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Abstract

The mechanotransduction signaling pathways initiated in heart muscle by increased mechanical
loading are known to lead to long-term transcriptional changes and hypertrophy, but the rapid
events for adaptation at the sarcomeric level are not fully understood. The goal of this study was to
test the hypothesis that actin filament assembly during cardiomyocyte growth is regulated by post-
translational modifications (PTMs) of CapZp1. In rapidly hypertrophying neonatal rat ventricular
myocytes (NRVMs) stimulated by phenylephrine (PE), two-dimensional gel electrophoresis
(2DGE) of CapZp1 revealed a shift toward more negative charge. Consistent with this, mass
spectrometry identified CapZp1 phosphorylation on serine-204 and acetylation on lysine-199, two
residues which are near the actin binding surface of CapZp1. Ectopic expression of dominant
negative PKCe (dnPKCe) in NRVMs blunted the PE-induced increase in CapZ dynamics, as
evidenced by the kinetic constant (Kfrap) of fluorescence recovery after photobleaching (FRAP),
and concomitantly reduced phosphorylation and acetylation of CapZp1. Furthermore, inhibition of
class I histone deacetylases (HDACs) increased lysine-199 acetylation on CapZp1, which
increased Kgrap 0f CapZ and stimulated actin dynamics. Finally, we show that PE treatment of
NRVMs results in decreased binding of HDAC3 to myofibrils, suggesting a signal-dependent
mechanism for the regulation of sarcomere-associated CapZp1 acetylation. Taken together, this
dual regulation through phosphorylation and acetylation of CapZp1 provides a novel model for the
regulation of myofibril growth during cardiac hypertrophy.
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1. Introduction

Transient physiological demands in mechanical loading induce hypertrophic growth of
cardiomyocytes, increased contractility, and tissue remodeling. The mechanotransduction
signaling pathways initiated by loading result in well studied long-term transcriptional
changes but also in rapid transient modifications at the protein level. Here we studied the
rapid post-translational modifications (PTMs) of phosphorylation and acetylation of
CapZp1, a capping protein known to regulate the assembly of myofibrils, which underlie
cardiac hypertrophy. The actin capping protein is a mushroom-like heterodimeric protein (a
and B subunits) that binds to the barbed ends of the actin filaments and slows down their
assembly [1]. In muscle cells, this complex was hamed CapZ because of its localization to
the Zdisc [2]. Actin capping and uncapping by CapZ are highly regulated by several
binding proteins and polyphosphoinositides [3,4,5]. In myocytes, both CapZ and actin
dynamics are increased very rapidly by mechanical strain, suggesting the possible
involvement of PTMs in actin filament assembly [4,6].

Phosphorylation is a common PTM, with protein kinase C (PKC) isoforms being crucial in
cardiac contraction and hypertrophy [7,8,9]. The PKCe isoform is abundantly expressed in
human and rodent hearts [10,11]. Activation of PKCe enhances cardiac contractility and
remodeling [12,13], and has a cardio-protective function in ischemic preconditioning
[14,15,16]. Transgenic mice that overexpress a constitutively active PKCe enzyme develop
cardiac hypertrophy, leading to dilated cardiomyopathy after many months [17,18]. In
cardiomyocytes stimulated by mechanical strain, PKCe translocates to the Z-disc and
modifies CapZ, leading to increased CapZ dynamics. This provides a novel mechanism for
PKCe-mediated cardiomyocyte growth [19].

Acetylation of lysine residues is another major post-translational event. Acetyl groups are
transferred to lysines by histone acetyltransferases (HATS) and removed by histone
deacetylases (HDACs) [20]. The most well characterized function for acetylation is in
epigenetic control of gene expression through acetylation/deacetylation of nucleosomal
histone tails. However, proteomic studies have revealed that thousands of non-histone
proteins also undergo reversible acetylation [21,22,23, 24]. The functional consequences of
non-histone protein acetylation in the heart remain poorly characterized.

The goal of the present study was to test the hypothesis that actin filament assembly is
regulated by post-translational modifications of CapZp1, which are mediated by PKCe and
HDACS. In hypertrophying neonatal rat ventricular myocytes (NRVMs) stimulated by
phenylephrine (PE), variations of PKCe and HDACs by activators or inhibitors were applied
to test whether phosphorylation or acetylation alter CapZ and actin dynamics. The
coordination of phosphorylation and acetylation on CapZp1 capping was approached by
manipulating both pathways, individually and simultaneously, to study PTMs of CapZp1 in
rapidly hypertrophying NRVMs. The data reveal novel functions for PKCe and class |
HDAGC:s in the control of CapZp1 activity and myofibril formation during cardiac
hypertrophy.
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2. Materials and methods

2.1. Cell culture

Primary heart cultures were obtained from neonatal rats according to Institutional Animal
Care and Use Committee and NIH guidelines for the care and use of laboratory animals.
Hearts were removed and cells isolated from 1 to 2 days old neonatal Sprague-Dawley rats
with collagenase (Worthington) as previously described [25]. The cells were re-suspended,
filtered through a metal sieve to remove large material and plated at high density
(200,000/cm?2) in PC-1 medium (Biowhittaker/Cambrex) on fibronectin coated 3.5 cm
dishes. Cells were left undisturbed for 24 h in a 5% CO, incubator when the unattached cells
were removed by aspiration and the PC-1 media was replenished. Cells were incubated for
another 24 h prior to the experiment.

