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Life is like sailing. 

You can use any wind to go in any direction.  
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ABSTRACT 

Background: Acetylation and deacetylation at specific lysine (K) residues is mediated 

by histone acetylases (HATs) and deacetylases (HDACs), respectively. HATs and 

HDACs act on both histone and non-histone proteins, regulating various processes, 

including cardiac impulse propagation. Aim of the present work was to establish 

whether the function of the Ca
2+

 ATPase SERCA2, one of the major players in Ca
2+

 

reuptake during excitation-contraction coupling in cardiac myocytes (CMs), could be 

modulated by direct K acetylation. 

Materials and methods: HL-1 atrial mouse cells (donated by Prof. Claycomb), 

zebrafish and Streptozotocin-induced diabetic rat CMs were treated with the pan-

inhibitor of class I and II HDACs suberanilohydroxamic acid (SAHA) for 1.5 hour. 

Evaluation of SERCA2 acetylation was analyzed by co-immunoprecipitation. SERCA2 

activity was measured on microsomes by pyruvate/NADH coupled reaction assay. 

SERCA2 mutants were obtained after cloning wild-type and mutated sequences into the 

pCDNA3 vector and transfected into HEK cells. Ca
2+

 transients in CMs (loading with 

Fluo3-AM, field stimulation, 0.5 Hz) and in transfected HEK cells (loading with FLUO-

4, caffeine pulse) were recorded.  

Results: Co-Immunoprecipitation experiments performed on HL-1 cells demonstrated a 

significant increase in the acetylation of SERCA2 after SAHA-treatment (2.5 µM, n=3). 

This was associated with an increase in SERCA2 activity in microsomes obtained from 

HL-1 cells, after SAHA exposure (n=5). Accordingly, SAHA-treatment significantly 

shortened the Ca
2+

 reuptake time of adult zebrafish CMs. Further, SAHA 2.5 nM 

restored to control values the recovery time of Ca
2+

 transients decay in diabetic rat CMs. 

HDAC inhibition also improved contraction parameters, such as fraction of shortening, 

and increased pump activity in microsomes isolated from diabetic CMs (n=4). Notably, 

the K464, identified by bioinformatic tools as the most probable acetylation site on 

human SERCA2a, was mutated into Glutamine (Q) or Arginine (R) mimicking 

acetylation and deacetylation respectively. Measurements of Ca
2+

 transients in HEK 

cells revealed that the substitution of K464 with R significantly delayed the transient 

recovery time, thus indicating that deacetylation has a negative impact on SERCA2 

function. 

Conclusions: Our results indicate that SERCA2 function can be improved by pro-

acetylation interventions and that this mechanism of regulation is conserved among 
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species. Therefore, the present work provides the basis to open the search for novel 

pharmacological tools able to specifically improve SERCA2 activity in diseases where 

its expression and/or function is impaired, such as diabetic cardiomyopathy. 
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INTRODUCTION 

SERCA PUMP 

The Sarco(Endo)plasmic Reticulum (SR) Ca
2+

 ATPase (SERCA) is a calcium pump 

that translocates two Ca
2+

 ions from the cytosol into the SR lumen by using energy of 

ATP hydrolysis. SERCA is a single polypeptide with a molecular weight of 

approximately 110 kDa and organized into four different domains [1]:   

 a transmembrane domain with ten transmembrane helices 

 a nucleotide (ATP) binding site 

 a phosphorylation/catalytic domain that drives ATP hydrolysis 

 an actuator domain that catalyzes dephosphorylation of the phosphorylation 

domain. 

 

SERCA is a P-type ATPase transporter, characterized by the reversible conformational 

change secondary to the reversible transfer of the terminal phosphate from ATP to the 

protein catalytic domain [2, 3]. Three different SERCA genes have been identified so 

far in vertebrates [4], showing high degree of conservation among species [5]: ATP2A, 

ATP2A2 and ATP2A3, encoding for the SERCA1, SERCA2 and SERCA3 proteins, 

respectively. Due to alternate splicing mechanisms, different protein isoforms are 

produced, whose expression is regulated in a tissue specific manner and during 

development [4]. SERCA1 isoforms are expressed in fast skeletal muscle. SERCA2 can 

have different isoforms (Figure 1): SERCA2a is expressed in heart and slow muscles, 

while SERCA2b is expressed ubiquitously. SERCA3 is encoded by the third gene and is 

reported to be expressed in non-muscle cells [6]. 

SERCA2a has been described as the most expressed in cardiac muscle [4, 6] and 

SERCA2b has been found in cardiomyocytes, but at a lower extent [4] and with 

different SR compartmentalization compared to the 2a isoform [7]. 

 

Recently, SERCA2c (a less conserved isoform, restricted to humans) has been also 

described in epithelial cells [8] and in a confined area of cardiomyocytes, very near to 

the sarcolemma [9,10].  
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Figure 1: Predicted secondary structure of SERCA2. The molecule is anchored to 

the membrane of sarcoplasmic reticulum by 10 helices; both the N- and C-terminal 

segments of SERCA2a are exposed in the cytoplasm, while SERCA2b has a longer 

tail section into the lumen of reticulum. In the phosphorylation and nucleotide 

binding domains the active site necessary for ATP hydrolysis is formed. The 

transmembrane domain contains Ca
2+

 binding sites and it forms the channel for 

transport of Ca
2+

 into the SR (from Dhitavat J. et al, British Journal of Dermatology, 

2004 [11]).    

 

SERCA2 plays a pivotal role for the level of SR Ca
2+

 load and for the majority of the 

cytosolic calcium removal (70% in human, 92% in mouse and rat [12]) generating the 

cardiac diastolic phase, thus representing a key player for cardiomyocytes contraction 

and relaxation [13]. Modifications of Ca
2+

 dynamic associated with reduced SERCA2 

expression and function have been described in hypertrophic [14], failing [15], and 

dilated hearts [16]. Of note, variations in SERCA2 are documented among the major 

factors that cause the diastolic dysfunction observed in diabetic cardiomyopathy [17, 

18]. 
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CARDIAC CALCIUM HANDLING 

Cardiac excitation-contraction coupling (ECC) is the process whereby an action 

potential triggers a myocyte to contract. Calcium ion is the second messenger crucial in 

cardiac electrical activity and it is the most important responsible for the activation of 

the myofilaments, able to cause contraction [13]. 

When the cardiac action potential arrives, Ca
2+

 enters into the cell through sarcolemmal 

L-type Ca
2+

 channels activated by depolarization and produces an inward Ca
2+

 current 

(ICa), which contributes to the plateau phase of action potential (Figure 2). The entry of 

a small quantity of calcium through the L-type Ca
2+

 channel (“trigger”) produces a 

localized increase of intracellular Ca
2+

 concentration in the space among the surface and 

SR membranes [19, 20]. The slight increase in intracellular Ca
2+

 concentration induces 

the release of calcium ions from the sarcoplasmic reticulum, through a specific release 

channels, the ryanodine receptors (RyRs). This mechanism is defined as CICR, Ca
2+

-

induced Ca
2+

 release. The rise of intracellular calcium concentration increases the open 

probability of the RyRs, resulting in the release of calcium ions into the cytoplasm from 

the SR.  
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Figure 2: Scheme of Ca
2+

 transport in ventricular myocytes. In the insertion there 

is described the time course of an action potential, Ca
2+

 transient and contraction 

measured in a rabbit ventricular myocyte. Abbreviations: NCX, Na
+
/Ca

2+
 exchanger; 

ATP, ATPase; PLB, phospholamban; SR, Sarcoplasmic Reticulum (modified by 

Bers D.M., Nature, 2002 [13]).  

 

 

The combination of Ca
2+

 entry and release raises the free cytoplasmatic Ca
2+

 

concentration ([Ca
2+

]i), allowing the binding between calcium and myofilament protein 

troponin C, which is the first player for the contractile machinery. In order to start the 

relaxation phase, [Ca
2+

]i must decline, with the consequent Ca
2+

 dissociation from 

troponin. 

Hence, relaxation is induced by a reduction of [Ca
2+

]i made by different mechanisms:  

SR Ca
2+

-ATPase, that reuptakes calcium into the SR, sarcolemmal Sodium-Calcium 

exchanger (NCX) and sarcolemmal Ca
2+

-ATPase, that extrude calcium outside the cell, 

and mitochondrial Ca
2+

 uniporter, that brings calcium into mitochondria. SERCA2 and 

NCX are most important quantitatively, even though the quantitative involvement can 

differ among different species [13, 21].  

For example, in rabbit ventricular myocytes, SERCA2 removes 70% of the activator 

calcium, NCX removes 28%, and the left 1% is removed by the sarcolemmal Ca
2+

-

ATPase and mitochondrial Ca
2+

 uniporter (also known as “the slow systems” [13]). In 

rat ventricular myocytes the activity of SERCA2 is higher, due to a major concentration 
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of pump molecules [22], and NCX involvement is lower, resulting in a balance of 92% 

for SERCA2, 7% for NCX and 1% for the slow systems (Figure 3). Analysis in mouse 

ventricle is quantitatively similar to rat [23], whereas dog, cat, guinea-pig and human 

ventricles are more like rabbit [13]. Interestingly, in heart failure in humans and rabbits, 

expression and function of calcium ATPase are reduced and extrusion via NCX is 

increased [24], therefore these components give a more similar contribution to the 

decrease of intracellular calcium concentration. These changes tend to reduce calcium 

content in the SR, thus limiting Ca
2+

 release and causing systolic contractile dysfunction 

in heart failure [25].  

 

 

 

Figure 3: Different quantitative Ca
2+

 fluxes during excitation–contraction 

coupling. Ca
2+

 fluxes measured in rabbit (upper panel) and  rat (lower panel) 

ventricular myocytes during relaxation. Curves consider [Ca
2+

]i and [Ca
2+

]i 

dependence of transport rates for each system. Percentages are in relation to the 

contributions to Ca
2+

 removal. Abbreviations: NCX, Na
+
/Ca

2+
 exchanger; SL, 

Ssarcolemmal; SR, SR Ca2+-ATPase; Mito, Mitochondrial Ca2+ uniporter (modified 

by Bers D.M., Nature, 2002 [13]).  

 

 



Introduction 

18 

REGULATION OF SERCA2 

As mentioned above, Ca
2+

 is critically significant in regulation of contraction/relaxation 

processes, therefore the mechanism of SERCA pump has already been investigated [1]. 

Among the different P-type ion translocating ATPases, SERCA1a is the best 

characterized both on structural and functional point of view. In E1 conformational 

state, transmembrane Ca
2+

 binding sites have high affinity and expose to cytoplasm, 

while in E2 have low affinity and expose to lumen of sarcoplasmic reticulum. The 

effective transmission of calcium ions occurs between two phosphorylated 

intermediates state, E1P and E2P (panel in figure 4 describes a simplified scheme of 

reaction).  

