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Intracellular free Ca®>* ions regulate many cellular functions,
and in turn, the cell devotes many genes/proteins to keep tight
control of the level of intracellular free Ca®*. Here, we review
recent work on Ca®>*-dependent mechanisms and effectors that
regulate the transcription of genes encoding proteins involved
in the maintenance of the homeostasis of Ca>* in the cell.

Control of intracellular free calcium is a delicate balance
between mechanisms that provide the ion, including extracel-
lular membrane calcium channels (voltage-, ligand-, and store-
operated types) and intracellular calcium release channels
(ryanodine (RyR)*> and inositol 1,4,5-trisphosphate (IP;R)
receptors), and mechanisms that clear the ion from the cytosol,
including calcium pumps and exchangers that are localized
both in extra- and intracellular membranes (1, 2). Consolidated
evidence, as well as recent evidence, indicates that this group of
proteins, with the mission to keep tight control of free Ca®"
concentration, is in turn subjected to regulation by several
mechanisms controlled by changes in free Ca®>* concentration.
In some cases, these self-regulatory processes involve parallel
compensatory changes in several Ca>" regulatory proteins so
that increases or decreases in intracellular stores and cytosolic
Ca®" levels slowly adjust the concentrations of key signaling
pathway components (3). In other cases, components of the
homeostasis machinery are coordinately modified to respond
to chronic pathological conditions as in end stages of heart
failure (4, 5) or in neurodegenerative processes. Thus, in Hun-
tington disease striatal neurons accumulate changes in the
expression of most, if not all, genes related to Ca®" homeostasis
(6). Also, in Alzheimer disease (AD), changes in the expression
of RyRs and STIM (stromal interacting molecule) have been
observed in the hippocampus of presymptomatic AD mouse
models (7) and post-mortem human brain samples (8) and in B
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lymphocytes from patients with familial AD mutations in the
presenilin-1 gene (9), respectively. Of the different control
mechanisms, here we will review those that control Ca®"
homeostasis at the transcriptional level and that are directly
regulated by Ca®*. A review of the transcriptional control of
calcium homeostasis, with particular emphasis on the roles of
members of the Egr (early growth response) family of zinc fin-
ger immediate-early transcription factors and the closely
related protein WT1 (Wilms tumor suppressor 1), has been
published recently (10).

Control of the activity of specific transcriptional networks by
Ca®" is regulated by cytosolic and nuclear mechanisms that
decode the calcium signal specificity in terms of frequency and
spatial properties. Thus, the Ca®>" entry site (synaptic versus
extrasynaptic) or its intracellular source (mitochondria, endo-
plasmic reticulum (ER), or Golgi apparatus) makes the Ca*"
ions face different microdomains that are composed of specific
sets of proteins and determines the biological outcome of the
Ca®" signal by inducing temporal and spatial changes in spe-
cific nuclear interactomes. For recent reviews on the formation
of Ca®>" microdomains by differential assembly of key Ca>"
signaling proteins within domains, see Refs. 11 and 12.

Work over the last decade has helped to outline three broad
mechanisms downstream from the detection of changes in
intracellular free Ca®>* concentration by Ca*>* sensors. The first
mechanism involves the activation of signaling cascades led by
Ca®*-dependent kinases and phosphatases that either modify
the trans-activating activity or nuclear localization of transcrip-
tion factors or modulate cofactors that will change nucleosomal
properties, thus changing the accessibility of the transcription
initiation complex to specific genes. The second mechanism is
based on Ca’"-dependent protein-protein interactions
between the calcium sensor and transcription factors or, gen-
erally, proteins involved in transcription as parts of the enhan-
ceosome. As a result of this interaction, binding to DNA or
recruitment of certain cofactors is modified, and transcription
is adjusted. Finally, the third mechanism involves a change in
the properties of binding of the calcium sensor to specific sites
in the DNA as a result of binding to Ca**.

