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A B S T R A C T   

Epigenetic mechanisms regulate multiple cell functions like gene expression and chromatin conformation and 
stability, and its misregulation could lead to several diseases including cancer. Epigenetic drugs are currently 
under investigation in a broad range of diseases, but the cellular processes involved in regulating epigenetic 
mechanisms are not fully understood. Calcium (Ca2+) signaling regulates several cellular mechanisms such as 
proliferation, gene expression, and metabolism, among others. Moreover, Ca2+ signaling is also involved in 
diseases such as neurological disorders, cardiac, and cancer. Evidence indicates that Ca2+ signaling and epige-
netics are involved in the same cellular functions, which suggests a possible interplay between both mechanisms. 
Ca2+-activated transcription factors regulate the recruitment of chromatin remodeling complexes into their 
target genes, and Ca2+-sensing proteins modulate their activity and intracellular localization. Thus, Ca2+

signaling is an important regulator of epigenetic mechanisms. Moreover, Ca2+ signaling activates epigenetic 
mechanisms that in turn regulate genes involved in Ca2+ signaling, suggesting possible feedback between both 
mechanisms. The understanding of how epigenetics are regulated could lead to developing better therapeutical 
approaches.   

1. Introduction 

1.1. Overview of epigenetic mechanisms 

Epigenetics mechanisms are major molecular processes that regulate 
gene expression without modifying the underlying DNA sequence and 
are involved in cellular functions such as development, differentiation, 
DNA repair, and replication, among many others [1]. Three major 
epigenetic mechanisms have been studied over the last decades. 1: 
Histone posttranslational modifications (HPMs) are dynamic covalent 
modifications that occur at the tails of histones that regulate chromatin 
structure and gene expression in a context-specific manner [1]. There 
are several described HPMs such as acetylation, methylation, phos-
phorylation, and ubiquitination, among many others. Each one of them 
could act directly on the chromatin conformation by altering the DNA – 
nucleosome interaction or being a recruiting signal for transcriptional 
activator/repressor complexes [2]. The dynamics of HPMs are mediated 
by enzymatic activity. For instance, histone acetylation is regulated by 
histone acetyltransferases (HATs), histone deacetylation by histone 
deacetylases (HDACs), and acetylation is associated with open chro-
matin and gene expression [2]. Another example is histone methylation 
which is orchestrated by histone methyltransferases (HMTs) and histone 

demethylases (HDMs), and either induces or represses gene expression 
depending upon the methylated site and number of added methyl groups 
[3]. 2: DNA methylation is another epigenetic checkpoint of gene 
expression and genomic stability, that consists in the addition of a 
methyl group to the 5′ carbon of the cytosine in CpG dinucleotides [4]. 
The dynamics of DNA methylation are orchestrated by DNA methyl-
transferases (DNMTs) and Ten-Eleven Translocation (TET) enzymes. 
DNMTs mediate DNA methylation by using S-adenosylmethionine as a 
methyl group donor. In counterpart, TET enzymes iterative oxidate 
methylated CpG to restore unmodified cytosines [5]. Also, CpG could be 
passively demethylated through successive cycles of DNA replication 
[5]. DNA methylation is usually associated with transcriptional repres-
sion due to the prevention of transcription factor binding and the 
recruitment of transcriptional repression complexes through 
methyl-binding transcription factors like MeCP2 [6]. 3: The third major 
epigenetic regulators are chromatin remodeling ATP-dependent com-
plexes that modify chromatin structure by disruption of nucleosome 
from DNA, and removal or exchange of nucleosomes [7,8]. Four sub-
families of chromatin remodelers have been described so far: switch/-
sucrose non-fermentable (SWI/SNF), imitation switch (ISWI), 
chromodomain helicase DNA-binding (CHD), and INO80 [9]. On one 
hand, all chromatin remodeling subfamilies shared an ATP-dependent 
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DNA translocation mechanism. On the other hand, most subfamilies 
showed specialized functions. For instance, the SWI/SNF complex is 
involved in rendering more accessible chromatin by sliding nucleosomes 
across DNA, whereas ISWI and CHD complexes regulate the nucleosome 
assembly and organization. Both mechanisms are tightly associated with 
transcriptional regulation, since SWI/SNF activity often promotes gene 
expression, and ISWI and CHD activity promotes gene silencing [9]. 

Altered epigenetic mechanisms have been linked to several pathol-
ogies such as cancer, neurogenerative disorders, and cardiovascular 
diseases. A major feature during carcinogenesis is altered expression of 
tumor suppressor genes and oncogenes due to aberrant epigenetic 
mechanisms. The altered epigenetic function is in part explained by 
somatic mutations of the enzymes involved in mediating epigenetic 
modifications, as well as in the components of the transcriptional acti-
vator/repressor complexes. There are several described mutations in a 
broad range of cancers described elsewhere [10,1,11]. Also, altered 
expression of epigenetic regulators is a common feature in cancer. For 
instance, overexpression of DNMT1, DNMT3a, and DNMT3b has been 
reported in acute myeloid leukemia, glioma, breast cancer, gastric 
cancer, colorectal, hepatocellular carcinoma, prostate, and lung cancers 
[12]. The expression of SMARCA2 and ARID1A, both components of the 
SWI/SNF complex, is altered in hepatocellular carcinoma, breast, cer-
vical, and bladder cancers, and correlates with patients’ outcomes [13]. 
In addition to mutations and altered expression, proper regulation of 
epigenetic mechanisms plays a crucial role in health and disease. In 
neurodegenerative disorders such as Alzheimeŕs, dysregulation of his-
tone modifying enzymes and HPMs are associated with loss of synapse, 
activation of neurodegeneration genes, Tau protein phosphorylation, 
and β-Amyloid aggregation [14]. Genome-wide alterations of DNA 
methylation patterns have been found in the temporal cortex and hip-
pocampus of patients with Alzheimeŕs [15]. Also, gene-specific altered 
DNA methylation was found at the promoter of apolipoprotein E [16]. In 
rat nucleus accumbens, chronic stress dysregulates histone H3 acetyla-
tion and decreases nuclear HDAC2 levels [17]. Altered Global DNA or 
locus-specific methylation correlates with cardiovascular diseases such 
as coronary heart disease, acute myocardial infarction, heart failure, and 
hypertension. Similarly, altered regulation of HPMs like acetylation and 
methylation is associated with several cardiovascular diseases [18]. 

