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Abstract Accumulation of misfolded/unfolded aggregated

proteins in the brain is a hallmark of many neurodegener-

ative diseases affecting humans and animals. Dysregulation

of calcium (Ca2?) and disruption of fast axonal transport

(FAT) are early pathological events that lead to loss of

synaptic integrity and axonal degeneration in early stages

of neurodegenerative diseases. Dysregulated Ca2? in the

brain is triggered by accumulation of misfolded/unfolded

aggregated proteins in the endoplasmic reticulum (ER), a

major Ca2? storing organelle, ultimately leading to neu-

ronal dysfunction and apoptosis. Calcineurin (CaN), a

Ca2?/calmodulin-dependent serine/threonine phosphatase,

has been implicated in T cells activation through the

induction of nuclear factor of activated T cells (NFAT). In

addition to the involvement of several other signaling

cascades, CaN has been shown to play a role in early

synaptic dysfunction and neuronal death. Therefore,

inhibiting hyperactivated CaN in early stages of disease

might be a promising therapeutic strategy for treating

patients with protein misfolding diseases. In this review,

we briefly summarize the structure of CaN, inhibition

mechanisms by which immunosuppressants inhibit CaN,

role of CaN in maintaining neuronal and synaptic integrity

and homeostasis and the role played by CaN in protein

unfolding/misfolding neurodegenerative diseases.
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Abbreviations

FAT Fast axonal transport

ER Endoplasmic reticulum

CaN Calcineurin

NFAT Nuclear factor of activated T cells

AD Alzheimer’s disease

PD Parkinson’s disease

ALS Amyotrophic lateral sclerosis

FTD Frontotemporal dementia

HD Huntington’s disease

CJD Creutzfeldt-Jacob disease

BAD Bcl2-associated death promoter

CREB cAMP response element-binding

SERCA Sarcoplasmic endoplasmic reticulum Calcium

adenosine

CaM Calmodulin

IP3R Inositol 1,4,5-triphosphate receptors

RyR Ryanodine receptors

TFEB Transcription factor EB

AMPA a-Amino-3-hydroxy-5-methyl-4-isoxazole

propionic acid

BDNF Brain-derived neuronal growth factor

UPR Unfolded protein response

GluA1 Glutamine A1

GluA2 Glutamine A2

trkB Tropomyosin-related kinase B

Ab Amyloid beta

MEF2 Myocyte enhancer factor 2
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Introduction

Protein misfolding disorders are a group of diseases with

devastating effects ranging from abstract thinking and

movement abnormalities to loss of mental function and

dementia. Protein misfolding/unfolding is involved in the

pathogenesis of several neurological diseases, including

Alzheimer’s disease (AD), Parkinson’s disease (PD),

amyotrophic lateral sclerosis (ALS), dementia with Lewy

bodies, frontotemporal dementia (FTD), Huntington’s dis-

ease (HD), Creutzfeldt–Jacob disease (CJD), kuru, mad-

cow disease, and scrapie [1–3]. Accumulation of amyloid

beta (Ab) and tau protein is a major causative factor in AD,

whereas accumulation of alpha-synuclein and tau is asso-

ciated with PD, SOD1 accumulation is associated with

ALS, PolyQ and huntingtin accumulation is associated

with HD, and prion protein accumulation is associated with

CJD, kuru, mad-cow disease, and scrapie [1, 2, 4]

Folding and processing of secretary and transmembrane

proteins occur in the endoplasmic reticulum (ER), a mul-

tifunctional organelle. Correct protein folding and

processing in the ER are dependent upon balanced ER

protein load and folding capacity. Under pathological

conditions, the balance between folding load and capacity

in the ER is disrupted, leading to accumulation of mis-

folded/unfolded proteins and ER stress [5]. ER stress

activates an adaptive response known as the unfolded

protein response (UPR) to correct misfolded/unfolded

proteins and, thus, reduce ER stress, but long-term and

severe ER stress dysregulates Ca2? homeostasis and causes

cytotoxic, synaptotoxic, and behavioral changes mediated

by calcineurin (CaN) (also known as calcium (Ca2?)/-

calmodulin (CaM)-dependent serine/threonine protein

phosphatase) [6–10].

In human and rodent models of neurodegenerative dis-

eases, several regions of the brain show CaN

immunoreactivity in neurons, but not in glia [11, 12]. CaN

is localized in the cell soma, dendrites (including the

postsynaptic density), dendritic spines, axons, and axon

terminals [11]. The activity of CaN is regulated by the

Ca2?-CaM complex. Important targets of CaN include the

Bcl2-associated death promoter (BAD), a proapoptotic

member of the Bcl2 gene family, and cAMP response

element-binding (CREB), a transcription factor. Hyperac-

tivated CaN dephosphorylates BAD, leading to

dissociation of BAD from scaffolding protein 14-3-3 and

interaction of BAD with mitochondrial membrane-associ-

ated protein Bcl-xL or other Bcl2 family proteins, followed

by release of cytochrome c from the mitochondria, caspase

activation, and neuronal apoptosis [13]. In addition,

hyperactivated CaN inhibits translocation of CREB into the

nucleus, suppressing gene expression and inducing

synaptic dysfunction [14]. More recently, Gan and Silver-

man studied the molecular events in early stage of AD,

suggesting that Ca2? dysregulation and subsequent hyper-

activated CaN resulted in spatiotemporal transport defects

in dendrites prior to axons. Furthermore, these spatiotem-

poral events were independent of Tau protein [15]. Also,

Pineda and coworkers found that BDNF transport defects

observed in HD can be restored by CaN inhibition via

FK506 in primary neuron cultures of mutant huntingtin and

mouse cortical neurons [16].

