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Aims Hypertrophic cardiomyopathy (HCM) has been associated with reduced b-adrenergic receptor (b-AR) signalling, lead-
ing downstream to a low protein kinase A (PKA)-mediated phosphorylation. It remained undefined whether all PKA
targets will be affected similarly by diminished b-AR signalling in HCM. We aimed to investigate the role of b-AR sig-
nalling on regulating myofilament and calcium handling in an HCM mouse model harbouring a gene mutation (G . A
transition on the last nucleotide of exon 6) in Mybpc3 encoding cardiac myosin-binding protein C.

Methods
and results

Cardiomyocyte contractile properties and phosphorylation state were measured in left ventricular permeabilized and
intact cardiomyocytes isolated from heterozygous (HET) or homozygous (KI) Mybpc3-targeted knock-in mice. Signifi-
cantly higher myofilament Ca2+ sensitivity and passive tension were detected in KI mice, which were normalized after
PKA treatment. Loaded intact cardiomyocyte force–sarcomere length relation was impaired in both HET and KI mice,
suggesting a reduced length-dependent activation. Unloaded cardiomyocyte function revealed an impaired myofilament
contractile response to isoprenaline (ISO) in KI, whereas the calcium-handling response to ISO was maintained. This
disparity was explained by an attenuated increase in cardiac troponin I (cTnI) phosphorylation in KI, whereas the in-
crease in phospholamban (PLN) phosphorylation was maintained to wild-type values.

Conclusion These data provide evidence that in the KI HCM mouse model, b-AR stimulation leads to preferential PKA phosphor-
ylation of PLN over cTnI, resulting in an impaired inotropic and lusitropic response.
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1. Introduction
Hypertrophic cardiomyopathy (HCM) is the most frequently occurring
inherited cardiac disorder, with a prevalence of 1:200 in the general
population.1 HCM is characterized by (asymmetrical) left ventricular
(LV) hypertrophy, diastolic dysfunction, cardiomyocyte disarray, and
cardiac fibrosis.2,3 Mutations in genes encoding sarcomeric proteins
cause HCM,3,4 with mutations in genes MYH7 and MYBPC3 encoding
myosin heavy chain (MHC) and cardiac myosin-binding protein C
(cMyBP-C), respectively, being the most frequent cause of HCM.5

A desensitized cardiac b-adrenergic receptor (b-AR) signalling path-
way,6 which is a hallmark of the failing heart, has been identified in pa-
tients with HCM.7 Besides desensitization of the b-AR pathway, a
reduced number of b-receptor binding sites have been reported in pa-
tients suffering from HCM.8 As a consequence, diminished downstream
b-AR signalling may occur, leading to a lower protein kinase A (PKA)-
mediated protein phosphorylation.9,10 PKA-mediated phosphorylation
of myofilament proteins [e.g. cardiac troponin I (cTnI) and cMyBP-C
and Ca2+-handling proteins (e.g. phospholamban (PLN)] mediates
positive inotropic and lusitropic cardiac effects.11,12 In addition,
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phosphorylation of cTnI reduces myofilament Ca2+ sensitivity, and
cMyBP-C phosphorylation accelerates cross-bridge cycling, both of
which lead to enhancement of the relaxation rate.12,13 The phosphor-
ylation of PLN increases the activity of SR Ca2+ adenosine triphos-
phate (ATP)ase-2 (SERCA2a) pump and thereby the rate of cardiac
relaxation.11 Due to increased Ca2+ uptake upon b-AR stimulation,
a higher SR Ca2+ content will be reached, which is available for sub-
sequent contraction, leading finally to an enhancement of contractile
performance.11

The myofilament proteins cMyBP-C and cTnI are relatively highly
phosphorylated in snap-frozen cardiac tissue from healthy individuals,
whereas the phosphorylation level is lower in heart tissue from patients
with HCM.9,10 Similarly, low PLN phosphorylation levels have been re-
ported in transgenic HCM mouse models and in patients with heart fail-
ure (HF).14,15 The functional consequences of disturbedb-AR signalling
and reduced PKA-mediated phosphorylation are shown in the blunted
increase in contractile response following isoproterenol administra-
tion, a b-AR agonist.16 b-AR-mediated increases in inotropy and lusi-
tropy require the concerted phosphorylation of targets at multiple
subcellular localizations. Spatial and temporal intracellular targeting of
PKA is regulated through a set of A-kinase anchoring protein com-
plexes (AKAPs).17

We hypothesized that this coordinated PKA-mediated phosphoryl-
ation is disturbed in HCM disease pathology. Therefore, we investi-
gated the effect of b-AR stimulation on myofilament and Ca2+

handling in a HCM-associated mouse model. The experiments were
performed in an Mybpc3-targeted knock-in mouse model, which car-
ries a heterozygous (HET) or a homozygous (KI) Mybpc3 point muta-
tion (G . A transition) on the last nucleotide of exon 6.18 The single
mutation resulted in low levels of mRNA and less cMyBP-C protein
expressions,18 similar to earlier findings in human HCM myocardial
tissue.10 This mutation is associated with a severe HCM phenotype
and poor prognosis in humans.5 The HET mice are comparable to
pre-hypertrophic mutation carriers, with some degree of diastolic
impairments,18 whereas the HCM phenotype (e.g. hypertrophy) is
most evident in KI mice.

2. Methods

2.1 Animal model
An expanded version of the methods section can be found in the online
supplemental information. Experiments were performed in accordance
with the Guide for the Animal Care and Use Committee of the VU Uni-
versity Medical Center (VUmc) and with approval of the Animal Care
Committee of the VUmc (DEC-number FYS 11-02 and FYS 12-03) and
conform the guidelines from Directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific purposes.
In total, 58 mice (age 13 weeks at the time of experiment) of both sexes
were included in the study: wild-type (WT, n ¼ 21), HET (n ¼ 19), and
KI (n ¼ 18) Mybpc3-targeted knock-in mice on a Black Swiss genetic
background.18

2.2 Force measurements on single
membrane-permeabilized myocytes
Cardiomyocytes were chemically permeabilized by incubation for
5 min in relaxing solution containing 0.5% (v/v) Triton X-100 and glued
between a force transducer and a piezoelectric motor, as described
previously.9

2.3 Titin isoform composition and
phosphorylation
Titin isoform composition was analysed in mice LV homogenates, using
a vertical Hoefer SE600 gel system (Hoefer Inc., USA) with a 1% agar-
ose gel, as described previously.19 Changes in isoform composition
were calculated as a ratio of N2BA:N2B. Human soleus (containing
�3.7 MDa N2A isoform) was used as a standard. To determine the
phosphorylation of titin, the gel was stained with ProQ Diamond phos-
phostain (Molecular Probes) for 60 min, washed, and subsequently
stained with SYPRO Ruby (Molecular Probes). Titin phosphorylation
is expressed as phosphorylated titin (i.e. summed N2B and N2BA va-
lues) over total titin protein level.