In 2000, rabbit SERCA1a structure was crystallized in phospholipid bilayer and its 

atomic structure was solved [26]. Due to the fact that SERCA1 and SERCA2 are close 

homologues for 83% of sequence identity, it is possible to use the structure of rabbit 

SERCA1, and relative structural and functional analysis [1] to understand the functional 

system of SERCA2. Reaction cycle consists in different states (Figure 4). As mentioned 

above SERCA has four different domains: the A-domain, connected to the M1–M3 

helices with rather long linkers, acts as the actuator of the transmembrane passage that 

regulates Ca
2+

 binding and release [27, 28]; the P-domain contains several critical 

residues that characterize the P-type ATPase and has a wedge-shape and a flat top 

surface to allow a rotation of the A-domain on the top surface of the P-domain [28]; the 

N-domain is a long insert between two portions forming the P-domain and some 

important residues (e.g. for adenosine binding and binding ATP) are contained in this 

domain [27, 29]; the M-domain contains 10 transmembrane helices and during the 

reaction cycle, all helices from M1 to M6 move significantly, while helices from M7 to 

M10 apparently act as membrane anchors.  

The E2 state is the consequent state to the release of calcium ions into the lumen. Four 

different major enzyme states occur during the reaction cycle, in addition to other 

intermediate reactions, named E1-P, E2P, E2-P*, and E1/E2, described below [30]. 

ATP derived energy is used to exchange 2 calcium ions from the cytoplasm into the SR 

with 1-3 protons into the cytoplasm and to start the reaction cycle (E1/E2 state). 

Consequently, the phosphorylation site between the ATP-bound N-domain and the P 

domain is assembled and the A-domain guides the occlusion of bound calcium ions: in 

this state calcium ions are hidden without any access to both side of membrane. The E1-
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P state starts when a kinase reaction occurs, following the phosphorylation of P-domain 

with production of ADP. ATP is hydrolyzed to ADP, resulting in the phosphorylation of 

Asp351. The protein modifies  from the E1 to the E2 conformation and the calcium ions 

are transported across the membrane and released into the lumen of the sarcoplasmic 

reticulum. Specifically, this allows the rotation of A-domain near the phosphorylation 

site, creating a stable association with both the P- and the N- domains. A-domain’s 

movement applies an impulse on M3-M4 and a drag on M1-M2, driving the pump to 

expose at the luminal side and starting the E2P state. During this conversion, the Ca
2+

-

binding residues located in the transmembrane domain are separated, abolishing the 

high-affinity binding site [31, 32]. Protons and water molecules enter and stabilize the 

Ca
2+

-binding sites, now empty [33]. In the meanwhile, the exposure of N-domain to the 

cytosol occurs, and the nucleotide-binding site is ready for ATP exchange. The A-

domain drives the de-phosphorylation of P-domain, concluding the cycle with the 

release of the phosphate from the enzyme, which is stimulated by new bound ATP.   
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Figure 4: Different structural states of SERCA. Four different states of Ca
2+

-

ATPase and E1-E2 reaction (a simplified scheme) are described. Different colors 

correspond to the respective structures presented here. A, N, and P domains, and 

M1–M10 (helices in the transmembrane domain) are indicated (from Toyoshima C. 

et al, Archives of Biochemistry and Biophysics, 2008 [1]).  
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SERCA2a activity is controlled by two small regulatory proteins: phospholamban [34, 

35, 36] and sarcolipin [37, 38, 39]. 

The major regulator of SERCA2 pump is phospholamban (PLB). Identified for the first 

time in the cardiac microsomes, it is the principal substrate for cAMP-dependant kinase 

(CaMKII) and the regulator of SERCA pump [40, 41, 42]. PLB is a phosphoprotein 

composed by 52 amino acid and its primary structure is very conserved across species. 

PLB is more expressed in the heart than slow twitch and smooth muscle tissues and it is 

one of the mediator of the β-adrenergic responses in the cardiac muscle. Moreover, 

phosphorylation of PLB at Ser216 and Thr217 promoted by the Protein kinase A (PKA) 

and CAMKII, respectively, can induce an increase of the SERCA pump activity [35, 43, 

44]. SERCA2 pump is inhibited by the dephosphorylated PLB, whereas the 

phosphorylation removes the inhibition and provokes a substantial increase in Ca
2+

 

transport (Figure 5). Thus, the regulation of SERCA pump by PLB is considered to be 

the primary mechanism for β-adrenergic-mediated response of the heart, as well as for 

enhanced Ca
2+

 transport throughout the SR [45].  

The mechanism of PLB action on SERCA pump has been studied extensively. PLB is 

located within cardiac sarcoplasmic reticulum both as pentamers and as monomers. 

Monomers are strictly connected: in fact, pentamers cannot be dissociated into 

monomers under normal conditions except at high temperature. Thus, extreme 

conditions are required to disrupt the high affinity between monomers when they are in 

a pentameric state. When cytoplasmic concentration of Ca
2+

 is low, PLB monomer 

interacts with SERCA2, thus inhibiting the pump functionality by decreasing the pump 

affinity for Ca
2+

. The pump is brought to a halt temporarily during diastolic phase by the 

reduction in cytosolic Ca
2+

 and the low affinity for Ca
2+

 until systolic Ca
2+

 reaches the 

level necessary to reactivate the pump [45]. In rodents, the time between diastolic and 

systolic phases is very short and the SERCA pump may never completely reaches a 

resting state. When cytosolic Ca
2+

 levels reach a certain threshold, the inhibitory action 

of PLB on SERCA pump is absent. This occurs when PLB phosphorylation is missing 

and kinases are activated. Thus, with high levels of Ca
2+

, the physical hydrophobic and 

electrostatic interactions between PLB and SERCA are reduced, allowing SERCA 

activation (Figure 5).  

 



Introduction 

22 

 
 

Figure 5: Theoretical model decribing SERCA pump regulation by 

phospholamban and sarcolipin. SERCA pump is binded by the dephosphorylated 

phospholamban (PLB) which regulates SERCA activity (top, middle panel). This 

interaction is interrupted by either phosphorylation of PLB (top, left panel) or in the 

presence of high calcium concentration (top, right panel). Sarcolipin (SLN) can 

interact with SERCA when it is unphosphorylated (bottom, middle). This interaction 

is more affected by phosphorylation and less affected by Ca
2+ concentration, as 

described in the bottom of the figure at left and right panel, respectively (from 

Periasamy M. et al, Cardiovascular Research, 2008 [45]). 

 

Sarcolipin (SLN) is a low molecular weight protein (31 amino acids), identified for the 

first time in co-purified preparation of skeletal muscle SERCA1a pump [37, 46, 47]. In 

cardiac context, SLN is more expressed in the atria than in the ventricle (Table 1) [48, 

49] and its expression, in skeletal muscle tissues, changes between small and large 

animals [37, 50, 38], although its primary structure is very conserved across species and 

may suggest a comparable mechanism of regulation as for PLB. Both SLN and PLB 

have similar transmembrane sequences, thus indicating that they belong to the same 

gene family [46], but they differ at N- and C-terminus.  

It has been demonstrated that SLN can inhibit SERCA pump by decreasing the calcium 

affinity of the pump and with a consequent effect on contractile function [47, 51, 52]. 

Phospholamban and sarcolipin are the major inhibitors of SERCA2a function, playing a 
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critical role in cardiac contractility and in mediating the β-adrenergic response, both in 

normal and failing hearts [37, 53].  

 

 

 

 

Table 1: Differential expression of SERCA2a, PLB, and SLN in rodent muscle 

tissues. In rodent muscle tissues differential expression of SERCA2a, PLB, and SLN 

occurs. SERCA2 can be detected in smooth and non-muscle cells at low levels, 

specifically the isoform “a” (modified from Periasamy M. et al, Cardiovascular 

Research, 2008 [45]). 

 
 
 

Evidences have also been provided demonstrating that SERCA2 activity can be altered 

by several post-translational modifications [54]. For example, SUMOylation (Small 

Ubiquitin-like Modifier conjugation) [55]) and glutathionylation [56] seem to increase 

SERCA2 activity. On the other side, glycosylation [57] and nitration [58] are post-

translational modifications able to decrease SERCA2 pump function. Moreover, Foster 

and coworkers [59] recently described three lysine that can be acetylated on the 

SERCA2 structure of guinea pig. In any case, no potential effect of SERCA2 direct 

acetylation has never been evaluated on intracellular Ca
2+

 dynamic.  
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LYSINE ACETYLATION  

Acetylation of lysine is a reversible post-translational modification (PTM), that refers to 

the addition of an acetyl functional group on lysine residues. Specifically, acetylation 

plays an important role in the synthesis, stability and localization of proteins [60, 61] 

and plays a key role in the regulation of gene expression through the modification of 

core histone tails [62, 63]. In histone acetylation and deacetylation (the removal of the 

acetyl group), histone proteins are acetylated and deacetylated on lysine residues in the 

N-terminal tail as part of gene regulation through the activity of different enzymes: 

histone acetyltransferases or acetylases (HATs) or histone deacetylases (HDACs), that, 

despite their name, can modify the acetylation status of non-histone proteins as well [64, 

65]. Recently, the nomenclature is being revised to lysine acetyltransferases (KATs), 

reflecting their ability to acetylate lysine (denoted ‘K’) on many proteins [66]. The 

KATs are various, with many assigned, based on structural similarities, to either the 

GNAT (Gcn5-related N-acetyltransferases) superfamily or the MYST (MOZ, 

YBF2/Sas3, Sas2, Tip60) family. Other important KATs include p300 (E1A-associated 

protein 300 kDa), CBP (cAMP response element binding - CREB - protein), and TAFII 

250 (TATA-binding protein associated factor II 250). The modification of the positively 

charged lysine to acetyl-lysine alters protein structure and interactions with other 

biomolecules. For example, acetylation of histones typically stimulates the involvement 

of effector proteins, relaxation of chromatin status, and an improve of transcription [67]. 

 

HISTONE ACETYLASES (HATS) 

HATs are traditionally divided into two different classes based on their subcellular 

localization [62]. Type A HATs are found in the nucleus and partecipate in the 

regulation of gene expression by inducing acetylation of nucleosomal histones in the 

context of chromatin [68]. They contain a bromodomain, which binds to acetylated 

lysine residues on histone substrates. Gcn5, p300/CBP, and TAFII250 are some 

examples of HATs of type A that cooperate with activators to enhance transcription. 

Type B HATs are lacking in the bromodomain and they are located in the cytoplasm 

and are responsible for acetylation of newly synthesized histones prior to their assembly 

into nucleosomes. The acetyl groups added by type B HATs to the histones are removed 

by HDACs once they enter into the nucleus and are incorporated into chromatin. Hat1 is 

one of the few known examples of a type B HAT [69]. Despite this traditional 

https://en.wikipedia.org/wiki/Histone_acetylation_and_deacetylation
https://en.wikipedia.org/wiki/Gene_regulation
https://en.wikipedia.org/wiki/Histone_acetyltransferase
https://en.wikipedia.org/wiki/Histone_deacetylase
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classification, some HATs act in many complexes and/or several locations and it is not 

easy to fit them into a particular class [70].  