Given that epigenetic alterations are reversible and involved in a 
broad range of diseases, it is not surprising that are considered as an 
attractive therapeutic target. The use of epigenetic drugs for cancer 
therapy has been widely explored over the last decade, resulting in the 
approval of inhibitors of epigenetic mechanisms by the Food and Drug 
Administration (FDA). For example, 5-Azacitidine (Vidaza), and 5-Aza- 
2′-deoxycytidine (Dacogen), both DNMT inhibitors (DNMTi), are 
approved for myelodysplastic syndrome. Also, HDAC inhibitors 
(HDACi) suberoylanilide hydroxamic acid (Zolinza), and romidepsin 
(Istodax), are approved for the treatment of cutaneous T-cell lymphoma 
[12]. The application of epigenetic drugs in other diseases is still an 
emerging area of research. In a murine model of cardiac hypertrophy, 
treatment with Dacogen reverts hypermethylation, protein expression 
patterns, and phenotype induced by the chronic norepinephrine infusion 
[19]. Pretreatment with Entinostat, a class I HDACi, protects against 
ischemia-reperfusion, improves ventricular and contractile function, 
and increases the expression of SOD2 and catalase [20]. Mice under 
chronic social stress showed altered histone H3 acetylation levels in the 
nucleus accumbens, hippocampus, and amygdala, and loss of social 
interaction. Infuse of HDACi MS-275 into the amygdala reverses social 
avoidance, suggesting that HDACi could have a potential antidepressant 
effect [17,21]. Taken together, evidence indicates that epigenetic 
mechanisms are involved in a broad range of diseases, and the thera-
peutic use of epigenetic drugs shows promising results. However, to 
understand the potential use of epigenetics as a therapeutic approach, 
the mechanisms involved in the regulation of epigenetics need to be 
fully understood. 

1.2. Regulation of epigenetic mechanisms 

Fine regulation of epigenetic mechanisms depends on signaling 
pathways, the proper function of cellular organelles, and the abundance 
of intermediate metabolites necessary to generate epigenetic marks. The 
role of cellular pathways in the regulation of epigenetic mechanisms has 
been widely studied in stem cell development and cancer [22,23]. In 
response to extracellular signals, phosphorylation pathways regulate 
epigenetic mechanisms at different levels. Histone phosphorylation is 
involved in transcriptional regulation, chromatin condensation, and 
DNA damage response. Upstream signaling such as Mitogen-Activated 
Protein Kinases (MAPK), JAK/STAT, and PI3K-AKT pathways, acti-
vates a broad range of kinases that directly phosphorylates histones at 
different sites eliciting a variety of outcomes. During stem cell differ-
entiation, MAPK signaling activates JUN N-terminal kinase (JKN) that 
phosphorylates histone H3 at S10, activating gene expression [24]. 
During androgen receptor signaling activated gene expression, protein 
kinase C β (PKCβ) phosphorylates histone H3 at T6, preventing the 
demethylation of histone H3 at K4 by histone demethylase LSD1 [25]. 
DNA methylation is also influenced by phosphorylation pathways. 
DNMT1 is phosphorylated at multiple sites with paradoxical functions. 
For example, phosphorylation at Ser154 and Ser143 by 
cyclin-dependent kinases (CDKs) and AKT1, respectively, is important 
for its activity and stability [26,27]. In contrast, phosphorylation of 
DNMT1 at Ser146 by casein-kinase 1 δ/ε (CK1δ/ε) decreases its affinity 
to DNA [28]. Similarly, phosphorylation of DNMT3a by CK2 decreases 
its ability to methylate repetitive elements and regulates its localization 
to heterochromatin [29]. Recently, the field of mechanobiology has 
demonstrated that mechanical signals have a major role in cell biology 
and disease. Fluctuation in the mechanical microenvironment is sensed 
by membrane proteins like integrins and transduced into the nucleus 
through the cytoskeleton [30,31]. In an atherosclerosis mouse model, 
cells under disturbed blood flow showed altered chromatin accessibility 
and gene expression compared to those under normal blood flow [32]. 
During epidermal lineage commitment, mechanical strain is sensed by a 
mechanosensory complex formed by emerin, non-muscle myosin IIA, 
and actin, and induces a switch from H3K9me2 and H3K9me3 to 
H3K27me3, regulating the expression of lineage genes [33]. Thus, not 
only chemical signals from extracellular space influence chromatin 
modifications but also physical fluctuations in the cell microenviron-
ment will have a major role in cell fate. Cell organelles are major com-
ponents in every cellular mechanism and play a critical role during 
pathway regulation. For example, mitochondria are the “powerhouse” 
of the cell, and in addition to its canonical role as an ATP factory, 
mitochondrial metabolism is crucial to producing intermediate metab-
olites that mediate a broad range of cellular mechanisms [34]. Partic-
ularly in epigenetics, mitochondria provide two key epigenetic cofactors 
through the activity of the tricarboxylic acid (TCA) cycle. On one hand, 
citrate exported from the TCA cycle is used to produce acetyl-CoA, 
which then is used as an acetyl group donor for HAT activity. On the 
other hand, produces α-ketoglutarate, used as a histone demethylase 
cofactor, and fumarate and succinate, which inhibit histone and DNA 
demethylation [35]. Another major organelle involved in epigenetic 
mechanisms is the endoplasmic reticulum (ER). The ER has three major 
functions: it serves as the major calcium ion (Ca2+) reservoir and par-
ticipates in protein synthesis and lipid metabolism. ER malfunction 
could lead to the accumulation of misfolded proteins, which in turn 
activate the unfolded protein response (UPR). UPR is an ER stress 
mechanism that is activated to restore the balance within the cell [36]. 
Activation of UPR induces alternative splicing of HAC1, which is 
necessary for the recruitment of SWI/SNF chromatin remodeling com-
plexes at UPR-response gene promoters [37]. In renal cells, demethy-
lation of H3K9 and H3K27 is necessary for thapsigargin (Tg)-induced ER 
stress transcriptional activation of UPR response transcription factors 
ATF4 and XBP1 [38]. During ER stress, YY1 interacts with the arginine 
methyltransferase PRMT1, and with HAT p300, to induce the expression 
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of the ER chaperon GRP78, through histone H3 acetylation and histone 
H4 methylation at R3 [39]. Overall, evidence indicates that epigenetics 
are regulated via different mechanisms that involve extra and intracel-
lular signaling, cofactors abundance, and cell organelles. However, 
there is also evidence that suggests that these mechanisms involved in 
the regulation of epigenetics are part of a “master cell regulation 
signaling” that is involved in almost all (if not all) cellular processes. 