All major protein misfolding diseases, including AD,

PD, HD, ALS, and prion diseases, have devastating effects

on humans and animals, because of the lack of effective

therapeutic strategies and presymptomatic diagnostic tools.

Thus, there is a dire need for novel therapeutic intervention

strategies that are effective during the early stages of pro-

tein misfolding diseases.

Calcium dysregulation and calcineurin-mediated
signaling in neurodegenerative diseases

Recent studies on protein misfolding diseases suggest that

aggregation of misfolded/unfolded proteins in the ER

caused by the failure of the folding machinery to overcome

the accumulation of misfolded/unfolded aggregated pro-

teins is the sole cause of sustained ER stress 3, 17–19]. ER

and mitochondria are the main organelles contributing

towards important cell survival processes such as Ca2?

homeostasis and lipid biosynthesis [20, 21]. The immediate

adverse effect of ER stress on cells is the disruption of

Ca2? homeostasis [22]. Dysregulated Ca2? signaling has

been reported in patients afflicted with all major protein

misfolding/unfolding neurodegenerative diseases, includ-

ing AD, PD, HD, ALS, and prion diseases [19–21].

Ca2? plays a vital role as a secondary messenger in

many signaling pathways involved in maintaining cellular

homeostasis. Neuronal activity requires an optimal Ca2?

concentration; therefore, the harmful effects of Ca2?dys-

regulation are observed more often in neurons than in other

cell types [23]. Neuronal function and survival are

dependent on maintenance of the proper Ca2? concentra-

tion in the cytoplasm. Ca2? homeostasis in the ER and

cytoplasm is maintained via Ca2? channels located on the

membrane of the ER and adenosine triphosphate (ATP)-

driven sarcoplasmic endoplasmic reticulum (SERCA)-as-

sociated Ca2? pumps [23]. The ER is a dynamic Ca2?

storage site that contains a high concentration of Ca2?

(0.2–2 mM) in comparison with that of the cytoplasm

(50–100 nM). Ca2? uptake into the ER is mediated by

SERCA pumps, while release of Ca2? from the ER occurs

via inositol 1,4,5-triphosphate receptors (IP3Rs) and
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ryanodine receptors (RyRs) located on the ER membrane

[10, 21, 24].

Recent studies on neurodegenerative diseases suggest

that aggregation of misfolded/unfolded proteins leads to

ER stress and a subsequent increase in cytoplasmic Ca2?

[19, 21, 22]. In the early stages of AD and prion diseases,

Ca2? released from ER-bound Ca2? channels during ER

stress induced by oligomeric Ab and prion peptides

106–126 perturbs Ca2? homeostasis in the ER, resulting in

Ca2? uptake by mitochondria. The increased Ca2? con-

centration in the mitochondria leads to reactive oxygen

species (ROS) production and release of cytochrome c and

caspase-3, which initiate apoptosis [25]. Indeed, Ca2?

release from ER-resident Ca2? channels is thought to be

one of the first adaptive responses in cell lines infected with

prion proteins [26]. Inhibition of signaling associated with

the adaptive UPR through disruption of activating tran-

scription factor 6 (ATF6) has recently been demonstrated

in the SH-SY5Y cell model [27].

Activation of misfolded/unfolded aggregated protein-

mediated pathways via ER stress dysregulates Ca2?

homeostasis and leads to changes in the activity levels of

kinases and phosphatases related to normal cellular func-

tioning and the cell cycle 21].

In recent studies, Medina and colleagues provided a new

perspective on the relationship of CaN activity with dys-

regulated Ca2? in organelles other than the ER, thus

revealing the role of lysosomes in post-translational pro-

cessing and transcriptional regulation [28, 29]. For

decades, lysosomes were thought to be involved only in

catabolic product processing at the terminal end of the

phagocytic pathway, but Medina and colleagues showed

that lysosomes regulate the transcription of transcription

factor EB (TFEB), a substrate of CaN. Following Ca2?

dysregulation in lysosomes, TFEB is dephosphorylated and

translocated to the nucleus, where it activates TFEB-re-

lated genes. The present review is focused on the role of

CaN in the pathogenesis of neurodegenerative diseases.

Basic structure of calcineurin

CaN is the only known Ca2?-binding signaling transducer

protein calmodulin (CaM)-dependent serine/threonine

phosphatase and is involved in many cellular functions,

such as controlling the cell cycle and regulating signal

transduction by protein kinases. While numerous protein

kinases have been studied using biochemical and structural

assays, relatively few numbers of phosphatases (compared

to kinases) achieve the specific dephosphorylation of

thousands of phosphoprotein substrates. The specificity is

achieved through the regulatory subunits [30–33]. CaN is a

heterodimer consisting of a 59-kDa catalytic subunit

known as calcineurin A (CaNA) and a 19-kDa regulatory

subunit known as calcineurin B (CaNB) (Fig. 1). The

crystalline structure of unligated CaN has been elucidated

[34]. In addition, complexes of CaN with immunosup-

pressant tacrolimus [34, 35] and binding proteins FKBP12

and cyclophilin A (CyPA) have also been resolved

[36, 37].

