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Abstract Calcineurin (CaN) is a unique calcium (Ca2þ) and calmodulin (CaM)-dependent
serine/threonine phosphatase that becomes activated in the presence of increased intracel-
lular Ca2þ level. CaN then functions to dephosphorylate target substrates including various
transcription factors, receptors, and channels. Once activated, the CaN signaling pathway par-
ticipates in the development of multiple organs as well as the onset and progression of various
diseases via regulation of different cellular processes. Here, we review current literature
regarding the structural and functional properties of CaN, highlighting its crucial role in the
development and pathogenesis of immune system disorders, neurodegenerative diseases, kid-
ney disease, cardiomyopathy and cancer.
Copyright ª 2021, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Calcineurin (CaN, alternate name protein phosphatase 2B)
is best characterized as a unique Ca2þ and calmodulin
(CaM)-dependent serine/threonine phosphatase that acti-
vates substrates important in various cellular processes
ranging from activation of T cells to regulation of cell
apoptosis.1e3 In the canonical CaN pathway, which was first
described in immune cells, CaN becomes activated
following an increase in calcium (Ca2þ) concentration.
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Following activation, CaN dephosphorylates nuclear factor
of activated T-cells (NFAT) allowing its nuclear trans-
location to regulate the expression of interleukin (IL)-2 and
IL-4.3,4 Meanwhile, within the noncanonical CaN pathway,
CaN activation leads to the dephosphorylation of other
substrates, including dynamin-related protein 1 (Drp1),5

Naþ/Hþ-exchanger 1 (NHE1),6 TWIK-related spinal cord Kþ

channel (TRESK),7 calcineurin response zinc finger (CRZ1),3

and kinase suppressor of ras 2 (KSR2).8 In this manner, CaN
regulates the function of various organ systems, including
the immune system, heart, kidney, neurons.9e12 Mean-
while, CaN dysfunction leads to developmental defects,
contributing to the pathogenesis of many common disor-
ders. Accordingly, CaN inhibitors (CNIs), such as cyclo-
sporine A (CsA) and tacrolimus (FK506), have been
developed to inhibit CaN functions for the treatment of
clinical diseases.4,13,14
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In the 40 years since Claude Klee first described the
structure and regulation of Ca2þ-activated CaN, accumu-
lating studies have revealed that CaN plays an essential role
in a myriad of physiological and pathological processes.
Published reviews on this topic have been presented in
Table S134,13, 15-29, 30-44, 45-59, however, these articles
largely focus on the structure and functions of CaN. In
particular, CaN alterations are reportedly associated with
the development and the onset and progression of immune
system disease, neurodegenerative diseases, kidney dis-
ease, cardiomyopathy, and cancer. Here, we provide a
comprehensive description of the pivotal roles of CaN in
development and disease.
Calcineurin: structure and activation insights

CaN is broadly distributed throughout the cytoplasm of
lymphocytes, as well as nerve, cardiac muscle, skeletal
muscle, lung, spleen, and liver cells. Its structure is highly
conserved from yeast to humans with high homology
observed at the nucleotide and amino acid levels.60 CaN is a
heterodimer, comprising a 60 kDa catalytic A subunit (CnA)
and a 19 kDa regulatory B subunit (CnB). Further, it contains
a catalytic domain, B subunit regulatory domain,
calmodulin-binding domain, and an autoinhibitory
domain3,61,62 (Fig. 1A). The latter three regions together
constitute the regulatory region of CnA. Constitutive acti-
vation of CnA occurs via removal of its last two regions,
which occurs independently of Ca2þ signaling.63 Meanwhile,
CnB, the regulatory subunit, is structurally homologous to
CaM, both of which are Ca2þ dependent. CnB contains two
Ca2þ-binding lobes connected by a short linker comprising
four Ca2þ-binding EF-hand motifs (EF hands), which
participate in the activation of CnA61,63 (Fig. 1A). Three
isoforms exist for CnA: CnAa (PPP3CA), CnAb (PPP3CB) and
CnAg (PPP3CC), while CnB exists in two forms (CnB1 and
CnB2).63 CnAg expression is restricted to the testis and the
brain, while CnB1 is found only in testis.63,64 All other CaN
isoforms are ubiquitously expressed.63 Moreover, CnAa and
CnAb share 81% similarity,65 with the primary difference
being the unique repeating proline sequence present in the
N-terminus of CnAb, which is highly associated with sub-
strate recognition. Similarly, CnB1 and CnB2 have 83%
sequence homology and appear to exhibit redundant
functions.61

The native form of CaN is enzymatically inactive with
crystal structure analysis revealing blockade of the cata-
lytic center by the autoinhibitory domain. Meanwhile,
Ca2þ signal and CaM induce the necessary conformational
changes to allow for complete activation of CaN. Specif-
ically, internal and external signals trigger Ca2þ transport
across the cell membrane by Ca2þ pumps and subsequent
release of Ca2þ from endoplasmic reticulum (ER) stores.66

The increased cellular cytosolic Ca2þ binds CnB, causing
dissociation of the calmodulin-binding domain from the B
subunit regulatory domain. Thereafter, CaM binds to the
calmodulin-binding domain, resulting in displacement of
an autoinhibitory domain from the catalytic center,
effectively activating the protein3 (Fig. 1B). However, in
the absence of CaM, the increased cytosolic Ca2þ binds to
the four Ca2þ-binding EF-hand motifs of CaN, leading to a
partially-activated state (Fig. 1B). Activation of CaN re-
sults in the dephosphorylation of substrates responsible
for regulating various cellular processes.

