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Abstract 

Cardiovascular diseases (CVDs) are the leading cause of mortality worldwide. Considerable efforts are needed to 
elucidate the underlying mechanisms for the prevention and treatment of CVDs. Regulator of calcineurin 1 (RCAN1) 
is involved in both development/maintenance of the cardiovascular system and the pathogenesis of CVDs. RCAN1 
reduction protects against atherosclerosis by reducing the uptake of oxidized low-density lipoproteins, whereas 
RCAN1 has a protective effect on myocardial ischemia/reperfusion injury, myocardial hypertrophy and intramural 
hematoma/aortic rupture mainly mediated by maintaining mitochondrial function and inhibiting calcineurin and 
Rho kinase activity, respectively. In this review, the regulation and the function of RCAN1 are summarized. Moreover, 
the dysregulation of RCAN1 in CVDs is reviewed. In addition, the beneficial role of RCAN1 reduction in atherosclerosis 
and the protective role of RCAN1 in myocardial ischemia/reperfusion injury, myocardial hypertrophy and intramural 
hematoma /aortic rupture are discussed, as well as underlying mechanisms. Furthermore, the therapeutic potential 
and challenges of targeting RCAN1 for CVDs treatment are also discussed.
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Background
Cardiovascular diseases (CVDs), including heart and 
vascular disorders, are major causes of mortality and 
disability globally, especially in developed countries. 
CVDs result in estimated 17.7 million deaths annually 
and account for 20% and 24% of total age-standardized 
global burden of disease in women and men respectively 
(Thomas et al. 2018). In 2013, the World Health Organi-
zation launched the Global Action Plan which focused 
on health services support and public policy, aiming to 
prevent and manage four non-communicable diseases 
and CVDs are the major one (Organization 2013). Elu-
cidating the molecular mechanisms of the pathogenesis 
of CVDs is essential for their prevention and treatment. 

Accumulated evidence indicates that regulator of cal-
cineurin 1 (RCAN1) plays pivotal roles in the pathogen-
esis of CVDs and may be a potential therapeutic target.

RCAN1 functions in multiple physiological processes, 
including the development and functional maintenance 
of the cardiovascular system. For example, genetic evi-
dence revealed that several RCAN1 mutations increased 
the risk of congenital heart disease (Guo et  al. 2015; Li 
et  al. 2018, 2015). Mounting evidence indicates that 
RCAN1 exerts different effect in various CVDs. RCAN1 
reduction is beneficial to atherosclerosis (Mendez-
Barbero et  al. 2013) whereas RCAN1 protects against 
myocardial ischemia/reperfusion injury (Rotter et  al. 
2014), myocardial hypertrophy (Sussman et  al. 1998) 
and intramural hematoma /aortic rupture (Villahoz 
et  al. 2018). Moreover, growing evidence indicates that 
RCAN1 is dysregulated in CVDs. For example, remark-
able increase of RCAN1 was observed in atherosclero-
sis lesions in patients and mice (Mendez-Barbero et  al. 
2013). Therefore, we summarize the current knowledge 
of the regulation and function of RCAN1, and discuss 
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the dysregulation of RCAN1 in CVDs and its role in the 
pathogenesis of CVDs, aiming to propose the therapeutic 
potential of targeting RCAN1 for the treatment of CVDs. 
Importantly, the critical issues for drug development by 
targeting RCAN1 are also discussed.

Overview of RCAN1
The RCAN1 gene is located in the q22.1–q22.2 region 
of human chromosome 21 and is expressed primarily 
in the brain, heart, skeletal muscle and endocrine tis-
sues including the adrenal gland and pancreas (Ermak 
et  al. 2001; Fuentes et  al. 1997, 1995; Peiris et  al. 2012). 
The RCAN1 gene consists of seven exons separated by 
six introns. Four transcripts are generated by alternative 

