and remodeling in young homozygous Mybpc3c.2373InsG 
mice, may yield additional insight into the development of HCM. The 
combination of the 3–4 week and 18–28 week old homozygous 
Mybpc3c.2373InsG models is nevertheless a robust choice to study potential 
therapeutic targets and pathophysiology of developing HCM. 
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