Calcineurin and development

CaN signaling is required for a broad spectrum of devel-
opmental processes in a variety of organ systems,
including immune, kidney, heart, nervous, and musculo-
skeletal systems, as well as the differentiation of bone,
cartilage, muscle, skin, and fat.9,10,34,54 Therefore, inhi-
bition of genes associated with CaN pathway contribute to
defects or alterations in kidney maturation, car-
diomyocyte maturation, heart valve formation, vascular
development, skeletal muscle differentiation and T cell
development. In fact, a study found that CnAaedeficient
mice exhibited significantly impaired development of T
helper type 2 cells (Th2).67 Meanwhile, another study
reported defects in nephrogenic zone (NZ) and superficial
glomeruli development, altered cell cycle in the NZ, and
impaired kidney function, leading to progressive kidney
failure and a shortened lifespan in CnAa knockout
mice.10,68 Further, CnAb-deficient mice demonstrated a
significant reduction in CD3 positive cells, as well as CD4
and CD8 single positive cells.9 The proliferative capacity
of T cells in CnAb�/�mice as well as IL-2 production was
reportedly decreased in response to PMA ionomycin
stimulation and T cell receptor cross-linking.9 Moreover,
CnB1 mutant embryos do not develop beyond E9.5 and
display defects in angiogenesis and axonal outgrowth, as
evidenced by the lack of fusion and remodeling of the
vascular plexus into larger vessels.69 Nfatc1 knockout-
mice exhibited abnormal heart valves resulting in em-
bryonic lethality.70 Still further, Nfatc3 and Nfatc4 defi-
cient embryos displayed cardiovascular abnormalities and
heart failure at E10.5 with distinct skeletal muscle de-
fects.54 Meanwhile, pharmacological inhibition of CaN
signaling affects embryogenesis. In mice, treatment with
CsA from E7.5 to E8.5 resulted in defective vascular
remodeling.69 Meanwhile, FK506 treatment contributed to
the development of edema, gut coiling disruption, and
teratogenesis in the kidney, heart, gut, liver, and somatic
tissue during Xenopus development.71 Cumulatively, these
results indicate that CaN is a necessary component for
normal organ development. However, the impact of CaN
signaling in development is far more complex than what
we yet known and requires further exploration to eluci-
date precisely how CaN-NFAT signaling regulates the
development of different organs.

Calcineurin and disease

CaN is a multifunctional protein that participates in nearly
all aspects of cellular functioning. Specifically, it is actively
involved in various biological processes under both physio-
logical and pathological conditions, including T cell acti-
vation, cell apoptosis, cell cycling, cell proliferation, cell
migration, cell invasion, stem cell generation, as well as
cell transformation and fate. As such, CaN dysfunction has
been found to contribute to the pathogenies of many
common disorders, as summarized in Figure S1. The sheer



Figure 1 The structure of CaN and mechanism of activation. (A) Structure of calcineurin, with boxes indicating functional do-
mains and lines indicating intervening amino acid sequence. (B) The proposed mechanism of activation of calcineurin.
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number of pathological conditions associated with CaN
implies its central role in the regulation of cell physiology.
Below, we summarize the main findings reporting a link
between alterations in CaN and several diseases.

Immune system disorders

CaN is considered to be a key enzyme in the immune
response with its function originally described in T cells.
Increasing intracellular Ca2þ concentration in T lymphocytes
leads to CaM binding with CaN, which then dephosphorylates
NFAT1, NFAT2, NFAT3, and NFAT4, leading to their nuclear
translocation. Activation of NFAT upregulates cytokines
responsible for T cell activation, including IL-2, IL-4, IL-17,
interferon-g (IFNg), and tumor necrosis factor-a (TNF-
a)3,72 (Fig. 2). Meanwhile, accumulation of activated T cells
in host tissues and organs leads to initiation of the inflam-
matory process, inducing the onset and progression of
chronic inflammatory disease and autoimmune diseases.

Autoimmune diseases are characterized by T cell acti-
vation and an increase in interleukin turnover, while the
Ca2þ-CaN-NFAT pathway is reportedly dysregulated in
autoimmune diseases, such as rheumatoid arthritis (RA)
and systemic lupus erythematosus (SLE). Indeed expression
of CaN has been discovered in monocytes/macrophages
and vascular endothelial cells in RA synovia, in which it
promotes the expression of IL-2, IL-17, and TNF-a, thereby
contributing to the development of chronic inflamma-
tion.13 Moreover, Ca2þ influx and nuclear NFAT levels are
abnormally increased in activated T cells of SLE patients.73

This aberrant activation of the Ca2þ-CaN-NFAT pathway
upregulates CD40 ligand expression, which subsequently
induces antibody production and dendritic cell (DC) acti-
vation in SLE patients.74 Meanwhile, inhibition of the CaN-
NFAT pathway suppresses production of inflammatory cy-
tokines and co-stimulatory molecules by T cells. Hence,
CaN-NFAT signaling is believed to represent an attractive
target for therapeutic approaches to control autoimmune
responses. CNIs, including CsA and FK506, inhibit CaN ac-
tivity through their interaction with immunophilins,
namely cyclophilin A, and FK-binding protein 12 (FKBP12),
respectively4 (Fig. 2), and are widely administered for the
treatment of autoimmune diseases. In fact, CNIs effec-
tively improve patient’s clinical symptoms and elevate



Figure 2 The CaN-NFAT pathway in T cells. Intracellular and
extracellular signals trigger an initial cytoplasmic Ca2þ in-
crease. Elevated cytoplasmic Ca2þ activates CaN, which de-
phosphorylates the NFAT transcription factors, causing NFATs
to translocate into the nucleus and initiate gene transcription.
CsA and FK506 inhibit the activity of CaN through their inter-
action with the immunophilins called cyclophilin A and FK-
binding protein 12 (FKBP12) respectively.
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survival rates. However, the use of CsA and FK506 is
associated with certain adverse effects, including hyper-
tension, nephrotoxicity, neurotoxicity and metabolic dis-
orders.4,75 It is, therefore, necessary to conduct further
research to identify novel CNIs capable of not only inhib-
iting CaN activity but also doing so without eliciting serious
adverse effects.

While CaN has long been considered a unique regulator
of T-cell activity,36 it is also expressed in other immune
cells, including B cells,76,77 macrophages,78,79 and DCs.80,81