promoter using and splicing, among which RCAN1.1 
(exon1, exon5, exon6, exon7) and RCAN1.4 (exon4, 
exon5, exon6, exon7) are the two major transcripts 
(Wu et  al. 2014) (Fig.  1). RCAN1.1 is highly expressed 
in the brain, heart and skeletal muscle. Two isoforms, 
RCAN1.1L (252 amino acids) and RCAN1.1S (197 amino 
acids), are generated from transcript RCAN1.1 by alter-
native usage of two in-frame translational start codons 
(Fig. 1). RCAN1.1L is the major isoform, while the level of 
RCAN1.1S is extremely low (Wu and Song 2013). Thus, 
RCAN1.1L is hereafter referred as RCAN1.1. RCAN1.4, 
translated from transcript RCAN1.4, is mainly expressed 
in the heart and skeletal muscle. All the isoforms share 
the same sequence of 168 amino acids at C-terminus, in 

Fig. 1 The bidirectional role of RCAN1 in calcineurin/NFAT signaling pathway. The RCAN1 gene consists of seven exons (presented as E1–E7). 
RCAN1.1 (E1, E5–E7) and RCAN1.4 (E4, E5–E7) are the two major transcripts, which are generated by alternative promoter using and splicing. 
Two isoforms, RCAN1.1L (252 amino acids) and RCAN1.1S (197 amino acids), are generated from RCAN1.1 by alternative usage of two in-frame 
translational start codons (presented as 1st ATG and 2nd ATG). As RCAN1.1L is the dominant isoform of RCAN1.1, hence RCAN1.1 hereafter stands 
for RCAN1.1L. RCAN1.4, another relative abundant isoform is translated from RCAN1.4. Each isoform participates in calcineurin-NFAT signaling 
by regulating calcineurin-mediated NFAT dephosphorylation, while active NFAT facilitates RCAN1.4 transcription. RCAN1 plays complex roles in 
the regulation calcineurin-NFAT signaling in a dose-dependent manner. Low level of RCAN1 is essential for the maintenance of calcineurin-NFAT 
signaling while high dose of RCAN1 exerts inhibitory effect on calcineurin-NFAT signaling. However, in response to AngII, PDGF or ISO treatment, 
RCAN1 functions as an inhibitor of calcineurin-NFAT signaling when its level is low, but as a facilitator of calcineurin-NFAT signaling when its level is 
high. The arrowhead stands for positive regulation, while T-shaped end stands for inhibition. P within the red circle represents the phosphorylation 
form of NFAT (inactive form)
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which multiple post-translational modification sites are 
located.

The expression of RCAN1 is regulated at both tran-
scriptional and post-translational levels. First, RCAN1.1 
is up-regulated by glucocorticoids at transcriptional level 
as the promoter region of RCAN1.1 contains a functional 
glucocorticoid response element (GRE) (Sun et al. 2011; 
Shen et  al. 2004; Yoshida et  al. 2002). VEGF increases 
RCAN1.1 transcription via the binding of TEF3 isoform 
1 to M-CAT sites in RCAN1.1 promoter (Liu et al. 2011, 
2008; Qin et  al. 2006). The expression of RCAN1.4 is 
sensitive to NFAT signaling as 15 potential NFAT bind-
ing sites are within the promoter region of RCAN1.4 
(Sun et  al. 2014b; Yang et  al. 2000). In addition, NFATs 
act in cooperation with other transcription factors to 
achieve synergistic activation of RCAN1.4 transcription, 
e.g. CCAAT/enhancer binding protein (C/EBPβ), AP-1, 
ATF6, NF-κB etc., which have been reviewed previously 
(Wu et al. 2014). Moreover, RCAN1 is degraded by both 
ubiquitin–proteasome pathway and chaperone-mediated 
autophagy lysosome pathway, which is regulated by the 
post-translational modification, including phosphoryla-
tion, ubiquitination, acetylation and neddylation (Han 
et al. 2014; Noh et al. 2012).