2.2. Neurohormonal stimulation of NRVM

The neurchormonal treatment times chosen were sufficient to induce hypertrophy [3,26]
with phenylephrine (10 uM, Sigma-Aldrich) for 24 h prior to experiment analysis.

2.3. Cell size measurement

NRVMs were washed with PBS, fixed with 4% paraformaldehyde (Sigma-Aldrich) for 10
min, placed in cold 70% ethanol, and stored at =20 °C until immunostaining. Primary anti-
a-actinin antibody (Catalog No. ab9465, mouse IgG; Abcam, Cambridge, MA) was diluted
(1:200) in 1% BSA in PBS (with 0.1% Triton X-100) and incubated on a shaker table at

4 °C overnight. Cells were then rinsed in PBS at 25 °C and blocked in 1% BSA in PBS for 1
h at 25 °C. Secondary antibody (Molecular Probes) was diluted at a ratio of 1:500 in 1%
BSA in PBS and incubated for 1 h at 25 °C. Cells were washed in PBS. Anti-fade reagent
with DAPI (Molecular Probes) was added and cover slips were mounted on glass slides. For
the measurement of hypertrophy, NRVM boundaries were visualized by a-actinin antibody
staining and cell area was measured by Image J.

2.4. HDAC inhibitors

HDAC inhibitors were used at the indicated final concentrations and treatment time:
trichostatin A (TSA) (5 uM, 5 h; Sigma), MGCDO0103 (500 nM, 24 h; Selleck), theophylline
(10 uM, 24 h; Sigma) and tubastatin A (1 pM, 24 h; Selleck).

2.5. Adenoviral and lentiviral constructs and infection

Recombinant adenoviruses for GFP-CapZp1, constitutively active PKCe (caPKCe) and
dominant negative PKCe (dnPKCe) were kindly provided by Dr. Allen Samarel (Loyola
University Chicago Stritch School of Medicine, Maywood, IL) as previously described
[3,27]. Two days after NRVM isolation, NRVMs were infected with CapZp1 (MOI 20),
caPKCe (MOI 100), or dnPKCe (MOI 250) for 60 min at 37 °C diluted in PC-1 medium.
The viral medium was then replaced with virus-free medium, and cells were left undisturbed
for 24 h. Lentiviruses encoding short-hairpin (sh) RNAs targeting HDAC1, HDAC2 and
HDAC3 have been previously described [28].
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2.6. Actin-GFP expression

Actin-GFP expression was induced by CellLight® Reagents *BacMam 2.0* actin-GFP
(Invitrogen). Two days after NRVM isolation, the CellLight® Reagent (30 pL per 1,000,000
cells) was used as modified from the manufacturer’s instructions. Infected NRVMs were
returned to the incubator for at least 16 h.

2.7. Fluorescence recovery after photobleaching for CapZ and actin dynamics

Fluorescence recovery after photobleaching (FRAP) has yielded qualitative and quantitative
information about the processes that regulate actin polymerization in living myocytes [29].
The methods and analysis for FRAP of actin-GFP were described by us [6]. Briefly, binding
of CapZ to the actin filament has two binding states [30], so FRAP curves of CapZ were fit
using non-linear regression in OriginPro (OriginLab, Northampton, MA):

Ifra,p (t)zl_clefKoffl t_c267K0ff2t' (1)
The average kinetic constant (Ksp) for dynamics was calculated using the following
formula:
KfrapzclKoffl+CEKoff2- (2)
For FRAP of actin-GFP and actin-RFP, since actin binding activity has one-binding state
[31], the equation for curve fitting using non-linear regression in OriginPro was:

Ttrap (t)=1—Ce Kefilt, ©)

The average kinetic constant (Krsp) was calculated using the following formula:

KfrapzclKoffl (4)

2.8. Co-immunoprecipitation

Cultured NRVM were infected with GFP-CapZp1 adenovirus. After 24 h of infection, cells
were washed twice in ice-cold PBS and lysed in RIPA buffer (50 mM Tris-HCI pH 7.4, 150
mM NaCl, 2 mM EDTA, 1% NP40, 0.1% SDS) plus phosphatase inhibitors (Sigma Aldrich,
#P5726, P0044) for 1 h at 4 °C under constant agitation. Following protein extraction,
protein lysates were precleared using 25 pL Protein A/G Plus-Agarose beads (Santa Cruz,
#sc-2003) for 1 h at 4 °C. Precleared lysates were incubated 24 h with 2 ug of HDAC3
antibody (Cell Signaling Technology; 4668) at 4 °C, then immunocomplexes were isolated
by adding Protein A/G Plus-Agarose beads overnight at 4 °C. Beads were washed three
times in the binding buffer. SDS-PAGE and Western blotting were performed using 12%
Mini-PROTEAN® TGX™ Gel (Bio-Rad Laboratories, #456-1044). Polyvinylidene
difluoride (PVDF) membranes were incubated with GFP primary antibody (Enzo Life
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Sciences, ADI-SAB-500), followed by horseradish peroxidase (HRP) secondary antibody
(anti-mouse) for 1 h at room temperature. Proteins were finally treated with an ECL Plus kit
and visualized with the aid of ChemiDoc XRS+ and analyzed with Image Lab (Bio-Rad
Laboratories).