The catalytic subunit of CaNA consists of 521 residues.

Residues 1 through 346 comprise a phosphatase domain,

residues 347 through 373 comprise a CaNB-binding helical

(BBH) domain, residues 390 through 414 comprise a CaM

binding region, and residues 469–486 comprise an

autoinhibitory (AI) region. Structural analysis of the

phosphatase domain of CaNA revealed the presence of two

beta sheets flanked by a mixture of alpha and beta sheets on

one side and alpha helices on the other side, in addition to

hydrophobic residues on the inner core of the beta sand-

wich. The Ser/Thr protein phosphatase-1 (PPase-1)

catalytic subunit is structurally similar to the phosphatase

domains of CaNA [38, 39], bacterial phage k Ser/Thr

protein phosphatase (k-PPase) [40], and purple acid phos-

phatase (PAPase) [41]. Indeed, PPase-1 and PPase-2A have

more than 40 % sequence identity with CaNA [42].

However, Das and colleagues reported that PPase-2C,

another member of the Ser/Thr protein phosphatase family,

is structurally similar to the alpha-to-beta sandwich-type

structure of the CaNA catalytic domain, but the topological

secondary structures of PPase-2C and CaNA show clear

differences [43]. In contrast to other PPases, PPase-2C does

not show significant sequence similarity or homology with

CaN or PPase-1.

CaNB-binding helix BBH is a multifunctional helix that

interacts with CaNB on one side and forms a complex with

immunophilin and immunosuppressants on the other side.

The formation of a hydrophobic core between the residues

of BBH and CaNB occurs when BBH hydrophobic resi-

dues Val349, Val357, Val364, Val368, Leu354, Leu365,

and Leu369 combine with CaNB hydrophobic residues

Val54, Val57, Val156, Leu91, Phe81, Phe93, Ile97, and

Ile106. In contrast, a mixture of hydrophobic and hydro-

philic residues is present on the opposite side of BBH.

Thus, a surface is formed over CaNB where drug/receptor

complexes such as FKBP12–FK506 and CyPA–CsA can

bind.

There are two linearly arranged Ca2? binding domains

along the BBH domain. The first Ca2? binding domain is

made up of residues 1 through 84, while the second Ca2?

binding domain consists of residues 86–169 [39]. Each of

the Ca2? binding domains on the BBH domain is made up

of two Ca2? binding EF hand motifs that are similar to

those found in CaM. Five clearly defined co-ordinations are

observed for the four Ca2? ions bound by the EF hand

motifs. EF1 has two oxygen chains: the side chain oxygen
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Fig. 1 Schematic presentation of reversible and irreversible activa-

tion of calcineurin (CaN). ER stress induced by accumulation of

misfolded/unfolded aggregated proteins in the ER leads to Ca2?

release from the ER. Dysregulated Ca2? homeostasis activates CaN.

Reversible CaN hyperactivation may induce a CaN activity level

15-fold higher than that induced by irreversible hyperactivation.

Irreversible activation of CaN is observed after proteolytic cleavage

of the CaNAI region and calmodulin (CaM) binding domain. The

cleaved CaNAI and CaM binding domains are not sensitive to Ca2?/

CaM and are thus constantly activated. Hyperactivation of calcineurin

results in dephosphorylation and nuclear translocation of cytoplasmic

NFAT (NFATc), upon which nuclear NFAT (NFATn) mediates

sustained gene expression leading to apoptotic cell death. Immuno-

suppressant drugs such as tacrolimus (FK506) and cyclosporin A

(CsA) inhibit CaN hyperactivation and block NFAT dephosphoryla-

tion, reducing apoptosis
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atoms at Asp30, Asp32, Ser34, and Glu41, as well as the

carbonyl oxygen chain at Ser36. EF2 has two oxygen

chains comprising the side chain oxygen atoms at Asp62,

Asp64, Asn66, and Glu73, as well as the carbonyl chain

oxygen at Gly68. EF3 has two oxygen chains: the side

chain of oxygen atom at Asp99, Asp101, Asp103, and

Glu110, as well as the carbonyl oxygen chain of Tyr105.

EF4 has two oxygen chains: the side chain of oxygen atoms

at Asp140, Asp142, Asp144, and Glu151, as well as the

carbonyl oxygen chain at Arg146. Ca2?/CaM complex

plays a vital role in enzymatic activation of CaN. Kinetic

studies have revealed a reversible 15-fold increase in the

enzymatic activity of CaN in the presence of the Ca2?/

CaM complex (Fig. 1). CaM has the unique capacity to

bind to phosphorylated and non-phosphorylated CaN [44].

In addition to activation through the Ca2?/CaM complex,

CaN is activated through two other irreversible proteolytic

pathways (Fig. 1), the first of which is a caspase-mediated

pathway that is activated by cleavage of the AI region and

CaM-binding domain of CaN and is insensitive to the

Ca2?/CaM complex [45]; however, this pathway of CaN

activation is controversial because it is activated during the

initiation of downstream apoptotic signaling. The second

irreversible proteolytic pathway of CaN activation is

mediated by partial proteolysis by Ca2?-dependent cys-

teine protease calpain (Fig. 1) [46]. CaN is split into three

truncated forms after calpain cleavage: 45, 48, and 57-kDa

fragments. The 45-kDa domain lacks the Ca2? and CaM

complex domain and AI domain. A57-kDa fragment that is

sensitive to the Ca2? and CaM complex and missing only

the AI domain has been found in the brains of human AD

patients [47].

