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The role of nuclear factor of activated T cells in pulmonary arterial hypertension
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ABSTRACT
Nuclear factor of activated T cells (NFAT) was first identified as a transcription factor about 3 decades ago
and was not well studied until the development of immunosuppressant. Numerous studies confirm that
calcineurin/NFAT signaling is very important in the development of vasculature and cardiovascular system
during embryogenesis and is involved in the development of vascular diseases such as hypertension,
atherosclerosis and restenosis. Recent studies demonstrated that NFAT proteins also regulate immune
response and vascular cells in the pulmonary microenvironment. In this review, we will discuss how
different NFAT isoforms contribute to pulmonary vascular remodeling and potential new therapeutic
targets for treating pulmonary arterial hypertension.
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Introduction

Members of the NFAT family regulate diverse cellular process
including growth and survival and are involved in the develop-
ment cancer and cardiovascular diseases. The NFAT family of
proteins consist of 5 isoforms: NFAT1(NFATc2/NFATp),
NFAT2(NFATc1/NFATc), NFAT3(NFATc4), NFAT4
(NFATc3/NFATx) and NFAT5.1 These proteins are activated
and dephosphorylated in response to various types of
stimulation.

Pulmonary arterial hypertension (PAH) comprises a heteroge-
neous group of diseases with different etiology but similar pathol-
ogy and has been subcategorized as idiopathic pulmonary arterial
hypertension (IPAH), familial PAH, pulmonary hypertension
(PH) associated with connective tissue diseases, portopulmonary
hypertension, and PH related to human viral infection, chemicals,
and toxins.2 PAH is characterized by progressive proliferation of
vascular cells and can be life-threatening at end stage. Growth
factors, metabolic reprogramming inflammation and NFAT have
been implicated in the development of PAH.3-5 The fact that
NFAT is activated in both inflammatory cells and pulmonary
arterial smooth muscle cells (PASMCs) within pulmonary circula-
tion in both animal and human PAH suggests that NFAT plays a
critical role in the pathogenesis of this disease. In this paper, we will
discuss how NFAT proteins regulate pulmonary vascular
remodeling.

Structure ad regulation of NFAT

NFAT was first found in nuclear extracts of activated T cells6

and was subsequently reported in many different tissues such
as muscle, bone, neurons, viscera and skin. NFAT has 5 mem-
bers which shares an amino-terminal transactivation N-domain
(TAD) and a C-terminal domain. NFAT1–4 also contains

Rel-homology region (RHR) and NFAT homology region
(NHR), which function as DNA binding and regulatory
domain, respectively.7 NFAT5 does not contain NHR and is
regulated by osmotic tension.8

The regulation of the NFAT family has been described in
several excellent reviews.9,10 NFAT proteins remain phosphory-
lated in the cytoplasm at quiescent state. Upon stimulation,
NFATs are dephosphorylated by calcineurin, a serine/threonine
phosphatase dependent on calcium. Dephosphorylation of
NFAT results in the exposure of its nuclear localization
sequence, which leads to nuclear translocation of NFAT and
initiation of transcription of target genes. The transcription
also requires coactivators such as activator protein 1, myocyte
enhance factor 2 and members of the GATA family.11 While
calcineurin is required to keep NFAT in the nucleus, several
serine/threonine kinases such as casein kinase1, glycogen
synthase kinase 3b (GSK3b), p38 and C-Jun N-terminal kinase
export NFAT from the nucleus by phosphorylating NFAT.
Beside phosphorylation, NFAT is also modulated by ubiquiti-
nation and sumoylation.12

NFAT in pulmonary vascular remodeling

NFATc1, NFATc2 and NFATc3 are the main isotypes of NFAT
involved in the pathogenic process of PAH, which is character-
ized by inflammation, hyperproliferation of PASMC and meta-
bolic shift.