2.9. Myobrillar protein enrichment

Forty-eight hours after cell culture, NRVMs were washed by PBS twice and added ice-cold
20% sucrose in relaxing solution (0.1 CaCl,, 0.1 MgProp, 0.1 NaEGTA, 1 M KProp, 0.1 M
NayS0O4, 1 M MOPS, 0.1 M ATP) with protease and phosphatase inhibitors (Sigma, St.
Louis, MO). After scraped into 1.5 eppendorf, cells slurries were vortexed with highest
speed for 30 s to break cell membrane. Cell slurries were left on ice for 10 min and spinned
down at 300g at 4 °C for 5 min. To exclude the remaining sucrose, cell slurries were washed
three times by ice-cold relaxing solution with protease and phosphatase inhibitors. Then, cell
slurries were homogenized by tissue homogenizer (Dremel Tissue-Tearor Homogenizer,
model 985370) at level 5 for 10 s. Homogenized slurries were washed by ice-cold relaxing
solution three times to exclude non-myofibrillar remains, and suspended with 20x amount of
UTC buffer (8 M Urea, 2 M Thiourea, 4% Chaps with protease and phosphatase inhibitors).
After sit on ice for 30 min with consistent agitation, insoluble pellets were spinned down at
highest speed (13,2009) at room temperature for 5 min.

2.10. Subcellular fractionation

For subcellular fractionation of myocytes, the Calbiochem ProteoExtract Subcellular
Proteome Extraction Kit was used (Catalog No. 539790; EMD Millipore, Billerica, MA),
following a previously described detergent-based protocol [32]. Cellular proteins were
sequentially extracted into four compartments: cytosolic, membrane/organelles, nuclei, and
cytoskeleton. Digitonin-EDTA was used to remove the cytosol. Triton-EDTA was used to
remove the membrane-organelle fraction. Tween/deoxycholate/benzonase was used to
remove the nuclei. Finally, SDS was used to remove the cytoskeleton. Cells were briefly
washed three times in PBS between each extraction fraction to prevent cross-contamination.
After each fraction, cells were observed by light microscopy to ensure that they were still
attached to the dish. The accuracy of the fractionation method was verified with antibodies
to well-documented subcellular distribution markers [heat shock protein (Hsp)70 for cytosol,
B1-integrin for membrane, H2B for nucleus, and tropomyosin for myofibrils].

2.11. Immunoblotting

Protein extracts from whole cell lysates or different subcellular fractions were resolved by
SDS/PAGE, transferred to polyvinyl difluoride (PVDF) membrane and probed with
antibodies for CapZp (EMD Millipore, AB6017), HDAC2 (Cell Signaling Technology,
4631), HDAC3 (Abcam, ab16047; Cell Signaling Technology, 3949), a-tubulin (Santa Cruz
Biotechnology Technology, sc-32293), Hsp70 (Santa Cruz Biotechnology Technology,
sc-24), B-integrin (EMD Millipore, MAB1900), H2B (Abcam, ab18977), PCNA (Santa Cruz
Biotechnology Technology, sc-25280), cardiac troponin | (Fitzgerald, 10R-T123Kk) and
tropomyosin (provided by Dr. R. John Solaro at the University of Illinois at Chicago).
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2.12. Two-dimensional gel electrophoresis (2DGE)

Cells were placed on ice and lysed using ice cold MF buffer (75 mM KCI, 10 mM
Imidazole, 2 mM MgCI2, 2 mM EDTA, 1 mM NaN3) containing protease and phosphatase
inhibitors. The pellet was then resolubilized in urea-thiourea-chaps (UTC) buffer (8 M Urea,
2 M Thiourea, 4% Chaps). The total protein concentration was measured using the RC DC™
protein assay (Bio-Rad) with crystalline bovine serum albumin as standard. For the first
dimension electrophoresis, each protein sample (~500 pg) was separated in 450 pL of IEF
buffer (8 M Urea, 2 M Thiourea, 4% Chaps, 1% Destreak and 0.25% (v/v) IPG buffer
ampholytes GE Healthcare) with 24 cm IPG strips Ph 4—7. The program for the IEF cell was
set up as an active rehydration at 50 V for 10-16 h, 250 V rapid 15 min, 10,000 V linear 3 h,
10,000 rapid for 55,000 Vh. After completion of the first dimension electrophoresis, the strip
was incubated in EQ buffer (6 M urea, 5%SDS (w/v), 30% glycerol (v/v)) with 1% (w/v)
DTT), and placed on a shaker at 50 rpm for 15 min. After 15 min, the strip gel was taken out
and incubated in EQ buffer with 2.5% (w/v) iodoacetamide, and then placed on shaker for
another 15 min (50 rpm). The second dimension electrophoresis was run under constant 25
mA for 90 min. After the second dimension electrophoresis was complete, the protein was
transferred to PVDF membrane with 10 mM CAPS Ph11.0 transfer buffer and run according
to conventional protein transfer procedures.