Inhibition of CaN by immunophilins
and immunosuppressants

CaN inhibitor tacrolimus binds to a site at the BBH-CaNB

domain that is approximately 25 amino acids away from the

active site of CaN. FKBP12 is the most probable binding site

for 12 kDa size tacrolimus and CyPA–CsA and FKBP12–

FK506 complexes block the phosphatase activity of CaN

[35, 48, 49]. However, the CaN activity induced by small

substrate para-nitrophenylphosphate suggests that activation

of CaN by the immunophilin–cyclosporin complex is not as

simple as predicted by the spatial blockademodel. Structural

studies of the CyPA–CsA–CaN complex revealed that cat-

alytic residue Arg122 of CaNA forms a hydrogen bond with

Arg148 of CyPA. These astonishing observations about

residue Arg122 of CaNA lead us presume that direct regu-

lation of CaN activity by CyPA–CsA can occur.

Furthermore, structural studies of the unligated form of CaN

and the CaN–CyPA–CsA–FK506 complex showed that the

autoinhibitory loop of CaN interacts with CyPA and

FKBP12, suggesting that the most probable consequence of

immunophilin–drug complexes is conformational alteration

of the autoinhibitory fragment of CaN. Conformational

changes in the autoinhibitory loop might favor smaller sub-

strates and prevent large substrates from binding.

There are several CaN inhibitors available in the market

but two most commonly used CaN inhibitors are tacroli-

mus (FK506) and cyclosporin A (CsA). Tacrolimus (trade

name Prograf) is a product of the bacterium Streptomyces

tsukubaensis. It is a macrolide lactone and acts by

inhibiting calcineurin. The drug is used primarily in liver

and kidney transplantations, although in some clinics it is

used in heart, lung, and heart/lung transplantations. It binds

to the immunophilin FKBP1A, followed by the binding of

the complex to calcineurin and the inhibition of its phos-

phatase activity. In this way, it prevents the cell from

transitioning from the G0 into G1 phase of the cell cycle

[50]. Cyclosporin is thought to bind to the cytosolic protein

cyclophilin (an immunophilin) of immunocompetent lym-

phocytes, especially T-lymphocytes. This complex of

cyclosporin and cyclophilin inhibits the phosphatase cal-

cineurin, which under normal circumstances induces the

transcription of interleukin-2. The drug also inhibits lym-

phokine production and interleukin release, leading to a

reduced function of effector T-cells. Tacrolimus is more

potent and specific than CsA and has less pronounced side-

effects [51].

Calcineurin and neurodegeneration

Maintaining neuronal integrity and homeostasis

CaN is the only Ca2?-dependent phosphatase found

abundantly in the cytosol and presynaptic and postsynaptic

terminals of neurons. CaN plays a major role in main-

taining cellular homeostasis when Ca2? levels are altered.

Several research groups have focused on the putative role

of CaN in neuronal activity [21, 52, 53]. Ca2? influx in the

neuronal cytosol in response to accumulation of misfolded/

unfolded protein aggregates activates several proteins that

initiate downstream signaling. CaN is promptly activated

by cytosolic Ca2? influx because of the affinity of CaN

(0.1–1 nM) for Ca2?/CaM and colocalization of CaN with

the N-methyl-D-aspartate (NMDA) receptors [54, 55].

Activated CaN inhibits further Ca2? influx into the cytosol

through multiple mechanisms. CaN inhibits Ca2? efflux

through the ER membrane by suppressing voltage-gated

Ca2? channel activity and inhibiting Ca2?-induced Ca2?

release from the ER by negatively regulating inositol

triphosphate receptors (IP3Rs) and ryanodine receptors

(RyRs) [56–60].
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In addition to its role in controlling Ca2? influx into the

cytosol under ER stress, CaN is an important regulator of

gene expression. CaN directly controls cAMP response

element-binding protein (CREB), an important neuronal

transcription factor that plays a vital role in cognition and

memory [7, 32, 55, 61]. CREB is phosphorylated by

Ca2?-dependent and Ca2?-independent protein kinases,

ultimately leading to nuclear translocation and activation

of CREB-dependent gene expression [61]. Expression of

CREB-target genes is controlled by CaN through

dephosphorylation of CREB [9, 52, 53, 61]. Another

important CaN-regulated transcription factor, nuclear

factor of activated T-cells (NFAT), plays a crucial role in

axonal outgrowth. Dephosphorylation of NFAT4 by CaN

leads to nuclear translocation and neutrophilin- and

netrin-dependent gene expression [62, 63]. In addition,

myocyte enhancer factor 2 (MEF2), a pro-survival tran-

scription factor that plays an important role in cell

differentiation, cell division, and cell death, has also been

shown to be modulated by CaN [64, 65]. MEF2 is acti-

vated following sumoylation and acetylation induced by

CaN-dependent dephosphorylation. MEF activation leads

to expression of numerous genes, including activity-reg-

ulated cytoskeletal-associated protein (Arc) and synaptic

Ras GTPase activating protein (SYNGAP), followed by

inhibition of dendritic claw development during neural

morphogenesis [63, 64]. Phosphorylation of MEF2 at the

CaN target site (Ser408) is implicated in neurotoxin-in-

duced apoptosis [66]. CaN also dephosphorylates actin

filament phosphoprotein filamin in 293FT cells [67].