HATs can be also grouped into several different families based on sequence homology 

as well as shared structural features and functional roles. The Gcn5-related N-

acetyltransferase (GNAT) family includes Gcn5, PCAF, Hat1, Elp3, Hpa2, Hpa3, ATF-

2, and Nut1. These HATs are generally characterized by the presence of a 

bromodomain, and they are found to acetylate lysine residues on histones H2B, H3, and 

H4. The MYST family of HATs is named after its four founding members MOZ, Ybf2 

(Sas3), Sas2, and Tip60 [62]. These HATs are typically characterized by the presence of 

zinc fingers and chromodomains and they are found to acetylate lysine residues on 

histones H2A, H3, and H4. In addition to these HATs, there are several other proteins 

found normally in higher eukaryotes that exhibit HAT activity, such as p300/CBP [71]. 

In eukaryotes, several aspects of cellular homeostasis can be modulated by HATs and 

HDACs activity. For example, in yeast, the HAT Gcn5 is essential for the cell response 

to stress, meiosis, and DNA replication [72]. In mammals, cell growth, myotube 

differentiation, and apoptosis include the involvement of the HAT p300/CBP [73]. 

Moreover, the HAT enzyme PCAF, identified for the first time as a p300/CBP-binding 

protein, is recognized to play a key role in the regulation of myofilament contractile 

activity, the myogenic differentiation and adipocyte proliferation [74]. 

 

HISTONE DEACETYLASES (HDACS) 

HDACs are classified into three main classes based on their homology to yeast proteins. 

HDAC1, HDAC2, HDAC3 and HDAC8 are included in class I and have homology to 

yeast RPD3. HDAC4, HDAC5, HDAC7 and HDAC9 belong to class IIa and are 

homologues to yeast HDAC1. HDAC6 and HDAC10 (included in class IIb) contain two 

catalytic sites, whereas HDAC11 has conserved residues in its catalytic center that are 

shared by both class I and class II deacetylases and it is sometimes placed in class IV 

[75, 76] (Table 2).  
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Table 2: Histone deacetylases characteristics and localization. Abbreviations: H, 

heart; SM, skeletal muscle; B, brain; PL, placenta; PA, pancreas; L, liver; K, kidney; 

S, spleen; EL, embryonic lethal; Stat3, Signal transducers and activators of 

transcription 3; CDK9, Cyclin-Dependent Kinase 9; MMP10, Matrix 

metalloproteinase 10; Hsp90, Heat shock protein 90; HIF-1α, Hypoxia-Inducible 

Factor-α (modified from Dokmanovic M. et al, Mol Cancer Res, 2007 [77]). 
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The class III HDACs include sirtuins, based on their homology to yeast Sir2. They carry 

out the deacetylation by using nicotinamide adenine dinucleotide (NAD
+
) as a cofactor 

instead of Zinc [78, 79].  

 

Class I HDACs are mostly localized within the nucleus and class II HDACs are able to 

shuttle between nucleus and cytoplasm [80, 81] (Table 3). Up to now, more than 50 non 

histone proteins have been recognized as substrates for one or more HDACs [82, 83, 

84]. These substrates include proteins that have regulatory roles in cell proliferation, cell 

migration and cell death (Table 3). 

 

 

 

 

Table 3: Protein substrates of HDACs (partial list). The acetylation status of the 

HDAC substrates is a determinant of their structure and, as a consequence, their 

activity. Abbreviations: ND, not determined. HMG, High Mobility Group (modified 

from Dokmanovic M. et al, Mol Cancer Res, 2007 [77]). 

 



Introduction 

28 

MODULATION OF ACETYLATION / DEACETYLATION BALANCE WITH HDACS 

INHIBITORS 

Acetylation / deacetylation balance can be modulated by different compounds able to 

act on HATs and HDACs activity. For example, histone deacetylase inhibitors (HDACi) 

have been used in psychiatry and neurology as mood stabilizers and anti-epileptics (e.g. 

valproic acid). Recently, HDACis are being studied for treatment for neurodegenerative 

diseases [85, 86] and for cancer therapy [87, 88].  

HDACis are currently being investigated as chemo-sensitizers for cytotoxic 

chemotherapy or radiation therapy, or in association with DNA methylation inhibitors 

based on in vitro synergy [89]. HDACis act exclusively on Class I, II and Class IV 

HDACs by chelating zinc ions in HDAC’s active site at different concentrations [90, 

76]. HDACis can be divided into several structural classes including hydroxamates, 

cyclic peptides, aliphatic acids and benzamides [75, 83, 88] (Table 4). The first natural 

hydroxamate discovered to inhibit HDACs was Trichostatin-A (TSA) [91]. A series of 

amino suberoyl hydroxamic acids have recently been revealed to inhibit HDACs and 

transform cell proliferation at nanomolar concentrations [92].  

Suberoylanilidehydroxamic acid (SAHA, or Vorinostat), structurally similar to TSA 

[93], is a pan-inhibitor of class I and class II HDAC proteins [82] and it was the first 

HDACi approved by the US Food and Drug Administration in October 2006 for the 

treatment of refractory cutaneous T-cell lymphoma (CTCL) [94].  
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Table 4: HDAC inhibitors (a partial list is reported). Abbreviations: GA, Growth 

Arrest; TD, Terminal Differentiation; A, Apoptosis; AI, cell death by activating 

intrinsic apoptotic pathway; AE, cell death by activating extrinsic apoptotic pathway; 

MF, Mitotic Failure; AU, autophagic cell death; S, Senescence; PP, polyploidy; 

ROS-CD, Reactive Oxygen Species-facilitated Cell Death; N/A, Not Available; 

CBHA, M-Carboxycinnamic acid Bishydroxamate; CTCL, Cutaneous T-Cell 

Lymphoma; CTCL, peripheral T-cell lymphoma (modified from Dokmanovic M. et 

al, Mol Cancer Res, 2007 [77]). 
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HDAC INHIBITION IN CARDIAC PATHO-PHYSIOLOGY 

The reversible protein acetylation carried out by HATs and HDACs plays a role in the 

physiology of adult cardiomyocytes regulating the myofilament contractile activity. It 

has been demonstrated that the acetyltransferase PCAF and the class II deacetylase 

HDAC4 can associate with cardiac myofilaments, specifically with the Z-disc and I- 

and A-bands of cardiac sarcomeres. After HDAC inhibition (using class I and II HDAC 

inhibitors or anti-HDAC4 antibody), the acetylation of sarcomeric proteins was 

increased, provoking an enhancement of calcium sensitivity of myofilaments [95]. The 

Z-disc-associated protein, muscle LIM protein (MLP) is one of the sensor of cardiac 

mechanical stretch and it is identified as an acetylated target of PCAF and HDAC4.  

Moreover, in a model of dystrophic mice ventricular arrhythmias are prevented and 

defects of conduction of the hearts are repaired after HDAC inhibition [96]. The 

modification in the level and/or spatial distribution of connexins is relevant for cardiac 

impulse transmission and plays a role in arrhythmias onset; in fact, in dystrophic mice 

hearts, alteration in connexin40 expression and in the spatial distribution of ventricular 

Cx43 have been observed, but after treatment with SAHA, the expression of connexin40 

was reduced and the distribution of connexin43 was partially normalized, solving the 

conduction defects [96].  

Further, it has been showed by Kao and coworkers that the ejection fraction can be 

improved by HDAC inhibitors, with an associated decrease in the chamber size from 

isoproterenol-induced heart failure, which simulates dilated cardiomyopathy [97] . 
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AIM 

Aim of the present work was to explore the impact of SERCA2 acetylation on its 

calcium pumping activity. Two different cell models have been used in this work, 

namely the HL-1 cell line, derived from atrial mice cardiomyocytes [98] submitted  to 

the class I and II general inhibitor suberoylanilidehydroxamic acid (SAHA, or 

Vorinostat) and a stable cell lines (HEK cells) created to express the mutated human 

SERCA2 as mimicking acetylation/deacetylation on specific lysine residues. 

Furthermore, the recovery phase of calcium transients has been analyzed in zebrafish, 

normal and diabetic adult rat cardiomyocytes treated with SAHA. Notably, 

cardiomyocytes isolated from diabetic rat hearts have been employed because in 

literature it has been already demonstrated that abnormal intracellular Ca
2+

 handling can 

be considered one of the main pathological variations in diabetic cardiomyopathy, 

mostly due to a reduction in expression and activity of SERCA2 [18, 99].  

In this project, we investigated the pro-acetylating effect of SAHA on SERCA2 protein 

and the consequent increase of the pump activity and its efficiency in cytosolic Ca
2+

 

removal. 
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MATERIALS AND METHODS 

CELLULAR MODELS 

HL-1 CELLS 

HL-1 cells were derived from AT-1 cardiomyocytes, that are atrial cardiac cells 

resultant from transgenic mouse. In this source expression of SV40 large T antigen was 

under control of the atrial natriuretic factor (ANF) promoter [100]. These cells maintain 

an adult cardiomyocyte phenotype and are able to contract spontaneously in culture; 

they can be recovered in frozen stocks and they can be passaged in cell culture [98]. 

HL-1 cardiomyocytes were characterized by using microscopic, immunohistochemical, 

electrophysiological, and pharmacological techniques [98]. HL-1 cells contain 

organized structures necessary for contraction and intracellular ANF granules typical of 

atrial cardiomyocytes [101], exhibit a profile similar to adult cardiomyocyte (gene 

expression analysis), express ion channels necessary for generation of action potentials, 

and undergo spontaneous depolarization [98]. Moreover, a pharmacological approach 

showed that HL-1 cells are able to respond appropriately to inotropic and chronotropic 

agents, thus suggesting that HL-1 cardiomyocytes express functional receptors (e.g. α- 

and β-receptors) and intracellular protein necessary for cell signaling and activation of 

signaling pathways. HL-1 cells have established to be an adaptable model system [101], 

used to explore cell signaling [102] and electrophysiology [103]. Even if HL-1 cells 

were originally obtained from atrial cells, they have proven to be convenient as a 

general model to study contracting and working cardiomyocytes, due to their organized 

structure and ability to contract [104] (Figure 6).  
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Figure 6. Schematic representation of characteristics of HL-1 cardiomyocytes. 

The components listed below are grouped according to their function and location 

within the cell.. Genes expressed in HL-1 cells are shown under the current with 

which they are associated in vivo: the sodium/calcium exchanger NCX, the 

modulatory β-subunit for the inward rectifier potassium current (minK), the voltage-

gated sodium channel (Scn5a), the voltage-gated L-type Ca
2+

 channel (Cav1.2), and 

the hyperpolarization, cyclic nucleotide-gated channels HCN. Abbreviations: Cx, 

Connexin; iNOS, inducible Nitric Oxide Synthase; MAPK, Mitogen-Activated 

Protein Kinase; ERK, Extracellular signal-Regulated Kinase; MEK, MAPK/ERK 

kinase; JNK, Jun kinase; MHC, Myosin Heavy Chain; MLC, Myosin Light Chain; 

GLUT, Glucose transporter; RyR, Ryanodine Receptor; FKBP, FK506 Binding 

Protein; If, pacemaking or “funny” current; ICa, calcium current; INa, sodium current; 

IK, potassium current; INa/Ca, sodium-calcium exchange current (from Steven M. 