One of the main molecular functions of RCAN1 is 
generally known to regulate calcineurin-NFAT signaling 
which functions in CVDs. NFAT proteins are primarily 
located in the cytoplasm until the calcium-dependent 
calcineurin activation stimulates their dephosphoryla-
tion. The dephosphorylated NFATs further activate the 
transcription of target genes, including RCAN1.4. As an 
important endogenous regulator of calcineurin, RCAN1 
has bidirectional roles in the regulation of calcineu-
rin-NFAT signaling (Shin et  al. 2011; Wu et  al. 2014). 
Increased RCAN1 inhibits calcineurin-NFAT signaling 
in endothelial cells and myocardium in vitro and in vivo, 
whereas RCAN1 knockout also leads to the impairment 
of calcineurin-NFAT signaling (Fig. 1) (Sanna et al. 2006; 
Vega et al. 2003). It indicates that low level of RCAN1 is 
essential for the maintenance of calcineurin-NFAT sign-
aling in cardiac system, while increased RCAN1 inhibits 
NFAT signaling. However, after angiotensin II (AngII), 
platelet-derived growth factor (PDGF) or isoproterenol 
(ISO) treatment, RCAN1 functions as an inhibitor of 
calcineurin-NFAT signaling in a dose-dependent man-
ner when its level is low, while it functions as a facilitator 
when its level is high (Fig. 1)(Shin et al. 2011). It indicates 
that RCAN1 plays a complex role in regulating calcineu-
rin-NFAT signaling, depending on both the dosage of 
RCAN1 and the environmental levels of AngII, PDGF 
and ISO.

VEGF-VEGFR2 signaling plays crucial roles in the 
cardiovascular system (Holmes et  al. 2007). RCAN1 is 

implicated in the regulation of VEGF-VEGFR2 signal-
ing via various mechanisms (Fig.  2). First, RCAN1.4 
facilitates VEGF-stimulated VEGFR2 internalization and 
VEGFR2 dependent endothelial cell migration and angio-
genesis (Alghanem et  al. 2017). In addition, RCAN1.4 
also participates in endothelial cell migration through 
interaction with integrin αvβ3 complex which facilitates 
VEGFR2 phosphorylation (Iizuka et al. 2004). Moreover, 
RCAN1.1 functions downstream of VEGF promoting 
endothelial cell proliferation and angiogenesis through 
the activation of calcineurin-NFAT pathway (Qin et  al. 
2006) (Fig.  2). Furthermore, VEGF regulates the tran-
scription of RCAN1.1 and RCAN1.4 via different path-
ways, forming a feedback loop with VEGF signaling 
(Fig. 2). For example, in vascular endothelial cells, VEGF 
facilitates the up-regulation of RCAN1.1 by promoting 
the binding of TEF3 to the M-CAT cis-element in the 
RCAN1.1 promoter, while TEF3 activation is facilitated 
by its interaction with Yes1 associated transcriptional 
regulator (YAP1)(Cui et  al. 2020; Liu et  al. 2011; Qin 
et al. 2006). YAP1 is commonly known to be activated by 
VEGF via two receptors, neuropilin and VEGFR2 (Fig. 2) 
(Elaimy and Mercurio 2018). Besides, RCAN1.4 is also 
up-regulated by VEGF-VEGFR2 signaling. The bind-
ing of VEGF to VEGFR2 results in VEGFR2 autophos-
phorylation at the tyrosine 1175 residue (Uniewicz et al. 
2011). The phosphorylated VEGFR2 activates phospho-
lipase C-γ(PLCγ), which catalyzes phosphatidylinositol 
(4,5)-bisphosphate (PIP2) into inositol (1,4,5)-trispho-
sphate (IP3) and diacylglycerol (DAG) (Takahashi et  al. 
2001). IP3 stimulates  Ca2+ release from the endoplas-
mic reticulum (ER), subsequently activating calcineurin-
NFAT-mediated RCAN1.4 transcription (Fig. 2).