CaNb protects brain after injury by activation of the

PERK-dependent pathway of the UPR in mice model of

traumatic brain injury [68]. Kim and colleagues shown

that CaN inhibition through FK506 rescued impaired

synaptic plasticity in presenilin 1 M146 V mutant mice

model of AD; furthermore, FK506 stabilized GluA1

phosphorylation to improve synaptic trafficking via

AMPA receptors [69]. Calpastatin overexpression

reduced oxidative stress-induced impairment and cell

death in SHSY5Y cell line by decreasing calpain and CaN

activity and induction of mitochondrial fission [70].

Maintaining synaptic integrity

Although the final outcome of all protein unfolding/mis-

folding diseases is neuronal apoptosis in response to ER

stress, earlier pathological anomalies, such as altered axo-

nal transport and synaptic dysregulation, occur well before

neuronal apoptosis [71–74]. Under normal physiological

conditions, CaN plays a vital role in maintaining normal

synaptic integrity and function under the regulatory influ-

ence of Ca2? [52]. CaN is relatively abundant in neuronal

presynaptic and postsynaptic terminals. In presynaptic

terminals, neurotransmitter release and uptake via exocy-

tosis and endocytosis are dependent on CaN (Fig. 2)

[53, 75]. In postsynaptic terminals, CaN regulates voltage-

gated sodium and potassium ion channels [76].

Several studies in transgenic mice with altered forms of

CaN and knockout mice lacking CaN have shown that

long-term potentiation (LTP) and cognition are dependent

on normal levels of CaN [21, 77–79].The role of CaN

hyperactivation in Alzheimer’s disease (AD) has been

extensively studied. Endocytosis of the a-amino-3-hy-

droxy-5-methyl-4-isoxazole propionic acid (AMPA)

receptor was found to be mediated by hyperactivated CaN

in Ab-induced synaptic dysfunction and memory loss

associated with inhibition of LTP [80]. In this model,

AMPA receptors on dendritic spines bind to Ab oligomers,

after which endocytosis and subsequent internalization of

Ab oligomers bound to AMPA receptors are mediated by

CaN [80]. Ab oligomers bound to AMPA receptors co-

localize with glucarpidase 2 (cpg2), which plays an

important role in activity-dependent glutamate receptor

endocytosis, at the postsynaptic endocytic zone of excita-

tory synapses. CaN inhibitors such as tacrolimus and CsA

enhance memory by preventing Ab oligomer-induced loss

of surface AMPA receptors and dendritic spines. An

independent study conducted using a mouse model of AD

showed that soluble Ab-mediated loss of dendritic spines

was correlated with chronic activation of CaN [81]. Inhi-

bition of CaN reverses medium- and long-term deficits in

cognition and memory [82]. Zhang and colleagues used

PS1-M146V KI mouse model (KI) to study the structural

plasticity of hippocampal slices, showing calcineurin

inhibition through tacrolimus rescued mushroom spine

maintenance defects [21]. The interaction of phosphatases

PP1, PP1A and PP2B with adenosine receptor 1 (A1R)

results in reduced adenosine-induced persistent synaptic

depression (APSD) and glutamine A1 (GluA1) release in

rat hippocampal slices, but PP2A inhibition selectively

prevents glutamine A2 (GluA2) endocytosis [83].

CaN plays a vital role in regulating synaptic function by

post-translational modification of target proteins and con-

trols expression of genes necessary for synaptic plasticity.

As mentioned earlier, CREB is a major target of CaN

bFig. 2 Schematic presentation of ER stress-mediated reversible

(synaptic dysfunction) and irreversible (neuronal apoptosis) signaling

pathways upon misfolded/unfolded protein accumulation in the ER.

Hyperactivation of the PP1A domain of calcineurin following

dysregulation of Ca2? homeostasis results in three distinct anomalies:

(1) phosphorylation of CREB suppresses expression of neuronal

growth genes necessary for plasticity; (2) endocytosis of AMPA-

bound Ab oligomers results in synaptic disruption and inhibition of

long-term potentiation; (3) phosphorylation of synapsin-1 results in

inhibition of neurotransmitter release. Activation of the irreversible

pathway by the PP2B domain of hyperactivated calcineurin leads to

detachment of BAD from scaffolding protein 14-3-3 and BAD

phosphorylation
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(Fig. 2). Neuronal growth and survival require expression

of CREB-target genes that control various proteins,

including BDNF and its receptor tropomyosin-related

kinase B (trkB) [84–88]. CREB is activated by phospho-

rylation and nuclear translocation (Fig. 2). Hyperactivated

CaN leads to dephosphorylation and inactivation of CREB,

ultimately suppressing CREB-dependent gene expression

and resulting in synaptic dysfunction and memory loss

[61]. Synaptic plasticity associated with cognitive impair-

ment has been reported in the presence of misfolded Ab
and prions [2, 7, 89–91]. Experiments using mice showed

that CaN inhibition resulted in increased dendritic

branching and spine density [92]. Yamamoto-Sasaki and

coworkers showed that immunoreactivity of pCREB was

significantly decreased in dementia of the AD type and

proposed that impaired cAMP signaling may contribute to

the pathophysiology of AD [93]. More recently, Tagliala-

tela and colleagues showed that solid organ transplant

patients chronically treated with CaN inhibitor FK506 to

suppress rejection had a lower incidence of dementia and

AD in comparison with the normal population [94].