White, Phillip E. Constantin, and William C. Claycomb, Am J Physiol Heart Circ 

Physiol, 2004 [101]). 
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ADULT CARDIOMYOCYTES 

Animal models have been long employed as tool to expand the knowledge of cardiac 

physiology and cardiac disease. The usage of isolated cardiomyocytes take a lot of 

advantages: it is possible to select cells from different cardiac areas, such as atrial or 

ventricular cells, left or right ventricle, cells belonging to the conduction system or 

eventually cells derived from cardiac infarcted area. Isolated cardiomyocytes are usually 

used to perform studies of protein biochemistry and to investigate contraction 

/relaxation processes and intracellular Ca
2+

 handling [105]. Adult cardiomyocytes 

represent an important tool in the study of cell electrophysiology and mechanics, 

intracellular calcium fluxes, and protein expression, thus giving to the researchers the 

opportunity to examine cardiac function at cellular and sub-cellular levels. Moreover, 

rat cardiomyocytes obtained from diabetic rat hearts have been used, based on earlier 

observations demonstrating that altered intracellular Ca
2+

 handling can be considered 

one of the major pathological changes triggering diabetic cardiomyopathy, as a 

consequence of a reduced expression and activity of SERCA2 [99].  

The most common animal model used to study human diabetes is streptozotocin (STZ)-

induced diabetes in the rat. Diabetes can be induced by destruction of the insulin-

producing β-cells of the pancreas by a single injection of streptozotocin, thus simulating 

the signs and symptoms of chronic human type 1 diabetes, associated with early 

diastolic dysfunction [106]. Further, a decreased SERCA2 activity and expression can 

be considered as the main contributing factors to the diastolic dysfunction in heart 

failure and in this model of diabetes, as mentioned above [107].  

Additionally, the zebrafish (Danio rerio) is considered an excellent model for studies 

relating to cardiac development and regeneration. Zebrafish heart is considered very 

similar to human heart, except for the notable capacity to regenerate itself after cardiac 

damage: in fact, zebrafish have been suggested as a good model for genetic and 

pharmacological analysis. Nemtsas P. and coworkers [108] characterized action 

potentials (APs) from intact adult atria and ventricles and found that the general profile 

of zebrafish APs is similar to that of humans (Figure 7). Moreover, the zebrafish action 

potential upstroke is controlled by Na+ channels, plateau phase is regulated by L-type 

Ca
2+

 and IKr channels are involved in repolarization.   
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Figure 7: Representative profiles of action potentials in different species. APs in 

zebrafish (A), human (B) and mouse (C) in atria and ventricles, at left and right 

columns, respectively. The overall shape of the zebrafish ventricular AP is similar to 

human’s ventricular AP, as both of them show a plateau phase. Abbreviations: AP, 

Action Potential (from Nemtsas P. et al, J Mol Cell Cardiol, 2010 [108]).  
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HEK CELLS 

Human Embryonic Kidney 293 cells (HEK 293 or HEK cells) are a specific cell line 

originally resulting from human embryonic kidney cells grown in tissue culture. These 

cells can be very easily maintained in culture and transfected.  

Human embryonic kidney cells are commonly used in several experiments of 

transfection to induce an overexpression of single proteins. Specifically, HEK-MSR1 

cells are a stable cell line produced with a plasmid expressing human Macrophage 

Scavenger Receptor 1, that has been shown to facilitate adhesion of cells and other cell 

lines to tissue culture plastic [109].  

In this study HEK cells were used as hosts for gene to induce the mutated SERCA2 

protein expression, where lysines (specific target of acetylation) were mutated into 

different amino acids to investigate the specific role of acetylation in pump ATPase 

function. In fact, glutamine or arginine are generally used to mimic constitutively 

acetylation or constitutively deacetylation  because of their structure [110]. 

 

HL-1 CARDIOMYOCYTE CULTURE  

HL-1 cell line was derived from the AT-1 mouse atrial cardiomyocyte tumor lineage 

[98]. HL-1 cells were kindly provided by Prof. W.C. Claycomb and then cultured as 

previously described [98] in Claycomb Medium (Sigma-Aldrich) enriched with 10% 

FBS (Sigma-Aldrich), 1% v/v penicillin streptomycin (Invitrogen), 2 mM L-glutamine 

(Invitrogen) and 100 μM norepinephrine (Sigma-Aldrich). Cells were grown at 37 °C 

with 5% CO2 and 95% air. Gelatin/fibronectin-coated flasks were prepared in advance. 

Cells were plated at a density of 10000 cells/cm
2
 and when they reached 90% 

confluence, culture medium was changed and supplemented with SAHA 2.5 µM (re-

suspended in DMSO) for 1.5 hours. Control cells were treated with an equal amount of 

DMSO in culture medium.  
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WESTERN BLOT ANALYSIS 

Cells were washed twice in PBS and then collected in protein extraction buffer (10 mM 

Tris-HCl pH 7.4, 150 mM NaCl, 1% Igepal CA630, 1% sodium deoxycholate, 0,1% 

SDS (Sodium Dodecyl Sulphate) and 1% Glycerol enriched with phosphatase and 

protease inhibitor mix (Roche). Proteins were then quantified by using BCA protein kit 

(ThermoScientific) following manufacturer’s instructions. Then, 30 µg of protein 

extracts were loaded on precast gradient (4-12%) gels (Invitrogen) and separated by 

SDS-PAGE using MOPS running buffer (Invitrogen). Proteins were moved onto 

nitrocellulose membranes or PVDF (Bio-Rad) in Transfer buffer (Life Technologies) 

supplemented with 10% (v/v) methanol. Membranes were blocked in 5% non-fat dry 

milk or 5% BSA in PBS containing 0.05% Tween20 (1 hour at room temperature), and 

then  incubated overnight at 4°C with primary antibodies: SERCA2 (1:1000, Santa 

Cruz, sc-376235), Ac-α-tubulin (1:1000, Sigma-Aldrich #T6793), α-tubulin (1:2000, 

Sigma-Aldrich #T9026) and β-actin (1:5000, Sigma-Aldrich, #A5441). Three washes 

were performed with 1× PBS-Tween buffer ten minutes each at room temperature and 

then membranes were incubated with horseradish peroxidase conjugated secondary 

antibody (SantaCruz) for 1 hour at room temperature. Signal was detected with 

enhanced chemiluminescence system (Supersignal West Dura Extended Duration 

Substrate, ThermoScientific) and results were quantified by ImageJ 1.48 software.  

 

IMMUNOPRECIPITATION 

Co-Immunoprecipitation was done by using protein-Agarose accordingly to the 

manufacturer’s instructions (Roche). Specifically, 4 µg of anti-SERCA2 or anti-acetyl 

Lysine (Cell Signaling #9441) antibodies were co-immunoprecipitated with 500 µg of 

proteins. Negative controls were performed with the equal amount of protein extract, 

obtained from HL-1 cells not treated, precipitated with the corresponding purified IgG 

antisera (SantaCruz) without primary antibody. Samples were then separated by SDS–

PAGE and both transfer and blotting procedures were performed as described in the 

western blot paragraph.  
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CELL IMMUNOFLUORESCENCE 

HL-1 cells were fixed in 4% PFA for 10 min at room temperature. Permeabilization was 

performed with 0.2% Triton X-100 for 5 min at room temperature and blocking was 

conducted for 1 h at room temperature with PBS supplemented with 5% goat serum. 

Cells were then incubated overnight at 4°C with a mouse polyclonal anti-SERCA2 

antibody (Santa Cruz, sc-376235) (dilution 1:200) in PBS with 2% goat serum. Cells 

were washed three times with PBS for 10 minutes and then incubated for 1 h at 37°C 

with the FITC-conjugated goat anti-mouse secondary antibody (dilution 1:200) diluted 

in PBS with 2% oat serum. Nuclei were counterstained with Hoescht 33342 (Sigma-

Aldrich) and epifluorescent signals were detected by using a Zeiss Axioskop II optical 

microscope. 

 

INCX MEASUREMENTS 

HL-1 cells were grown as described above. When cells reached confluence, they were 

enzymatically dissociated and treated with 2.5 µM SAHA or DMSO for 90 minutes. 

INCX was recorded in the whole-cell configuration of the patch-clamp technique. 

Briefly, cells were located on the platform of an inverted microscope (Nikon Eclipse Ti) 

and measurements  were recorded with a patch amplifier (Axopatch 700B; Molecular 

Devices), signals were detected by using a DAC⁄ADC interface (Digidata 1550; 

Molecular Devices) and data obtained by means of PClamp software (Vers. 10, 

Molecular Devices). Patch pipettes had a resistance of 3-4 MΩ when filled with the 

internal solution (in mM: 120 CsCl, 3 CaCl2, 0.5 MgCl2, 20 HEPES, 5 Mg-ATP, 5 

BAPTA K+4). Cells were superfused with the external solution (in mM: 128NaCl, 10 

CsCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 D(+)-glucose, 0.01 Lacidipine, 0.1 SITS, 

0.0005 Ouabain, pH 7.2 with CsOH). INCX was documented in voltage-clamp mode by 

applying a ramp voltage protocol starting from -120 mV to +50 mV, by adding to the 

external solution 5 mM of NiCl2 to block specifically INCX. Experiments were 

conducted at 26±2 °C and the INCX was calculated as a difference of nichel sensitive 

current. Further, INCX density current was calculated by dividing the current by cell 

membrane capacitance (Cm), designed by applying a ± 10 mV pulse starting from a 

holding potential of -70 mV, as previously reported [103]. Analysis of INCX was 

performed with pClamp10.0/Clampfit (Molecular Devices) and Origin 9.1 (Origin lab 

Corporation). 
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REAL TIME RT-PCR 

For gene expression study, RNA was obtained using TRIzol reagent. 1 µg of RNA was 

reversely transcribed with SuperScript® VILO cDNA Synthesis Master Mix 

(Invitrogen). cDNA was then amplified with SYBR-GREEN quantitative PCR on 

CFX96™ Real-Time PCR Detection System (Bio-Rad). Five candidate housekeeping 

genes, among different usually used ones, were explored in order to choose the most 

stable in HL-1 cell model: β-Actin (ACTB), TATA box binding protein (TBP), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), hypoxanthine guanine 

phosphoribosyl transferase (HPRT) and β-2 microglobulin (B2M). NormFinder 

software [111] was used to recognize the optimal normalization gene among the 

different candidates. B2M resulted as the most appropriate housekeeping gene for 

SERCA2a expression study. The following primers for mouse SERCA2a and B2M 

were used:  

 SERCA2a fw 5′-TCGACCAGTCAATTCTTACAGG-3’ 

 SERCA2a rev 5′- CAGGGACAGGGTCAGTATGC-3’ 

 B2M fw 5′- GGAAGCCGAACATACTGAACTG-3’ 

 B2M rev 5′-TCCCGTTCTTCAGCATTTGG-3’. 