NFATc2

Increased expression and activation of NFATc2 in PASMC are
found in both human PAH as well as in monocrotaline (MCT)
induced PAH animal models. NFATc2 contribute to the devel-
opment of PAH by regulating the transcription of multiple
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inflammatory chemokines in immune cells,13 which then
recruits inflammatory cells in remodeled vessels. Along this
line, cyclosporine A (CsA), a inhibitor of NFATc2, was shown
to reverse right ventricular hypertrophy and pulmonary vascu-
lar remodeling in MCT rat model of PAH.14 However, CsA
treatment alone failed to reverse PAH in SM22–5-HTTC mice
although NFATc2 was dephosphorylated in lungs of these
mice.15 Possible explanations for this interesting phenomenon
include: 1) NFATc2 is not the only target of 5-HTT in
SM22–5-HTTC mice; 2) inflammation is not a critical contrib-
utor for the development of PAH in SM22–5-HTTC mice. In
vitro, several studies reported increased activation of NFATc2
in cultured PASMC in response to 5-HT, endothelin-1(ET-1)
and PDGF, which has been implicated in pulmonary vascular
remodeling.16,17

NFATc2 induces PASMC proliferation and resistance to
apoptosis within the remodeling PA wall by reducing the
expression of Kv1.5 and upregulation of anti-apoptotic protein
Bcl-2.14,18 Kv1.5 has been suggested to regulate the resting
plasma membrane potential in PASMC.19 Thus dysfunction of
Kv1.5 in PASMC enhances NFATc2 activation by elevating
cytosolic [Ca2C] through depolarization of the plasma mem-
brane. Increased expression of Bcl2 leads to a mitochondrial
membrane potential (DCm) hyperpolarization and mitochon-
drial-dependent resistance to apoptosis.20 Additionally, as the
downstream of calcineurin, NFATc2 upregulates cyclin A
expression and CDK2 activation to promote primary cultured
PASMC cell cycle and proliferation.16 VIVIT or CsA induces

apoptosis by inhibiting NFATc2 nuclear translocation and sub-
sequent up regulation of Kv1.5 expression and down regulation
of Bcl-2 and decrease of [Ca2C], [KC].14

Signal transducer and activator of transcription 3 (STAT3) is
a transcription factor that regulates the expression of NFATc2
and subsequent proliferation of PASMC.21 STAT3 positively reg-
ulates NFATc2 by 2 mechanisms: 1) regulation of NFATc2 tran-
scription by binding to its promoter region; 2) positive
regulation of the NFATc2 activator, Pim-1, which is a oncopro-
tein specifically overexpressed in PAH. Pim-1 promotes cell pro-
liferation/survival by increasing Bad phosphorylation. Apart
from cytokines, the mutation of some proteins, including defi-
ciency of uncoupling protein2 or overexpression of NogoB also
lead to activation of NFATc2.22,23 On the other hand, the orphan
nucleus receptor Nur77 negatively regulates PASMC proliferation
through inhibition of the STAT3/Pim-1/NFATc2 pathway.24

NFATc2 is also implicated in metabolic shift to aerobic gly-
colysis which plays an important role in the development of
PAH.25 Increased activation of NFATc2 was observed in
PASMC stimulated by TNFa, which correlated with the inhibi-
tion of PASMC pyruvate dehydrogenase (PDH) and mitochon-
drial dysfunction.26 On the other hand, as the consequence of
mitochondrial metabolic abnormality, the inhibition of meta-
bolic signaling protein GSK3b also contributes to NFATc2
nuclear accumulation.27 The effects and regulation of NFATc2
on PAH are summarized in Fig. 1.

Up regulation and activation of NFATc2 has been found in
circulating leukoytes in patients with PAH, including IPAH

Figure 1. The mechanisms of NFATc2 promote PAH. Pro-PAH factors increase STAT3 phosphorylation. Then phosphorylated STAT3 translocates into nucleus and increases
NFATc2 and Pim-1 expression. Pim-1 triggers NFATc2 dephosphorylation and nuclear translocation and Bad phosphorylation, which inhibits kv1.5 expression and pro-
motes Bcl2 expression. Aerobic glycolysis inhibits GSK3b activation, which increases the nuclear localization of NFATc2. downregulation of kv1.5 results in increase of
[Ca2C]i and [KC]i. Upregulated Bcl2 hyperpolarizes mitochondrial membrane potential(DCm) and lowers mitochondrial ROS. Meantime, NFATc2 binding with DNA also
enhances cyclin A expression and in turn promotes CDK2 activation. CDK2 activation and [Ca2C]i increase results in PASMC proliferation. Elevated [KC]i together with
decreased DCm and mROS inhibits PASMC apoptosis. Finally, the hyperproliferative and anti-apoptotic diathesis within the resistance pulmonary arterial wall lead to vas-
cular remodeling and a progressive increase in pulmonary vascular resistance.
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and scleroderma associated PAH, but not in healthy patients.
CD3-positive T lymphocytes were found in the resistance pul-
monary artery from PAH patients but not in normal controls
and the majority of CD3-positive cells also showed NFATc2
activation. The generalized activation of NFAT might serve as a
biomarker for PAH.14 Similarly, Pim-1 which can activate
NFAT can also serve as a new biomarker in PAH.28 Large stud-
ies will be needed to determine the potential of using circulat-
ing NFATc2 as a biomarker for early diagnosis and prognosis
for PAH patients who do not have additional systemic inflam-
matory diseases.