The CaN-NFAT pathway in myeloid cells participates in
mounting immune responses to bacteria,82e84 fungi,85 and
viruses.86 The molecular mechanism underpinning activa-
tion of the CaN-NFAT pathway involves ligand binding of
multiple different pattern recognition receptors (PRRs),
such as TLRs and C-type lectin receptors, which subse-
quently activate spleen tyrosine kinase (Syk)/phospholi-
pase (PLC). This signaling cascade promotes an increase in
the Ca2þ concentration in monocytes, macrophages, and
DCs, triggering CaN-NFAT-IL2 signaling upon recognition of
complex particulate antigens.36 In fact, a recent study
showed that CR3 engagement with Mycobacterium leprae
(pathogen responsible for leprosy) activates Syk, inducing
CaN-dependent nuclear translocation of the transcription
factor NFAT, which selectively augmented the production
of IL-2, IL-10, and IL-1b.84 Meanwhile, the addition of CsA
significantly reduced the levels of these cytokines.
Furthermore, human DCs treated with CsA exhibited
reduced IFN-g responses to Sendai virus infection.87 Simi-
larly, when bone marrow-derived dendritic cells (BMDCs),
depleted of CaN were stimulated with Aspergillus fumiga-
tus, they exhibited reduced expression of Ptx3, a molecule
of particular importance in antifungal activity.88 Further-
more, the Ca2þ-CaN-NFAT-IL-2 pathway in DCs modulates
Th17 cell expansion in response to Aspergillus-germinated
particles; whereas conditional knockout of IL-2 in
CD11cþ cells impairs fungus recognition, represses phago-
cytosis, and disrupts Th17 responses to live conidia.80 These
results indicate that CaN inhibition increases the risk of
associated with a myriad of infections. In accordance with
these experimental results, transplant patients treated
with CNIs exhibited an increased risk of bacterial and fungal
infections. Therefore, novel specific CaN inhibitors are
required for transplant patients capable of reducing the
risk of infection.
Kidney disease

CaN is also an important element in the pathogenesis of
glomerular hypertrophy, injury, and sclerosis. Specifically,
Gooch and colleagues observed an increase in CaN expres-
sion in the glomeruli, and activation of CaN in the renal
cortex of rats following induction of diabetes by hypergly-
cemia.89 Meanwhile, inhibition of CaN with CsA reduces
whole kidney hypertrophy and completely blocks both
glomerular hypertrophy and extracellular matrix (ECM)
accumulation,90 suggesting that CaN mediates the latter
symptoms in diabetic nephropathy in vivo. Compelling ev-
idence has also shown that podocyte injury is a common
and typical feature of glomerular injury and sclerosis, and
is an initiating factor of the pathogenic process. The
disruption of podocyte actin fibers, cytoskeletal damage,
and podocyte apoptosis contributes to foot process
effacement, glomerular filtration barrier damage, and
proteinuria, which ultimately leads to kidney dysfunction.91

Many studies have been performed to investigate how the
activation of Ca2þ/CaN signaling induces podocyte loss and
cytoskeletal damage. Their results suggest that angiotensin
II (AngII), or angiotensin II type I receptor agonistic auto-
antibody (AT1-AA), enhance the expression of transient
receptor potential channel 6 (TRPC6), which stimulates
Ca2þ/CaN signaling, ultimately leading to actin fiber dam-
age and podocyte injury via several pathways, as shown in
Figure 3.92,93 One mechanism involves the binding of re-
ceptor activator of NF-kB (RANK) to TRPC6, which promotes
podocyte loss and impairs glomerular function by stimu-
lating CaN activity and increasing nuclear NFAT accumula-
tion.94 AngII also downregulates microRNA-30 (miR-30)
family members, resulting in CaN activation, and facili-
tating dephosphorylation and degradation of the actin-
binding protein, synaptopodin (SYNPO), which induces
cytoskeletal injury and apoptosis in podocytes.95,96 More-
over, a recent study revealed that miR-30 deficiency leads
to CaN-NFAT signaling activation, which in turn activates



Figure 3 Signal molecules regulating CaN activity to mediate podocyte injury. (1) AT1-AA induces podocyte injury via activation
of the TRPC6- Ca2þ/CaN pathway. (2) Ang II contributes to podocyte injury by increasing TRPC6 expression, which activates CaN/
NFAT signaling. (3) Ang II induces Ca2þ/CaN signaling and podocyte injury by downregulating miR-30 family members. (4) RANK
promotes podocyte injury by activating Ca2þ/CaN/NFAT signaling. (5) MiR-30 family members inhibit uPAR-ITGB3 signaling acti-
vation through the CaN/NFAT pathway.
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the urokinase plasminogen activator receptor-integrin b3
(uPAR-ITGB3) pathway, ultimately altering Rac family small
GTPase 1 (RAC1) and cell division cycle 42 (CDC42) activity,
and inducing podocyte injury91 (Fig. 3).

Cardiomyopathy

Cardiac hypertrophy (CH) occurs in a number of disease
states in response to increased cardiac workload and can
readily progress to ventricular dilatation, contractile
dysfunction, and heart failure. As such, many studies have
focused on the molecular mechanisms of cardiac myocyte
hypertrophy and have found that myocyte hypertrophy is
activated by multiple intracellular signaling pathways
including Ca2þ-dependent signalings.97 Upon exposure to
hypertrophic stimuli, the increase in intracellular Ca2þ ac-
tivates CaN signaling pathways which promotes activation
of hypertrophic gene transcription and subsequently in-
duces the onset and development of pathological hyper-
trophy. As a critical mediator of CH, CaN is involved in the
development of cardiac hypertrophy via regulation of
downstream targets including NFAT, myocyte enhancer
factor2 (MEF2), GATA binding protein4 (GATA4), nuclear
factor-k-gene binding (NF-kB), and Drp1, as well as inter-
action with other pathways such as protein kinase C (PKC),
mitogen-activated protein kinase (MAPK), calmodulin-
dependent protein kinase II (CaMKII), phosphatidylinositol
3-kinase (PI3-K), and Wnt pathways.56,97,98 Moreover,
enhanced CaN activity may positively correlate with CH.
For instance, a study reported an increase in serum CaN
activity in hypertensive and hypertrophic patients.99
Moreover, significantly increased concentration of intra-
cellular Ca2þ was found to enhance CaN and NFATc4
expression in cardiomyocyte hypertrophy.100 Additionally,
transgenic mice expressing activated forms of CaN, or
downstream targets exhibit CH and heart failure. Specif-
ically, constitutive activation of CnA was reported to induce
strong CH resulting in heart failure within the first weeks of
life. This result is consistent with previous reports showing
enhanced CH in response to overexpression of a constitu-
tively active form of NFAT.101 In contrast, genetic or phar-
macological inhibition of CaN signaling significantly
attenuates the pathogenesis of CH and dysfunction in
response to various stresses.100 Indeed, a recent study
demonstrated that specific deletion of CnB1 in car-
diomyocyte reduces AngII-induced increases in ventricular
mass, cardiomyocyte cross-sectional area, and left ven-
tricular wall thickness, preventing AngII-induced CH.12

Previous reports also found that constitutive deficiency of
the catalytic subunit CnAb, or NFATc3 or NFATc2 diminish
AngII-mediated heart weight gain.12 Similarly, over-
expression of the endogenous CaN inhibitors (regulator of
calcineurin 1, carabin) represses cardiac growth and at-
tenuates heart function.102