Raw expression intensities of SERCA2a were normalized to the Ct value of B2M, 

chosen as internal control. Relative quantitation was calculated by using the ∆∆Ct 

method in comparison to not treated cells and fold changes in gene expression were 

estimated as 2
(-∆∆Ct) 

[112].  

 

ISOLATION OF THE MICROSOMAL FRACTION  

Microsomes were isolated from HL-1 cells and rat heart cardiomyocytes in according to 

Maruyama and MacLennan [113] with minor modifications. Specifically, cells were 

washed with cold PBS and then homogenized with 30 strokes in a glass Dounce 

homogenizer. The resulted homogenate was diluted with an equal volume of a solution 

of 0.5 M sucrose/ MgCl2 Tris-HCl, pH 7.5. Samples were centrifuged at 10,000 x g for 

20 min at 4°C to pellet nuclei and mitochondria. Pellet was discarded and the 

supernatant was centrifuged at 100,000 x g for 60 min at 4°C to obtain the microsomal 

fraction, that was re-suspended in a solution containing 0.25 M sucrose and 10 mM 

MOPS. All solutions were supplemented with protease inhibitors (Roche). Microsomes 
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were stored at -80° in several aliquots after measurement of concentration, performed 

by BCA protein kit (ThermoScientific), following manufacturer’s instructions.  

 

ATP/NADH COUPLED ASSAY FOR CALCIUM ATPASE ACTIVITY 

The assay is based on the reaction in which the regeneration of hydrolysed ATP is 

coupled to the NADH oxidation. Following ATP hydrolysis, the regeneration system 

comprising of phosphoenolpyruvate (PEP) and pyruvate kinase (PK) transforms one 

molecule of PEP to pyruvate while ADP is converted to ATP. Pyruvate is then 

transformed to lactate by L-lactate dehydrogenase (LDH) resulting in the oxidation of 

one NADH molecule (all reagents are from SIGMA). The rate of NADH absorbance 

decrease at 340 nm and it is proportional to the rate of steady-state ATP hydrolysis. The 

continuous regeneration of ATP allows the monitoring of the ATP hydrolysis rate over 

the entire course of the assay. Activity of the calcium ATPase was then calculated as 

Δabsorbance/6,22*protein*time (µmol P/min/mg protein) [55]. Calcium ATPase 

activity of HL-1 cells was measured from 30 µg of microsomes in each cuvette by using 

a Beckman DU-640 spectrophotometer, whereas the ATPase activity of rat 

cardiomyocytes was revealed from 4 µg/well by performing the assay in microplate and 

by measuring the absorbance with Envision multilabel reader (Perkin Elmer).  

 

BIOINFORMATIC ANALYSIS 

Different post-translation modification databases (PHOSIDA and scan-x) were used to 

identify candidate acetylation sites on human SERCA2a sequence. Structural models of 

human SERCA2a for the four different functional states were generated by comparative 

modeling using MODELLER, based on rabbit SERCA1 template structures that have 

been determined experimentally by X-ray diffraction. Rabbit SERCA1 is a close 

homologue to human SERCA2a with 83% sequence identity. The modelling was 

performed to investigate the potential impact of lysine acetylation on SERCA2a 

function. In particular the candidate acetylation sites were analyzed in relation to their 

location in the structure, their accessibility and proximity to functional sites. PHOSIDA 

is another phosphorylation site database: it permits the investigation of phosphorylation, 

acetylation and N-glycosylation data of the protein of interest. Additionally, it shows 

structural and evolutionary information on modified proteins [114].  

Scan-x is a software tool planned to identify motifs within any sequence [115, 116].  
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MODELLER was used for homology or comparative modeling of three-dimensional 

structures of proteins [117, 118]. MODELLER generates a structural a model of the 

protein of interest based on an alignment to a template structure. 

 

MUTAGENESIS 

SERCA2a mutants were generated by PCR-site directed mutagenesis and verified by 

complete sequencing (Eurofins MWG). The SERCA2a wild-type coding sequence 

(SERWT) as well as the SERCA2a coding sequence with the K residues mutated into 

Glutamine (SERKQ) or Arginine (SERKR) were subsequently cloned into in the 

pCDNA3 vector (Life Technologies) for cell transfection (for primers’ list see table 5). 

Transient transfections were performed on HEK-MSR1 cell line with Lipofectamine 

LTX (Invitrogen) following manufacturer’s instructions. Stable cell lines were then 

generated 24 hours after transfections with culture medium supplemented with 

Geneticin, the selection agent whose resistance was included in the pCDNA3 plasmid.  

 

SERWT-F AAAGGTACCATGATGGAGAACGCGCACACCAAGACG 

SERWT-R TTTGGGCCCTTACTCCAGTATTGCAGGTTCCAGGTAG 

K464Q-F GAAGGGTCTTTCTCAGATAGAACGTGC 

K464Q-R GGCATTTGCACGTTCTATCTGAGAAAGACC 

K464R-F GAAGGGTCTTTCTAGAATAGAACGTGC 

K464R-R GGCATTTGCACGTTCTATTCTAGAAAGACC 

K585R-F GCCAACTTTATTAGATATGAGACCAATCTG 

K585R-R TCAGATTGGTCTCATATCTAATAAAGTTGG 

K585Q-F GCCAACTTTATTCAGTATGAGACCAATCTG 

K585Q-R TCAGATTGGTCTCATACTGAATAAAGTTGG 

 

Table 5: Primers list 
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ZEBRAFISH POPULATION 

Zebrafish were maintained at 28.5°C in 14∶10 hours light/dark conditions, 50 adults/10 

L tank according to standard methods [119].  

All procedures adhered to the guidelines from the Italian Ministero della Sanità, Office 

of the Animals Scientific Procedures. 

ZEBRAFISH CARDIOMYOCYTE ISOLATION 

Enzymatic dissociations were performed to isolate adult zebrafish cardiomyocytes as 

previously described [120]. After removal, hearts of 5 zebrafish (for each experiment) 

were washed twice in a buffer containing PBS, 5.5 mM glucose, 10 mM HEPES, 10 

mM 2,3-butanedione monoxime (BDM) and 30 mM taurine and then located into 

digestion buffer (perfusion buffer supplemented with 12.5 µM CaCl2 and 0.2 Wünsch 

units/ml Liberase Blendzyme 3 (Roche). Two following digestions occurred at 27ºC in 

a thermomixer at 800 rpm for 40 minutes. Digestions were interrupted by using 

digestion buffer with 10% FBS. Calcium restoration was completed by raising different 

concentrations: 0.125, 0.250, 0.500 mM, respectively. Cardiomyocytes were then used 

to measure calcium transients by using IonOptix fluorescence and contractility system. 

 

RAT POPULATION 

This study was carried out in accordance with the recommendations included in the 

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. 

The protocol was approved by the Committee on the Ethics of Animal Experiments of 

the University of Parma. All efforts were made to minimize animal suffering.  

15 male Wistar
 
rats (Rattus norvegicus), aged 12-14 weeks and weighing 362±5 g, were 

individually housed in a
 
temperature-controlled room at 22–24 °C, with the

 
light on 

between 7.00 AM and 7.00 PM. 6 animals were exposed to a single intra-peritoneal 

injection of Streptozotocin (60 mg/kg) to induce diabetes, whereas 8 control rats were 

injected with saline vehicle (0.9% NaCl). Body weights and glucose blood levels were 

measured in 4-hour-fasting animals, before STZ or vehicle injection, two days after 

injection, and then weekly until sacrifice, three weeks after injection. 
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RAT CARDIOMYOCYTE ISOLATION 

Ventricular myocytes were enzymatically isolated by perfusion from the hearts of 

control and diabetic rats, as previously described [121]. Briefly, rats were anesthetised 

with ether approximately for five minutes and the heart was removed and rapidly 

perfused at 37°C through an aortic cannula with the following sequence of solutions: 

 a calcium-free solution for 5 min to remove the blood; calcium-free solution 

contained the following (in mM): 126 NaCl, 22 dextrose, 5.0 MgCl2, 4.4 KCl, 20 

taurine, 5 creatine, 5 sodium pyruvate, 1 NaH2PO4, and 24 HEPES (pH 7.4, 

adjusted with NaOH, and gassed with 100% O2) 

 a low-calcium solution (0.1 mM) plus 1 mg/ml type 2 collagenase (Worthington 

Biochemical) and 0.1 mg/ml type XIV protease (Sigma) for about 20 min;  

 an enzyme-free, low-calcium solution for 5 min.  

 

The left ventricle was then minced and shaken for 10 min. Cells were filtered through a 

nylon mesh and re-suspended in low-calcium solutions (0.1 mM) for 30 min. Before 

measuring cell mechanics, cells were incubated with SAHA 2.5 nM for 90 min. A 

subgroup of control and diabetic cardiomyocytes, after SAHA incubation, were loaded 

with 10 µM Fluo 3-AM (Invitrogen) for 30 min to measure calcium transients 

simultaneously with mechanical properties by using IonOptix fluorescence and 

contractility systems (IonOptix). For each group, cell mechanics and calcium transients 

were also recorded from untreated ventricular myocytes.  

 

RAT CARDIOMYOCYTE CONTRACTILITY MEASUREMENTS  

Cardiomyocytes were placed in a chamber mounted on an inverted microscope (Nikon-

Eclipse TE2000-U, Nikon Instruments) and perfused (1ml/min at 37°C) with a Tyrode 

solution containing (in mM): 140 NaCl, 5 HEPES, 1 MgCl2, 5.4 KCl, 5.5 glucose, and 1 

CaCl2 (pH 7.4, adjusted with NaOH). Only rod-shaped cardiomyocytes with pure edges 

and a sarcomere length ≥ 1.7 µm were designated for the analysis. All selected 

cardiomyocytes did not show any spontaneous contractions. Cells were field stimulated 

at a frequency of 0.5 Hz by constant current pulses (2 ms in duration, and twice diastolic 

threshold in intensity) carried by platinum electrodes placed on opposite sides of the 

chamber, connected to a MyoPacer Field Stimulator (IonOptix). Cells were displayed 
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on a computer monitor using an IonOptix MyoCam camera. Load-free contraction of 

myocytes was measured with the IonOptix system, which detected sarcomere length 

dynamics through a Fast Fourier Transform algorithm. The following parameters were 

computed: mean diastolic sarcomere length, fraction of shortening (FS), maximal rates 

of shortening and re-lengthening (±dL/dtmax), time to peak of shortening (peak-T), and 

time at 50% and 90% of re-lengthening (time to RL 50%, time to RL 90%, 

respectively). Steady-state contraction of cardiomyocytes was reached before data 

recording by means of a 10 seconds conditioning stimulation.   