Regulation of Voltage-gated Calcium Channels

Voltage-gated calcium channels (VGCCs) are multihetero-
meric membrane entities composed of a main pore-forming o
subunit and several auxiliary subunits, including 3, «28, and vy
forms. In neurons and cardiac myocytes, VGCCs are the main
source of extracellular calcium, coupling changes in membrane
potential to muscle contraction and changes in gene expres-
sion, including their own expression as first shown in cardiac
myocytes (13—15). Several mechanisms have been proposed to
explain excitation-transcription coupling: (i) the classic signal-
ing through calmodulin/CaMK/CREB phosphorylation, (ii)
signaling by VGCC-mediated Ca>* entry secondary to differ-
ential microdomain assembly due to heterogeneous distribu-
tion of VGCCs in the membrane, (iii) signaling by nuclear
translocation of fragments or subunits of the VGCCs, and (iv)
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FIGURE 1. L-type Ca®* channels and Ca®*-dependent transcriptional regulation. L-type channels regulate their own expression through different Ca®*-
dependent transcriptional mechanisms. Differential clustering of L-type channels at the membrane or different subunit composition determines their involve-
ment in distinct microdomains (MD-I or MD-II), different calcium signaling, and final effect on specific sets of target genes. Phospho-CREB-dependent activation
through cAMP-responsive element (CRE) sites and repression mediated by sumoylated DREAM through DRE sites and/or the dCT fragment through NKX2.5/
MEF/C/EBP and CRMT1 sites are also indicated. Additional transcriptional effects of the dCT fragment and the B4c channel subunit through the interaction with

several nucleoproteins are shown.

signaling by nuclear translocation of DREAM (downstream
responsive element antagonist modulator). Because the two
first mechanisms have been extensively reviewed (16-19),
here, we focus on recent evidence supporting auto-transcrip-
tional control by the distal C-terminal (dCT) fragment of the
L-type channel and by the transcriptional repressor DREAM, as
well as the new unexpected nuclear function of specific 8 sub-
units. These different mechanisms are schematically shown in
Fig. 1.

The dCT fragment corresponds to the fragment spanning
from the consensus calpain cleavage site to the C-terminal end
of the Ca 1.2 channel protein (« subunit). Like other « subunit
C-terminal fragments, the dCT fragment was originally associ-
ated with the regulation of channel gating (20, 21). The first clue
of a nuclear role for the dCT fragment came with the observa-
tion of its nuclear presence in neurons (22) and, more recently,
in cardiomyocytes (21). In neurons, the nuclear presence of the
dCT fragment, also known as the calcium channel-associated
transcriptional regulator CCAT, correlated with up-regulation
of connexin-31.1 and down-regulation of NCX1 (Na*/Ca>"
exchanger 1) (22), another important regulator of calcium
homeostasis. In cardiomyocytes, chromatin immunoprecipita-
tion assays established the interaction between the dCT frag-
ment and an area of the Ca, 1.2 promoter containing binding
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sites for NKX2.5/MEF, C/EBP, and CRM1, suggesting an auto-
regulatory loop in which the dCT fragment is part of the sensing
mechanism as well as part of the executing downstream mech-
anism repressing Ca, 1.2 expression (23). Regulated dCT
nuclear localization has been shown in neurons in response to
high extracellular K* and in cardiomyocytes after serum expo-
sure (22, 23). However, to complete a self-regulatory signal
transduction loop, there is missing evidence for either a Ca®>" or
calpain requirement for dCT fragment release. Phosphoryla-
tion of the dCT fragment by PKA and PKC and dCT fragment
interactions with calcineurin and A-kinase anchoring protein
are processes that need to be further explored to fully under-
stand the function of the dCT fragment (24).