Mukherjee and colleagues found that rescue of optimum

CREB phosphorylation by CaN inhibition slowed the

progression of behavioral abnormalities in prion-infected

mice at the clinical stage of prion disease [7]. However,

maintaining the basal level of CaN activity is required for

CREB-dependent gene expression [95, 96]. An early

pathological abnormality associated with all neurodegen-

erative diseases is focal bead-like swelling in dendrites and

axons. Interestingly, in a study using an AD model, Ab-
induced neuritic beading was rescued by CaN inhibition,

which also rescued structural disruption of neuronal net-

works in the presence of Ab [97].

CaN also regulates a range of proteins involved in

neurotransmitter release, including synaptobrevin, synap-

sin, rabphilin2A, synaptotagmin, and dephosphins [98].

Vesicular transport is controlled by a major synaptic pro-

tein called synapsin I (Fig. 2), which is attached to the actin

cytoskeleton under normal resting conditions. During

neuronal excitation, kinases phosphorylate synapsin-I,

which detaches from vesicles, facilitating neurotransmitter

release [99]. Ubiquitously expressed enzymes CaN and

PP2A prevent neurotransmitter release via dephosphory-

lation of the synaptic protein synapsin-I [100]. Recently, it

is demonstrated that CaN proteolysis in activated astro-

cytes may be the cause of impaired synaptic functions in

neurodegenerative diseases and injury models [101]. The

results described above show that CaN is involved in

maintenance of synaptic structure and function; therefore,

hyperactivation of CaN amplifies synaptic dysfunction,

whereas maintaining CaN activity at an optimum level

could prevent synaptic dysfunction, an early event in a

range of neurodegenerative disorders.

Calcineurin and protein misfolding/unfolding

neurodegenerative diseases

Overactivation of CaN in neurons results in early, rever-

sible damage and late, irreversible damage. Reversal of

neuronal injury is only possible in the early stages of dis-

ease; if treatment is not started early, proapoptotic Bcl-2

family proteins are activated, leading to apoptosis

[2, 23, 102]. Chronically increased cytoplasmic Ca2?

triggers CaN hyperactivation, suppressing phosphorylation

of pro-apoptotic protein BAD [13–104]. Scaffolding pro-

tein 14-3-3 plays a crucial role in phosphorylation of BAD

under normal conditions (Fig. 2). Dephosphorylation of

BAD leads to dissociation of BAD from 14-3-3 and

interaction between BAD, Bcl-x, and other Bcl-2 family

proteins located on the mitochondrial membrane

[13, 103, 105]. Interaction of BAD with Bcl-x and Bcl-2

family proteins suppresses the anti-apoptotic activity of

BAD (Fig. 2) [105]. Low levels of phosphorylated BAD

have been reported in several cell lines exposed to mis-

folded/unfolded protein aggregates, as well as in the brains

of mice serving as models of several types of neurode-

generative diseases [89, 90]. Mukherjee and colleagues

showed that pharmacological inhibition of CaN by FK506

in the clinical stage of mice serving as a prion disease

model restored BAD phosphorylation and inhibited apop-

tosis. Inhibition of CaN hyperactivation significantly

prevented neuronal loss in prion-infected mice, while

increasing their survival rate [7].

Recently, it has been implicated that CaN hyperactiva-

tion results in triggering the NFAT signaling cascade

leading to Ab-induced cell death in AD patients (Fig. 1)

[106]. NFAT proteins are a family of transcription fac-

tors that are important mediators of the immune response.

The NFAT complex consists of at least two different

components [107], the inducible nuclear transcription fac-

tor component, known as NFATn, and the phosphorylated

cytoplasmic NFAT protein located in the cytoplasm,

known as NFATc. Hyperactivated CaN leads to translo-

cation of NFATc into the nucleus and formation of a

complex consisting of NFATc and NFATn, which triggers

target gene expression (Fig. 1). Ab-mediated chronic

activation of CaN results in activation of a neuronal iso-

form of NFAT known as NFATc4 [106]. Continuous

NFAT activation and nuclear signaling result in morpho-

logical neurodegenerative abnormalities, including neuritic

dystrophy, dendrite simplification, and dendritic spine loss

[106]. Ni and coworkers showed that isofurane-induced

cognitive impairments in aged rats can be rescued with

CsA; furthermore, NFATc4 nuclear translocation was

inhibited with CsA treatment [108], while transcriptional

profiling of neural stem cells identified CaN-NFATc4

signaling as major regulator of neural stem cell biology
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[109]. CaN inhibition in transgenic mouse model success-

fully prevented neuritic beading and calcium overload

[110].

Tau phosphorylation is regulated by a balance between

tau kinase and phosphatase activities. Disruption of this

equilibrium is suggested to be the origin of abnormal tau

phosphorylation and thereby that might contribute to tau

aggregation in AD [111]. It has been shown that the reg-

ulatory and catalytic subunits of CaN bind with tau protein,

and tau is dephosphorylated; the balance between phos-

phorylation and dephosphorylation of tau is influenced by

calmodulin which tries to impair the binding between CaN

subunits and tau [112]. SHSY5Y cells treated with CaN

inhibitors produced reduced calcineurin activity and a

corresponding increase in extracellular ptau181 [113].