2. Calcium signaling: a universal second messenger in health 
and disease 

Ca2+ signaling plays an important role in regulating a wide range of 
cell mechanisms such as gene expression, muscle contraction, cell cycle, 
proliferation, apoptosis, excitation-contraction, synapsis, and embry-
onic development, among many others. Involves the interplay of cell 
organelles like mitochondria and ER, as well as the activity of receptors, 
channels, pumps, transcription factors, Ca2+ sensing proteins, and many 
other proteins involved in the generation and decodification of Ca2+

signals [40]. Ca2+ signaling initiates with extra and/or intracellular 
stimulus, and the subsequent Ca2+ entry from extracellular space or its 
release from intracellular stores such as ER. Ca2+ entry from extracel-
lular space is mainly regulated by permeant Ca2+ channels such as 
voltage and ligand-gated Ca2+ channels. Also, depletion of ER Ca2+ is 
sensed by Stromal Interaction Molecules (STIM) which in turn interact 
and activate the store-operated Ca2+ channels Orai, in a mechanism 
known as Store Operated Calcium Entry (SOCE) [41]. On the other hand, 
Ca2+ release from intracellular stores is orchestrated by Ca2+ channels 
located at the membrane of intracellular organelles. For example, IP3R 
and ryanodine receptor (RyR), both activated by different mechanisms, 
mediate Ca2+ release from ER into the cytoplasm [42]. The increase in 
intracellular Ca2+ levels activates a broad range of cellular functions, 
depending on the amplitude and magnitude of the Ca2+ signal. For 
instance, muscle contraction requires a millisecond Ca2+ signal, whereas 
gene transcription and cell proliferation require that the Ca2+ signal 
operates over minutes to hours [43]. An increase in Ca2+ concentrations 
is transduced by Ca2+ effector proteins such as calmodulin (CaM) or the 
S100 proteins, which in turn activate a broad range of proteins. For 
instance, CaM activation regulates the activity of the 
Ca2+/Calmodulin-dependent kinases (CaMKs) proteins and the phos-
phatase Calcineurin [44]. To achieve a tight regulation of the 
Ca2+-activated mechanisms, the amplitude and kinetics of Ca2+ signals 
are precisely regulated. This process, known as Ca2+ homeostasis, in-
volves a continuous and fine-orchestrated Ca2+ transport out of the cells 
or into intracellular reservoirs [45]. Several proteins are involved in this 
process. For example, the Ca2+ pumps, located at the plasma membrane, 
ER, and Golgi system, transport Ca2+ out of the cell or into organelles, at 
the expense of ATP [46]. Altered Ca2+ signaling or malfunction of the 
proteins involved in its homeostasis is associated with several pathologic 
conditions that range from cardiac and neurodegenerative diseases to 
cancer. In the context of cancer, is involved in tumoral mechanisms that 
encompass sustained activation of mitogenic pathways to malfunction of 
the immune system by different branches of Ca2+ signaling [47]. In 
breast cancer cells, ANXA4, a Ca2+ binding protein, activates JAK-STAT 
signaling by upregulation of JAK1 and phosphorylation of STAT3 [48]. 
Also in breast cancer, the Ca2+ permeable channel TRPM7 regulates the 
EGF-induced phosphorylation of STAT3 and the induction of 
Epithelial-to-Mesenchymal Transition (EMT) [49]. Inhibition of protein 
convertases represses PD-1 expression by blocking Ca2+-dependent 
NFAT signaling and enhances cytotoxic T lymphocyte infiltration in 
colorectal cancer [50]. Over the last decades, evidence indicates that 
altered Ca2+ signaling is a precursor and driver of neurodegenerative 
diseases. The ER Ca2+ channel RyR) has a dual effect in Alzheimer’s 
Disease (AD) since the early stages of AD reduce neuronal excitability 
and Aβ production, whereas in advanced stages of AD deletion or 
blocking of RyR3 is beneficial for AD pathology [51]. In spiny neurons, 
expanded huntingtin protein binds and activates ER Ca2+ channel 