NFATc3

NFATc3 is activated by hypoxia in both adult and neonatal
mice. In adult mice, NFATc3 activation contributes to pulmo-
nary arterial wall thickness; conversely, NFATc3 deficient adult
mice displayed normal right ventricular systemic pressure after
exposure to hypoxia.29 Interestingly, nucleus accumulation of
NFATc3 was observed in both endothelial cells (ECs) and
PASMC in the lung of neonatal mice in response to chronic
hypoxia. Compared to wild-type neonatal mice, heterozygous
NFATc3 neonates showed less severity of PAH under hypoxic
condition. Surprisingly, activation of other NFAT isotypes was
not observed in hypoxic PAH model, which was contradictory
to reports from other studies. In vitro, the inhibition of
NFATc3 by VIVIT or CsA suppresses hypoxia-induced prolif-
eration and induces apoptosis of PASMC. The results suggest
that NFATc3 is involve in the hypoxic pulmonary vascular
remodeling in a dose dependent manner. Interestingly,
NFATc3 has been implicated in ventricular remodeling.30

Activation of myocardial NFATc3 is also involved in the patho-
logical process of chronic hypoxia induced RV hypertrophy.

Hypoxia induces PASMC phenotype switching from con-
tractile to the synthetic phenotype, increases cell proliferation,
migration and thickening of the PA wall. Hypoxia is able to
upregulate the expression of transient receptor potential canon-
ical 1 (TRPC1, the store-operated Ca2C channel) and stromal
cell-interaction protein 1 (STIM1, the endoplasmic reticulum
Ca2C sensor) in PASMC, which in turn induces SOC-mediated
[Ca2C] influx and subsequent activation of calcineurin phos-
phatase activity and accumulation of NFATc3 in the
nucleus.31,32 Once activated, NFATc3 could induce the tran-
scription of TRPC1 in a positive feedback manner. Interest-
ingly, Kv2.1 is an oxygen sensitive potassium channel and its
dysfunction contributes to the pathogenesis of PAH.33

Although activation of NFATc3 controls the excitability of
cerebral arterial smooth muscle cell by downregulation of
Kv2.1,34 little is known about the relationship between NFATc3
and Kv2.1 in PAH. Additionally, the overexpression of ET-1
induced by hypoxia leads to [Ca2C] mobilization and stimulates
RhoA/ROK activity. ROK activiity is responsible for actin poly-
merization which supports nucleus translocation of NFATc3.35

Constitutively activated NFATc3 promotes soluble guonylyl
cyclase-a1 and upregulation of the SM hypertrophic marker
SM-a-actin in PASMC.36,37 By contrast, Kang et al reported
that lentiviral overexpression NFATc3 alone in human PASMC
decreased SM -a-actin expression. Co-transfecting an a-SMA
promoter and NFATc1, NFATc2, or NFATc3 overexpression

vector, increased the a-SMA promoter activity by about 30%.
So the suppressive effect of NFAT on a-SMA might come from
phenotypic change in PASMC. Therefore, the underlying
molecular mechanisms by which NFAT proteins regulate the
PASMC phenotype require further investigation.38 NFATc3
may be involved in the entire hypoxic pulmonary vascular
remodeling process, including initial proliferation and subse-
quent hypertrophy of PASMC. More evidence for NFATc3
involvement in PAH was provided by studies from other
animal models. Increased activation of NFATc3 has also been
demonstrated in VIP¡/¡ mice and has been proposed to par-
tially mediate the pulmonary vascular remodeling and inflam-
matory response.39 In line with these findings, nuclear
localization of NFATc3 but not NFATc2 was elevated by the
stimulation of elevated superoxide/hydrogen peroxide ratio in
superoxide dismutase-1 deficient mice. Together, these findings
strongly suggest that NFATc3 isoform is involved in the devel-
opment of PAH in these mice.40 But NFATc2 nuclear localiza-
tion elevation has been confirmed in a rat model of MCT-
induced PAH.14 These studies infer that different NFAT iso-
forms were activated in different models. The role of NFATc3
in hypoxia-induced PAH is summerized in Fig. 2.