 

CALCIUM TRANSIENTS  

ADULT CARDIOMYOCYTES 

Adult zebrafish and rat cardiomyocytes were treated for 1.5 hs with SAHA 2.5 µM and 

2.5 nM, respectively. Cells were loaded with 10 µM Fluo 3-AM (Invitrogen) for 30 

min. Calcium transients were induced by a field stimulation at a frequency of 0.5 Hz 

and measured by the IonOptix Myocyte Calcium and Contractility Recording System. 

Adult zebrafish cardiomyocytes were perfused with Tyrode’s solution containing in 

mM: D(+)-glucose 10, Hepes 20, NaCl 126, KCl 5.4, MgCl2 5, CaCl2 1 (pH adjusted to 

7.4 with NaOH), whereas adult rat cardiomyocytes were perfused with a Tyrode’s 

solution containing in mM: 140 NaCl, 5.4 KCl, 1 MgCl2, 5 HEPES, 5.5 glucose, and 1.8 

CaCl2 (pH 7.4, adjusted with NaOH).  

Calcium transients were defined by epifluorescence: excitation length was 480 nm, with 

emission length at 535 nm. Fluo-3 signals were expressed as normalized fluorescence 

(F/F0, fold increase). The maximal rate of fluorescence decline and the time to 50% and 

90% of fluorescence decay (corresponding to the recovery phase of calcium transients) 

were computed, thus resulting in different parameters: time to baseline (BL) 50% and 

90%. The time course of the fluorescence signal decay was defined by a single 

exponential equation and the time constant (tau) was used as a measure of the rate of 

intracellular calcium clearing [21]. Traces were then analyzed with Ionwizard software. 
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SERCA2 MUTANTS  

HEK-MSR1 stably transfected (as described above) with K464 and K585 onto SERCA2 

sequence mutated in Q or R were plated on the bottom of glass dishes (25 mm diameter) 

and grown for 2 days in MEM medium supplemented with 10% FBS, 2 mM L-

glutamine, MEM Non-Essential Amino Acids Solution (100X) and 50 µg/mL 

Geneticin. Cytosolic Ca
2+

 dynamics were analyzed in Fluo 4-AM loaded cells. Briefly, 

cells were loaded with 5 µM of Fluo4-AM (Molecular Probes-Invitrogen Life 

Technologies) for 20 min at room temperature and then washed with Tyrode’s solution 

containing in mM: D(+)-glucose 10, NaCl 140, Hepes 5.0, MgCl2 1.2, KCl 5.4, CaCl2 

1.8 (pH adjusted to 7.3 with NaOH). Dishes were placed in a perfusion chamber of an 

epifluorescence microscope (Nikon Ti) equipped with a 75 W Xenon lamp and 

connected to a CCD camera (Cool SnapTM EZ Photometrics). Cells were excited at 488 

nm wavelength and the fluorescence emission was measured at 520 nm and recorded 

using the MetaFluor Software (Molecular Devices). Imaging was scanned constantly at 

80 ms interval. 10 mM caffeine-pulse was used to evoke calcium transients. 

Experiments were conducted at 36.5 ± 0.5°C. A signal-to-noise ratio of at least 50 

arbitrary unit (A.U.) was considered as Ca
2+

 signal.  

Traces were resampled uniformly at 5Hz using an RBF interpolator (s=1, k=3) to 

remove noise. Baseline was considered by calculating the median value of the first 2 

seconds before the excitation. By scaling the traces from baseline/peak, the time to 

decay at the first intersection of  50, 90% of the curves was calculated, thus defining 

time to BL 50% and 90% as described in the above paragraph. 

 

STATISTICAL ANALYSIS 

Data were denoted as means ± sem. Statistical analysis were performed using unpaired 

two-tailed Student t-test when appropriate or One-way ANOVA, followed by 

Bonferroni’s multiple comparison test (in figure legend, test used for each specific 

experiment is reported). A p-value < 0.05 was considered statistically significant. 
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RESULTS 

EFFECT OF SAHA TREATMENT ON HL-1 CARDIOMYOCYTES  

HL-1 cell line is a line derived from atrial mouse cardiomyocytes, capable to contract 

and partially retain an adult cardiac phenotype [98]. As established by 

immunofluorescence and Western Blot techniques, they are able to express the cardiac 

isoform 2 of the Sarco/Endoplasmic Reticulum Calcium ATPase (SERCA) (Figure 8A 

and 8B). As expected, SERCA1 is expressed in rat skeletal muscle and not in mouse 

total heart. Further, it has been reported that SERCA3 is expressed in non-muscle cells, 

so it is not present in any samples analyzed [6].  

 

 

 

 

Figure 8: SERCA2 expression in HL-1 cells. (A) Immunofluorescence assays 

performed on HL-1 cells. Nuclei were counterstained with Hoechst (blue). Scale bar 

= 50 µm. (B) Western blot analysis performed on different lysates showed SERCA2 

expression only in HL-1 cells and in mouse heart (n=3). Densitometric analysis is on 

the right. Data are presented as mean ± sem, One-way ANOVA, followed by 

Bonferroni’s multiple comparison correction, * p < 0.05 vs SERCA2.. 

 

 

The treatment of HL-1 cells with the pan-inhibitor of class II HDAC SAHA 2.5 µM for 

1.5 hours (suberanilohydroxamic acid) allowed an increase in acetylation of SERCA2, 

demonstrated by co-immunoprecipitation experiments (Figure 9A). It has been detected, 

as a positive control of the effect of HDAC inhibition, also the increase of acetyl-α-

tubulin levels after SAHA treatment (Figure 9B). Importantly, SERCA2 expression 
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both at protein and mRNA levels did not change after SAHA adjunct, as reported in 

figure 9B and 9C, by performing western blot and real-time RT-PCR experiments. 

Notably, the concentration of SAHA 2.5 µM used in these experiments did not provoke 

significant cell death or signs of cell suffering (Figure 9D). 
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Figure 9: HDAC inhibition allowed Serca2 acetylation. (A) Immunoprecipitation 

experiment showing SERCA2 acetylation increases after SAHA exposure (n=3). 

Densitometries are on the right. Data are presented as mean ± sem, unpaired Student 

t-test: * p < 0.05 vs Ctrl. (B) Ac-α-tubulin expression analyzed by Western blot in 

HL-1 cells whole cell lysates not treated and treated with SAHA (2.5 µM) for 1.5 

hours (n=3). Densitometric analysis is on the right. Data are presented as mean ± 

sem, unpaired Student t-test: * p < 0.05 vs Ctrl. (C) Real time RT-PCR for SERCA2a 

mRNA expression in HL-1 cells treated and not treated with SAHA 2.5 uM (n=3). 

Data are presented as mean ± sem, unpaired Student t-test. (D) HL-1 cells not treated 

(left) and treated with SAHA 2.5 µM (right) and equal amount of DMSO (middle) 

and corresponding cell count of viable cells with trypan blue (scale bar = 50 µm; 

graph on the right; n=3). Data are presented as mean ± sem, One-way ANOVA, 

followed by Bonferroni’s multiple comparison correction.  

 

Furthermore, to study whether SAHA treatment, and consequently HDAC inhibition, 

could affect SERCA2 pump activity, microsomes were isolated from HL-1 cells. 

Microsomes are vesicle-like artifacts obtained from pieces of the sarco-endoplasmic 

reticulum (SR). After several differential centrifugations, purified portions of 

membranes were obtained. SERCA2 was expressed only in microsomes purified 

fraction and not in supernatant, as confirmed by Western Blot analysis (Figure 10A). 

SERCA2 activity was detected by performing ATP/NADH coupled assay on 

microsomes isolated from HL-1 cells not treated and treated with SAHA, showing that 

SAHA treatment promoted a significant increase of pump activity at different calcium 

concentration (Figure 10B). To investigate the involvement of NCX, the specific current 

was quantified as Ni
2+

-sensitive current in response to a voltage ramp in HL-1 cells. 

HDAC inhibition promoted by SAHA did not affect the NCX current at the different 

membrane potentials analyzed, from -80 mV to 30 mV (Figure 11A and B).  
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Figure 10: SERCA2 expression and activity in microsomes isolated from HL-1 

cells. (A) Western blot analysis on microsomes isolated from HL-1 cells contained an 

higher content in SERCA2 protein than supernatant fraction (n=1). (B) SERCA2 

activity measured by NADH-ATP coupled assay in microsomes isolated from HL-1 

cells not treated and treated with SAHA (n=5). Data are presented as mean ± sem, 

unpaired Student t-test: * p < 0.05 vs Ctrl. 
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Figure 11: NCX current is not affected after SAHA treatment in HL-1 cells. (A) 

Typical Nichel sensitive NCX current recording after SAHA treatment in HL-1 cells. 

(B) NCX density current measured at different voltage potential (Ctrl=11, 

SAHA=18). Data are presented as mean ± sem, unpaired Student t-test. 
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EFFECT OF SAHA TREATMENT ON ISOLATED HEALTHY CARDIOMYOCYTES 

In order to investigate whether pro-acetylation treatments can improve cardiac function 

by acting at the single cell level, we decided to analyze parameters related to contraction 

and calcium dynamics on cardiomyocytes enzymatically isolated from adult healthy 

rats. This kind of cells resulted very sensitive to SAHA contact. In fact, 2.5 µM SAHA, 

used before for HL-1 cells, significantly induced cells death while the application of 

SAHA 2.5 nM did not induce cell suffering. Measurements of cell mechanics revealed 

that SAHA 2.5 nM treatment enhanced re-lengthening time measured at 90% of the 

initial cell length (time to RL 90%, figure 12), even if there was no effect on calcium 

transients.  

 

Figure 12: Contraction parameters on isolated rat cardiomyocytes. Time to 50% 

and 90% of re-lengthening measured in adult rat cardiomyocytes not treated and 

treated with SAHA 2.5 nM for 1.5 h (Ctrl = 58, SAHA = 42). Data are presented as 

mean ± sem, unpaired Student t-test: * p < 0.05 vs Ctrl. 

 

Interestingly, the treatment with SAHA 2.5 µM of adult isolated zebrafish 

cardiomyocytes did not promote cell suffering (Figure 13) and induced a significant 

reduction in time to BL 50% and  time to BL 90%, thus ameliorating the efficiency of 

cytosolic calcium clearing mechanisms (Figure 14). 
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Figure 13: Isolated zebrafish cardiomyocytes. Control cardiomyocytes (left) and 

treated with SAHA 2.5 µM for 1.5 h (right; scale bar = 50 µm). 

 

 

 

Figure 14: SAHA effect on calcium transients in adult zebrafish cardiomyocytes. 

Adult zebrafish cardiomyocytes treated with SAHA 2.5 µM for 1.5 h showed a 

significant shortening of recovery time of calcium transients, measured at 50% (left) 

and 90% (right) of decay (Ctrl n=26, SAHA n=11; field stimulation at 0.5 Hz). Data 

are presented as mean ± sem, unpaired Student t-test: * p < 0.05 vs Ctrl.  
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EFFECT OF SAHA TREATMENT ON CMs ISOLATED FROM DIABETIC RAT HEARTS 

As expected, on microsomes isolated from diabetic rat cardiomyocytes SERCA2 

function was decreased. Nevertheless, accordingly with our hypothesis, SAHA 

treatment which induced the HDAC inhibition, resulted in a significant increase in 

SERCA2 activity, thus rescuing its function (Figure 15).  