InsP3R1, resulting in enhanced Ca2+ response to glutamate and 
increased apoptosis [52]. Altered Ca2+ signaling is a key feature of 
cardiovascular diseases such as heart failure, cardiac infarction, and 
cardiac hypertrophy. During rat ischemia-reperfusion, 
Ca2+-calmodulin-dependent protein kinase II (CaMKII) mediates an 
apoptotic-necrotic pathway that involves the phosphorylation of ER 
proteins and mitochondrial Ca2+ overload [53]. The sarco(endo)plasmic 
reticulum Ca2+ ATPase 2 isoform a (SERCA2a) protein expression and 
activity are decreased in failing human myocardium [54]. Given its 
versatility and involvement in a broad range of diseases, Ca2+ signaling 
has been an attractive target for therapy research. Inhibitors of the 
voltage-gated Ca2+ channels (VGCC), Mibefradil and KYS05047, are 
under clinical investigation for glioblastoma, and ovarian and lung 
cancers. Also, Mipsagargin and Curcumin, both inhibitors of SERCA 
enzymes, are in clinical trials for prostate and pancreatic cancers [47]. In 
cardiac diseases, SERCA2a has been widely studied as a potential ther-
apeutic target, ranging from recovery of its expression through gene 
therapy to epigenetic drugs like Hydralazine and Resveratrol (RSV). 
Also, inhibitors of the mitochondrial Ca2+ uniporter (MCU) are studied 
to reduce mitochondrial Ca2+ overload [55]. Thus, Ca2+ signaling has 
direct or indirect involvement in most cellular mechanisms and during 
several diseases, and proteins involved in its signaling are currently 
under clinical investigation. 

The versatility of Ca2+ signaling raises the question of whether it 
regulates major cellular mechanisms such as epigenetics. Evidence 
suggests that Ca2+ signaling is involved in the regulation of epigenetic 
mechanisms, however, this point of view has not been fully discussed 
and reviewed. This could have an impact on future therapeutic ap-
proaches since both Ca2+ signaling and epigenetics are currently under 
investigation as clinical targets for a broad range of diseases. 

3. Calcium signaling emerges as a key regulator of epigenetic 
mechanisms 

The first indirect evidence of the involvement of Ca2+ signaling in 
regulating epigenetics derives from experiments focused on under-
standing the role of Ca2+ in cell cycle and gene expression. The cell 
cycle, particularly the mitosis and division phases, are tightly regulated 
by epigenetic modifications [56]. Early experiments from the 1980s in 
HeLa cells indicate that phosphorylation of histone H3 is 
Ca2+-dependent. Moreover, pretreatment with HDACi sodium butyrate 
potentiates Ca2+-induced phosphorylation, suggesting a crosstalk be-
tween both HPMs [57]. Also in Hela cells, Ca2+ regulates the transition 
from chromosome compaction to relaxation during mitotic progression 
[58]. The major Ca2+-dependent mechanism involved in cell cycle 
progression is the CaM pathway [59]. CaM also regulates chromatin 
remodeling by promoting nuclear actin assembly through the 
ER-associated forming INF2 [60]. As mentioned before, epigenetic 
mechanisms are involved in transcriptional regulation and gene 
expression is regulated by Ca2+ signaling (see Table 1). For instance, in 
hippocampal neurons, nuclear Ca2+ regulates the expression of 185 
genes, among them, a set of genes that provides neuroprotection [61]. 
Fluctuations in Ca2+ concentrations regulate the expression of prolactin 
and correlate with an increase in histone acetylation at its promoter 
[62]. Ca2+ release from intracellular stores regulates the mRNA and 
protein expression of HAT p300, suggesting that Ca2+ also regulates the 
expression of chromatin modifiers enzymes [63]. Moreover, Ca2+

signaling drives the loss of heterochromatin marks H3K9me3 to prevent 
DNA damage induced by mechanical stretch [64]. 

Given that Ca2+ signaling and epigenetics regulate the same mech-
anisms, we could hypothesize that Ca2+ also regulates epigenetic 
mechanisms and vice versa. In the further section, we summarize the 
evidence regarding the role of Ca2+ signaling in the regulation of 
epigenetic mechanisms. Given the versatility and dynamics of Ca2+

signaling, its regulatory role could be at different steps of epigenetic 
control of gene expression. We focus on two major steps of epigenetic 
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regulation: [1] how Ca2+-activated transcription factors regulate the 
recruitment of chromatin modifying complex into DNA, and [2] how the 
Ca2+-sensitive proteins regulate the activity of the proteins involved in 
epigenetic processes. 