2.4 MHC isoform composition
Relative MHC content was determined in LV tissue from WT, HET, and
KI mice, as described previously.20 Briefly, MHC isoforms were sepa-
rated on a 6% acrylamide resolving gel and a 3% stacking gel using an
SE600 Hoefer gel system at 32 mA constant current. Human atrial
homogenates, containing both a- and b-MHC, were used as a standard.
Subsequently, the gels were stained using SYPROw Ruby, and MHC iso-
forms were determined.

2.5 Intact cardiomyocyte isolation
Intact cardiomyocytes were isolated, as described previously.21

2.6 Force–sarcomere length (FSL) relation
Intact cardiomyocytes were glued on an approximately 608 short glass
fibre, which was placed on a force transducer and a piezo motor (long
fibre). Once the cell was attached to the glass fibres, the cardiomyocyte
was lifted up. Pre-load was applied by stretching the cardiomyocyte
using the piezo motor, resulting in diastolic as well as in systolic FSL re-
lation. Finally, to normalize the slope of FSL, we calculated the ratio of
the systolic and diastolic FSL relation, which is the amount of force pro-
duced per unit increase in SL.

2.7 Cardiomyocyte shortening and Ca21

handling
Unloaded cardiomyocyte measurements were performed as de-
scribed previously.22 To investigate the b-AR-stimulated signalling re-
sponse of the cardiomyocyte, we stopped the continuous perfusion
with HEPES buffer (HB) and immediately started perfusion with iso-
prenaline (ISO; 100 nmol/L in HB, Sigma-Aldrich; Supplementary ma-
terial online, Table S1).

2.8 Protein phosphorylation analysis
Cardiac TnI phosphorylation status of frozen heart tissue samples as
well as that of the isolated cardiomyocytes from baseline (BL) and
ISO conditions was analysed using one-dimensional sodium dodecyl
sulphate polyacrylamide-bound Mn2+-phos-tag gel electrophoresis
and western blotting, as described previously.23 It is important to
note that LV frozen protein homogenates are from tissue which was
immediately collected upon excision, whereas intact cardiomyocytes
were enzymatically isolated and subsequently a part was stored for
protein homogenization and phos-tag analysis. Different patterns in
cTnI phos-tag analysis between frozen LV and isolated cardiomyocytes
might be caused by loss of phosphorylation during the enzymatic isola-
tion procedure.

A. Najafi et al.Page 2 of 15
by guest on M

arch 29, 2016
D

ow
nloaded from

 

http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw026/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw026/-/DC1


Western blotting analysis of site-specific phosphorylation of PLN at
the serine (Ser)-16 site, PKA regulatory subunit II (PKA-RII) as well as
catalytic (PKAcat) subunit expression and cMyBP-C Ser-302 phosphor-
ylation levels were performed using antibody against PLN phospho
Ser-16 (Badrilla, A010-12), PKA-RII (Abcam, ab38949), PKAcat subunit
(Enzo Life Sciences, P22694), and Ser-302 phospho antibody (a gift
from Dr Sakthivel Sadayappan, Loyola University Chicago), respective-
ly. The signals were normalized for a-actinin (Sigma-Aldrich, A7811),
a-tropomyosin (Sigma Aldrich, T9283), and cMyBP-C (Santa Cruz Bio-
technology, 137180 Clone E7). The pentameric as well as monomeric
isoforms of PLN were detected using the antibody against phosphory-
lated Ser-16 site. Both pentameric and monomeric isoforms of PLN sig-
nals were separately normalized for total PLN (Abcam, ab86930) as
well as a-actinin levels and finally summed as one PLN-phosphorylated
Ser-16 value. The phosphorylation of threonine (Thr)-17 of PLN (Ba-
drilla, A010-13AP) was also analysed, which was normalized for total
PLN expression. PKA-RII, PKAcat, and cMyBP-C expression signals
were normalized to a-actinin levels, whereas the Ser-302 cMyBP-C
phosphorylation level was corrected for a-tropomyosin.

2.9 Data analysis
Data analysis and statistics were performed using Prism version 6.0
(GraphPad Software, Inc., La Jolla, CA, USA). Data are presented as
mean+ SEM of all single cardiomyocytes per mice group. Data were
tested for normality by Kolmogorov–Smirnov normality test. When
data were distributed normally and in the case of testing one variable
in more than two groups, samples were compared using one-way ana-
lysis of variance (ANOVA); in the case of two or more variables, the
data were compared using a two-way ANOVA. If a significant value
in two-way ANOVA was detected, a Holm–Sidak multiple comparison
post hoc test was performed to identify significance within multiple
groups. Significance was accepted when P , 0.05.

3. Results

3.1 Higher myofilament Ca21 sensitivity
in KI-permeabilized cardiomyocytes
To assess myofilament Ca2+ sensitivity of force, force–Ca2+ relations
were performed at SL 1.8 mm (Figure 1A) for all frozen LV samples.
Myofilament Ca2+ sensitivity was significantly higher in KI (i.e. lower
EC50) than in WT mice (Figure 1A and B and Table 1), whereas EC50 va-
lue in HET mice failed to reach levels of statistical significance (P ¼
0.06). As PKA-mediated phosphorylation of cTnI exerts a dominant
regulatory role in the reduction of myofilament Ca2+ sensitivity,24

phos-tag gel analyses were performed to study the distribution of phos-
phorylated cTnI forms [un-(0P), mono-(1P), and bis-(2P); Figure 1C] in
LV frozen samples. As illustrated in Figure 1D, a significant reduction in
the 2P form of cTnI was detected in both HET and KI samples, as well as
a higher 0P band particularly in KI mice. To investigate the underlying
mechanism of hypophosphorylated cTnI in HCM mice, western blot
analysis was performed to detect PKA-RII and PKAcat subunit expres-
sion. Interestingly, we found a significantly higher PKA-RII expression in
KI mice (Supplementary material online, Figure S1A), whereas PKAcat
expression did not differ among groups (Supplementary material on-
line, Figure S1B). Consequently, PKA-RII/PKAcat ratio was significantly
higher in KI when compared with WT and HET counterparts
(Figure 1E and F ).

In order to confirm that the lower EC50 in KI cardiomyocytes is due
to cTnI hypophosphorylation, permeabilized cardiomyocyte measure-
ments were performed following incubation with exogenous PKA. PKA
normalized the force–Ca2+ relation in KI to WT levels (Figure 1G and H).
It is noteworthy that cells treated with exogenous PKA showed a higher
maximal force (Fmax) than untreated cells in all groups (Table 1). In line
with the previous study,18 we also confirmed a significant reduction of
cMyBP-C expression in KI mice when compared with WT and HET
mice (Figure 1I and J ).