Neurodegenerative disease

Expression of CaN is particularly high in neurons, account-
ing for 1% of total neural protein, in which it is localized in
the cytosol, presynaptic and postsynaptic terminals. Be-
sides, CaN is also expressed in astrocytes and microglia.45 It
has been reported that CaN plays a critical role in the
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maintenance and plasticity of spines, as well as the
acquisition of learning, memory, and long-term potentia-
tion (LTP), among other functions.103 Alterations in Ca2þ

homeostasis are related to the accumulation of misfolded
protein aggregates in different neurodegenerative disor-
ders, including Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD), Huntington’s disease (HD), transmissible
spongiform encephalopathies (TSEs), and amyotrophic
lateral sclerosis (ALS).44,104 Meanwhile, accumulation of
misfolded/unfolded aggregated proteins leads to sustained
ER stress, which dysregulates Ca2þ homeostasis in various
neurodegenerative diseases and results in activation
of CaN.105 Aberrantly activated CaN is increasingly linked
to a variety of pathologic features associated with
neurodegenerative disorders, including synaptic dysfunc-
tion and loss, neuroinflammation, and neuronal cell
death.106,107

The outcomes associated with aberrant Ca2þ dynamics
particularly impairs neurotransmission in synaptic spines
and hyperactivation of CaN. Both the release and uptake of
neurotransmitters including synaptobrevin, synapsin, rab-
philin2A, synaptotagmin, and dephosphins via exocytosis
and endocytosis rely on CaN activity.108 Hence, CaN is an
important regulator of synaptic transmission in both the
pre- and post-synaptic compartments. In presynaptic ter-
minals, hyperactivated CaN dephosphorylates synapsin I, a
phosphoprotein that tethers neurotransmitter-containing
vesicles to the cytoskeleton109 (Fig. 4A). Once phosphory-
lated, synapsin I detaches from the vesicles, which become
exocytosed from the cell, thereby releasing neurotrans-
mitters into the synapse.110 Meanwhile, in postsynaptic
terminals, CaN has been shown to dephosphorylate and
thus inactivate, the N-methyl-D-aspartate receptor (NMDA-
R), thereby reducing the amount of time that the ion
channel remains open.111,112 CaN has also been reported to
enhance or prolong the desensitization period of other
ligand-gated channels, including g-aminobutyric acid type
A receptors (GABAARs)113 and serotonin.114 Besides, it was
observed that CnB1-deficiency in mice slows synaptic
vesicle secretion in the hippocampal glutamatergic synap-
ses, which may be related to Ca2þ entry via neurotrans-
mitter release triggering N-type Ca2þ channels enhanced by
CaN.115
Figure 4 Role of activated CaN in synaptic dysfunction and ne
inhibiting its translocation to the nucleus and reducing CREB targ
plasticity. (2) Activated CaN dephosphorylates synapsin I, inhibi
transport. (B) CaN dephosphorylates BAD, which dissociates from
leading to the release of cytochrome c and the apoptotic cascade
Changes in Ca2þ regulation during neurodegenerative
disease also leads to inhibition of LTP, synaptic dysfunction
and memory loss through disruption of CaN signaling cas-
cades. Meanwhile, hyperactivated CaN-mediated endocy-
tosis of the a-amino-3-hydroxy-5- methyl-4-isoxazole
propionic acid (AMPA) receptors is associated with Ab
oligomer-induced synaptic dysfunction and memory loss
related to LTP repression.116 Furthermore, CaN activates
protein phosphatases 1 (PP1) which functions to phospha-
tase AMPA receptors.117 However, activation of CaN inhibits
the activity of NMDA receptors and the enhanced AMPA
receptor internalization.118 Meanwhile, CaN is also involved
in regulating synaptic plasticity by controlling the expres-
sion of target genes via cAMP response element-binding
(CREB), which is a major target of CaN.119 Under normal
conditions, CREB becomes activated by phosphorylation
and nuclear translocation. Phosphorylated CREB (pCREB)
then modulates the expression of target genes necessary
for neuronal growth and survival, including brain-derived
neurotrophic factor (BDNF) and its receptor, tropomyosin-
related kinase B (trkB)120e122 (Fig. 4A). However, hyper-
activated CaN induces the dephosphorylation and inacti-
vation of CREB, thereby inhibiting CREB-target gene
expression, and causing synaptic dysfunction and memory
loss.119 CaN also interacts with and activates PP1, thereby
indirectly promoting PP1-dependent CREB dephosphoryla-
tion.46 Interestingly, a study showed that pCREB levels are
significantly reduced in the hippocampi of AD patients,123

while another group reported that hippocampal pCREB
immunoreactivity was decreased in the Tg2576 murine
model of AD, however, was restored following FK506
treatment.124 Taken together, these data suggest that
aberrant CaN activity promotes synaptic dysfunction,
highlighting the importance of regulating CaN activity at an
appropriate level.

Many forms of injury or disease in the central nervous
system (CNS) activate astrocytes and microglia. Astrocytes
form a critical part of the neurovascular unit, which
support and maintain an appropriate neuronal environ-
ment. Activated astrocytes secrete numerous pro-
inflammatory cytokines and other factors involved in
neuroinflammation45 and therefore, serve as a hallmark of
this process. Meanwhile, CaN plays a critical role in the
uronal death. (A) (1) Activated CaN dephosphorylates CREB,
et gene expression required for neuronal growth and synaptic
ting neurotransmitter release by abrogating synaptic vesicle
scaffolding proteins and forms a dimer with Bcl-2 or Bcl-xL,
that results in neuronal cell death.
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neuroinflammatory signaling inherent to astrocytes during
neural damage and dysfunction.45,112 Although it is only
weakly expressed in the astrocytes of healthy adult neural
tissue, CaN is strongly expressed in activated astrocytes
during aging, injury, and/or disease.45,125 For example,
Christopher and colleagues observed that intense CaN
expression is localized in activated astrocytes surrounding
amyloid plaques in an AD murine model.45 Moreover,
in vitro, amyloid b-protein (Ab) stimulates CaN activation
in primary rat astrocyte cultures.126 In addition, CaN
expression is upregulated in astrocytes from gerbil
hippocampi subjected to bilateral carotid artery occlu-
sion.45 Similarly, numerous CN-positive astrocytes are
present in human hippocampi during the very early stages
of cognitive decline. Once activated in astrocytes, CaN
dephosphorylates NFAT, which translocates from the
cytoplasm to the nucleus. In the nucleus, NFAT interacts
with distinct DNA binding elements to drive the expression
of numerous immune/inflammatory factors.45,127 A study
by Hafiz and colleagues shows that nuclear NFAT1 levels in
astrocytes increase in patients with mild cognitive
impairment and nuclear localization of NFAT3 in astro-
cytes is apparent in those with AD.127 CN also interacts
with NFkB, peroxisome proliferator-activated receptor g
(PPARg), and/or forkhead box O3 (FOXO3) transcription
factors to differentially affect neuroinflammation in as-
trocytes.45 These results suggest that CaN signaling in
astrocytes is involved in the neuroinflammatory processes
that lead to injury, disease, and aging.