3.1. Ca2+-induced transcription factors recruit epigenetic protein 
complexes to induce chromatin remodeling 

Ca2+ signaling regulates gene expression through multiple Ca2+- 
induced transcription factors. The increase of intracellular Ca2+ con-
centrations activates Ca2+-sensitive proteins such as CaM or the S100 
superfamily, which in turn regulates hundreds of proteins [44,65]. On 
the one hand, CaMKs regulate the activation of multiple transcription 
factors like CREB, ATF1, NFκB, MeCP2, MEF2, and SRF. On the other 
hand, Calcineurin regulates the activity of transcription factors such as 
NFAT and MEF2 [44,66–69] (Fig. 1). In Jurkat T cells, activation of 
Ca2+-signaling with ionomycin activates the expression of hundreds of 
genes and induces chromatin remodeling at regulatory regions 

containing NFAT binding sites [70]. In activated neutrophils, Ca2+

signaling instructs the recruitment of NIPBL, which regulates the 
loading of the Cohesin complex into active enhancers and promoters. 
NIPBL binding is coordinated by Ca2+-sensitive transcription factors 
such as NFAT that recruit HATs such as p300 to maintain H3K27ac [71]. 
In neurons, membrane depolarization, which induces Ca2+ influx 
through L-type VGCCs, activates enhancer RNA synthesis by increasing 
H3K4me1 levels and CBP recruitment [72] Also, mediates the phos-
phorylation of MeCP2 by CaMKII, resulting in its release from BDNF 
promoter, a decrease in the methylation of lysine 9 at histone H3, an 
increase of acetylation at the same residue, and a decrease in CpG 
methylation frequency [73,74]. Acute exercise induces the phosphory-
lation of the Ca2+ channel RYR2, dephosphorylation and nuclear 
translocation of NFAT1c, and increased histone acetylation at H3K9, 
H3K14, and H3K27 [75]. In colon cancer cell lines, CaMK mediates the 
expression of tumor suppressor genes by inducing nuclear extrusion of 
MeCP2 [76]. During synapsis of hippocampal neurons, CaMKII regulates 
the function of MeCP2 through its phosphorylation on serine 421 [77]. 
During terminal muscle differentiation, MEF2D cooperates with myo-
genin to recruit SWI/SNF to the promoter of desmin and MCK [78]. In T 
cells, Calcineurin and NFAT2 induce TOX activation and initiation of the 
exhaustion program. TOX modulates genome-wide chromatin accessi-
bility through the interaction with several chromatin remodeling pro-
teins such as KAT7 and DNMT1 [79]. 

Similarly to CaM, the members of the S100 superfamily are Ca2+- 
sensitive proteins that translate Ca2+ oscillations into cellular mecha-
nisms such as proliferation, migration, differentiation, and gene 
expression, among others [80]. S100A10 and ANXA2 heterotetrameric 
form a complex with the chromatin remodeling factor SMARCA3 
(member of the SWI/SNF complex), increasing its DNA binding affinity 
[81] (Fig. 1). In breast cancer stem cells, S100A4 and ANXA2 form a 
complex with the histone chaperone SPT6 and the histone demethylase 
KDM6A, which in turn removes the H3K27me3 histone mark [82]. 

The Protein Kinase C (PKC) family is composed of serine-threonine 
kinases divided into classical, novel, and atypical isoforms, that regu-
late a broad range of cellular mechanisms such as gene expression, 
proliferation, differentiation, and immune response, among others. The 
classical PKC isoforms (PKCα, PKCβI, PKCβII, and PKCγ) are regulated by 
Ca2+ [83]. PKCβII regulates NF-κB-mediated CCL11 transcription 
through activation of the HAT p/CAF by phosphorylation and the in-
duction of histone H4 acetylation [84]. In T cells, a Ca2+-dependent 
activation of PKC is necessary for chromatin decondensation via NF-κB 

Table 1 
List of epigenetic terms and their corresponding definition.  

Term Definition 

CHD Chromodomain helicase DNA-binding 
CpG Cytosine – Guanine dinucleotide 
DNMT DNA methyltransferase 
DNMTi DNA methyltransferase inhibitor 
H3K4me1 Monomethylation of histone H3 at lysin 4 
H3K4me2 Dimethylation of histone H3 at lysin 4 
H3K9me2 Dimethylation of histone H3 at lysin 9 
H3K9me3 Trimethylation of histone H3 at lysin 9 
H3K27ac Acetylation of histone H3 at lysin 27 
H3K27me3 Trimethylation of histone H3 at lysin 27 
H3R17 Arginine 17 of histone H3 
H3R26 Arginine 26 of histone H3 
H4R3 Arginine 3 of histone H4 
HAT Histone acetyltransferase 
HDAC Histone deacetylase 
HDACi Histone deacetylase inhibitor 
HDM Histone demethylase 
HPM Histone posttranslational modification 
ISWI Imitation switch 
PAD Protein arginine deaminase 
SWI/SNF Switch/sucrose non-fermentable 
TET Ten-eleven translocation 
ubH2A Ubiquitination of histone H2A  

Fig. 1. Ca2+-activated transcription factors recruit the chromatin-remodeling complex to induce epigenetic modifications. Ca2+ signaling through Ca2+-sensitive 
proteins such as Calmodulin (CaM) activates downstream signaling mechanisms that induce the nuclear translocation through phosphorylation of transcription 
factors such as MeCP2, CREB, and NFκB, or dephosphorylation of NFAT. Subsequently, these activated transcription factors recruit chromatin remodeling complex 
into their target DNA binding elements, modulating the transition between heterochromatin and euchromatin. 
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and p38 [85]. 