Acute changes in VGCC expression occur following channel
opening, CaMKII activation, and CREB phosphorylation. Inter-
estingly, it has been recently shown that L-type Ca>" channel
current density in ventricular myocytes from CaMKII8 knock-
out mice is increased due to increased expression of the pore-
forming Ca, 1.2 subunit (25), whereas overexpression of either
cytosolic (8C) or nuclear (6B) CaMKII isoforms selectively
down-regulates the expression of Ca,1.2 (26). The effect of
CaMKII is related to increased Ca*>*-dependent nuclear trans-
location of the transcriptional repressor DREAM and its bind-
ing to a downstream responsive element (DRE) site at position
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FIGURE 2. Expression of the L-type channel « subunit is reduced in the
heart and cerebral cortex from mice expressing daDREAM. Shown are the
results from comparative real-time quantitative PCR analysis of Ca,1.2 mRNA
levels in wild-type and DREAM-overexpressing transgenic mice. Normaliza-
tion was done with respect to hypoxanthine-guanine phosphoribosyltrans-
ferase (HPRT) expression. *, p < 0.05 (Student’s t test, n = 6-7).

—511 in the Ca,1.2 promoter, repressing its transcription (26).
It was proposes that L-type Ca”>* channel down-regulation
through the Ca®*/CaMKII/DREAM cascade constitutes a
physiological feedback mechanism enabling cardiomyocytes to
adjust the calcium intrusion through L-type channels to the
amount of intracellular calcium detected by CaMKIIL. However,
this study did not specify where CaMKII phosphorylates
DREAM and did not analyze which other post-translational
modifications in the DREAM protein may be also present in
cardiomyocytes. In this regard, we have recently shown that
sumoylation regulates the nuclear localization of DREAM in
differentiated neurons (27). Single Lys-to-Arg mutations at
Lys-26 and Lys-90 reduce DREAM nuclear localization and
transcriptional activity, although sumoylation mutants retain
the ability to bind to the DRE sequence in vitro (27). Interest-
ingly, it has been reported that the sumoylation process can be
enhanced by phosphorylation of specific residues near the
sumoylation site (28). No CaMKII consensus phosphorylation
sites are located near the two known sumoylation sites in
DREAM; however, sumoylation at additional sites cannot be
discarded. Nevertheless, through CaMKII-induced increases in
sumoylation and nuclear translocation of DREAM and/or
through yet unknown mechanisms, our experiments using
transgenic mice overexpressing a Ca®"-insensitive dominant
active DREAM mutant (daDREAM) have shown a significant
reduction of Ca,1.2 mRNA levels in the heart as well as in the
cerebral cortex (Fig. 2), thus supporting the idea of DREAM
regulation of L-type channel expression.
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Importantly, although not related to transcriptional regula-
tion, two recent reports further implicated DREAM and related
KChIPs in the regulation of L-type and also T-type channels at
the level of channel gating. One report demonstrated that
DREAM forms a signaling complex with K 4 and voltage-de-
pendent T-type calcium (Ca,3) channels in cerebellar stellate
cells (29). Electrophysiological measurements propose that
T-type channels efficiently couple calcium influx with
DREAM/KChIP3 to modulate K4 function, establishing
DREAM as a physiological calcium sensor for the K 4 channel
in cerebellar stellate neurons. A second work using KChIP2 ™/~
cardiac myocytes has shown that KChIP2, a closely related
member of the DREAM/KChIP family of proteins, directly
interacts with voltage-dependent L-type calcium channels
(Ca 1.2), augmenting their current amplitude (30). Whether
other KChIPs can also interact with Ca®>" channels and the
physiological significance in different tissues remain to be
investigated. These reports collectively point to DREAM and
other KChIPs as key modulators of membrane conductance
through the regulation of several cationic channels at multiple
levels.