2.13. Mass spectrometry

The protein migrating spots on Coomassie Blue-stained two-dimensional gel were cut out
and the gel pieces were placed in distilled water for processing by the Proteomics Core
Facility (UIC). The gel spots were first destained to remove Coomassie Blue, followed by
reduction with DTT to remove disulfide linkage throughout the protein and then alkylation
to confer stability to the proteins prior to protease digestion. The protein was subjected to an
in-gel digestion with trypsin and the peptides were extracted from the gel matrix.
Electrospray lonization Fourier Transform lon Cyclotron Resonance Mass Spectrometry
(ESI-FTICR, Thermo Scientific) was employed to acquire site-specific information
regarding the PTMs of each of the CapZp1 sites. MS/MS results were analyzed by Mascot
MS/MS ion search database with the following parameters: fixed modifications:
carbamidomethyl; variable modifications: acetyl (K), acetyl (protein N-terminal), oxidation
(M), phosphorylation (ST), phosphorylation (Y); mass value: monoisotopic; protein mass:
unrestricted; peptide mass tolerance: +10 ppm; fragment mass tolerance: £0.6 Da; max
missed cleavages: 1. The results were presented via Scaffold v 4.0 program (Proteome
Software).

2.14. Statistics

Sample sizes were at least 4 immunoblots, 5 FRAP or 4 MS analyses per group. Spot
density of 2D western blot was analyzed by ImagelLab software. Values of spot density were
analyzed using a paired Student’s 7-Test to compare control with a designated treatment. P
< 0.05 was considered significant.
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3. Results

3.1. Post-translational modifications of CapZp1 are increased in hypertrophic NRVMs

We hypothesized that PTMs of CapZp1 affect actin filament assembly dynamics.
Myofibrillar proteins extracted from rapidly hypertrophying NRVMs were separated by two-
dimensional gel electrophoresis (2DGE, Fig. 1). To enhance CapZp1 detection, we
expressed GFP-CapZp1 by adenovirus then probed with a GFP antibody, which had a higher
affinity than the CapZ1p antibody. Western blotting for GFP-CapZp1 by GFP displayed
multiple spots. Three major distinct spots had consistent presence in all images, with
isoelectric points of approximately 5.53, 5.44, and 5.33 corresponding to an uncharged form
(Spot 1), a singly modified form (Spot 2), and a doubly modified form (Spot 3), respectively
(Fig. 1A). Interestingly, phenylephrine (PE) treatment of NRVMs resulted in GFP-CapZf1
2D spots shifting toward a lower iso-electric point (Spots 2 and 3, Fig. 1B). This shift was
indicative of more negative charges on the protein, suggesting that CapZp1 was post-
translationally modified in cardiomyocytes undergoing hypertrophy.

3.2. Identification of PTM sites and locations on CapZ

Mass spectrometry was used to identify the sites and types of PTMs on CapZp1 in NRVMs.
Analysis of the three major spots of GFP-CapZp1 on 2D gel stained by Coomassie Blue
showed phosphorylation of the serine (S204) residue of CapZp1 at Spot 3 (Fig. 2A and B).
Also, acetylation of lysine (K199) of CapZp1 was found at Spot 2 (Fig. 2B and C),
consistent with recognition of Spots 2 and 3 by the acetyl-lysine antibody in immunoblots of
GFP-CapZp1 (Fig. 2D). K199 and S204 are predicted to lie close to helix 5 of CapZp and
the C-terminus of CapZa, as shown in a representation using PyMOL Molecular Graphics
System (Fig. 2E).

3.3. Effects of caPKCe and dnPKCe on CapZ and sarcomeric actin dynamics

The CapZ kinetic constant (Kfrap) measured with FRAP of GFP-CapZB1 was increased with
caPKCe expression (Fig. 3). The increased Krap 0f CapZP1 when NRVMs were stimulated
by PE was counteracted by dnPKCe expression (Fig. 3A and C). Consistently, 2D western
blotting for CapZp1 showed that the PTMs (Spot 2 and Spot 3) of CapZ were diminished by
dnPKCe, suggesting a role for PKCe in the control of CapZp1 PTMs (Fig. 1A and B).

3.4. Effects of HDAC inhibition and activation on CapZ and sarcomeric actin dynamics

The effects of different HDAC isoforms on myocyte growth and CapZ status were assessed
after treatment with specific inhibitors. NRVM size was increased by MGCDO0103, the
HDACSs 1-3 inhibitor, but not by tubastatin A, the HDACG inhibitor (Fig. 4A and B). This
suggested that activities of HDACs 1-3 were relevant to myofibril growth. Furthermore, the
role of HDACs in CapZ regulation of actin dynamics was measured by FRAP. K, of actin
was significantly increased by MGCDO0103, confirming the importance of the HDACs 1-3
for actin assembly (Fig. 4C). The dynamics of the CapZ were also increased with its Krap
doubling with MGCDO0103 and trichostatin A, the pan HDAC class I and Il inhibitor (Fig.
4D). In contrast, elevated CapZ dynamics stimulated by PE were counteracted by
theophylline, which was previously shown to activate class | HDAC activities [33]. Spot 2 of
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CapZp1 on 2D western blot was increased by MGCD0103, suggesting direct regulation of
CapZp1 acetylation by HDACs 1-3 (Fig. 1A and B). Furthermore, CapZ dynamics were
increased by RNAi-mediated knockdown of HDAC3, suggesting that this class | HDAC is a
specific regulator of CapZ capping (Fig. 4E).