RCAN1 in cardiovascular disorders
Atherosclerosis
Atherosclerosis, the leading cause of CVDs, is charac-
terized by the development of atheromatous plaques 
(Lusis 2000). Atheromatous plaque development begins 
with the subendothelial accumulation of apolipopro-
tein B-containing low-density lipoproteins (LDLs). Oxi-
dized LDL (oxLDL) triggers the activation of the vascular 
endothelium and drives differentiation of monocytes into 
macrophages in vascular intima (Hansson and Hermans-
son 2011). After engulfing oxLDL, macrophages shift to 
a more sessile foam-cell phenotype in an atherosclerotic 
plaque. Along with the plaque expansion and the lesion 
maturation, the vascular wall is remodeled. Thus, the wall 
of the blood vessel is thickened, the lumen of the arter-
ies is narrowed and the elasticity of the artery walls is 
lost. The terminal manifestations of atherosclerosis, ath-
erosclerotic plaque rupture, vascular stenosis and athero-
thrombosis, could result in acute cardiovascular events, 
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while atherothrombosis is the most common cause of 
acute cardiovascular events (Baron et  al. 2016; Viles-
Gonzalez et al. 2004).

Remarkable increase of RCAN1.4 was observed in 
human and mouse atherosclerotic arteries. Although 
RCAN1.1 appeared to be higher in atherosclerotic 
lesions, the difference was less marked compared with 
RCAN1.4, especially in mice models. Atherogenic oxLDL 
was demonstrated to induce RCAN1.4 but not RCAN1.1 
expression in macrophages, endothelial cells and vascular 
smooth muscle cells. In contrast to RCAN1.4 upregula-
tion, a slight increase in RCAN1.1 expression in athero-
sclerotic plaques might be attributed to the recruitment 
of other cell populations with constitutively high 
RCAN1.1 expression (Mendez-Barbero et al. 2013).

Altered expression of RCAN1 is implicated in the 
pathogenesis and progress of atherosclerosis. Genetic 
deletion of Rcan1 significantly reduced the extent and 
severity of atherosclerosis in ApoE knockout mice with 
a high-fat diet. CD36 is an oxLDL receptor which func-
tions in oxLDL uptake and foam-cell formation (Ende-
mann et al. 1993; Nakata et al. 1999). Rcan1 deletion can 
significantly decrease CD36 level in the aortic arches 
while complementary expression of both Rcan1.1 and 
Rcan1.4 could concomitantly increase the numbers 
of oxLDL particles taken up by macrophages, indicat-
ing the protective effect of RCAN1 downregulation on 
atherosclerosis might be mediated by CD36 reduction 
(Mendez-Barbero et al. 2013). Additionally, VEGF signal-
ing promotes the endothelial cell proliferation (Carmeliet 

Fig. 2 RCAN1 in the regulatory network of VEGF-VEGFR2 signaling. VEGF induces RCAN1.1 upregulation via YAP1-TEF3 activation which is possibly 
mediated by neuropilin and VEGFR2. VEGF stimulation-induced VEGFR2 phosphorylation activates PLCγ, which cleavages PIP2 into IP3. IP3 enhances 
the release of  Ca2+ contributing to the activation of calcineurin/NFAT signaling, which promotes RCAN1.4 expression. On the other hand, both 
RCAN1.1 and RCAN1.4 participates in VEGF-VEGFR2 signaling via inhibiting calcineurin-NFAT signaling-mediated RCAN1.4 expression. RCAN1.4 
facilitates VEGFR2 internalisation followed by proteolytic degradation, and facilitatesVEGFR2 phosphorylation possibly mediated by integrin αvβ5 
complex. The arrowhead stands for positive regulation, while T-shaped end stands for inhibition. Dotted line stands for possible signaling pathways. 
P within the red circle represents the phosphorylation form of VEGFR2
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et  al. 1999), macrophage infiltration (Guo et  al. 2018) 
and foam cell formation (Yan et al. 2017), which all play 
pivotal roles in the pathogenesis of atherosclerosis. As a 
crucial modulator of VEGFR2, the reduction of RCAN1.1 
and RCAN1.4 might be protective for atherosclerosis 
by inhibiting VEGFR2 mediated VEGF signaling (Fig. 2) 
(Alghanem et  al. 2017). Above evidence suggested that 
RCAN1 inhibition may have therapeutic potential for 
slowing the progression of atherosclerosis by inhibiting 
VEGF-VEGFR2 signaling.