VGCC B subunits are best known for their roles in regulating
surface expression and gating of voltage-gated Ca>" channel a1
subunits. However, yeast two-hybrid and biochemical assays
revealed that the B4c subunit interacts directly with the chro-
moshadow domain of chromobox protein HP1+y (heterochro-
matin protein 1v), a nuclear protein involved in long-term gene
silencing (31). As a result of the interaction, the B4c subunit
blocks HP1vy and turns on a set of genes (not yet fully charac-
terized) that might include targets related to calcium homeo-
stasis. The effect is specific for the truncated short splice variant
B4c subunit that is distinctly expressed in the vestibular and
deep cerebellar nuclei. Interestingly, B4a or (4b isoforms
widely expressed in the brain do not show this interaction. Site-
directed mutagenesis revealed that the primary chromoshadow
domain interaction occurs through a B4c C-terminal PXVXL
consensus motif, adding the B4c channel subunit to a growing
PXVXL protein family with epigenetic responsibilities, includ-
ing transcriptional regulation (TIF1) and nucleosome assem-
bly (CAF1) (32). The B4c subunit is therefore a multifunctional
protein that is part of the Ca>* channel and also regulates gene
transcription. Further studies should clarify the Ca*>" depend-
ence of this process and its importance in Ca®>" homeostasis.

Regulation of Receptors for IP; and Ryanodine

IP,R1-3 and RyR1-3 are specialized intracellular Ca®"
release channels located at the sarco/endoplasmic reticulum
membrane that respond to IP; or to Ca®>" and the pyridine
nucleotide cyclic ADP-ribose, respectively, releasing calcium
from the ER to the cytosol. In a seminal study performed in
cerebellar granules, Carafoli and co-workers (33) found that
expression of IP;R1 was induced after membrane depolariza-
tion with potassium, whereas RyR2 levels remained unchanged.
The induction of IP,R1 was absolutely dependent on Ca*"
influx through L-type VGCCs and was abolished by treatment
with inhibitors of the Ca®>*/calmodulin-dependent protein
phosphatase calcineurin, FK506 and cyclosporin A (33). An
effect of calcineurin on IP;R1 transcription has been observed
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also in skeletal muscle (34), although the mechanism is still
unresolved because no NFAT-binding sites have been identi-
fied in the IP;R1 promoter (35), suggesting that the IP;R1 gene
might be an indirect target of activity-dependent gene tran-
scription through the calcineurin/NFAT pathway.

More recently, expression of RyR2 in the hippocampus has
been shown to be dependent on the LMO4 (LIM domain only
4) transcription cofactor because it is greatly reduced in mice
carrying a forebrain-specific deletion of LMO4 (36). The LMO4
protein was identified as a calcium-responsive transactivator
that activates gene expression in an activity-dependent manner
(37), indicating that, in the hippocampus, RyR2 expression is
Ca*>"-dependent and suggesting that LMO4 regulates calcium-
induced calcium release in hippocampal neurons (36). In addi-
tion, it has been shown that, in response to extracellular stimuli,
LMO#4 translocates from the cytoplasm to the nucleus (38),
where it serves as a cofactor of many transcription factors (37,
39, 40), and also interacts with transmembrane receptors to
modulate their signaling (41, 42). Whether LMO4 couples sig-
nals from membrane receptors to changes in the expression of
RyRs or additional genes related to Ca>* homeostasis is pres-
ently not known. However, it has been recently shown that
increased Ca>" levels after dopamine D, receptor activation
result in a significant increase in RyR1 and RyR2 mRNA and
protein levels in midbrain and cerebral cortical neurons in pri-
mary culture (43, 44), suggesting an effect at the transcriptional
level. Interestingly, a parallel increase in the 28 subunit of the
VGCC was observed in these cultures after dopamine D, recep-
tor stimulation (45). Increased expression of RyR2 in the mid-
brain and cortex has also been described after nicotine admin-
istration (46). Nicotine-induced RyR2 up-regulation was
mediated by CREB phosphorylation and caused a long-lasting
reinforcement of Ca®" signaling via the process of Ca*>*-in-
duced Ca®" release. Because RyR2 up-regulation was itself
required for long-term phosphorylation of CREB, this mecha-
nism sets a positive feedback signaling loop with perhaps func-
tionally important implications for the process of addiction to
nicotine (46). Supporting this idea, inhibition of RyR activation
in vivo abolishes sensitization to nicotine-induced habituated
locomotion, a well characterized behavioral index for onset of
drug dependence (46).