3.2. Ca2+ signaling regulates the activity of epigenetic mechanisms 

3.2.1. Chromatin remodeling complexes 
During skeletal muscle differentiation, Ca2+ signaling shows 

opposing mechanisms that control SWI/SNF chromatin remodeling ac-
tivity, since calcineurin activates it through the dephosphorylation of 
the ATPase BRG1, whereas PKCβ inhibits its activity [86]. The 
calcium-responsive transactivator (CREST), first described as a nuclear 
protein, plays an important role in the Ca2+-dependent regulation of 
gene expression through its interaction with BRG1 and with the histone 
acetyltransferase and transcriptional coactivator CBP [87]. In resting 
conditions, CREST interacts with BRG1, which in turn forms a complex 
with the retinoblastoma protein (Rb) and HDAC1 to suppress the 
expression of c-fos. After Ca2+ stimulation, the HDAC1 complex is 
released from the promoter through the dephosphorylation of Rb by 
Calcineurin, and c-fos expression is upregulated through the recruitment 
of CBP by CREST [87,88]. Also, this Ca2+-dependent mechanism regu-
lates the reorganization of large chromatin domains, involving the 
redistribution of histone posttranslational modifications [89]. More-
over, during TLR4 activation it was observed that CaM directly regulates 
the chromatin remodeling mediated by the SWI/SNF complex by 
interacting with the BAF57 subunit [90] (Fig. 2). 

3.2.2. DNA methylation and demethylation 
The Ca2+-dependent proteases, Calpain 1 and Calpain 2, regulate the 

protein levels of TET enzymes, which regulate the DNA demethylation 
process [91] (Fig. 2). Low intracellular Ca2+ concentrations reduce 
Calpain activity, increasing Tet1 and Tet2 protein expression as well as 
the abundance of 5hmC [92]. 

3.2.3. Histone posttranslational modifications 
In pancreatic cancer cells, STIM1-dependent store-operated calcium 

entry (SOCE) regulates the expression of stress-response genes by 
modulating H3K27ac at their promoter [93]. In lung cancer cells, 
CaMKIIa regulates SOX2 expression by modulating the levels of 
H3K27me3 and the presence of the histone methyltransferase EZH2 at 
its promoter [94]. In mouse cardiomyocytes, membrane depolarization 
increases intracellular Ca2+ concentrations through L-type VGCCs and 

regulates the alternative splicing of the Nf1 gene through CaMKIIδ and 
PKD1 signaling pathways by decreasing the presence of class II HDACs at 
the nucleus, which in turn increase the binding of the HATs CBP/p300 
and histone H3 acetylation at gene body [95]. Similarly, treatment with 
caffeine, an RYR2 ligand, leads to increased histone acetylation and 
activation of alternative splicing [96]. However, modulation of 
HAT/HDAC balance by Ca2+ signaling could have a dual effect. For 
example, CaMKII activates the acetyltransferase HAT1, which acetylates 
PLZF, which in turn interacts with HDAC3 resulting in the repress of 
NF-κB activity [97]. Also, Ca2+ release from ER regulates the transport 
of HDAC5 into the nucleus and the nuclear localization of HDAC4 [98]. 
Sustained Ca2+ entry through the PKD2/TRPP2 channel activates 
CaMKII, which in turn promotes the retention of HDAC4 in the cytosol 
[99]. In cardiomyocytes, activation of CaMKIV prevents the interaction 
of HDAC4 with the transcription factor SRF, exports HDAC4 from the 
nucleus, and activates the SRF-dependent gene expression [100]. During 
neuronal necrosis, Ca2+ influx activates the ERK1/2 pathway which 
induces the displacement of PRC1 and the loss of the histone mark 
ubH2A, the recruitment of Trithorax (Trx), and the gain of H3K4me3 
[101]. 

Another major histone modification is citrullination, which is the 
conversion of an arginine residue into citrulline, altering the histone 
charge and chromatin accessibility. This mechanism is mediated by the 
Ca2+-dependent protein arginine deiminases (PADs), particularly PAD1, 
PAD2, and PAD4 [102] (Fig. 2). In breast cancer cells, stimulation with 
17β-estradiol induces the interaction of PAD2 with ERα, the citrullina-
tion of H3R26 at estrogen-response elements, and transcriptional acti-
vation [103]. Also, high expression levels of PAD2 correlate with 
increased survival of ER+ breast cancer patients [104]. PAD4 regulates 
pluripotency by citrullination of the linker histone H1, generating 
decondensation of the chromatin at the promoters and enhancers of 
genes involved in the pluripotency transcriptional network [105]. Cit-
rullination of H4R3 by PAD4 is important in the p53-mediated apoptotic 
pathway in response to DNA damage. Also, citrullinated H4R3 is asso-
ciated with smaller tumor size in non-squamous cell lung cancer patients 
[106]. In breast and liver cancer cells, PAD4 expression is induced by 
HIF and then recruited to HIF-response elements to induce histone cit-
rullination and, in a HIF-PAD4-dependent manner, the expression of HIF 
target genes [107]. PAD4 is essential during neutrophilś response 
against pathogens since histone hypercitrullination is required for 