On the other hand, it has been proposed that increased 
RCAN1 may have protective effect on atherosclerosis 
based on the fact that patients with Down syndrome 
(trisomy of chromosome 21) have a low incidence of ath-
erosclerosis and hypertension, a risk factor for atheroscle-
rosis, and the RCAN1 gene is located on chromosome 21 
(de Asua et al. 2015; Murdoch et al. 1977; Rodrigues et al. 
2011; Roy-Vallejo et  al. 2020; Ylä-Herttuala et  al. 1989). 
It has to be noted that more than a hundred genes are 
located on chromosome 21, which may contribute to the 
protective effect on atherosclerosis and hypertension, not 
only the RCAN1 gene. It has never been demonstrated 
that increased RCAN1 has protective effect on athero-
sclerosis and hypertension, whereas increased expression 
of the superoxide dismutase (SOD) gene, another gene 
on chromosome 21, has been demonstrated to contrib-
ute to the protective effect on atherosclerosis (t Hoen 
et al. 2003; Yang et al. 2009). Moreover, genetic deletion 
of Rcan1 significantly reduced the extent and severity of 
atherosclerosis in mice, which directly demonstrated that 
RCAN1 reduction has beneficial effect on atherosclerosis 
(Mendez-Barbero et  al. 2013). In addition, RCAN1 has 
bidirectional roles in the regulation of calcineurin-NFAT 
signaling (Shin et  al. 2011; Wu et  al. 2014). Increased 
RCAN1 inhibits calcineurin-NFAT signaling, whereas 
RCAN1 knockout also leads to the impairment of cal-
cineurin-NFAT signaling (Fig. 1) (Sanna et al. 2006; Vega 
et al. 2003). Although NFAT-mediated vascular contrac-
tility and stiffness were found to be increased in Rcan1 
knockout mice, it remains unclear whether RCAN1 
could reduce vascular contractility and stiffness (Garcia-
Redondo et  al. 2018). Importantly, no direct evidence 
shows that RCAN1 plays a beneficial role in hyperten-
sion and atherosclerosis. Current evidence indicates that 
RCAN1 reduction is beneficial to atherosclerosis, which 
may have therapeutic potential for slowing or delaying 
the progression of atherosclerosis by inhibiting CD36 
and VEGF signaling.

Myocardial infarction
Acute myocardial infarction (AMI) is a type of acute cor-
onary syndrome in which sudden blockage of a coronary 
artery results in myocardial ischemic injury (Hashmi 

and Al-Salam 2015). Atherosclerotic plaque disruption 
with subsequent formation of thromboembolism is the 
major cause of myocardial infarction (Baron et al. 2016; 
Viles-Gonzalez et al. 2004). The most effective therapeu-
tic intervention is timely myocardial reperfusion by using 
thrombolytic therapy or primary percutaneous coro-
nary intervention to salvage the ischemic myocardium. 
Although the reperfusion is critical for myocardial sur-
vival, it does cause ‘reperfusion injury’.

Enhanced NFAT activity and subsequently induced 
expression of Rcan1.4 rather than Rcan1.1 were con-
firmed in the infarct area (Echtermeyer et al. 2011; Rotter 
et al. 2014). The levels of Rcan1.4 transcript and protein 
fluctuate with a circadian rhythm and the peak expres-
sion of Rcan1.4 is associated with the greatest resistance 
to myocardial ischemia/reperfusion (I/R) injury (Rotter 
et  al. 2014). Consistently, cardiac-specific overexpres-
sion of RCAN1.4 protects against cardiac I/R, whereas 
Rcan1 deletion exacerbates I/R injury (Parra et al. 2018; 
Rotter et al. 2014; van Rooij et al. 2004). It suggested that 
RCAN1 might play a protective role in myocardial I/R 
injury.