Regulation of Sodium/Calcium Exchangers and Calcium
Pumps

NCX1-3 are the best studied members of the Ca®>*/cation
antiporter superfamily of proteins (reviewed in Ref. 47).
NCX1-3 are integral plasma membrane proteins that mediate
Ca®>" and Na™ fluxes across the neuronal membrane, depend-
ing on the intracellular concentration of Ca®>" and Na™. Thus,
in the “forward mode” NCX will extrude Ca®>* and enter Na™,
whereas in the “reverse mode,” NCX will mediate the extrusion
of Na™ and the entrance of Ca®* ions (48, 49). NCX1, the most
widely expressed member, is developmentally regulated in the
heart, where its expression coincides with the switch of car-
diomyocyte Ca®>" handling from the plasma membrane to the
sarcoplasmic reticulum (50) and is increased during contractile
dysfunction of the heart. Analysis of the NCXI promoter did
not provide clues of a direct Ca®>*-dependent regulation of
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NCX1 (51), although recent work (52) in neonatal rat cardiac
myocytes has shown that a rise in cytosolic Ca>* by exposure to
very low concentration of thapsigargin activates the calcineu-
rin/NFAT pathway. As a result, transcription/expression of
NCX1 is increased, but also SERCA2 (sarco/endoplasmic retic-
ulum Ca®*-ATPase 2) and phospholamban are induced, pro-
viding a thorough homeostatic mechanism for long-term con-
trol of cytosolic Ca®>* by Ca®" ions. Expression of NCX2 and
NCX3 is differentially regulated by potassium depolarization in
cultured granular neurons via a Ca®>"/calcineurin-dependent
mechanism that repress NCX2 and activates NCX3 expression
(53). In addition, Ca*>*-dependent induction of NCX3 is con-
trolled by the Ca®>*-dependent unbinding of the transcriptional
repressor DREAM from the NCX3 promoter as shown in the
hippocampus and the cerebellum in vivo and in cultured cere-
bellar neurons from daDREAM transgenic mice (54). No effect
on NCX1 or NCX2 expression was observed in DREAM-over-
expressing mice, suggesting a specific regulation of NCX3 (54).

The plasma membrane Ca®*-ATPases PMCA1-4, together
with SERCA1-3 and the secretory pathway Ca®"-ATPases
SPCA1 and SPCA2, represent the major transport systems to
extrude free calcium from the cytosol, counteracting transient
increases that occur during Ca®>* signaling. Early work using
cerebellar neurons in culture showed that expression of the
four PMCA genes is dependent on calcium, although in a dif-
ferent manner (55-57). Although PMCA4 expression is rapidly
down-regulated after Ca®>* entry through NMDA receptors or
through VGCCs following exposure to NMDA or to high extra-
cellular potassium, the expression levels of PMCA1-3 are
slowly up-regulated, reaching a plateau 48 h after exposure to
the same depolarizing agents (56). Furthermore, inhibition of
calcineurin blocks the down-regulation of PMCA4 and does
not modify the increase in the other three pumps (57). Opposite
regulation of PMCA?2 and PMCA4 was also reported in sensory
neurons from dorsal root ganglia after calcium entry following
bradykinin or ATP bath application (58), although this study
refers to pump activity, and the levels of the different mRNAs or
proteins were not directly assessed. In a more recent study, it
was shown that expression of PMCA?2 in CA3 pyramidal neu-
rons is reduced following excitatory synapse inactivity induced
by AP5/6-cyano-7-nitroquinoxaline-2,3-dione exposure. The
effect was specific for PMCAZ2, with no change in the levels of
other pumps, and was rapidly reversed by calcium influx
through NMDA receptors (59). Finally, PMCA1 and PMCA4
protein levels are increased in T cells upon T cell receptor acti-
vation in parallel with an up-regulation of STIM1 and STIM2
expression (60). The molecular mechanisms directing Ca**-
dependent PMCA induction in these different systems are
presently unknown. Induction of the ER calcium sensors
STIM1 and STIM2 is mediated by Ergl-binding sites present in
their promoters and follows calcium entry and CREB phospho-
rylation (61). Because STIM proteins and the Ca>"-selective
Orail channel form the molecular substrate for store-operated
calcium entry, their induction upon T cell activation represents
another example of Ca®>* -dependent transcriptional regulation
of calcium homeostasis.