3.5. HDACS3 localization changes with hypertrophy

HDACS3 is localized to the Z-disc, as seen in both immunostaining and western blotting (Fig.
5A-C). Also, HDAC3 had direct interaction with CapZp1 (Fig. 5D). With PE treatment, the
amount of HDAC3 was decreased in myofibrillar fractions, suggesting HDACS3 translocated
out of the myofibrils with myocyte growth (Fig. 5E and F). Interestingly, HDAC3
translocation with PE treatment was diminished by dnPKCe expression, indicating a
regulatory role for PKCe in HDACS3 localization during hypertrophy.

3.6. Acetylation alone is sufficient to regulate CapZ dynamics

Interaction between phosphorylation and acetylation on CapZp1 was assessed by the
activation or inhibition of PKCe and HDACs (Fig. 3B). Increased Ky,p 0f CapZB1 with
caPKCe expression was blocked by theophylline (Fig. 3C). Importantly, class | HDAC
inhibition with MGCDO0103 stimulated CapZ dynamics, even in the face of dnPKCe
expression with or without PE treatment (Fig. 3C). These findings suggest that acetylation
serves a dominant role in controlling CapZ dynamics.

4. Discussion

Acetylation (K199) and phosphorylation (5204) of CapZp1 were elevated in neonatal
cardiomyocytes undergoing hypertrophic growth. The locations of these PTMs with respect
to the actin binding interface suggested their importance for CapZp1 capping of the actin
filament. Furthermore, acetylation and altered dynamics of CapZ are mediated by class |
HDACs, leading to increased Kyrp of GFP-CapZp1 and elevated actin dynamics. Our data
suggest that increased CapZp1 acetylation during cardiomyocyte hypertrophy was mediated
by translocation of HDACS3 out of myofibrils. CapZp1 phosphorylation by PKCe also
occurred in hypertrophying cardiomyocyte myocytes. Nonetheless, acetylation alone was
sufficient to increase CapZ dynamics and induce cell hypertrophy.

4.1. PTMs of CapZp1 and the possible effects on CapZ capping of actin

Many PTM sites on CapZ have been identified (database: www.phosphosite.org) but their
functions have not been studied well. Ser-9 of CapZa has been shown to be phosphorylated
by casein kinase 2, which inhibited the CapZ capping property [34]. In the present study, we
demonstrated the increased PTMs on CapZp1 in hypertrophying cardiomyocytes were
acetylation of K199 and phosphorylation of S204, which were among the identified sites
close to the actin binding surface [35]. MS analysis of Spot 3, however, did not show the
acetylation and phosphorylation necessary to explain the extra negative charge shift from
Spot 2. This is possibly because acetylated CapZp1 was not abundant enough to be detected
by MS. However, the 2D immunoblot demonstrated lysine acetylation on Spot 3, indicating
there was acetylation, with K199 being the most possible acetylated residue, in addition to
204 phosphorylation. As for the locations, K199 was at the end of B strand 9 of CapZp1.
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Acetylation increases hydrophobicity, so that the K199 might not be able to maintain its
original location on the outer surface of CapZ. S204 was at the loop between helix 5 and
helix 6 of CapZp1, where it was adjacent to the CapZa C-terminal. Phosphorylation could
increase the hydrophilic property, which might twist the S204 site out to the protein surface
and alter the angle and position of the CapZa C-terminal. Undoubtedly, PTMs on CapZa
could also regulate the capping property of CapZ, and further investigation is necessary.

the regulation of myofilament assembly and CapZ capping

When activated, PKCe translocated to the Z-disc [36,37]. A dominant-negative mutant of
PKCe prevented the assembly of the optimal resting length of the sarcomere after sustained
mechanical strain, suggesting a regulatory role in myofibril remodeling [38]. PE-induced
myofilament-PKCe association was diminished in the transgenic mouse heart with reduced
CapZ expression so that CapZ might be a binding target for PKCe [39]. Here, we showed
that PKCe mediated the PTMs and dynamics of CapZ in PE-induced hypertrophic NRVMs
(Figs. 1A and 3C), consistent with our previous report on mechanically strained cells [19].
Interestingly, PKCe mediated both acetylation (Spot 2+ Spot 3) and phosphorylation (Spot
3) of CapZp1, as well as the translocation of HDAC3 (Fig. 5), suggesting that PKCe is an
upstream regulator of CapZp1 acetylation.