Over-activated CaN has also been implicated in revers-
ible neuronal apoptosis. Hyperactivated CaN de-
phosphorylates Bcl2-associated death protein (BAD), which
is normally bound to the 14-3-3 protein in the cytosol and
which is phosphorylated on certain serine residues.128

Following dephosphorylation of BAD by CaN, BAD dissoci-
ates from its scaffolding proteins and translocates from the
cytosol to the mitochondria. In the mitochondrial outer cell
membrane, BAD forms a dimer with another pro-apoptotic
protein, Bcl-2/Bcl-xL, triggering the release of cyto-
chrome c, which contributes to the activation of the post
mitochondrial caspase apoptotic cascade46,129 (Fig. 4B).
Recently, a study reported that prion protein increases CaN
activity, resulting in decreased AMPK phosphorylation at
threonine residue 172 and increased autophagy activation,
which induces neuronal cell death; wherease FK506 may
prevent this effect.107 Taken together, inhibition of CaN
may represent a novel therapeutic approach for preventing
neurodegenerative diseases.

Cancer

In recent years, emerging evidence has shown that CaN may
play an important role in the development and progression
of human cancers.130 Indeed, activation of CaN and its
downstream targets has been defined as having oncogenic
potential in colorectal, breast, prostate, ovarian, pancre-
atic, and liver cancers, as well as glioblastoma, lung cancer,
and leukemia.77,131e138 Specifically, activated CaN report-
edly regulates cancer stem cell survival and proliferation,
cell migration, invasion, and metastasis in response to
hypoxic conditions, inflammation, and vascular endothelial
growth factor signaling.

The molecular mechanisms mediating these effects are
based on the ability of CaN to dephosphorylate and activate
NFAT and other target genes. Importantly, NFAT is consti-
tutively activated or overexpressed in numerous cancers
and can contribute to cancer development and progres-
sion.130 Meanwhile, the CaN/NFATc1 signaling pathway is
critically involved in the pathogenesis of solid tumors.
Recently, nuclear NFATc1 was identified in human colon
cancer specimens (stage II and stage III), as well as in
human colon cancer cell lines, while being described as
being strongly associated with poor survival rates. Studies
have also shown that this transcription factor could pro-
mote migration capacity of colorectal cancer cells (CRC) via
modulating runt-related transcription factor 2 (RUNX2) and
gelsolin (GSN).52 Meanwhile, nuclear NFATc1 was detected
in 50.6% of triple negative breast tumors, in 69.5% of
pancreatic carcinomas and activated in hepatocellular
carcinoma cells.133,139 NFATc1 enhances proliferation and
migration of breast cancer, pancreatic cancer, and hepa-
tocellular carcinoma cells through regulating certain on-
cogenes such as c-myc. Loss-of-function studies show that
NFATc1 silencing in 4T1cells (breast cancer cells) inhibits
their migratoty and proliferative capacity. Besides, treat-
ment with CsA in pancreatic carcinoma cell lines inhibits
the nuclear localization of transcriptionally active NFATc1
and cell cycle progression. In addition, Xu and colleagues
found that NFATc1 is significantly higher in ovarian cancer
tissues than in paired normal control tissues and activates
the extracellular regulated protein kinases1/2 (ERK1/2)/
p38/MAPK signal pathway,140 which leads to promotion of
cell growth and tumorigenesis. Meanwhile, the involvement
of CaN and NFATc1 has also been reported in hematologic
malignancies. In fact, nuclear localization of NFATc1 was
detectable in 72% of Burkitt’s lymphoma (BL) cases and 28%
of diffuse large B cell lymphoma (DLBCL) cases.141 Nuclear
accumulation of NFATc1 was also discovered in aggressive T
cell lymphoma.141

Additional CaN targets include cyclin D1, glycogen syn-
thase kinase-3b (GSK-3b), nuclear factor I (NFI), kinase
suppressor of ras 2 (KSR2), and c-Jun, which have all been
shown to have pro-tumorigenic roles.137,142e145 For
example, CaN dephosphorylates cyclin D1 at residue T286,
inhibiting its degradation, thereby facilitating cell cycle
progression and robust cell growth in invasive breast cancer
cells.142 Similarly, CaN enhances transcription of nuclear
factor I (NFI) via dephosphorylation, altering the migratory
properties of malignant glioma (MG) cells.137 Additionally,
CaN stabilizes c-Jun by dephosphorylating it at Ser-243 to
enhance its tumorigenic ability in COS-7 cells.145

Activation of CaN and its dephosphorylated substrates
regulate various genes critical for proliferation, apoptosis,
migration, and survival in both solid tumors and lymphoid
malignancies. Hence, efficient inhibition of CaN and its
critical effectors, may be useful as a therapeutic strategy
for cancer. In fact, a report showed that pancreatic cancer
cells treated with CsA or FK506 exhibited a dramatic time-
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and dose-dependent reduction in proliferation.139 More-
over, FK506 treatment of a breast cancer mouse model
decreased tumor growth and angiogenesis in vivo and
reduced migration of breast cancer cells in vitro.146 Both
CsA and FK506 treatment markedly increase the number of
apoptotic cells in lymphoma and leukemia cell lines, and
induces regression of T-cell acute lymphoblastic leukemia
(T-ALL) in mice, prolonging their survival.147 It appears that
combination therapy comprising CNIs and other anti-cancer
drugs may represent a promising approach for targeted
treatment. A recent study revealed that when non-small
cell lung cancer (NSCLC) cells were treated with crizoti-
nib and CsA, apoptosis was promoted, and G2/M arrest was
induced compared with crizotinib-only treatment.148 In
contrast, CsA and FK506 increased the risk of cancers in
organ-transplant patients due to suppression of tumor
immunosurveillance mechanisms.49 For example, CsA
treatment promotes the rapid growth and survival of renal
cancer cells via activating Ras and inducing the expression
of cytoprotective molecule heme oxygenase-1 (HO-1).149