3.2 Higher passive tension in
KI-permeabilized cardiomyocytes
Diastolic dysfunction is an early finding in our HCM-associated mouse
model,22 which recapitulates the situation in both mutation carriers25

and manifest HCM patients.26 As passive stiffness of cardiomyocytes
may underlie diastolic dysfunction, passive tension (Fpas) was assessed
in membrane-permeabilized LV tissue at SL ranging from 1.8 to 2.4 mm.
Fpas over the entire range of SL was significantly higher in KI cardiomyo-
cytes than in WT and HET (Figure 2A). To determine whether altera-
tions in titin isoform composition may contribute to the higher Fpas

in KI, the N2BA/N2B ratio was determined. No significant difference
between the groups was found (Figure 2B). As phosphorylation of titin
by PKA reduces Fpas,

27 analysis of full titin phosphorylation over total
titin expression was performed using ProQ Diamond and SYPRO
Ruby staining. No differences in total titin phosphorylation were found
between the groups (Figure 2C). However, exogenous PKA treatment
normalized Fpas in KI cardiomyocytes to WT and HET levels (Figure 2D),
indicating that PKA-mediated titin phosphorylation plays an important
role in modulating Fpas in KI cardiomyocytes.

3.3 Length-dependent activation
of myofilaments
Length-dependent activation (LDA) of sarcomeres was determined by
measuring Ca2+-dependent myofilament force production at 1.8 and
2.2 mm SL (Figure 3A and B). An increase in SL resulted in a significantly
higher Fmax and Ca2+ sensitivity (Figure 3C and D and Table 1) in all
groups. Calculating the difference in EC50 between SL 1.8 and
2.2 mm (DEC50) showed a lower LDA increase in myofilament Ca2+

sensitivity in KI (DEC50¼ 0.38+ 0.08 mmol/L) than in WT (DEC50¼

0.56+ 0.11 mmol/L), although the difference was not significant (P ¼
0.3). Myofilament Ca2+ sensitivity in KI cardiomyocytes normalized
to WT levels at both SLs after treatment with PKA (Figure 3E and F
and Table 1). Finally, stretching the cardiomyocyte from SL 1.8 to
2.2 mm revealed (before and after PKA treatment) a decrease in nH co-
efficient in all groups (Table 1). No changes were detected in the max-
imal rate of tension redevelopment at saturating [Ca2+] (max ktr)
within mice groups (1.8 vs. 2.2 mm) and between the groups (Table 1).

3.4 Reduced intact cardiomyocyte LDA
response in KI mice
In addition to LDA measurements in membrane-permeabilized cardio-
myocytes, we examined the LDA response in intact cardiomyocytes
from WT, HET, and KI mice. Glass fibres were used to attach an intact
cardiomyocyte, stretch the cell, and measure force (Figure 4A). In indi-
vidual cardiomyocytes, the FSL relationship was determined, using the
slope of diastolic and systolic force against SL (i.e. force produced per
unit increase in SL during rest and peak contraction; Figure 4B and C).
The diastolic slope of FSL relation was comparable between the groups
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Figure 1 Myofilament Ca2+ sensitivity of force. (A) The force–Ca2+ relation curve of homozygous KI mice [number of mice (N) ¼ 8 and number of
cardiomyocytes (n) ¼ 26] was at SL 1.8 mm shifted to the left, indicating a higher sensitivity to [Ca2+]. (B) In comparison to WT (n ¼ 9 and n ¼ 28), Ca2+

sensitivity (EC50) was significantly higher in KI, indicated as a low EC50 value, whereas EC50 remained unchanged in heterozygous knock-in mice (HET;
N ¼ 9 and n ¼ 26) cells. (C) LV samples were separated on a phos-tag acrylamide gel to visualize the distribution of un-(0P), mono-(1P), and bis-(2P)
phosphorylation forms of cTnI. (D) The relative 1P in KI and 2P phosphorylated forms of cTnI in both HET (N ¼ 10) and KI (N ¼ 9) samples were sig-
nificantly lower compared with WT (N ¼ 10). (E) PKA regulatory subunit II (PKA-RII) and catalytic subunits (PKAcat) expressions were detected and
normalized fora-actinin. (F) PKA-RII and catalytic subunit ratio was significantly higher in KI (N ¼ 4), compared with WT (N ¼ 3) and HET (N ¼ 4) mice.
(G) PKA pre-treatment restored the myofilament increase in Ca2+ sensitivity in KI (N ¼ 8, n ¼ 24; WT: N ¼ 9, n ¼ 29; HET: N ¼ 9, n ¼ 26) cardiomyo-
cytes, demonstrated as a rightward shift of the force–Ca2+ relation. (H ) PKA treatment resulted in an increase in EC50 value in KI (N ¼ 8, n ¼ 24) and
HET (N ¼ 9, n ¼ 26) compared to the WT level (N ¼ 9, n ¼ 29). (I) Western blot analysis of cMyBP-C expression was corrected for the loading control
a-actinin, and subsequently, the values of HET (N ¼ 5) and KI (N ¼ 5) were normalized to WT (N ¼ 4), which was set as 1. (J ) The relative expression of
cMyBP-C was significantly lower than HET and WT mice. *P , 0.05 vs. corresponding WT in one-way ANOVA and #P , 0.05 vs. corresponding HET in
one-way ANOVA.
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(Figure 4D), whereas the systolic slope of the FSL response was signifi-
cantly reduced in both HET and KI mice (Figure 4E). Consequently, the
systolic/diastolic ratio was significantly lower in both HET and KI
groups, indicating a reduced LDA response in intact HET and KI
cardiomyocytes.

3.5 Blunted cardiomyocyte response upon
ISO treatment in KI mice
Exogenous PKA normalized the deficits in myofilament function in the
membrane-permeabilized cardiomyocytes (Figures 1 and 3), indicative
for disturbed b-AR signalling in our HCM-associated mouse model.
To reveal the disturbed b-AR signalling and the contractile response
upon b-AR stimulation, isolated intact cardiomyocyte function and
phosphorylation were investigated by exposing the cells to the b-AR
agonist ISO. Cardiomyocyte contractile function and Ca2+ transients
were monitored before and after ISO perfusion (Figure 5A and B and
Table 2). Diastolic SL was significantly lower in KI compared with
WT and HET cardiomyocytes (Figure 5A and Table 2), as described pre-
viously.22 The maximal re-lengthening velocity, which is the maximum
speed reached from peak shortening to baseline SL, was lower in HET
mice compared with WT (Table 2), whereas other contractile and
Ca2+-handling parameters were similar among groups at BL. Similarly,
maximal velocity of shortening was slightly reduced only in HET, but
not in KI. This reduced shortening velocity (which is the maximal vel-
ocity reached at a certain point during relaxation) does not translate
into a longer relaxation time (as time to 50% re-lengthening is not
changed).