Alternative splicing of the three genes encoding sarco/endo-
plasmic reticulum Ca®*-ATPases generates up to 10 different
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isoforms, of which SERCA2b is ubiquitously expressed at vary-
ing levels in all cell types (62). Expression of the SERCA2 gene
has been widely studied and shown to be regulated by several
stimuli in different cell types. Calcium up-regulates SERCA2
expression in cardiac myocytes through the calcineurin/NFAT
pathway (52, 63), an effect that is blocked by induction of gly-
cogen synthase kinase-3, a negative regulator of NFAT nuclear
translocation (64). Furthermore, Ca>" oscillations regulate
SERCAZ2 expression in astrocytes after growth factor receptor
stimulation (65) and in human lens epithelial cells (66),
although there is no evidence of NFAT binding to the SERCA2
promoter. In addition, MAPK- and PKC-dependent induction
of Ergl results in down-regulation of the SERCA2 gene,
although, again, the effect is probably indirect because no func-
tional Ergl-binding sites are found in the SERCA2 promoter
(10, 67, 68).

Other Ca®*-generated Transcriptional Effectors

The “conventional” PKC« isoform is regulated by diacylglyc-
erol, which binds the C1 domain, and by Ca®>*, which binds the
C2 domain. Recently, it has been shown that calpain-mediated
proteolytic processing of PKCa in ischemic myocardium gen-
erates a persistent and constitutively active free catalytic frag-
ment, PKCa-CT (69), which constitutively localizes in the
nucleus and is a potent inducer of nucleocytoplasmic shuttling
of HDACS following phosphorylation. As a result, MEF-depen-
dent inflammatory pathway genes are de-repressed, inducing a
cell-autonomous transcriptional inflammatory response as
shown by genome-wide analysis and deep RNA sequencing
(70). As pointed out, because calpain-mediated processing of
PKC isoforms could occur in many tissues wherein calcium is
increased by stress or injury, the identification of PKCa-CT as a
constitutively active transcriptional regulator might have broad
ramifications for understanding and preventing the pathologi-
cal transcriptional stress response. Furthermore, in a closely
related study, Olson and co-workers identified a novel mecha-
nism (71) that could prevent MEF-dependent cardiac hypertro-
phy after CaMKIIé-induced nucleocytoplasmic shuttling of
HDACA4 (72, 73). The mechanism is triggered by B-adrenergic
receptor stimulation and regulates cardiac transcription
through regulated proteolysis of HDAC4 (71). Interestingly, the
N-terminal HDAC4 cleavage product, HDAC4-NT, selectively
inhibits the activity of MEF2 but not the serum response factor,
thereby antagonizing the prohypertrophic actions of CaMKII
signaling without affecting cardiomyocyte survival. Thus,
HDAC4 functions as a molecular nexus for the antagonistic
actions of the CaMKII and PKA pathways (71).

Concluding Remarks

Calcium ions control Ca®>" homeostasis through several
overlapping mechanisms, acting at different levels and often in
opposite directions. As a result, the cell reaches a balance to
adjust intracellular free and intraorganellar calcium concentra-
tions under physiological and pathological conditions. The evi-
dence reviewed here clearly supports the idea of a self-regula-
tory loop by which Ca®" ions regulate Ca>* homeostasis. The
picture is far from complete, and future studies should explore
new mechanisms, such as the potential Ca®>* -dependent trans-
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lational control of Ca®>" homeostasis by microRNAs, an emerg-
ing subfield with important physiological implications as
shown by their role in L-type calcium channel regulation during
neuropathic pain (74) and in NCX1 regulation in ischemic
heart injury (75).
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