Fig. 2. Ca2+ signaling regulates the activity of chromatin remodeling complex and chromatin-modifying proteins. Ca2+-activated proteins regulate the activity of 
epigenetic modifying proteins and various steps. BRG1 and BAF57 subunits of the SWI/SNF complex are a target of multiple Ca2+ signaling proteins that could either 
induce or decrease SWI/SNF activity. DNA methylation is regulated by Ca2+ signaling through the degradation of TET enzymes by Calpains. Histone posttranslational 
modifications such as acetylation, methylation, and citrullination, are regulated by Ca2+ through Calmodulin-dependent kinases and PAD enzymes. Mitochondrial 
Ca2+ uniporter (MCU) modulates the activity of histone demethylases through the regulation of mitochondrial metabolism. 
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chromatin decondensation and neutrophil extracellular traps (NETs) 
formation [108]. Histone citrullination is also associated with the 
repression of gene expression. PAD4 deiminates the unmodified and 
monomethylated arginine of histone H3 at the promoter of pS2, antag-
onizing the transcriptional activation of arginine methylation [109]. 
PAD4 interacts with p53 to repress the expression of p21 by decreasing 
histone H3R17 methylation and increasing citrullination at its promoter 
[110]. There is a crosstalk between PAD4, HDAC2, and p53 to regulate 
p21 expression, and the use of PAD4 and HDACi (Cl-amidine and SAHA, 
respectively) induces the expression of p21 in a p53-dependent manner 
[111]. 

Recent evidence showed that histone citrullination mediated by PAD 
proteins not only antagonizes arginine methylation but also disrupts 
histone methylglyoxal-induced glycation by the citrullination of un-
modified arginines or through the modification of glycated arginines 
into citrulline [112]. However, more evidence is needed to understand 
the role of PAD proteins in the histone glycation-citrullination crosstalk. 
Also, PAD4 regulates chromatin status by the citrullination of 
non-histone proteins such as the heterochromatin protein 1 gamma, 
which plays a major role in the regulation of chromatin conformation 
and is an important reader of histone repressive marks H3K9me2/3 
[113]. Thus, the role of the Ca2+-dependent PAD proteins in the regu-
lation of chromatin accessibility and gene expression is an emerging 
area of research. 

3.2.4. Metabolism 
During fibroblast to myofibroblast differentiation, the mitochondrial 

calcium uniporter (MCU) alters the mitochondrial Ca2+ signaling, which 
generates a metabolic reprogramming, activation of histone demethy-
lases, and increased chromatin accessibility [114] (Fig. 2). 

4. Feedback between Ca2þ-signaling and epigenetic mechanisms 

In the last sections, we mentioned how Ca2+ signaling regulates the 
epigenetic mechanisms by modulating the function of the transcription 
factors that anchor the chromatin remodeling complexes into the DNA 
and how Ca2+-sensitive proteins regulate the activity of the proteins 
involved in epigenetic mechanisms. Added to this, recent evidence 
showed that epigenetic mechanisms in turn, such as DNA methylation 
and HPMs regulate the expression of some genes involved in Ca2+

signaling [115]. Thus, we now present evidence of a possible interplay 
that showed that Ca2+-activated epigenetic mechanisms regulate the 
expression of the genes involved in Ca2+ signaling (Fig. 3). 

In the brain, Ca2+ entry through L-type VGCCs activates PKCγ, which 
in turn regulates the acetylation of histone H3 at the promoters of 
CaMKIIa and neurexin [116]. CaMKIIa is essential during CaM signaling 
and increasing its expression could in turn amplify the Ca2+ signaling 
response. Moreover, neurexin is a key modulator of Ca2+-triggered 
neurotransmitter release by regulating the assembly of Ca2+ channels 
and the subsequent Ca2+ entry [117]. 

In cardiomyocytes, hypertrophic agonists increase the chromatin 
binding of CaMKII and the phosphorylation of the histone H3 at Ser10, 
at gene loci actively transcribed in cardiac hypertrophy [118]. Also, the 
CaMKII-H3 mechanism activates MEF2-dependent transcription, which 
is involved in hypertrophic signaling pathways [118]. MEF2 is also 
involved in the transcriptional regulation of genes that participate in the 
maintenance of Ca2+ concentrations such as SERCA2 and RyR2 [119]. In 
cardiomyocytes, activation of Ca2+ signaling by either membrane de-
polarization (activates membrane Ca2+-channels) or caffeine (activate 
RYR), induces the alternative splicing of MEF2a, which in turn could 
have an impact at Ca2+ concentrations and signaling [95,96]. 

During hypoxia, STIM1 regulates the expression of HIF-1 through the 

Fig. 3. Ca2+-regulated epigenetic mechanisms regulate Ca2+ signaling. 1. Ca2+ entry through Ca2+ channels activates PKCγ, which in turn regulates histone 
acetylation at the promoters of CaMK and Neurexin. CaMK in turn is a key component of the Ca2+ signaling by being a downstream target of Calmodulin. 2. Hy-
pertrophy signal activates CaMK which in turn mediates histone phosphorylation at the MEF2 gene promoter. MEF2 is a key transcription factor that regulates the 
activity of major Ca2+ signaling regulators such as RYR2 and the SERCA pump. 3. NFAT interacts with HDAC to regulate the alternative splicing of the Ca2+ pump 
PMCA. PMCA isoforms displayed different Ca2+ turnover and affinity, thus the switch between isoforms could have an impact on Ca2+ concentration and signaling. 4. 
Store-operated Ca2+ entry mediated by STIM1 regulates the expression of HIF-1 through the activation of CaMK, followed by phosphorylation of HAT p300. HIF-1 in 
turn regulates the expression of STIM1. 
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induction of SOCE-activation of CaMKII, and the subsequent phos-
phorylation of HAT p300. Moreover, HIF-1 in turn regulates the 
expression of STIM1, suggesting a positive feedback mechanism [120]. 
HIF complexes regulate the expression of their target genes by the 
recruitment of SET1B, which mediates the deposition of the histone 
mark H3K4me3 [121]. Ca2+ release from the ER through IP3R stimulates 
the expression of SET2, which in turn regulates the expression of IP3R by 
the placement of the histone mark H3K36me3 at the gene body [122]. 