4.3. The regulation of myofilament function and growth by HDACs

Since acetylation of the histone complex regulated by HDACs facilitates the unwinding of
chromatin structure for increased accessibility of transcriptional regulators, HDACs have
been generally regarded as transcriptional repressors in the nucleus. However, activity has
also been found in myofibrils. HDAC3 and HDAC4 were localized to the sarcomere of
neonatal cardiomyocytes, with increased acetylation of myosin heavy chain on increased
mechanical loading, and also HDAC inhibition enhanced the contractility and calcium
sensitivity of the sarcomere [40,41]. Furthermore, HDAC6 was abundant in the myofibrils,
and the knockout of HDACS elevated the acetylation and maximum force of the sarcomere
in adult mouse hearts [42]. Here, HDAC3 interacted with CapZp1 (Fig. 5), and the inhibition
of HDAC1-3 elevated acetylated CapZp1 (Spot 2+ Spot 3, Fig. 1A and B). HDAC3 was the
most likely regulator for the elevated acetylation of CapZp1 and the FRAP dynamics of both
CapZ and actin (Fig. 4), since knockdown of this class | HDAC isoform recapitulated effects
of MGCD0103. During ongoing cardiac hypertrophy, CapZp1 acetylation was increased,
suggesting that a CapZp1-directed HDAC was repressed upon treatment with the
hypertrophic agonist. Elevated CapZp1 acetylation in response to PE is likely due, at least in
part, to translocation of HDAC3 away from myofibrils (Fig. 5E and F). Even though HDAC3
had a direct interaction with adenovirus-expressed GFP-CapZp1 (Fig. 5D), there is no direct
evidence of an endogenous HDAC3-CapZp1 interaction by co-IP. There was a low yield of
myofibrillar proteins due to the harsh cell lysis buffer conditions necessary for extraction.
However, significant amounts of both endogenous HDAC3 and CapZp1 were found in the
myofibril compartment of NRVMs, suggesting the possibility that an endogenous HDAC3-
CapZp1 interaction could occur in the myofibrils (Fig. 5C).
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4.4. The coordination of phosphorylation and acetylation signaling

Acetylation and phosphorylation act in a coordinated fashion in other proteins, such as the
phosphorylation of p53 with DNA damage leading to the acetylation and enhanced DNA-
binding ability [43]. The reverse order was found for the acetylation of Foxol, which
preceded its phosphorylation, leading to better DNA-binding ability [44]. CapZp1 PTMs
also elicited phosphorylation and acetylation, both blunted by the inhibition of PKCe.
Importantly, Class | HDAC inhibition by MGCDO0103 alone was sufficient to regulate CapZ
dynamics (Fig. 3).

4.5. Hypothetical model of mechanism for CapZ PTM regulation of actin assembly

A new model proposes the mechanisms by which CapZ and actin dynamics are regulated by
HDAC3 and PKCe (Fig. 6). According to this model, under normal conditions, the
acetylation and phosphorylation levels of CapZ are low. Hence, CapZ tightly caps the barbed
end of the actin filament. With hypertrophic stimulation, PKCe activity is elevated, possibly
because of its translocation to the Z-disc, allowing for CapZp1 phosphorylation on S204.
Subsequently, HDACS3 translocation out of the myofibrils leads to acetylation of CapZp1 on
K199. This step triggers further structural changes, which lower the binding affinity of CapZ
to the actin filaments. With this change in the uncapping, the off rate of actin is elevated and
actin monomers are incorporated into the actin filament, which results in a greater assembly
of actin into the myofibril. The model suggests the regulatory role of acetylation and
phosphorylation on CapZ capping by both HDACs and PKCe. This mechanism may apply
for the initial, rapid phases of hypertrophy using existing molecules in the myocyte, and is
supported by proteomics, biochemistry and variations of HDACs and PKCe activities. It is
possible that decreased capping is partially regulated by HDAC3 translocation due to S204
phosphorylation of PKCe but it is likely that numerous other signaling pathways and post
translational modifications are also involved.

4.6. Rapid responses to mechanical stimuli

One interesting question is whether the initial mechanisms for adaptation to altered work are
physiologic, and whether they differ in long term chronic conditions. Rapid response was
historically described in the Frank - Starling Law where loading immediately increased the
calcium sensitivity of the acto-myosin complex increasing the strength of the heart cell [45].
Translation of existing contractile protein messenger RNA into protein is rapidly governed
by mechanical activity [46]. After 4 h of mechanical strain, HDAC3-mediated acetylation of
the myosin heavy chain enhanced contractility of the myofibrils, suggesting that PTM
regulation of sarcomere function is a rapid adaptation [41]. Inhibition of HDAC3 activities
leading to enlarged myocytes and contractility found by us and others might be another
initial response of the sarcomere to increased mechanical loading during the first 24 h of
stimulation leading to immediate physiological adaptation, and subsequently to cardiac
hypertrophy that requires the slower processes of transcription to be activated.