The protective effect of RCAN1 on I/R injury is par-
tially mediated by inhibiting calcineurin activity, which 
is further supported by that FK506, a calcineurin inhibi-
tor, confers protection to myocardial infarction in Rcan1 
KO mice (Rotter et  al. 2014). Moreover, RCAN1 pro-
tects heart from I/R damage by modulating mitochon-
drial function. RCAN1 deletion impairs mitochondrial 
function and exacerbates myocardial I/R injury (Rotter 
et al. 2014). Mitochondrial fission/fusion and autophagy 
(termed as mitophagy) are the two critical determinants 
for mitochondrial function. Mitochondrial fusion and 
fission work in concert to maintain the shape, size, and 
number of mitochondria and their physiological func-
tion. Mitochondrial fragmentation caused by fission 
was a noteworthy feature of I/R injury, while inhibiting 
mitochondrial fission has a protective effect on I/R injury 
(Ong et  al. 2010). RCAN1.1 is demonstrated to impede 
mitochondrial fission and maintain a more fused mito-
chondrial network in cardiomyocytes, suggesting that the 
protective effect of RCAN1.1 on myocardial I/R injury 
may be mediated by suppressing mitochondrial fission 
(Corbalan and Kitsis 2018; Parra et al. 2018). Mitochon-
drial fission is initiated by GTPase dynamin-related 
protein 1 (DRP1), while the subsequent activation of 
mitofusin 1 (Mfn1), mitofusin 2 (Mfn2) and optic atro-
phy 1(OPA1), three large GTPases, reversely suppresses 
mitochondrial fission. RCAN1 inhibits mitochondrial fis-
sion by attenuating calcineurin-dependent DRP1 dephos-
phorylation and maintaining OPA1 and Mfn2 levels 
(Cereghetti et al. 2008; Corbalan and Kitsis 2018). On the 
other hand, RCAN1.1 is beneficial for the maintenance 
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of mitochondrial function by accelerating mitophagy in 
response to myocardial I/R damage (Duan et  al. 2015; 
Sun et al. 2014a; Yan et al. 2014). Under hypoxic condi-
tions, mitochondria in cardiomyocytes are extremely vul-
nerable, while dysfunctional mitochondria is detrimental 
for cells due to imbalanced release of reactive oxygen 
species (ROS), activation of apoptotic pathway and cell 
growth inhibition (Scherz-Shouval and Elazar 2011; 
Sun et  al. 2014a; Yan et  al. 2014). Therefore, efficient 
removal of dysfunctional mitochondria by mitophagy 
is critical for cell protection under hypoxic stimuli. Par-
kin, a E3 ubiquitin ligase, is a specific mitophagy recep-
tor, which is recruited to the mitochondria by PINK1 
(PTEN-induced kinase protein 1) to ubiquitylate proteins 
involved in mitophagy. RCAN1.1 promotes mitophagy 
by increasing PINK1 expression and facilitating PINK1-
mediated translocation of Parkin into mitochondria. 
Thus, the effect of RCAN1.1 on mitochondrial fission 
and mitophagy plays a beneficial role in protecting heart 
from I/R injury, while the role of RCAN1.4 in mitophagy 
needs to be investigated. It highly suggests that modulat-
ing RCAN1-mediated mitochondrial function in cardio-
myocytes has a therapeutic potential for the treatment of 
myocardial I/R injury.

Aortic intramural hematoma
Intramural hematoma (IMH) is a life-threatening acute 
aortic disease. Pathological vascular wall remodeling 
involving structural and functional alterations is a central 
feature of IMH. IMH is a contained hematoma featur-
ing bleeding within the medial layer, which weakens the 
aortic wall homeostasis, therefore, long-duration IMH 
always progresses to aortic aneurysm or pseudoaneu-
rysm and aortic dissection or rupture (Evangelista et al. 
2003).

Growing evidence suggests that RCAN1 is implicated 
in the pathogenesis of IMH. First, AngII induces IMH 
and contributes to aneurysm formation in the ascending 
and the abdominal aorta in animal models (Rateri et  al. 
2014), while NFAT activation and increased RCAN1.4 
expression are induced by AngII in the aorta (Esteban 
et al. 2011). Moreover, the conditional deletion of Rcan1 
in smooth muscle cells (SMCs) or endothelial cells (ECs) 
disrupts aortic wall homeostasis, predisposing the aorta 
to hypertension-induced IMH, and subsequent aneurysm 
and rupture (Villahoz et  al. 2018). Rho kinase (ROCK)-
mediated myosin light chain (MLC) phosphoryla-
tion plays important roles in various cellular processes 
such as cellular morphogenesis, motility, and smooth 
muscle contraction, thus, ROCK hyper-activation-
induced sustained MLC phosphorylation may contrib-
ute to the pathogenesis of vascular remodeling-related 
diseases(Kaneko-Kawano et al. 2012). RCAN1 is proved 