 

Figure 15: SERCA2 activity rescue after SAHA treatment in microsomes 

isolated from diabetic rat cardiomyocytes. Calcium ATPase activity is decreased 

in diabetic cells, but SAHA treatment induced a more efficient reuptake of calcium 

into sarcoplasmic reticulum (n=4). Data are presented as mean ± sem, One-way 

ANOVA, followed by Bonferroni’s multiple comparison correction, * p < 0.05 vs 

Ctrl; # p < 0.05 vs Diab. Each measurement was performed in triplicate. 

   

Notably, cardiomyocytes isolated from streptozotocyn-induced diabetic rat hearts 

showed a substantial worsening of cell mechanical properties and intracellular calcium 

dynamics compared to control samples. In diabetic cardiomyocytes, the significant 

reduction in the fraction of shortening was linked with a decrease in the maximal rate of 

shortening (-dL/dtmax) and re-lengthening (+dL/dtmax,), leading to an overall 

prolongation of contraction/re-lengthening times. The compromised contractility was 

associated with an altered calcium handling, including a significant increase in the time 

required for cytosolic calcium removal, such as time to BL 50%, time to BL 90% and 

tau (Figure 16, left, middle and right, respectively).  
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Figure 16: Recovery phase of calcium transients in diabetic cardiomyocytes 

treated with SAHA is faster. Calcium transients analysis in diabetic rat 

cardiomyocytes (±SAHA 2.5 nM for 1.5 h) revealed that SAHA treatment rescued 

time to BL 50% and time to BL 90% after field stimulation at 0.5 Hz (left and 

middle, respectively). Tau is also decreased after HDAC inhibition (ctrl n=35, Diab 

n=36, Diab+SAHA=34). Data are presented as mean ± sem, One-way ANOVA, 

followed by Bonferroni’s multiple comparison correction, * p < 0.05.  

 

The action of SAHA 2.5 nM was effective in rescuing near to control values the kinetic 

constant (tau) and the time to BL 50% and time to BL 90% of calcium transients (Figure 

16), associated to the fraction of shortening, the maximal rate of shortening and re-

lengthening, and the time to RL 90% (Figure 17).  
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Figure 17: Contraction parameters of diabetic cardiomycytes ameliorated after 

SAHA exposure. Time to RL 90% and fraction of shortening (left and right, 

respectively) of diabetic cardiomyocytes tend to rescue after treatment with SAHA. 

(Ctrl n=35, Diab n=36, Diab+SAHA=34, field stimulation at 0.5 Hz). Data are 

presented as mean ± sem, One-way ANOVA, followed by Bonferroni’s multiple 

comparison correction, * p < 0.05 vs Ctrl.  
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PREDICTION OF PUTATIVE LYSINE ACETYLATION SITES OF HUMAN SERCA2A  

The results described above are in line with the supposition that direct acetylation can 

increase mouse SERCA2 (mSERCA2) activity. In support of these results, the free on-

line program PHOSIDA (www.phosida.org) was used to investigate putative conserved 

lysine acetylation sites in human protein sequence and then checked the site 

conservation among SERCA2 orthologues in different species (from Danio rerio to 

Homo sapiens; Table 6). This analysis showed that at least 5 consensus sequence for 

lysine acetylation were conserved among different species, including K262, K297, 

K464, K514 and K585. Considering that also NCX is involved in calcium removal, we 

performed the same prediction analysis, but putative acetylation lysines onto NCX 

sequence were less conserved in considered species (Table 7). 

 

 

 

 

 

 

 

Table 6: Putative Lysines acetylation sites in SERCA2 sequence in different 

species. Prediction was performed by using free software PHOSIDA.  
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Table 7: Putative Lysines acetylation sites in NCX sequence in different species. 

Prediction was performed by using free software PHOSIDA.  

 

The potential acetylation sites were further investigated in relation to their location in 

the protein structure and their potential functional impact. Structural models for the four 

conformational structural states of hSERCA2a (Figure 19) were generated with 

MODELLER (http://www.salilab.org/modeller/), based on rabbit homologue templates 

(83% sequence identity). On these different models, acetylated lysine sites were mapped 

on the hSERCA2a sequence and then their accessibility to acetylation and their location 

relative to functional sites were analyzed. Specifically, K464 and K585 were recognized 

as the best candidate acetylation sites, due to their location in the N-domain and being 

solvent accessible (Figure 19). Also K262 and K297 could be considered putative 

acetylated, but their location within the transmembrane domain suggested that they are 

not accessible for acetylation. Consequently, we decided to focus our attention only on 

K464 and K585.  

 

http://www.salilab.org/modeller/
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Figure 19: Structural model of Serca2a in the four conformational states. Left 

column: cartoon representation. Second column: surface representation of the same 

orientation. Third and fourth columns: cartoon and surface representations of the 

model rotated 180° around vertical axis. The four domains (N,P,A and 

transmembrane domain M) are characterized by different colours (Legend is on the 

top left model). Acetylation sites are labelled, such as K464 and K585.   

 

 

To evaluate the influence of Nε-lysine acetylation on hSERCA2 function, several 

mutants were produced where lysine in positions 464 or 585 was mutated into 

Glutamine (Q) or Arginine (R) to mimic constitutive acetylation or constitutive 

deacetylation, respectively. Transient transfection of vectors expressing either the 

hSERCA2 wild type form (WT) and the mutant forms was performed in HEK human 

cells, that express a lower levels of SERCA2 isoform compared to HL-1 cells and to 

other commonly used human cell line, such as HeLa (Figure 20). 

 

Figure 20: SERCA2 expression levels in different cells. Western blot analysis 

performed on HEK, HeLa, HL-1 cells and rat CMs. Densitometric analysis is on the 

right (n=1). 
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EFFECTS OF K464 AND K585 MUTATION ON HSERCA2 FUNCTION 

Stably transfected HEK cells were loaded with the calcium sensitive dye Fluo-3 and 

after the application of a caffeine pulse, calcium transients were induced. The time of 

the recovery phase of Ca
2+

 transients was used to analyze SERCA2 function [13].  

The time for the calcium traces to reach the fluorescence value equal to the 50% and the 

90% of the baseline (time to BL 50% and time to BL 90%, respectively) was 

significantly postponed if compared to SERWT, when K464 was mutated into R 

(SERK464R) when compared to SERWT (Figure 21). Conversely, mutants where K464 

was mutated into Q (SERK464Q) did not show any differences to the SERWT (Figure 

21A, B). These results indicates that constitutive acetylation of hSERCA2 K464 does 

not induce an acceleration of the recovery phase of Ca
2+

 transient. Nevertheless, K464 

mutation into R provokes a significant increase in the recovery phase time (Figure 21B), 

suggesting that the constitutive deacetylation has a negative impact on hSERCA2 

function. Notably, mutations into Q and R of K585 did not induce any significant 

change in the time of recovery phase of Ca
2+

 transient (Figure 22A, B). 
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Figure 21: Changes in velocity of recovery of calcium transients in SERCA2 

K464 mutants. K464 is mutated in Q or R. (A) Average of traces of calcium 

transients. (B) Calcium transients were evoked by caffeine pulse and then time to BL 

50% and 90% were analyzed and represented in seconds (SERWT n =156, K464Q n 

= 62, K464R n = 34). Data are presented as mean ± sem, One-way ANOVA, 

followed by Bonferroni’s multiple comparison correction, * p < 0.05 vs Ctrl; # p < 

0.05 vs K464Q.  

. 
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Figure 22: Changes in velocity of recovery of calcium transients in SERCA2 

K585 mutants. K585 is mutated in Q or R. (A) Average of traces of calcium 

transients. (B) Calcium transients were evoked by caffeine pulse and then time to BL 

50% and 90% were analyzed and represented in seconds (SERWT n =156, K585Q n 

= 76, K585R n = 57). Data are presented as mean ± sem, One-way ANOVA, 

followed by Bonferroni’s multiple comparison correction. 
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DISCUSSION 

SERCA2 activity has been proposed to be affected by acetylation/deacetylation 

processes by different authors [55; 59] even though, until now, no experimental 

confirmation has been described. In this work, we exhibited for the first time that 

SERCA2 direct acetylation can induce a significant increase of pump activity, as 

confirmed on isolated microsomes, and a consequent improvement of calcium removal 

parameters analyzed in different models of healthy and diseased cultured 

cardiomyocytes. Moreover, designated lysines have been modified in human SERCA2 

protein in order to consider the role of specific acetylation sites.  

In our experimental models, SERCA2 acetylation was induced by the treatment with 

Suberoylanilidehydroxamic acid (SAHA, or Vorinostat), an aspecific HDAC inhibitor. 

SAHA operates by chelating zinc ions in HDACs’ active site and it acts on all class I 

and II HDACs at different concentrations [90, 76]. Notably, in October 2006 the US 

Food and Drug Administration (FDA) approved SAHA for the treatment of refractory 

cutaneous T-cell lymphoma [94]. Huber and coworkers [122] did in vitro studies on 

purified enzymes showing that class I HDAC isoforms 1, 2, and 8 are inhibited by 

SAHA (IC50 <20 nM). It is 100 fold less strong on HDAC3, while for the Class II 

HDAC, SAHA appears to be effective only at micromolar concentrations, inhibiting 

preferentially the mostly cytoplasmic isoform HDAC6. Several evidences have been 

provided in literature, presenting that SAHA stops cell growth of an extensive variety of 

transformed cells in culture at 0.5–10 μM [76, 93, 123, 124]. SAHA can act also on 

normal cells, but was establish to be selectively toxic to transformed cells, inducing 

death in tumor cells, although leaving normal cells viable and growth-inhibited [90]. 

The calculated 50% cytotoxic concentration (CC50) for different cell lines is described 

to be in the range of 7.5-14.1 M [122]. In cellular assays with tumor cells, 2.5 M is 

the reported optimal concentration for inducing differentiation [93]. The same 

concentration was used in different works where authors investigated SAHA effect on 

growth suppression and proliferation inhibition of tumoral cells [125, 126]. We applied 

the same concentration reported in literature for in vitro cellular studies but with a 

shorter treatment time, anyway comparable with the SAHA half-life in plasma [127].  