4.7. Chronic loading conditions

With chronic conditions such as hypertension or irreversible cell loss from myocardium
infarction, the heart develops progressive decline in the cardiac functions despite continuous
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activation of the hypertrophic program. This “maladaptation” of the heart is closely
associated with the generation of heart failure. It remains to be seen whether chronically
hypertrophic rodent or human heart have altered CapZ PTMs, or whether this PTM
regulation of assembly is only during transient phases of growth in stimulated myocytes.
However, PTMs in heart failure are present in many other muscle proteins [47,48]. Clinical
trials with HDAC inhibitors for maladaptive hypertrophic heart disease may not be through
controlling sarcomere remodeling but be at the transcriptional level [49].

5. Conclusions

We have demonstrated that hypertrophic stimulation of neonatal cardiomyocytes leads to
phosphorylation and acetylation of the actin capping protein, CapZp1. The sites of CapZp1
modification lie within its actin filament binding region. Based on our observations, we
propose that acetylation of CapZp1 upon HDACS release from myofibrils, coupled with
PKCe-mediated phosphorylation of CapZ1, increases dynamics of this actin-capping
protein, resulting in actin assembly and myofibril formation in response to hypertrophic
stimulation. This dual regulation through phosphorylation and acetylation provides a novel
model for the regulation of myofibril growth during ongoing cardiac hypertrophy.
Furthermore, we have shown a novel, non-genomic role for class | HDACs in the regulation
of sarcomere growth and function in cardiomyocytes.
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Fig. 1.
PTMs of CapZp1 in hypertrophic NRVMs. (A) Immunoblots of 2D gels with isoelectric

point 5.3-5.6 range for myofibrillar proteins of NRVMs expressing GFP-CapZp1 were
probed with GFP antibody for GFP-CapZp1. Samples were untreated (n = 6), treated with
phenylephrine (PE) (n = 8), PE + dnPKCe (n = 4) or MGCDO0103 (n = 5). PE: 10 uM/24 h;
MGCDO0103: 500 nM/24 h. Dashed lines show the area selected for densitometric
quantification. (B and C) Densitometric quantification of major spots show increased levels
of CapZp1 with more negative charges (Spots 2 + 3) after stimulation by PE or MGCD0103.
Values are means + SE. Significant difference: *P < 0.05.

Cell Signal. Author manuscript; available in PMC 2017 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Linetal. Page 16

A PE-treated .' - Spot# | 3 | 2 | 1
NRVM Phospho- | S204
3 2 1

Acetyl- K199

C Fragment (R)QMEKAY'DETVSDCSPHIANIGR(L) from Spot 2

Y5

100%

—o—+—M —|—E—Q—K&42 +D—Q—E—G—T+V—0—s —+—o _'_C - +s g P | 20D TR Gt Epr 05 pom
2 [—R—tot == +57T——D o Lo L P L
]
c
2 ¥ "
s 5%
E a7 - va o i .

14 Vo, Jw
- 2 A0 | B L . . :
0 250 500 750 1000 1250 1500 1750 2000 2250

miz

Fragment (R)QEKDETVSP““F"WDCSPHIANGR( ) from Spot 3

100%7
D——E—=T——=V——=S#B0——D —H—Co57 —8 ——P —F—H —H—1—FA SN | 2P PEOR
g |—+—H —+P —S——Ce67 —+—D —+—$+80 —+v ——T —+—E —+—D ——K ——E —+N16 —+—0
<
£ §0%
S
g pU10H20~ 1‘?
- gl it it Jibg (l.lhl L
0 250 500 760 1000 1600 1750 2000 2250
mlz
53¢——— 56
Control .
PE - e
Spots: 3 2 1
Fig. 2.

CapZp1 phosphorylation and acetylation in hypertrophic NRVMs. (A) PE treated NRVM
have three major spots of CapZf1 on 2D gel stained by Coomassie Blue, which were cut out
for processing by ESI-FTICR. (B) MS results were analyzed by Mascot MS/MS ion search
database and represented with Scaffold v4.0 program. Spot 2 had acetylation at Lysinel9
(K199); Spot 3 had phosphorylation at Serine204 (S204). (C) Annotation of representative
mass spectra of trypsin digested protein samples (Spots 2 and 3). The degree symbol
designates b or y ions with water and/or ammonia loss. (D) Immunoblot of 2D gels with
isoelectric point 5.3-5.6 range for CapZp1 with acetyl-lysine antibody. (E) Display of
phosphorylation and acetylation sites in a three-dimensional structure of CapZ. The actin
binding region indicated by pink shadow (42). Arrows show the position of S204
phosphorylation and K199 acetylation.
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Fig. 3.