Similarly, Luo and colleagues showed that FK506 signifi-

cantly enhanced the phosphorylation of tau at Ser-262

(12E8 site), Ser-198, Ser-199, and/or Ser-202 (Tau-1 site)

and Ser-396 and/or Ser-404 (PHF-1 site), without affecting

total tau [114]. A study using A53T transgenic mice as a

model of PD showed that a-synuclein increased CaN

phosphatase activity and facilitated NFATc3 translocation

to the nucleus in midbrain dopaminergic neurons and cell

lines, ultimately leading to apoptosis. Inhibition of CaN

with cyclosporin A ameliorated a-synuclein-induced loss

of neurons and increased the survival rate of dopaminergic

neurons through the suppression of CaN and NFAT sig-

naling pathway [115]. One must be very careful when

devising a strategy to inhibit hyperactivated CaN, as

reduction of CaN lower than optimum can be neurotoxic;

Caraveo and colleagues demonstrated that CaN activity

must be delicately balanced to ensure survival when neu-

rons are exposed to high levels of a-synuclein; complete

inhibition of CaN resulted in neurotoxicity, while moderate

CaN inhibition provided a neuroprotective effect in PD

patients [116]. Similarly, CaN downregulation systemati-

cally via Cys A or locally through shRNA produced

anxiety and depression-like behavior in C57BL/6J mouse.

These results suggest that chronic administration of CsA in

transplant patients could have significant effects on anxiety

and mood and this should be recognized as a potential

clinical consequence of treatment to prevent transplant

rejection [117].

Some research groups have suggested that CaN inhibi-

tion could be used as a therapeutic strategy to treat patients

with HD (Fig. 2) [16]. Phosphorylated huntingtin (Htt)

positively regulates vesicular transport of neurotrophins

such as brain-derived neuronal growth factor (BDNF). In

HD patients, compromised Htt protein function results in

reduced neurotrophic support and neuronal death [118].

Hyperactivation of CaN results in aberrant dephosphory-

lation of Htt, dysregulated BDNF transport, and

neurodegeneration. Recently, Gratuze and colleagues work

using mouse models of HD and cell lines demonstrated that

accumulation of mutant Htt protein resulted in tau hyper-

phosphorylation via down-regulation of CaN [119].

Genetic and pharmacological inhibition of CaN activity

prevents neuronal death in mouse models of HD

[118, 119]. Furthermore, mutant Htt toxicity was mini-

mized when RCAN1-IL, a CaN regulator, was

overexpressed in the ST14A cell line, a model of HD [120].

Takehiro and colleagues found that CaN inhibitor

FK506 strongly inhibited accumulation of the scrapie-as-

sociated form of prion protein (PrPSc) in both prion-

infected cells and mice. Furthermore, CaN inhibitor FK506

treatment of PrPSc infected cells resulted in the elevation of

all major autophagy-related proteins such as LC3-II, ATG7

and the complex of ATG5 and ATG12, while autolyso-

some formation was significantly increased [121].

Adenosine 1 receptor (A1R) has been studied recently in

hyphoxic/ischemic model where reduced level of PP2B

leads to neuroprotection via a-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid receptor (also known as AMPA

receptor, AMPAR, or quisqualate receptor) [83]. The

results described above indicate that CaN plays an impor-

tant role in neurodegeneration.

Other than immunophilins and immunosuppressants,

CaN activity can be inhibited through the genetic manip-

ulation of endogenous regulator of calcineurin RCAN1.

Kishi and colleagues have shown that phosphorylation of

the RCAN1 leads to the activation of CaN phosphatase

activity [122]. The inhibitory activity of RCAN3 overex-

pression in jurkat cells has been also documented [123].

Gelpi and coworkers shown that genetic inhibition of CaN

inhibited the development of LV hypertrophy in TGZ mice

[124]; similarly, genetic and pharmacological inhibition of

calcineurin corrected the BDNF transport defect in Hunt-

ington’s disease mice model [16]. Adenoviral vectored

overexpression of RCAN1-4 reduced the cytokines profile

in cerebral ischemia mice model [125].

Individuals with Down syndrome (DS) develop the

neuropathology of AD, suggesting that the overexpression

of genes on chromosome 21, like RCAN1, plays a role in

AD. RCAN1 is under the control of a stress response

promoter. More than 50 % individuals affected with DS

show the neuropathology of AD when they reach their

middle age. Individuals with DS display early onset of AD

neuropathology and provide an opportunity to research

genetic factors associated with AD [126]. Martin and

coworkers showed that RCAN1 gene overexpression cau-

ses deficits in hippocampal-dependent short- and long-term

memory in RCAN1-TG mice [126]. Similarly, RCAN1

overexpression leads to deficits in memory and synaptic

plasticity, tau pathology and dysregulation of mitochon-

drial dynamics in mice [127]. Patel and coworkers

demonstrated that RCAN1 overexpression resulted in
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impaired neurotrophin trafficking via the inhibition of NGF

receptors endocytosis. Genetic correction of RCAN1 res-

cued the NGF-dependent trafficking, neuronal survival and

innervations in mice model of DS [128].