Perfusion with ISO resulted in an increased relative cell shortening
in all groups (Figure 5C and Table 2). Interestingly, cell shortening in-
creased significantly in KI ISO-treated cardiomyocytes when com-
pared with untreated cells; however, the increase after ISO in KI
was smaller than that in WT cardiomyocytes, indicating reduced ino-
tropic response in KI upon ISO treatment (Figure 5C and Table 2).
Similarly, an attenuated response to ISO was also seen in other con-
tractile parameters of KI cardiomyocytes, such as cell shortening and
maximal re-lengthening velocity (Figure 5D and E and Table 2). To de-
termine whether impaired contractile response to ISO in KI mice
might be due to disturbances in Ca2+ handling, Ca2+ transients
were recorded simultaneously. Ca2+-transient amplitude was en-
hanced upon ISO treatment in all groups (Figure 5F and Table 2).
No changes in Ca2+ amplitude and maximal Ca2+-release velocity
(Figure 5G) were detected among ISO-treated HET, KI, and WT cells.
In contrast, maximal Ca2+ decay velocity (i.e. the maximal Ca2+ re-
uptake velocity, which is reached at a certain time during the peak cal-
cium to baseline) was significantly lower in both HET and KI when
compared with WT cardiomyocytes after ISO (Table 2). Interestingly,
despite the blunted response to ISO of maximal re-lengthening vel-
ocity and prolonged time to 50% re-lengthening (Table 2) in KI mice
compared with WT, the time to 50% Ca2+ decay and the relaxation
index t were not different between ISO-treated WT, HET, and KI car-
diomyocytes (Figure 5H and Table 2), indicating that Ca2+ elimination
is preserved in HCM mice. Taking together, the data indicate dimin-
ished contractile response of the myofilaments in KI mice upon ISO
exposure, whereas the Ca2+-handling function appears to be
preserved.
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Table 1 Effects of exogenous PKA and SL on myofilament function

No PKA With PKA Pinteraction Ptreatment PLDA

SL 1.8 mm SL 2.2 mm SL 1.8 mm SL 2.2 mm

WT

Fmax (kN/m2) 11.3+0.7 16.9+1.0*** 16.0+1.3† 20.5+1.7†,*** 0.650 ,0.001 ,0.0001

EC50 (mmol/L) 3.8+0.2 3.2+0.1*** 3.8+0.1 3.3+0.1*** 0.910 0.700 ,0.001

nH 3.2+0.2 2.6+0.2*** 3.3+0.2 2.7+0.2*** 0.880 0.590 0.002

max ktr (s21) 4.1+0.2 4.1+0.2 4.3+0.3 4.6+0.3 0.750 0.160 0.610

HET

Fmax (kN/m2) 10.6+1.0 16.2+1.2*** 14.8+1.1† 20.2+1.2†*** 0.970 ,0.001 ,0.0001

EC50 (mmol/L) 3.4+0.1* 2.9+0.1*** 3.5+0.1 3.0+0.1*** 0.840 0.300 ,0.0001

nH 3.3+0.2 2.6+0.1*** 3.3+0.2 2.4+0.1*** 0.460 0.830 ,0.0001

max ktr (s21) 4.1+0.3 4.4+0.3 4.1+0.3 4.4+0.4 0.870 0.930 0.350

KI

Fmax (kN/m2) 9.5+1.0 15.3+1.5*** 17.7+1.4† 21.9+2.0***† 0.610 ,0.0001 0.002

EC50 (mmol/L) 2.9+0.1*,** 2.5+0.1*,*** 3.8+0.1† 3.2+0.1***† 0.630 ,0.0001 0.010

nH 2.9+0.1 2.6+0.1 2.9+0.2 2.4+0.1*** 0.470 0.690 0.002

max ktr (s21) 3.9+0.4 3.8+0.4 3.6+0.4 3.9+0.3 0.530 0.740 0.800

Pgenotype Fmax (kN/m2) EC50 (mmol/L) nH max ktr (s21)

No PKA 0.313 ,0.0001 0.303 0.606

With PKA 0.313 0.040 0.121 0.081

WT, wild-type [number of mice N ¼ 9 and number of cardiomyocytes (n) ¼ 28]; HET, heterozygous knock-in mice (N ¼ 9, n ¼ 26); KI, homozygous knock-in mice (N ¼ 8, n ¼ 26); Fmax,

maximal generated tension; EC50, Ca2+ sensitivity [i.e. (Ca2+) at which 50% of Fmax is reached]; nH, steepness of the force–Ca2+ relations; max ktr, maximal rate of tension re-development
at saturating [Ca2+].
*P , 0.05 vs. corresponding WT.
**P , 0.05 vs. corresponding HET.
***P , 0.05 vs. corresponding SL 1.8 mm in two-way ANOVA.
†P , 0.05 vs. corresponding untreated mice in two-way ANOVA.
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3.6 Phospholamban, but not cTnI,
phosphorylation increased with ISO
treatment in KI
As ISO treatment in KI mice led to a similar increase in Ca2+ transi-
ents as in WT, but had a blunted effect on cardiomyocyte function, we
tested whether b-AR stimulation resulted in similar increases in the
phosphorylation of cTnI and PLN in the three experimental groups
(Figure 6A–F). The distribution of phosphorylated cTnI in untreated
intact isolated cardiomyocytes did not differ between the groups
(Supplementary material online, Figure S2). After ISO treatment, the
bisphosphorylated forms of cTnI increased significantly in WT and
HET cardiomyocytes, whereas in KI mice, the levels were not signifi-
cantly different from untreated cells (Figure 6A and B). Similarly, rela-
tive cMyBP-C Ser-302 phosphorylation in WT mice increased
significantly upon ISO exposure, whereas no alterations were de-
tected in HET and KI cardiomyocytes with ISO treatment (Figure 6C
and D). In contrast, PLN Ser-16 analysis revealed a significant and simi-
lar increase in PLN phosphorylation upon ISO in all groups (Figure 6E

and F; Ptreatment, 0.05 in two-way ANOVA). This finding is in line with
our observation that Ser-16 phosphorylation of PLN in frozen LV tis-
sue was not different between the groups (Supplementary material
online, Figure S3A and B). Finally, no changes in Thr-17 phosphoryl-
ation were observed, which is a Ca2+-calmodulin kinase II (CaMKII)
target that was similar between groups before and after ISO treat-
ment (Figure 6F and G).