Coordination of CapZ dynamics by phosphorylation and acetylation. (A) Fluorescent
recovery after photo bleaching (FRAP) experiments: Striations were seen with GFP-CapZp1
infection in control and PE treated myocytes at lower magnification. Scale bar = 10 um.
Inset: higher magnification images of area delineated by the solid white boxes containing the
smaller region of interest (ROI) shown as a dashed white box (3.75 um x 3.75 pym) at time
before bleaching (0 s), full bleach (2 s later) and after 15 min to show FRAP. (B) Diagram of
the approaches to control acetylation and phosphorylation of CapZ: (1) HDAC activation
that reduces acetylation; (2) HDAC inhibitors add acetyl group (Ac) to CapZ; (3) dnPKCe
decreases phosphorylation and (4) caPKCe adds phospho group (P) to CapZ. Arrows: the
directions of acetyl and phospho groups. (C) Kfrap values for GFP-CapZp1 in cells are
significantly increased by PE (n = 8), but the effect of PE is blunted by dnPKCe (PE+
dnPKCe, n = 3). Kfrap values for GFP-CapZp1 in cells with caPKCe is significantly
increased even without PE (caPKCe, n = 9). Treatment of MGCDO0103 in addition to
dnPKCe and PE + dnPKCe significantly increased Kfrap (n = 4 and 7, respectively).
Treatment by theophylline (THE) in addition to caPKCe did not result in elevated Kfrap
values (n = 9). Values are means + SE. Significant difference: *P < 0.01; #P < 0.05.
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Fig. 4.
CapZ capping and NRVM size mediation by Class | HDACs. (A) NRVMs with or without

HDAC inhibitors were stained with a-actinin antibody. (B) Cell area showing size of
MGCDO0103-treated cells was significantly larger than untreated cells, compared to
tubastatin A. CTL = control; MGCD = MGCDO0103 (5 uM/24 h); Tub A: tubastatin A (10
UM/24 h). n > 20 for each group. (C) Kfrap values for actin-GFP FRAP in untreated cells (n
= 15) or treated with MGCDO0103 (5 pM/24 h, n = 5) and tubastatin A (10 pM/24 h, n = 4).
Actin Kfrap was significantly elevated by MGCDO0103, but not by tubastatin A. (D) Kfrap
values for GFP-CapZB1 FRAP in untreated cells (n = 9) or treated with trichostatin A (TSA,
10 uM/5 h, n = 5), theophylline (THE, 10 uM/24 h, n = 5), phenylephrine (PE, 10 pM/24 h,
n =5), phenylephrine + theophylline (PE + THE, n = 8), MGCDO0103 (5 uM/24 h, n = 11)
and tubastatin A (10 uM/24 h, n = 4). CapZ Kfrap was significantly elevated by TSA,
MGCD and PE, while the effect of PE was blunted by THE. (E) Kfrap values for GFP-
CapZp1 FRAP in untreated cells (n = 9) or treated with ShRNAs for control (shControl, n =
6), HDAC2 (shHDAC2, n = 9) or HDAC3 (shHDAC3, n = 9). CapZ Kfrap was significantly
elevated by shHDAC3, but not by shControl or sSAHDAC3. Values are means = SE. n =
number of cells. Significant difference: *P < 0.01; #P < 0.05.
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Fig. 5.
Translocation of HDAC3 out of the sarcomere by phenylephrine treatment. (A) NRVMs

were permeabilized with digitonin-EDTA to remove the cytosol, triton-EDTA to remove the
membrane-organelle fraction, and the remaining cytoskeletal fraction stained for HDAC3
(green) and a-actinin (red) to show colocalization of HDAC3 and a-actinin in the Z-disc.
Scale Bar = 10 um. (B) Line scan position indicated co-localization of a-actinin (red) with
HDACS3 (green). A.U., arbitrary units. (C) Myofibrillar proteins of NRVMs were enriched
and compared with whole cell lysate. CapZp and HDAC3 were both localized at the
myofibrils. Absence of PCNA in myofibril enriched compartment showed there was not
contamination with nuclear proteins. MF: myofibril enriched compartment; W: whole cell
lysate. a-tubulin: cytosolic marker; PCNA: nuclear marker; cTnl: cardiac troponin I,
myofibrillar marker. (D) Cells were infected by GFP-CapZp1 adenovirus before HDAC3
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protein in cell lysate was immuno-precipitated by HDAC3 antibody. The bound GFP-
CapZp1 was detected with anti-GFP antibody by Western blot analysis. (E) and (F):
Subcellular distribution of HDAC3 in untreated, PE (phenylephrine, 10 uM/24 h) and PE +
dnPKCe treated NRVMs. Western blot and analysis for subcellular fractionation: cytosolic,
membrane, myofibrillar and nuclear fractions. Internal controls are hsp70 for cytosolic, B1-
integrin for membrane, tropomyosin for myofibrillar and histone 2B (H2B) for nuclear
fraction. Distribution of HDAC3 in myofibrillar fraction was decreased by phenylephrine,
and membrane fraction was increased. Values are means + SE. Significant difference: *P <
0.01; #P < 0.07.
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Model of interactions between CapZ and sarcomeric actin. (A) Resting state: The acetylation
and phosphorylation levels of CapzZp1 are low with HDAC3 consistently deacetylating in the
absence of PKCe. The interaction of CapZ with the actin filament is stronger. (B) With
hypertrophic stimulation, PKCe translocates to Z-disc and phosphorylates CapZp1 S204.
Simultaneously, PKCe facilitates HDACS3 translocation out of the myofibril. (C) HDAC3
translocation allows acetylation of CapZp1 K199, leading to further structural changes that
lower the binding affinity of CapZ to the barbed end of the actin filament. The interaction
between CapZ and the actin filament is weaker. The off rate of actin is elevated and actin
monomers are incorporated into the actin filament, resulting in actin assembly.
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