Conclusions and future perspectives

Prompt and efficient treatment of major protein unfolding/

misfolding-related neurodegenerative disorders is only

possible with thorough understanding of the mechanisms

underlying neurodegeneration caused by unfolded/mis-

folded proteins. It is clear from previous investigations that

accumulation of misfolded/unfolded proteins results in ER

stress and dysregulation of calcium homeostasis. To correct

protein processing in the ER, reduce accumulation of

unfolded/misfolded proteins, and restore normal cellular

function, cells engage an adaptive response known as the

UPR. Sustained long-term ER stress leads to early neu-

rodegenerative anomalies such as synaptic dysfunction and

hampered axonal transport, which are followed by neuronal

death. Prolonged ER stress causes calcium to be released

from the ER into the cytoplasm via calcium channels,

activating apoptotic signaling pathways. Among the many

proteins affected by dysregulated Ca2? homeostasis is

CaN, a key phosphatase in the brain. Recent investigations

of neurodegenerative diseases have implicated altered CaN

activity in the molecular mechanisms leading to synaptic

dysfunction and neuronal apoptosis. Administration of

CaN inhibitors such as tacrolimus and cyclosporin A to

mice serving as models of various neurodegenerative dis-

eases appears to be therapeutically beneficial. CaN

inhibitors have been widely tested as therapeutic drugs in

mouse models of AD; the work of Takehiro and colleagues

on prion-infected mice and cell line provided encouraging

results. Enhanced degradation of PrPsc was achieved

through increased autophagic molecules, although the

molecular basis of this effect remains unknown. Medina

and colleagues showed that inhibition of hyperactivated

CaN suppresses TFEB activity and, vice versa, in Hela

cells, providing new directions for neurodegeneration

research, as TFEB is involved in autophagy and apoptosis

signaling pathways originating from lysosomes. Further-

more, Caraveo and colleagues demonstrated that fine

tuning the level of CaN in a-synuclein-exposed cells is

crucial, because a minor alteration in CaN abundance may

change the role of CaN from neuroprotective to neurotoxic

in patients with PD, as could also be the case for other

neurodegenerative diseases. CaN inhibitor tacrolimus has

been widely used to prevent organ rejection by solid organ

transplant patients, but recent evidence showing reduced

rates of dementia and AD in solid organ transplant patients

chronically treated with tacrolimus demonstrated the

potential of this drug as a treatment for patients with

neurodegenerative diseases [93]. Kim and coworkers

demonstrated that the inhibition CaN rescues impaired

synaptic plasticity in presenilin 1 M146 V mutant hip-

pocampal neuron cultures [69]. That could prove as a

beacon of hope for neurodegenerative disease patients,

particularly those affected by AD. Latest studies employing

yeast model showed that plasma membrane protein Rch1

negatively regulates cytosolic calcium homeostasis and

positively regulated by calcium/calcineurin signaling

pathway which might be the case in humans [129]. Further

research to investigate the molecular basis of neurode-

generation is required for the development of effective

therapeutic strategies for patients with neurodegenerative

diseases.
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Minami T, Redondo JM, Moro MÁ, Cano E (2012) Regulator of

calcineurin 1 (Rcan1) has a protective role in brain ischemia/

reperfusion injury. J Neuroinflamm 9(48):1–13

126. Martin KR, Corlett A, Dubach D, Mustafa T, Coleman HA,

Parkington HC, Merson TD, Bourne JA, Porta S, Arbonés ML,

Finkelstein DI, Pritchard MA (2012) Over-expression of

RCAN1 causes Down syndrome-like hippocampal deficits that

alter learning and memory. Hum Mol Genet 21(13):3025–3041

127. Wong H, Levenga J, Cain P, Rothermel B, Klann E, Hoeffer C

(2015) RCAN1 overexpression promotes age-dependent mito-

chondrial dysregulation related to neurodegeneration in

Alzheimer’s diseas. Acta Neuropathol 130:829–843

128. Patel A, Yamashita N, Ascan M, Bodmer D, Boehm E, Bodkin-

Clarke C, Ryu YK, Kuruvilla R (2015) RCAN1 links impaired

neurotrophin trafficking to aberrant development of the sym-

pathetic nervous system in down syndrome. Nat Commun.

doi:10.1038/ncomms10119

129. Zhao Y, Yan H, Happeck R, Peiter-Volk T, Xu H, Zhang Y,

Peiter E, van Oostende Triplet C, Whiteway M, Jiang L (2016)

The plasma membrane protein Rch1 is a negative regulator of

cytosolic calcium homeostasis and positively regulated by the

calcium/calcineurin signaling pathway in budding yeast. Eur J

Cell Biol 95(3–5):164–174

1074 S. Z. A. Shah et al.

123

http://dx.doi.org/10.1038/ncomms10119

	A central role for calcineurin in protein misfolding neurodegenerative diseases
	Abstract
	Introduction
	Calcium dysregulation and calcineurin-mediated signaling in neurodegenerative diseases
	Basic structure of calcineurin
	Inhibition of CaN by immunophilins and immunosuppressants
	Calcineurin and neurodegeneration
	Maintaining neuronal integrity and homeostasis
	Maintaining synaptic integrity
	Calcineurin and protein misfolding/unfolding neurodegenerative diseases

	Conclusions and future perspectives
	Acknowledgments
	References