4. Discussion
PKA-mediated phosphorylation of several myofilament and Ca2+-
handling proteins is an important event upon b-AR stimulation, medi-
ating positive inotropic and lusitropic cardiac effects.11,12 A reduced
phosphorylation of PKA targets has been reported in mouse models
and patients with manifest HCM.10,14,15 Moreover, low cTnI and
cMyBP-C phosphorylation has been reported in the myocardium of hu-
man HCM patients,9,10 although recent research has shown that PLN
phosphorylation is preserved in patients and a HCM-associated mouse
model.22,28 It is, therefore, not completely known whether a general

Figure 2 Higher passive tension in homozygous KI mice. (A) The mean cardiomyocyte-generated passive force (Fpas) over the entire range of SL values
was significantly higher in KI [number of mice (N) ¼ 8 and number of cardiomyocytes (n) ¼ 37] mice, compared with WT (N ¼ 10, n ¼ 45) and HET
(N ¼ 10, n ¼ 45) mice. (B) Separation of N2BA and N2B isoforms of titin on a 1% agarose gel revealed no changes in titin isoform composition between
the mice groups (N ¼ 10, 10, and 7 in WT, HET, and KI, respectively). (C) The phosphorylated full length titin (N2B + N2BA; N ¼ 4 per group) over
total titin analysis revealed no changes between the groups. (D) PKA treatment resulted in a reduction of Fpas in KI (N ¼ 8, n ¼ 33) cells towards values
observed in WT (N ¼ 8, n ¼ 31) and HET (N ¼ 8, n ¼ 35) cells. *P , 0.05 vs. corresponding WT in one-way ANOVA and #P , 0.05 vs. corresponding
HET in one-way ANOVA.
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down-regulation of PKA activity or changes in PKA localization occurs
in HCM. Our main findings showed: (i) higher myofilament Ca2+ sen-
sitivity and passive tension in membrane-permeabilized KI cardiomyo-
cytes which were normalized to WT values after treatment with
exogenous PKA; (ii) lower phosphorylated forms of cTnI, but pre-
served PLN phosphorylation in KI compared with WT hearts; (iii) a
blunted increase in cardiomyocyte contractility, but a preserved in-
crease in Ca2+ transients in KI compared with WT treated with ISO;
and (iv) failure to increase cTnI phosphorylation in KI upon ISO treat-
ment, whereas PLN phosphorylation increased similar to WT. Overall,
our study shows that in KI cardiomyocytes, b-AR stimulation

preferentially phosphorylates PLN over cTnI, resulting in a blunted
myofilament inotropic and lusitropic response.

4.1 Myofilament Ca21 sensitivity and Fpas
corrected after PKA
Due to improved genetic screening, sarcomere mutations can be de-
tected in the early stage of manifest HCM as well as in family members
carrying the mutation. Diastolic dysfunction has been found in mutation
carriers even before the onset of hypertrophy in humans.25 A study in
the same HCM mice carrying the same mutation as in the present study

Figure 3 Myofilament length-dependent activation (LDA). (A and B) Cardiomyocyte force development as a function of [Ca2+] at SL 1.8 and 2.2 mm in
WT (number of mice (N) ¼ 9 and number of cardiomyocytes (n) ¼ 28] and homozygous KI (N ¼ 8, n ¼ 26). (C) A similar increase in maximal force
(Fmax) as WT was found after myofilament stretch from 1.8 to 2.2 mm in both HET (N ¼ 9, n ¼ 26) and KI mice. (D) The length-dependent increase in
Ca2+ sensitivity of force development was slightly lower in KI mice. (E) At both SL values, Fmax was higher in PKA-treated cells compared with untreated
cells in all groups (WT: N ¼ 9, n ¼ 29; HET: N ¼ 9, n ¼ 26; KI: N ¼ 8, n ¼ 24). (F) No differences in myofilament Ca2+ sensitivity were present in PKA-
treated cells from the three groups. *P , 0.05 vs. corresponding WT in two-way ANOVA; #P , 0.05 vs. corresponding HET in two-way ANOVA;
§P , 0.05 vs. corresponding SL 1.8 mm in two-way ANOVA; and ‡P , 0.05 vs. corresponding untreated SL in two-way ANOVA.
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reported diastolic dysfunction both in HET and in KI mice.22 At the
myofilament level, diastolic dysfunction can be caused by increased
Ca2+ sensitivity and/or increased Fpas, both of which were observed
in KI mice in the present study (Figures 3D and 2A, respectively). In con-
trast to previous observation in PKA pre-treated trabeculae,22 the high-
er myofilament Ca2+ sensitivity in KI in the present study was restored
to the WT level after PKA treatment (Figure 1D and Table 1), indicating
that the difference in Ca2+ sensitivity between KI and WT was mainly
due to hypophosphorylation of the sarcomeric proteins rather than the

sarcomeric mutation itself. In this study, the distribution of phosphory-
lated forms of cTnI was significantly lower in both HET and KI mouse
hearts (Figure 1D). It is well established that phosphorylation of cardiac
sarcomeric proteins, particularly cTnI, by PKA reduces myofilament
Ca2+ sensitivity.29 PKA pre-treatment corrected the myofilament
Ca2+ sensitivity, particularly in KI cardiomyocytes, to values observed
in WT cells. PKA had no additional effect in WT cells (Figure 1H), which
can be explained by the relatively high level of bisphosphorylated cTnI
(Figure 1C and D) in WT hearts. Wijnker et al.30,31 revealed that the

Figure 4 Reduced length-dependent increase in force development per unit increase in SL in both homozygous KI and HET KI, compared with WT
mice. (A) Intact cardiomyocytes were glued between a force transducer and a piezo motor. (B) By stretching a WT cardiomyocyte, we detect a linear FSL
relation during diastole as well as systole. (C) An increase in both diastolic and systolic FSL was observed upon stretch. (D) No differences were found in
the diastolic slope of FSL relation among groups. (E) In contrast, the systolic slope of FSL was significantly reduced in both HET [number of mice
(N) ¼ 9 and number of cardiomyocytes (n) ¼ 55] and KI (N ¼ 10, n ¼ 51), compared with WT (N ¼ 11, n ¼ 113) cells. (F) As a consequence, the ratio
of systolic over diastolic slope of the FSL relation was significantly lower in both HET and KI than in WT mice. *P , 0.05 vs. WT in one-way ANOVA.
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Figure 5 Impairedcardiomyocyte function inhomozygousKI upon ISO. (A andB)Cardiomyocyte shorteningandCa2+ transients atbaseline (BL) andduring ISO
treatment are illustrated. (C) Less cell shortening was detected in KI [number of mice (N)¼ 10 and number of cardiomyocytes (n) ¼ 45] compared with
WT (N¼ 11, n¼ 56) after ISO perfusion. (D and E) The cardiomyocyte shortening and maximal (Max.) re-lengthening velocity were significantly lower in KI com-
paredwithWTafter ISO. (Fand G)TheCa2+ amplitude and maximal kineticsofCa2+ release and reuptakewerecomparablebetween the groups. (H ) Similarly, the
relaxation index t, obtained from the Ca2+ transient, remained unchanged in both HET KI (N¼ 9, n¼ 42) and KI mice compared with WT. *P , 0.05 vs. corre-
sponding WT in two-way ANOVA; #P , 0.05 vs. corresponding HET in two-way ANOVA; and ‡P , 0.05 vs. corresponding untreated mice in two-way ANOVA.
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Table 2 Blunted myofilament response upon b-AR stimulation in KI cardiomyocytes