In PC12 cells, NFAT1 and NFAT4 interact with HDAC4 to regulate 
alternative splicing of the plasma membrane Ca2+-ATPase 2 (PMCA2), 
leading to specific regulation of PMCA2 isoforms [123]. PMCA2 iso-
forms displayed differences in Ca2+ affinity and turnover rate [124], and 
a switch between PMCA2 isoforms could lead to altered Ca2+ signaling 
and Ca2+-activated transcription factor activity like NFAT2. 

5. Perspectives and conclusions 

Understanding the interplay between Ca2+ signaling and epigenetics 
could lead to therapeutic strategies for different diseases. In the context 
of cancer, the role of DNMTi and HDACi in the regulation of Ca2+- 
signaling genes has been recently reviewed [115]. However, dietary 
compounds targeting epigenome and the Ca2+-signaling toolkit are 
emerging as attractive therapeutic approaches for many diseases 
including cardiac diseases and cancer [125,126]. It has been reported 
that RSV has antioxidant, anti-inflammatory, cardioprotective, and 
anti-tumoral properties, and it is also an epigenetic modulator. RSV is 
currently used in type-2 diabetes and hypertensive patients, and in 
pre-clinical models and clinical trials of multiple types of cancer [125, 
127]. Moreover, RSV modulates intracellular Ca2+ concentrations, reg-
ulates the expression of the Ca2+ pump SERCA3, and induces apoptosis 
in a SERCA3-dependent manner in breast cancer cells [128]. SERCA3 is 
a key regulator of Ca2+ homeostasis and its expression is decreased or 
lost in several types of cancer [129–131]. Similarly to RSV, curcumin 
possesses anti-cancer, cardioprotective, and neuroprotective properties, 
and is a regulator of epigenetic mechanisms [132,133]. In thyroid car-
cinoma cells, curcumin activates ER stress and UPR induces Ca2+ influx 
by inhibiting the SERCA2 pump and activates CaM-CaMKII signaling, 
and mitochondrial apoptosis [134]. Dietary styles also regulate epige-
netics and Ca2+ signaling. High-fat diet (HFD) is associated with many 
diseases including cancer, and several studies indicate that the link be-
tween HFD and cancer is altered gene expression, being epigenetic 
mechanisms involved in many cases [126]. Moreover, HFD could also 
act directly on Ca2+-signaling genes. For instance, HFD decreases the 
expression of the Ca2+ channel TRPV1 in the hypothalamus [135]. Thus, 
regulating the epigenome and Ca2+-signaling with epigenetic inhibitors 
and/or dietary components is a promising area of research. However, 
targeting Ca2+-signaling in disease will face many challenges such as the 
specificity of the therapy. For instance, in addition to its role in acti-
vating the CaM pathway, curcumin could also impair Ca2+ signaling by 
inhibiting NFAT activation [136]. Another example is CaMKII, since its 
basal activity is essential in cardiac excitation-contraction, while sus-
tained activation is associated with heart failure [137,138]. In cancer, 
Ca2+ signaling is involved in pro-tumoral and anti-tumoral pathways 
such as cell cycling progression, cell growth, apoptosis, and resistance to 
therapies, and activation or inhibition of specific Ca2+-signaling path-
ways or proteins could have undesirable effects. 

In conclusion, epigenetic mechanisms are cellular processes that 
regulate cell fate in health and disease. The proper function of epigenetic 
mechanisms relies on multiple factors including metabolites abundance, 
fine activity of chromatin modifying enzymes, and crosstalk with other 
signaling pathways such as Ca2+ signaling. Ca2+-activated transcription 
factors regulate the recruitment of chromatin-modifying complexes in 
multiple cell types, and Ca2+ signaling modulates the activity of the 
enzymes responsible for epigenetic mechanisms. Thus, Ca2+ signaling is 
a key regulator of epigenetics. Moreover, there is evidence supporting 
the existence of continuous feedback between Ca2+ signaling and 

epigenetics, since Ca2+-activated proteins regulate the activity of 
chromatin-modifying complexes, which in turn regulate the expression 
of genes involved in Ca2+ signaling. Finally, targeting epigenetic 
mechanisms and Ca2+-signaling in disease is an emerging area of 
research. However, more studies are needed to fully understand their 
role in disease and to develop a therapeutic approach without undesired 
effects. 
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N. Varin-Blank, Á. Apáti, Endoplasmic reticulum calcium pumps and cancer cell 
differentiation, Biomolecules 2 (2012) 165–186, https://doi.org/10.3390/ 
biom2010165. 

[131] L. Ait-Ghezali, A. Arbabian, A. Jeibmann, M. Hasselblatt, G.G. Hallaert, C. Van 
den Broecke, F. Gray, J. Brouland, N. Varin-Blank, B. Papp, Loss of endoplasmic 
reticulum calcium pump expression in choroid plexus tumours, Neuropathol. 
Appl. Neurobiol. 40 (2014) 726–735, https://doi.org/10.1111/nan.12098. 
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