CsA increases expression of activating transcription factor 3
(ATF3) which enhances keratinocyte tumor formation and
suppresses cancer cell senescence.150 Therefore, further
investigations are required to explore the downstream ef-
fectors of activated CaN in different malignancies to
develop more specific inhibitors targeting these effectors
for the treatment of cancers, which might overcome limi-
tations linked to direct inhibition of CaN activity.
Concluding remarks and future perspectives

CaN plays a central role in a number of physiological and
pathological processes, owing to its ability to control a
network of transcriptional regulators coupled to post-
transcriptional and posttranslational modifications that
amplify the initial signals. CaN is a versatile protein able to
modulate several fundamental pathways within the cell
including activation, apoptosis, cycle, proliferation,
migration, and invasion, as well as stem cell generation,
transformation and fate. Inhibiting CaN activity may serve
as a promising therapeutic strategy for several diseases.
CNIs such as CsA and FK506 have been tested as therapeutic
drugs in mouse models of disease and are currently used in
clinical settings.124 For example, CsA and FK506 have been
widely used to prevent organ rejection in transplant pa-
tients, as well as for the treatment of aggressive forms of
RA and SLE.4,13 However, their use is associated with
certain side effects, including hypertension, nephrotoxi-
city, neurotoxicity and metabolic disorders.4 It is therefore
important that further research be conducted to investi-
gate newly discovered molecular mechanisms of CaN ac-
tivity and regulation, to enable more specific targeting of
signaling pathways downstream of CaN activation. Specif-
ically, new inhibitors should be assessed for their ability to
interact with specific substrates or sets of substrates to
inhibit CaN signal transmission. Thus, more efficient ther-
apies may be designed to prevent excessive intracellular
Ca2þ and correctly regulate CaN signaling. Importantly,
drugs designed to affect CaN function can be applied to
many prevalent diseases and pathological processes, with
important social, medical and economic impacts.
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Abbreviations

CaN calcineurin
Ca2þ calcium
CaM calmodulin
NFAT nuclear factor of activated T-cells
IL-2 interleukin 2
IL-4 interleukin 4
Drp1 dynamin-related protein 1
NHE1 Naþ/Hþ-exchanger 1
TRESK TWIK-related spinal cord Kþ channel
CRZ1 calcineurin response zinc finger
KSR2 kinase suppressor of ras 2
CNIs CaN inhibitors
CsA cyclosporine A
FK506 tacrolimus
CnA catalytic A subunit
CnB regulatory B subunit
EF hands EF-hand motifs
ER endoplasmic reticulum
Th2 T helper type 2
NZ nephrogenic zone
IL-17 interleukin 17
IFNg interferon-g
TNF-a tumor necrosis factor-a
RA rheumatoid arthritis
SLE systemic lupus erythematosus
DC dendritic cell
FKBP12 FK-binding protein 12
DCs dendritic cells
PRRs pattern recognition receptors
CLR C-type lectin receptors
Syk spleen tyrosine kinase
PLC phospholipase
BMDCs bone marrow-derived dendritic cells
COX-2 cyclooxygenase-2
ECM extracellular matrix
AngII angiotensin II
AT1-AA angiotensin II type I receptor agonistic

autoantibody
TRPC6 transient receptor potential channel 6
RANK receptor activator of NF-kB
SYNPO synaptopodin
uPAR-ITGB3 urokinase plasminogen activator receptor-

integrin b3
RAC1 Rac family small GTPase 1
CDC42 cell division cycle 42
CH cardiac hypertrophy
MEF2 myocyte enhancer factor2
GATA4 GATA binding protein4
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NF-kB nuclear factor-k-gene binding
PKC protein kinase C
MAPK mitogen-activated protein kinases
CaMKII calmodulin-dependent protein kinase II
PI3eK phosphatidylinositol 3-kinase
RCAN1 regulator of calcineurin 1
LTP long-term potentiation
AD Alzheimer’s disease
PD Parkinson’s disease
HD Huntington’s disease
TSEs transmissible spongiform encephalopathies
ALS amyotrophic lateral sclerosis
NMDA-R N-methyl-D-aspartate receptor
GABAARs g-aminobutyric acid type A receptors
CREB cAMP response element-binding
AMPA amino-3-hydroxy-5-methyl-4-isoxazole propionic

acid
pCREB phosphorylated CREB
BDNF brain-derived neurotrophic factor
trkB tropomyosin-related kinase B
CNS central nervous system
Ab amyloid b-protein
MCI mild cognitive impairment
PPARg peroxisome proliferator-activated receptor g
FOXO3 forkhead box O3
BAD Bcl2-associated death protein
CRC colorectal cancer cells
GSN gelsolin
ERK1/2 extracellular regulated protein kinases1/2
BL Burkitt’s lymphoma
DLBCL diffuse large B cell lymphoma
GSK-3b glycogen synthase kinase-3b
NFI nuclear factor I
KSR2 kinase suppressor of ras 2
MG malignant glioma
T-ALL T-cell acute lymphoblastic leukemia
NSCLC non-small cell lung cancer
SCC skin squamous cell carcinoma
HO-1 heme oxygenase-1
ATF3 activating transcription factor 3
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Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gendis.2021.03.002.

References

1. Klee CB, Ren H, Wang X. Regulation of the calmodulin-
stimulated protein phosphatase, calcineurin. J Biol Chem.
1998;273(22):13367e13370.

2. Hogan PG, Li H. Calcineurin. Curr Biol. 2005;15(12):
R442eR443.

3. Li H, Rao A, Hogan PG. Interaction of calcineurin with sub-
strates and targeting proteins. Trends Cell Biol. 2011;21(2):
91e103.

4. Roy J, Cyert MS. Identifying new substrates and functions for
an old enzyme: calcineurin. Cold Spring Harb Perspect Biol.
2020;12(3):a035436.
5. Yu X, Jia L, Yu W, Du H. Dephosphorylation by calcineurin
regulates translocation of dynamin-related protein 1 to
mitochondria in hepatic ischemia reperfusion induced hippo-
campus injury in young mice. Brain Res. 2019;1711:68e76.