to inhibit the activity of GSK3β. The loss of GSK3β inhi-
bition in conditional RCAN1−/− cells promotes ROCK 
activation and subsequently increases MLC phosphoryla-
tion, which further alters aortic wall structure and pre-
disposes to IMH and aortic rupture (Villahoz et al. 2018). 
These results indicate that the maintenance of RCAN1 
level and activity is beneficial for the prevention or treat-
ment of IMH.

Cardiac hypertrophy
Cardiac growth is an adaptive physiological process that 
satisfies the hemodynamic needs by modulating car-
diac output. Under pathological conditions, e.g., chronic 
hypertension and aortic stenosis, aberrant cardiac 
growth with the consequence of imbalanced myocardium 
contractility and consumption leads to heart decompen-
sation and failure. Thus, pathological hypertrophy caused 
by eccentric cardiac remodeling differs from physiologi-
cal hypertrophy as only pathological hypertrophy leads 
to heart failure (Burchfield et al. 2013; Hunter and Chien 
1999; Xie et al. 2013).

The level of Rcan1.1 transcript is increased by 2.97-fold 
in pathological hypertrophy model mice compared with 
that in physiological hypertrophy model mice (Song et al. 
2012). Moreover, weighted gene co-expression network 
analysis (WGCNA) revealed that the RCAN1 gene is a 
top hub gene involved in cardiac hypertrophy (Tan et al. 
2013). Calcineurin activation is a key mediator of stress-
induced cardiac hypertrophy and consistently, calcineu-
rin suppression is beneficial for pathological hypertrophy 
(Molkentin et al. 1998; Zou et al. 2001). For example, iso-
proterenol-induced myocardial hypertrophy was inhib-
ited by four-and-a-half LIM domain family protein 2 
(FHL2) via suppressing calcineurin activation (Hojayev 
et  al. 2012). Calcium/calmodulin dependent protein 
kinase II (CaMKII) phosphorylates CnA at Ser411, lead-
ing to the inhibition of calcineurin activity and anti-
hypertrophic effect (Kreusser et al. 2014). The transgenic 
expression of calcineurin inhibitory domains of Cain/
Cabin-1 and A-kinase anchoring protein 79 inhibits car-
diac hypertrophy in response to catecholamine infusion 
or pressure overload (De Windt et al. 2001). Calcineurin 
inhibitors, cyclosporine A (CyA) and FK506, also pre-
vented cardiac hypertrophy via blunting NFAT signaling 
in a mouse model (Sussman et al. 1998). Therefore, as an 
endogenous inhibitor of calcineurin, RCAN1 may act 
against cardiac hypertrophy by regulating calcineurin-
dependent pathways.

Cardiac valve dysplasia
The cardiac valves include aortic and pulmonic semilunar 
valves at the arterial pole as well as mitral and tricuspid 
valves separating the atria and ventricles. Cardiac valve 
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dysplasia is a major type of congenital heart disorders 
and a major cause of valvular heart disease, including 
mitral or tricuspid valve insufficiency, pulmonary or aor-
tic valve stenosis etc. The clinical manifestation includes 
fatigue, chest congestion, chest pain, shortness of breath, 
vertigo, syncope or symptoms of heart failure depending 
on the severity of valve dysplasia (Hoffman and Kaplan 
2002; Pierpont et al. 2007).