BL ISO Pinteraction Pgenotype Ptreatment

WT HET KI WT HET KI N/n

Diastolic SL (mm) 1.73+0.01 1.78+0.01* 1.65+0.01*,** 1.71+0.01 1.77+0.01* 1.63+0.01*,** 12/54–10/40–10/45 0.890 ,0.0001 0.020

Shortening velocity (mm/s) 23.6+0.3 22.1+0.2 23.3+0.3 29.9+0.5*** 28.5+0.7*** 26.9+0.8*,*** 12/54–10/40–10/45 0.010 0.001 ,0.0001

Amplitude shortening (mm) 0.08+0.01 0.06+0.01 0.08+0.01 0.20+0.01*** 0.20+0.01*** 0.16+0.01*,**,*** 12/54–10/40–10/45 0.001 0.053 ,0.0001

Sarcomere shortening (%) 4.6+0.4 3.3+0.4 4.9+0.5 12.0+0.5*** 11.2+0.6*** 9.8+0.6*,*** 12/54–10/40–10/45 0.009 0.070 ,0.0001

Time to peak shortening (s) 0.053+0.009 0.056+0.002 0.056+0.006 0.049+0.003 0.054+0.002 0.063+0.003 12/54–10/40–10/45 0.526 0.268 0.779

Time to 50% re-lengthening (s) 0.122+0.018 0.143+0.009 0.117+0.009 0.080+0.003*** 0.093+0.004*** 0.107+0.004 12/54–10/40–10/45 0.127 0.237 ,0.0001

Max. re-lengthening velocity (mm/s) 2.24+0.37 0.86+0.17* 1.70+0.27 6.21+0.35*** 5.73+0.49*** 3.62+0.28*,**,*** 12/54–10/40–10/45 0.0001 ,0.0001 ,0.0001

Diastolic Ca2+ (F340/380 ratio) 1.34+0.02 1.34+0.05 1.27+0.04 1.44+0.03 1.46+0.06 1.32+0.04*,** 12/54–10/40–10/45 0.593 0.016 0.006

Systolic Ca2+ (F340/380 ratio) 2.12+0.05 1.96+0.10 1.95+0.06 2.55+0.05*** 2.53+0.11*** 2.43+0.08*** 12/54–10/40–10/45 0.673 0.130 ,0.0001

Max. Ca2+ release velocity 83.3+4.6 74.3+7.8 69.9+4.3 130.8+6.5*** 140.8+11.1*** 117.5+6.7*** 12/54–10/40–10/45 0.312 0.082 ,0.0001

Ca2+ amplitude 0.79+0.04 0.63+0.06 0.71+0.04 1.12+0.05*** 1.07+0.07*** 1.13+0.06*** 12/54–10/40–10/45 0.484 0.127 ,0.0001

Time to peak Ca2+ (s) 0.031+0.008 0.019+0.001 0.045+0.013 0.029+0.004 0.019+0.001 0.033+0.006** 12/54–10/40–10/45 0.674 0.022 0.396

Time to 50% Ca2+ decay (s) 0.109+0.007 0.119+0.005 0.130+0.013 0.082+0.004*** 0.083+0.003*** 0.100+0.006*** 12/54–10/40–10/45 0.813 0.017 ,0.0001

Max. Ca2+ decay velocity 27.9+0.6 25.0+0.7 26.8+0.5 217.5+1.0*** 214.1+1.1*,*** 213.0+1.0*,*** 12/54–10/40–10/45 0.101 ,0.001 ,0.0001

t (s) 0.135+0.008 0.156+0.009 0.145+0.008 0.089+0.007*** 0.079+0.005*** 0.097+0.004*** 12/54–10/40–10/45 0.065 0.418 ,0.0001

WT, wild-type [number of mice (N) ¼ 11 and number of cardiomyocytes (n) ¼ 56]; HET, heterozygous knock-in (N ¼ 9, n ¼ 42)mice; KI, homozygous knock-in mice (N ¼ 10, n ¼ 45); BL, baseline; ISO, isoprenaline-treated cardiomyocytes; SL,
sarcomere length; Max., maximal.
*P , 0.05 vs. corresponding WT.
**P , 0.05 vs. corresponding HET in two-way ANOVA.
***P , 0.05 vs. corresponding untreated mice in two-way ANOVA.
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Figure 6 Cardiomyocyte phospholamban (PLN), but not cTnI and cMyBP-C phosphorylation, increased with ISO treatment. (A) The distribution of
phosphorylated forms of cTnI is illustrated using phos-tag acrylamide gel. (B) The relative fraction of bisphosphorylated form (2P) of cTnI was significantly
increased in WT [number of mice (N)¼ 10] and HET KI (N ¼ 9) upon ISO perfusion, although remained unchanged in homozygous KI (N ¼ 9) mice. (C)
Western blot analysis of cMyBP-C, normalized for the loading controla-tropomyosin, was performed after ISO treatment. The values from WT cells, with-
out ISO treatment, were set as 1. (D) A significant increase in serine (Ser)-302 phosphorylation of cMyBP-C was particularly found in WT (N ¼ 3; HET:
N ¼ 3; KI: N ¼ 4) cardiomyocytes upon ISO treatment, compared with untreated cardiomyocytes, which was set as 1. (E) The phosphorylated isoforms of
PLN Ser-16 in untreated cells and after ISO are separately normalized for total PLN and the loading control a-actinin and finally summed up as one PLN
phosphorylation value per mouse. (F) In contrast, PLN Ser-16 phosphorylation in KI (N ¼ 9) was similar to the WT (N ¼ 12) and HET (N ¼ 8) values after
ISO (Ptreatment, 0.05 in two-way ANOVA). No changes in threonine (Thr)-17 phosphorylation has been found in KI (N ¼ 7) and HET (N ¼ 7) mice before
and after ISO, compared with the corresponding WT (N ¼ 11). ‡P , 0.05 vs. corresponding to untreated mice in two-way ANOVA.
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PKA-mediated decrease in myofilament Ca2+ sensitivity was maximal
at �55% bisphosphorylated cTnI. Similar findings were observed in
PKA-treated cardiomyocytes obtained from HCM patients who under-
went myectomy surgery as well as studies in transgenic HCM mouse
models.9,12 PKA pre-treatment also normalized the high Fpas in KI to
the WT values, which might indicate a lower PKA-mediated phosphor-
ylation of titin in KI mice. It is known that PKA (as well as protein kinase
G) phosphorylation of titin reduces the resting tension, whereas pro-
tein kinase C titin phosphorylation predominantly increases passive
tension.27 A drawback of the current technique is that we could not dis-
tinguish between different phosphorylation sites, and we therefore
cannot exclude that compensatory changes (e.g. more PKC and less
PKA phosphorylation of titin) might contribute to changes in passive
stiffness in our mouse model (Figure 2C). A possible explanation for
the reduced myofilament phosphorylation and consequently higher
myofilament Ca2+ sensitivity and Fpas may reside in impaired b-AR sig-
nalling cascade. We have previously reported the increased myofila-
ment Ca2+ sensitivity in patients with HCM, in which the majority
developed less force compared with donors.9,32,33 In this study, we
showed a higher passive tension and high basal activation at low calcium
levels in KI cardiomyocytes, which might affect myocardial relaxation
and reduce the Frank–Starling reserve. The low resting SL in intact
KI cardiomyocytes before and after ISO treatment is indicative for
high basal activation. A possible contributor to high resting tension is
residual cross-bridge attachment. In a cMyBP-C knock-out mouse
model, the cross-bridge inhibitor 2,3-butanedione monoxime was
shown to increase diastolic SL, indicating that some residual cross-
bridge attachment occurs in permeabilized cardiomyocytes at low
Ca2+.34 We have also recently shown that the cross-bridge component
might be a more important component to resting or passive tension
than previously thought.35 Noteworthy, the myofilament contraction
does not seem to be affected by low basal SL in KI mice as it there
was no correlation between resting SL and sarcomere shortening, de-
monstrated in the Supplementary material online, Figure S7.