6. Hendus-Altenburger R, Wang X, Sjøgaard-Frich LM, et al.
Molecular basis for the binding and selective dephosphory-
lation of Naþ/Hþ exchanger 1 by calcineurin. Nat Commun.
2019;10(1):3489.
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109. Hosaka M, Hammer RE, Südhof TC. A phospho-switch controls
the dynamic association of synapsins with synaptic vesicles.
Neuron. 1999;24(2):377e387.

110. Orlando M, Lignani G, Maragliano L, et al. Functional role of
ATP binding to synapsin I in synaptic vesicle trafficking and
release dynamics. J Neurosci. 2014;34(44):14752e14768.

111. Reese LC, Taglialatela G. Neuroimmunomodulation by calci-
neurin in aging and Alzheimer’s disease. Aging Dis. 2010;1(3):
245e253.

112. Lim D, Mapelli L, Canonico PL, Moccia F, Genazzani AA.
Neuronal activity-dependent activation of astroglial calci-
neurin in mouse primary hippocampal cultures. Int J Mol Sci.
2018;19(10):2997.

113. Nicholson MW, Sweeney A, Pekle E, et al. Diazepam-induced
loss of inhibitory synapses mediated by
PLCd/Ca2þ/calcineurin signalling downstream of GABAA re-
ceptors. Mol Psychiatry. 2018;23(9):1851e1867.

114. Boddeke HW, Meigel I, Boeijinga P, Arbuckle J, Docherty RJ.
Modulation by calcineurin of 5-HT3 receptor function in
NG108-15 neuroblastoma x glioma cells. Br J Pharmacol.
1996;118(7):1836e1840.

115. Kim SH, Ryan TA. Balance of calcineurin Aa and CDK5 activ-
ities sets release probability at nerve terminals. J Neurosci.
2013;33(21):8937e8950.

116. Zhao WQ, Santini F, Breese R, et al. Inhibition of calcineurin-
mediated endocytosis and alpha-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptors prevents amyloid
beta oligomer-induced synaptic disruption. J Biol Chem.
2010;285(10):7619e7632.

117. Lee HK, Barbarosie M, Kameyama K, Bear MF, Huganir RL.
Regulation of distinct AMPA receptor phosphorylation sites
during bidirectional synaptic plasticity. Nature. 2000;
405(6789):955e959.

118. Jurado S, Biou V, Malenka RC. A calcineurin/AKAP complex is
required for NMDA receptor-dependent long-term depression.
Nat Neurosci. 2010;13(9):1053e1055.

119. Reese LC, Taglialatela G. A role for calcineurin in Alzheimer’s
disease. Curr Neuropharmacol. 2011;9(4):685e692.

120. Lonze BE, Ginty DD. Function and regulation of CREB
family transcription factors in the nervous system. Neuron.
2002;35(4):605e623.

121. Tao X, Finkbeiner S, Shaywitz AJ, Greenberg ME. Ca2þ
influx regulates BDNF transcription by a CREB family
transcription factor-dependent mechanism. Neuron. 1998;
20(4):709e726.

122. Huang EJ, Reichardt LF. Trk receptors: roles in neuronal signal
transduction. Annu Rev Biochem. 2003;72:609e642.

123. Yamamoto-Sasaki M, Ozawa H, Saito T, Rösler M, Riederer P.
Impaired phosphorylation of cyclic AMP response element
binding protein in the hippocampus of dementia of the Alz-
heimer type. Brain Res. 1999;824(2):300e303.

124. Dineley KT, Kayed R, Neugebauer V, et al. Amyloid-beta
oligomers impair fear conditioned memory in a calcineurin-
dependent fashion in mice. J Neurosci Res. 2010;88(13):
2923e2932.

125. Sompol P, Furman JL, Pleiss MM, et al. Calcineurin/NFAT
signaling in activated astrocytes drives network hyperexcit-
ability in Ab-bearing mice. J Neurosci. 2017;37(25):
6132e6148.

126. Abdul HM, Sama MA, Furman JL, et al. Cognitive decline in
Alzheimer’s disease is associated with selective changes in
calcineurin/NFAT signaling. J Neurosci. 2009;29(41):
12957e12969.

127. Abdul HM, Furman JL, Sama MA, Mathis DM, Norris CM. NFATs
and alzheimer’s disease. Mol Cell Pharmacol. 2010;2(1):
7e14.

128. Springer JE, Azbill RD, Nottingham SA, Kennedy SE. Calci-
neurin-mediated BAD dephosphorylation activates the
caspase-3 apoptotic cascade in traumatic spinal cord injury. J
Neurosci. 2000;20(19):7246e7251.

129. Agostinho P, Lopes JP, Velez Z, Oliveira CR. Overactivation of
calcineurin induced by amyloid-beta and prion proteins.
Neurochem Int. 2008;52(6):1226e1233.

130. Brun M, Godbout R. Activation of calcineurin in cancer: many
paths, one hub. Transl Cancer Res. 2016;5:S497eS506.

131. Wen L, Javed TA, Dobbs AK, et al. The protective effects of
calcineurin on pancreatitis in mice depend on the cellular
source. Gastroenterology. 2020;159(3):1036e1050.e8.

132. Wang G, Wang YZ, Yu Y, Wang JJ. Inhibitory ASIC2-mediated
calcineurin/NFAT against colorectal cancer by triterpenoids
extracted from Rhus chinensis Mill. J Ethnopharmacol. 2019;
235:255e267.

133. Quang CT, Leboucher S, Passaro D, et al. The calcineur-
in/NFAT pathway is activated in diagnostic breast cancer
cases and is essential to survival and metastasis of mammary
cancer cells. Cell Death Dis. 2015;6:e1658.

134. Manda KR, Tripathi P, Hsi AC, et al. NFATc1 promotes prostate
tumorigenesis and overcomes PTEN loss-induced senescence.
Oncogene. 2016;35(25):3282e3292.

135. Xin B, Ji KQ, Liu YS, et al. Higher expression of calcineurin
predicts poor prognosis in unique subtype of ovarian cancer. J
Ovarian Res. 2019;12(1):75.

136. Wang S, Kang X, Cao S, Cheng H, Wang D, Geng J. Calci-
neurin/NFATc1 pathway contributes to cell proliferation in
hepatocellular carcinoma. Dig Dis Sci. 2012;57(12):
3184e3188.