The process of valve development is conserved, which 
can be explained by epithelial-to-mesenchymal transition 
of endocardium. It consists of three steps, the formation 
of endocardial cushions, the growth of endocardial cush-
ions and valve primordial, and valve maturation by extra-
cellular matrix deposition and remodeling (Combs and 
Yutzey 2009). RCAN1.4 is highly expressed in endocar-
dial cushions during heart development (Wu et al. 2007), 
while RCAN1.4 silencing increases the migration of valve 
endothelial cells, a key process of valvuogenesis (Jang 
et  al. 2010). NFAT deficient mice showed hypogenetic 
cardiac valve formation (de la Pompa et al. 1998; Ranger 
et  al. 1998), while RCAN1.4 is not only a downstream 
target of calcineurin-NFAT signaling but also implicated 
in the regulation of calcineurin-NFAT activity (Wu et al. 
2007). It suggests that RCAN1.4 probably play a complex 
role in the development of valve dysplasia. However, the 
exact role of RCAN1 in valve dysplasia needs to be fur-
ther investigated.

Challenges on drug development by targeting 
RCAN1
Considering its crucial roles in the pathogenesis of 
CVDs, RCAN1 may be a potential therapeutic target for 
CVDs treatment. However, there is no specific drug tar-
geting RCAN1 developed in clinical trials, which may be 
attributed to the following reasons. First of all, RCAN1 
has bidirectional roles in the regulation of calcineurin-
NFAT signaling as mentioned above. Moreover, RCAN1 
differentially regulated NFAT signaling in various micro-
environments, such as microenvironment with different 
levels of AngII, PE, ET-1, PDGF or ISO (Shin et al. 2011). 
In addition, it is feasible and would be more precise to 
targeting specific isoform of RCAN1 for CVDs treat-
ment as RCAN1.1 and RCAN1.4 have different N-termi-
nal amino acids. However, the complex regulation and 
functional similarity and specificity of RCAN1 isoforms 
in CVDs remain elusive as aforementioned. For exam-
ple, RCAN1.1 and RCAN1.4 are differently regulated by 
oxLDL (Mendez-Barbero et  al. 2013). The homologous 
sequence of 168 amino acids at C-terminus within dif-
ferent RCAN1 isoforms may exert analogous functions. 
RCAN1.1 potentially protects against I/R injury by mod-
ulating mitochondrial function, while the functional role 

of RCAN1.4 in this process remains unclear (Parra et al. 
2018).

The potential side effects of RCAN1 modulation should 
also be considered. Calcineurin inhibitors (CNIs) resem-
bling RCAN1′s role in inhibiting calcineurin-NFAT sign-
aling have been clinically applied as immunosuppressive 
agents, such as Cyclosporine A (CyA) and Tacrolimus 
(FK506) (Sharif et  al. 2011; Xia et  al. 2018). However, 
these CNIs could exert severe side effects such as hyper-
tension (Robert et  al. 2010), nephrotoxicity (Stemp-
fle et  al. 2002), hyperlipidemia (Taylor et  al. 1999) and 
new-onset diabetes (Woodward et al. 2003). Meanwhile, 
RCAN1 plays both beneficial role and detrimental role 
in the pathogenesis of various diseases, such as various 
CVDs, cancer (Fu and Wu 2018), and Alzheimer’s dis-
ease (Wu et  al. 2014). For instance, RCAN1.1 enhance-
ment promotes stress-induced cell apoptosis (Sun et  al. 
2011; Wu and Song 2013). RCAN1.1 overexpression 
induces neuronal loss in hippocampus resulting in learn-
ing and memory deficits (Martin et al. 2012). Reduction 
of endogenous RCAN1 exacerbates cancer cell migra-
tion (Espinosa et al. 2009) and tumor growth (Wang et al. 
2017). Therefore, both short-term and long-term side 
effects of targeting RCAN1 need to be considered and 
investigated.

Conclusions
Mounting evidence has shown that RCAN1 plays crucial 
roles in the CVDs. Firstly, RCAN1 has a protective effect 
on myocardial I/R injury, myocardial hypertrophy and 
IMH/aortic rupture by modulating mitochondrial func-
tion, calcineurin activity and ROCK activity, respectively. 
Moreover, RCAN1 reduction protects against atheroscle-
rosis by reducing oxLDL uptake. Furthermore, the role 
of RCAN1 in valve dysplasia needs to be further inves-
tigated. Although modulating RCAN1 expression may 
have therapeutic potential for CVDs, many challenges 
should be considered.
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