In addition to KI mice, it should also be mentioned that despite re-
duced expression of cMyBP-C in KI mice, maximal ktr was similar in
permeabilized cardiomyocytes from KI and WT mice. Reduced
cMyBP-C expression will release the brake on myosin heads and in-
crease the rate of force development. However, small disease-related
changes in MHC isoform may also alter the rate of force develop-
ment.36,37 MHC isoform analysis (Supplementary material online, Figure
S6A and B) revealed a significant increase in b-MHC (i.e. a slow isoform
of MHC) in KI mice, indicating that an effect of reduced cMyBP-C ex-
pression on speed of force re-development may be counterbalanced
by the expression of slow b-MHC isoform in KI mice.

Normalization of myofilament Ca2+ sensitivity and Fpas after PKA in-
cubation in KI mice indicates a relatively limited direct contribution of
cMyBP-C in the regulation of myofilament Ca2+ sensitivity and passive
tension. There is still much debate on the role that cMyBP-C plays in
modulating Ca2+ sensitivity. This is illustrated by the diverse effects
seen in the different cMyBP-C protein null mouse models: Harris
et al.38 showed that Ca2+ sensitivity decreased in cMyBP-C KO, Fraysse
et al.22 showed in a different model without functional cMyBP-C that
Ca2+ sensitivity increased, and Barefield et al.39 showed no change in
Ca2+ sensitivity. In a number of studies from our group, we have shown
that in cardiac tissue from HCM patients, low levels of cMyBP-C do not
directly mediate myofilament calcium sensitivity,9,10,32,33 but changes in
Ca2+ sensitivity occur due to secondary remodelling. The most import-
ant determinant in the regulation of myofilament Ca2+ sensitivity of

force development is phosphorylation of myofilament targets, particu-
larly cTnI.29 This is supported by our data which show that restoring
the low cTnI phosphorylation level can normalize myofilament Ca2+

sensitivity and that this overrules any role that cMyBP-C might play
in modulating Ca2+ sensitivity.

Noteworthy, our previous study in patients with an MYBPC3 mis-
sense mutation revealed a pattern of protein phosphorylation similar
to the truncated MYBPC3 mutation group,9 indicating that the b-AR
pathway might be affected to a similar degree, regardless of the type
of mutation. Recent findings also seem to indicate that the distinction
between missense and truncation mutations is not as black and white as
previously thought. Even in patients with missense mutations, a re-
duced level of cMyBP-C was found, which might be caused by de-
creased stability of the mutant protein.40,41 Besides carrying different
types of mutations, it is important to note that the protein expression
level may contribute to the disturbed b-AR pathway. Previously, we
provided evidence that mutant protein may impair sarcomere function
at �38% expression,9 which emphasizes the importance of studying
the WT and mutant protein level at which myofilament protein phos-
phorylation and performance are impaired.

4.2 Reduced FSL relation in HET and KI
cardiomyocytes
In KI mice, the slope of diastolic FSL relation of intact isolated cardio-
myocytes seems to be unaltered (Figure 4D), whereas a shorter SL
(Figure 5A) and a higher passive tension in these permeabilized cells
were measured (Figure 2A), compared with WT. The difference in pas-
sive tension between KI and WT mice became apparent at SL ≥
2.0 mm in permeabilized cardiomyocytes. In loaded intact cells, we
were able to determine the FSL relation at the SL range �1.7–
1.9 mm. Therefore, we might have seen a higher diastolic FSL in intact
KI cardiomyocytes if we would have stretched cells beyond SL 2.0 mm.
Another factor that might influence our measurements was the inability
to normalize absolute force development for cross-sectional area in an
intact cell. To circumvent this problem, we used the ratio of systolic
over diastolic slope of FSL relation.

We calculate the slope of diastolic and systolic FSL relations ob-
tained by varying the pre-load (i.e. stretching the single intact cell). It
has been previously reported that the FSL relation in mammals is
near linear at SL 1.85–2.05 mm.21,42 Our loaded intact cardiomyocytes
revealed a significantly lower systolic/diastolic ratio of FSL relation in
both HET and KI than in WT mice within the range of studied SL values,
suggesting less tension production per unit increase in SL (Figure 4F).
This finding in loaded intact cells is in contrast to our permeabilized car-
diomyocyte data, in which an increase in SL (from 1.8 to 2.2 mm) ele-
vated the maximal generated tension similarly in all groups (Figure 2C
and E and Table 1). The difference between LDA response in intact
and permeabilized cardiomyocytes could be explained by the presence
of intracellular Ca2+-handling machinery, whereas in permeabilized
cardiomyocytes, all organelles are removed and the [Ca2+] is manually
regulated. We observed in membrane-permeabilized cardiomyocytes a
higher Fpas in KI-isolated cells. However, the diastolic FSL relation in in-
tact cardiomyocytes remained unchanged between the groups. Several
factors such as temperature, pH, and experiment medium may explain
differences between membrane-permeabilized and intact cardiomyo-
cytes. Noteworthy, the SL range in intact cardiomyocytes was lower
(�1.7–1.9 mm) compared with that in permeabilized cardiomyocytes
(1.8–2.2 mm), which also might underlie the discrepancy between

A. Najafi et al.Page 12 of 15
by guest on M

arch 29, 2016
D

ow
nloaded from

 

http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw026/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw026/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvw026/-/DC1


intact and permeabilized cells. It is important to mention that in per-
meabilized cardiomyocytes of KI mice, we observed that myofilaments
were sensitized to Ca2+ ions (i.e. myofilament effect), whereas in intact
cardiomyocytes, we did not find changes in Ca2+ handling (i.e. sarco-
plasmic reticulum effect) compared with WT. This suggests that the
Ca2+-handling function in KI is preserved, whereas there is an increased
myofilament Ca2+ sensitivity. Taking together, our data indicate a mild-
ly blunted increase in myofilament Ca2+ sensitivity upon stretch in
membrane-permeabilized cardiomyocytes from KI mice, whereas in-
tact cardiomyocytes showed an impaired length-dependent cardio-
myocyte activation in HET and KI mice.