137. Brun M, Glubrecht DD, Baksh S, Godbout R. Calcineurin reg-
ulates nuclear factor I dephosphorylation and activity in
malignant glioma cell lines. J Biol Chem. 2013;288(33):
24104e24115.

138. Ma NQ, Liu LL, Min J, et al. The effect of down regulation of
calcineurin Aa by lentiviral vector-mediated RNAi on the
biological behavior of small-cell lung cancer and its bone
metastasis. Clin Exp Metastasis. 2011;28(8):765e778.

139. Buchholz M, Schatz A, Wagner M, et al. Overexpression of c-
myc in pancreatic cancer caused by ectopic activation of
NFATc1 and the Ca2þ/calcineurin signaling pathway. EMBO J.
2006;25(15):3714e3724.

140. Xu W, Gu J, Ren Q, et al. NFATC1 promotes cell growth and
tumorigenesis in ovarian cancer up-regulating c-Myc through
ERK1/2/p38 MAPK signal pathway. Tumour Biol. 2016;37(4):
4493e4500.

141. Marafioti T, Pozzobon M, Hansmann ML, et al. The NFATc1
transcription factor is widely expressed in white cells and
translocates from the cytoplasm to the nucleus in a subset of
human lymphomas. Br J Haematol. 2005;128(3):333e342.

142. Goshima T, Habara M, Maeda K, Hanaki S, Kato Y, Shimada M.
Calcineurin regulates cyclin D1 stability through dephos-
phorylation at T286. Sci Rep. 2019;9(1):12779.

143. Kim Y, Lee YI, Seo M, et al. Calcineurin dephosphorylates
glycogen synthase kinase-3 beta at serine-9 in neuroblast-
derived cells. J Neurochem. 2009;111(2):344e354.

144. Fernandez MR, Henry MD, Lewis RE. Kinase suppressor of Ras 2
(KSR2) regulates tumor cell transformation via AMPK. Mol Cell
Biol. 2012;32(18):3718e3731.

145. Huang CC, Wang JM, Kikkawa U, et al. Calcineurin-mediated
dephosphorylation of c-Jun Ser-243 is required for c-Jun

http://refhub.elsevier.com/S2352-3042(21)00034-9/sref107
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref107
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref108
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref108
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref108
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref108
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref109
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref109
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref109
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref109
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref110
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref110
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref110
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref110
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref111
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref111
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref111
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref111
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref112
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref112
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref112
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref112
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref113
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref113
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref113
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref113
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref113
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref113
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref114
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref114
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref114
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref114
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref114
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref115
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref115
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref115
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref115
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref116
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref116
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref116
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref116
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref116
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref116
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref117
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref117
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref117
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref117
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref117
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref118
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref118
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref118
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref118
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref119
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref119
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref119
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref120
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref120
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref120
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref120
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref121
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref121
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref121
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref121
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref121
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref122
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref122
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref122
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref123
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref123
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref123
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref123
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref123
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref124
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref124
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref124
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref124
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref124
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref125
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref125
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref125
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref125
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref125
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref126
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref126
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref126
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref126
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref126
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref127
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref127
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref127
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref127
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref128
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref128
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref128
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref128
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref128
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref129
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref129
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref129
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref129
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref130
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref130
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref130
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref131
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref131
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref131
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref131
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref132
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref132
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref132
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref132
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref132
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref133
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref133
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref133
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref133
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref134
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref134
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref134
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref134
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref135
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref135
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref135
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref136
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref136
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref136
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref136
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref136
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref137
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref137
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref137
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref137
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref137
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref138
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref138
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref138
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref138
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref138
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref139
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref139
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref139
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref139
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref139
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref139
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref140
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref140
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref140
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref140
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref140
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref141
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref141
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref141
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref141
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref141
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref142
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref142
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref142
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref143
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref143
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref143
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref143
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref144
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref144
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref144
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref144
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref145
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref145


CaN in development and disease 927
protein stability and cell transformation. Oncogene. 2008;
27(17):2422e2429.

146. Siamakpour-Reihani S, Caster J, Bandhu Nepal D, et al.
The role of calcineurin/NFAT in SFRP2 induced angiogen-
esis–a rationale for breast cancer treatment with the
calcineurin inhibitor tacrolimus. PLoS One. 2011;6(6):
e20412.

147. Medyouf H, Alcalde H, Berthier C, et al. Targeting calcineurin
activation as a therapeutic strategy for T-cell acute lympho-
blastic leukemia. Nat Med. 2007;13(6):736e741.
148. Liu Z, Jiang L, Li Y, et al. Cyclosporine A sensitizes lung cancer
cells to crizotinib through inhibition of the Ca2 þ/calcineur-
in/Erk pathway. EBioMedicine. 2019;42:326e339.

149. Balan M, Chakraborty S, Flynn E, et al. Honokiol inhibits c-
Met-HO-1 tumor-promoting pathway and its cross-talk with
calcineurin inhibitor-mediated renal cancer growth. Sci Rep.
2017;7(1):5900.

150. Wu X, Nguyen BC, Dziunycz P, et al. Opposing roles for cal-
cineurin and ATF3 in squamous skin cancer. Nature. 2010;
465(7296):368e372.

http://refhub.elsevier.com/S2352-3042(21)00034-9/sref145
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref145
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref145
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref146
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref146
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref146
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref146
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref146
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref147
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref147
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref147
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref147
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref148
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref148
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref148
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref148
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref148
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref149
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref149
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref149
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref149
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref150
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref150
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref150
http://refhub.elsevier.com/S2352-3042(21)00034-9/sref150

	Calcineurin in development and disease
	Introduction
	Calcineurin: structure and activation insights
	Calcineurin and development
	Calcineurin and disease
	Immune system disorders
	Kidney disease
	Cardiomyopathy
	Neurodegenerative disease

	Cancer
	Concluding remarks and future perspectives
	Author contributions
	Conflict of interests
	Conflict of interests
	Abbreviations
	Appendix A. Supplementary data
	References