HL-1 cells were treated with 2.5 µM of SAHA for 1.5 h and in these conditions, in 

agreement with literature data, we did not note cell cytotoxicity in term of 

vacuolarisation and/or mortality. 
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In HL-1 cardiomyocytes, the SERCA2 acetylation promoted by SAHA has been 

confirmed by immunoprecipitation and western blot for Acetil-Lysine. The specific 

SERCA2 ATPase activity has been investigated on isolated microsomes and resulted to 

be improved after HDAC inhibition. Specifically, at optimal calcium concentration 

(pCa5) [128, 129], we observed a statistically significant 2 fold increase of ATPase 

activity, demonstrating that SERCA2 acetylation promoted by SAHA induces an 

improvement of the enzyme activity, thus suggesting a faster reuptake of calcium into 

the SR. Moreover, we cannot exclude that SAHA can also act on other transporters or 

other proteins involved in calcium dynamic or on proteins that interact with SERCA2, 

but we have to take into consideration that SERCA2 is the most important player in 

calcium removal during the relaxation/recovery phase after the contraction. Actually, in 

different species (including humans, mice and rats) 70-90% of calcium ions are 

removed from the cytosol by SERCA2 [12]. Focusing our attention on the recovery 

phase of calcium transient, we investigated the effect of HDACs inhibition induced by 

SAHA in isolated zebrafish cardiomyocytes, as an alternative ex-vivo model. SERCA2 

of zebrafish has an 88% sequence identity with the human protein sequence (data 

obtained by BLAST, http://blast.ncbi.nlm.nih.gov/Blast.cgi) and shares the same 

putative sites of acetylation (using PHOSIDA software). In zebrafish cardiomyocytes, 

parameters as time to baseline at 50 and 90% were significantly decreased after 

exposure to SAHA, confirming that, in this model, the recovery phase after the 

contraction is faster after SAHA treatment as suggested by the HL-1 model. Moreover, 

we performed measurements of NCX current in HL-1 cells not treated and treated with 

SAHA 2.5 µM to investigate the role of Sodium-Calcium exchanger and the possible 

effect of SAHA on this protein. Results showed that there were no changes in NCX 

current after SAHA adjunct, thus demonstrating that the observed effect of increased  

efficiency of calcium removal from cytoplasm was due only to SERCA2 activity. In 

conclusion, these data suggest that SERCA2 is modulated by the effect of HDAC 

inhibition.  

We further study SAHA effect on rat cardiomyocytes. In rat cardiomyocytes we had to 

reduce the concentration of SAHA to 2.5 nM for a strong toxicity and mortality detected 

for higher concentrations. In any case, even at 2.5 nM there was an effect mediated by 

SAHA on the relaxation phase of cardiomyocytes contraction. In fact, also in this ex-

vivo cellular model, an ameliorated time to re-lengthening was observed, thus 
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confirming that this phase, in which SERCA2 is the key player, is improved. Our 

findings are in accordance with previous data showing that the contractile activity of 

cardiomyocytes can be increased by the effect of HDACs inhibitors, enhancing calcium 

sensitivity of myofilaments [95]. 

In order to investigate the impact of SERCA2 increased acetylation in a pathological 

system, we study the effect of SAHA on cardiomyocytes isolated from a rat model of 

diabetes. It is widely recognized that diabetic cardiomyopathy may be characterized by 

early diastolic dysfunctions [17, 106, 130]. The most frequently used model of type 1 

diabetes is streptozotocin (STZ) mode. STZ is a glucosamine-nitrosourea antibiotic that 

is analogous to glucose in term of structure [131] and it is usually given to animals to 

cause diabetes. Diabetes brings several modifications in STZ hearts: dysfunctions in 

Ca
2+

 handling, with a reduction in both activity and expression of SERCA2, a decrease 

in NCX expression, defects in sarcoplasmic reticulum calcium release and reuptake, and 

a compromised mitochondrial Ca
2+

 cycling [78, 132–136].  

The reduction in SERCA2 activity and expression in the failing diabetic myocardium 

have been demonstrated as a main contributing feature of the diastolic dysfunction 

detected in heart failure [107]. Specifically, a minor SERCA2 expression decreases the 

Ca
2+

 taken into the SR and a decrease of SR Ca
2+

 level reduces the calcium available for 

the succeeding contraction–relaxation cycle [17].  

We investigated the effect of HDACs inhibition on a STZ diabetic rat model, in order to 

consider if a restoration of normal values of SERCA2 activity could occur. As expected, 

after SAHA adjunct in diabetic rat cardiomyocytes both calcium transients and cell  

mechanical properties were improved, as well as SERCA2 activity measured in isolated 

microsomes, thus indicating that the dysfunction of calcium reuptake in diabetic 

cardiomyocytes can be restored by SAHA. Specifically, in diabetic rat cardiomyocytes 

the time required for cytosolic calcium re-uptake is prolonged, while the fraction of 

shortening is reduced. HDAC inhibition by SAHA treatment promoted a significant 

recovery of both parameters whose values approximated those measured in control 

cardiomyocytes.  

In order to evaluate some conceivable acetylation sites able to influence SERCA2 

activity, a bioinformatics prediction analysis has been done on the human SERCA2 

sequence. The analysis has been performed modelling the human SERCA2 on the 
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published structure of rabbit SERCA1, based on rabbit homologue model (83% 

sequence identity). In relation to the accessibility by the solvent and the location within 

functional domains of the enzyme, the K464 was chosen as the highest scored lysine. Of 

note, this lysine has been described to be acetylated in guinea pig heart [59]. We created 

two mutants of human SERCA2, where K464 was mutated into Glutamine (Q) or 

Arginine (R) to mimic the acetylated and the deacetylated state of the residue, 

respectively. Exploring calcium transients in transfected HEK cells, an increase of the 

recovery time has been observed, when mimicking the deacetylated state of the K464, 

whereas no effect was detected when the acetylated state of K464 was reproduced. A 

possible reason could be that the K464 requires to be acetylated for protein normal 

activity. Further, due to its position near to the phospholamban binding site, it is also 

possible to hypothesize that acetylation at K464 could influence SERCA2 activity by 

changing the interaction between SERCA2 and PLB. However, it cannot be excluded 

that the increased activity of SERCA2 promoted by SAHA is the net effect of the 

acetylation at different sites at the same time.  

In addition to the K464, we also made K585 mutants. This lysine could be theoretically 

acetylated as described in our prediction analysis, but Kho W. and coworkers reported 

that it can be SUMOylated [55]. In fact, SUMOylation of K585 enhances SERCA2a 

protein’s stability and its calcium pump activity. SUMOylation is described to affect 

other PTMs in reciprocal and competitive ways, such as changing acetylation status 

[137]. In our experiments, no effects on recovery phase of calcium transients occurred 

after the mutations in K585, thus indicating that the acetylation is not the preferred post-

translational modification on this site.  

In summary, the results described in this study revealed that SERCA2 function can be 

modulated by pro-acetylating interventions. In fact, acetylation levels of the protein are 

increased after HDAC inhibition promoted by SAHA and its pump activity resulted to 

be improved in the different explored models, confirming that acetylation is a post-

translational modification conserved among several species. Consequently, 

HAT/HDAC modulators can represent a starting point to develop drugs for the 

treatment of cardiac disorders where calcium handling is affected, such as diabetic 

cardiomyopathy, as already discussed in this work, but also heart failure or ventricular 

hypertrophy. 
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APPENDIX 

Acetylation is correlated to aging and to different diseases such as cancer, retroviral 

pathogenesis, neurodegenerative and cardiovascular diseases. Several protein properties 

can be regulated by lysine acetylation, including DNA-protein interaction, 

transcriptional activity, subcellular localization, stability and contribution in signaling 

pathways. It has been reported that, at the chromatin level, gene expression can be 

regulated by the balance between acetylation and deacetylation of both histone and non-

histone proteins. In fact, HATs and HDACs are enzymes that can alter the chromatin 

condensation status, thus allowing it to have a significant role in transcription [1].  

Furthermore, several evidences reported that exposure to electric activity have an 

impact on different cell functions: cell migration [2], development [3], wound healing, 

nerve growth, angiogenesis [4] and metastases [5] can be modulated by electric signals 

and transcription of excitable cells is influenced by electrical activity.  

Epigenetic modifications of DNA and histone proteins are emerging as important 

mechanisms by which cells adapt their transcriptional response to developmental and 

environmental signals. For example, mechanisms by which extracellular signals 

regulate the activity of chromatin-modifying enzymes has been reported in the nervous 

system, where depolarization allows the activation of the HAT CBP (chromatin binding 

protein, p300)  promoting an increase of intracellular Ca
2+

 concentration through the 

activation of L-type Ca
2+

 channels [6, 7]. In the context of cardiac function, cell pacing 

can promote the transcriptional regulation of genes such as GATA4, Adss1 

(adenylosuccinate synthetase 1 [8]) and STAT3. Further, high frequency electrical 

stimulation can induce the hypertrophic growth  of cultured cardiomyocytes [9], [10]. 

Notably, altered expression and/or localization of Connexin43 (Cx43) is reported in 

cardiac rhythm diseases, as atrial fibrillation (AF) and tachycardia-associated 

remodeling [11]. Connexin43 is the major component of gap junctions (GJs) connecting 

cardiomyocytes [12]. However, mechanisms of how electrical stimulation may affect 

Cx43 expression, function and distribution in diseases associated with rhythm disorders 

is not completely clear. 

It has been recently shown that tachypacing can cause electrical remodeling and 

cardiomyocytes loss of function , partially due to HDAC6 activation and consequent 

deacetylation-induced depolymerization of α-tubulin [13]. Moreover, it has been 

demonstrated that HDAC4 and PCAF play a role in the regulation of cardiac 
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myofilament contraction in an acetylation-dependent manner [14]. In addition, lysine 

acetylation can modify Cx43 expression and its intracellular distribution, thus 

influencing cell to cell communication with consequences on cardiac function [15]. 

The following appendix would offer an overview on electrical activity and its impact on 

cell acetylation and, consequently, cardiac function. 

During the three years of my PhD in Systemic Pathophysiology, I focus my attention on 

drug-induced and activity-dependent acetylation as a new perception of the regulation 

of cardiac function. The thesis that I presented investigate the role of acetylation in the 

modulation of  cardiac cell activity, specifically the impact of SERCA2 acetylation 

(promoted by HDAC inhibition after SAHA treatment) on its calcium pumping activity. 

On the other side it was of interest analyzing whether the cardiac cell activity could be 

modulated by acetylation of cardiac proteins. To attend this, I gave my contribute in the 

work titled “Acetylation mediates Cx43 reduction caused by electrical stimulation”, 

under the supervision of  Dr. Alessandra Rossini.  

This project took in consideration the alteration of electrical activity and its regulation 

of communication between cardiomyocytes by influencing the acetylation status of 

Cx43. Specifically, it provides evidences that the junctional remodeling consequent to 

altered electrical activity can be partially explained by variation in 

acetylation/deacetylation balance of cardiomyocytes. Electrical stimulation can 

modulate Cx43 acetylation in cardiac cells both in vivo and in vitro with a consequent 

down-regulation and intracellular relocalization of Cx43. This work suggests that 

electrical activity-dependent alteration of protein acetylation might be a novel 

mechanism for the regulation of cardiomyocyte communication and support the 

hypothesis that HAT/HDAC modulators could play a role in new approaches for rhythm 

disturbance regulation.  

The work has been published in the Journal of Molecular and Cellular Cardiology, 

Volume 87, October 2015, Pages 54–64 (doi:10.1016/j.yjmcc.2015.08.001). 
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