4.3 Blunted cardiomyocyte response to ISO
with preserved Ca21 handling
b-AR receptor stimulation activates adenylyl cyclase, which catalyses
the synthesis of cyclic adenosine monophosphate (cAMP) from ATP.
cAMP binds to regulatory subunits of the PKA holoenzyme complex,
leading to conformational changes and release of the PKAcat subunit
of PKA. Our results indicate blunted myofilament b-AR response to
ISO in KI. However, the increase in Ca2+ transients after ISO was un-
changed between the groups. This suggests preferential b-AR signalling
to the SR over the myofilament in KI. It is important to note that the
baseline phosphorylation state was similar between KI and WT mice
(Figure 6), indicating that the baseline inotropic state is probably com-
parable between the groups, and leading subsequently in KI mice with
ISO treatment to an attenuated b-AR response.

A reduced response upon b-AR stimulation was also reported in
hearts from cMyBP-C knock-out mice.43 Another study in the Mybpc3
transgenic mouse model, using PKA-dependent back phosphorylation
assay, revealed a reduced cTnI as well as PLN phosphorylation.44 In this
study, we found a preserved Ca2+ handling, despite an attenuated cTnI
and Ser-302 cMyBP-C phosphorylation after ISO treatment in KI mice.
In our experiments, we did not see reduced PKAcat expression (Sup-
plementary material online, Figure S1B), but observed selective target-
ing of PKA to the SR. Interestingly, our findings in KI mice regarding the
attenuated myofilament response upon ISO did not appear to result in
alterations in Ca2+ transients of the cell. This might appear in contrast
to a recent study which indicated that the inability to phosphorylate
cTnI and lower myofilament Ca2+ buffering following ISO treatment
results in a decreased Ca2+-transient amplitude.45 The latter study
was performed in mice carrying TnI, which could not be phosphory-
lated by PKA. The lack of an effect on calcium transients in our KI model
may be explained by the degree of cTnI phosphorylation, which may
still be sufficiently high.

The differential response upon b-AR stimulation in this study be-
tween the myofilament and Ca2+-handling systems was confirmed by
protein phosphorylation data (preserved PLN phosphorylation
increase and attenuated cTnI phosphorylation increase).

4.4 Low myofilament phosphorylation upon
ISO
Selective phosphorylation of PKA targets was also confirmed by our
protein analyses. In LV frozen tissue, a significantly lower cTnI, but a
preserved PLN phosphorylation was seen in KI mice when compared
with WT (Supplementary material online, Figure S3A and B). This sug-
gests that phosphorylation of PLN is preferential over cTnI in vivo. Upon
ISO treatment, cTnI bisphosphorylation and cMyBP-C Ser-302 failed to

increase in KI cardiomyocytes, whereas PLN phosphorylation in-
creased to an equal extent in all groups (Figure 6A–F).

It should also be noted that cTnI phosphorylation in KI was signifi-
cantly lower in LV frozen tissue compared with WT, which was not
seen in the isolated cells at baseline. This experimental discrepancy is
caused by loss of protein phosphorylation, particularly in WT cardio-
myocytes, during the isolation procedure. This artefact is an important
factor to keep in mind when performing isolated cardiomyocyte ex-
periments. The LV frozen data in our opinion closely reflect the situ-
ation in the in vivo heart. The experiments performed in the intact
isolated cells exposed to ISO were used to assess the ability of b-AR
stimulation to signal downstream to cTnI and PLN.

The selective signalling to one compartment (SR) over another
(myofilaments) could be explained by changes in PKA localization.
This localization of PKA is achieved by docking of PKA near substrates,
which is mediated by AKAPs.17,46 Binding of the PKA complex to these
AKAPs occurs through the regulatory subunits. Two major forms of
PKA complexes have been described. These two types differ in their
structure in the regulatory subunit of the PKA complex, termed as
PKA-RI (PKA regulatory subunit I) and PKA-RII,46 both of which bind
to the same PKAcat subunit. A higher PKA-RI, but unchanged PKAcat
subunit expression, has been reported in failing human myocardial tis-
sue,47 indicating that during HF PKA subunits may not be expressed in
matched quantities. Similarly, in the present study, a higher PKA-RII and
an unchanged PKAcat expression were detected in KI mice (Supple-
mentary material online, Figure S1).

Another important phenomenon is high oxidative stress in patients
with HCM,48 which may result in oxidation of many proteins, among
which the regulatory subunit of PKA. A study by Brennan et al.49

showed that oxidation of the two regulatory RI units in response to
H2O2 may cause a subcellular translocation and activation of the kinase,
resulting in the phosphorylation of target proteins. The translocation,
as the authors indicated, is partially mediated by the oxidized form of
the kinase having an enhanced affinity for alpha-MHC, which serves as
an AKAP and localizes PKA to the myofilament substrates. Taken to-
gether, selective phosphorylation of PLN over myofilament proteins
and preserved Ca2+ homeostasis in KI mice after ISO treatment may
possibly be caused by a maintained PKA localization towards the SR,
resulting in a preserved PLN, but lower myofilament protein phosphor-
ylation (Supplementary material online, Figure S4).

4.5 Conclusion and clinical implications
The HCM-associated mouse model carrying a G . A transition on the
last nucleotide of exon 6 showed similar cellular changes as observed in
previous studies in cardiac samples from HCM patients with a known
mutation in the gene encoding cMyBP-C such as reduced expression of
mutant protein, low PKA-mediated myofilament protein phosphoryl-
ation, increased Ca2+ sensitivity, and perturbed LDA.9,33 Our study
confirmed an increased Ca2+ sensitivity and a reduced cardiomyocyte
contractile performance in KI mice. It seems that a post-translational
modification (such as reduced myofilament protein phosphorylation)
in KI mice and HCM patients with MYBPC3 mutations is one of the ma-
jor mechanisms of altered myocardial function. The data presented in
this study show that PKA hypophosphorylation can explain the ob-
served contractile dysfunction. However, simply increasing PKA phos-
phorylation by reduced desensitization or other strategies is likely not
sufficient as the localization of PKA signalling needs to be addressed.
AKAPs are important modulators in spatial and temporal control of
cellular signalling. Alterations in AKAP interaction and/or expression
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are associated with cardiac pathologies.17 This suggests that complete un-
derstanding of AKAP–PKA complexes and their function in heart disease
might be interesting targets for the treatment of cardiomyopathy.50

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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