NFATc1 and NFATc4

Compared with NFATc2 and NFATc3, the studies of other
NFAT members in pulmonary vascular remodeling are rela-
tively scarce though NFATc1 has been confirmed to play a role

Figure 2. NFATc3 involves in PASMC hypertrophy and proliferation. Endothelial
dysfunction induced by hypoxia upregulates the expression of TRPC1 and STIM1 in
PASMC, which in turn induces SOC-mediated [Ca2C] influx and subsequent activa-
tion of calcineurin phosphatase activity and accumulation of NFATc3 in the
nucleus. Once activated, NFATc3 could induce the transcription of TRPC1 in a posi-
tive feedback manner. ET-1 induced by hypoxia stimulates RhoA/ROK activity,
which promotes nucleus translocation of NFATc3. Once NFATc3 translocates into
nucleus, it may upregulate a-SMA in PASMC and in turn promotes PASMC hyper-
trophy. Moreover, NFATc3 also involves in proliferation of PASMC. PASMC hyper-
trophy and proliferation results in thickening of the pulmonary artery wall and
remodeling.
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in neointima formation in carotid artery model, inward aortic
wall remodeling induced by balloon injury.41,42

In VSMCs, the expression of NFATc1 is much higher than
that of NFATc3 whereas NFATc2 and NFATc4 are not detect-
able.43 Subcellular localization of NFATc1 in SMC (U8A4 cell
line) varies under different differentiation state: 1) widely
stained in the cytoplasm in dedifferentiated SMC; 2) perinu-
clear in differentiated SMC; and 3) nuclear in very differenti-
ated cells. These observations confirmed the role of
calcineurin/NFATc1 pathway in SMC differentiation. The level
of NFATc1 phosphorylation could influence its accumulation
in the nucleus.44 Thrombin promotes SMC proliferation and
inflammatory responses after vessel injury, which can be inhib-
ited by NFATc1 inhibitors by modulating protease-activated
receptor-3 expression.45 So this study indicates that NFATc1
may be implicated the vessel remodel in PAH.

NFATc1 but not NFATc2 or NFATc3 was translocated from
the cytoplasm to the nucleus when VSMCs were treated with
PDGF-BB or thrombin.46 In light of the findings that different
isoforms of NFAT were activated in hypoxia- and MCT-
induced PAH, it is possible that different NFAT isoforms may
be involved in the development of different types of PAH.
Kang et al observed that miRNA-124 exerted its antiprolifera-
tive and prodifferentiation effects in human PASMC by inhibit-
ing NFATc1 dephosphorylation and nuclear translocation in
chronic hypoxia-induced mouse PAH model.38 By contrast,
Chan et al demonstrated that activation of NFATc1 by phena-
mil may exhibit protective effects in hypoxia-induced SD rat
PAH model.47 The reason of the opposite effect of NFATc1 in
PAH between 2 studies is unclear, but may be due to different
animal models. Extracellular HMGB1 is a promoting factor for
MCT-induced PAH. The blockade of HMGB1 activity
improved survival of MCT-induced PAH rats, and thus might
be a promising therapy for the treatment of PAH.48 Another
study found that NFATc1 can inhibit HMGB1 release from
THP-1 cells in vitro.49 So NFATc1 seems to protect the MCT-
induced PAH, which is similar to Chan’s results.47

The NFATc4 nuclear/cytoplasmic ratio increased by 39 %
when PASMC was exposed to hypoxia (1% O2 for 48 h),50

which suggests that NFATc4 activation may be implicated the
hypoxia-induced PAH.

Collectively, recent studies have confirmed that NFAT acti-
vation plays an important role in pulmonary artery remodeling
though contradictory results have also been reported. So dis-
secting the role of all NFAT family members in different PAH
models will help us to clarify the complicated effects of NFAT
in PAH.

Targeting the NFAT pathway for PAH therapy

As mentioned above, the classical calcineurin inhibitor CsA has
potential therapeutic effects in both animal models and in
patients with primary PAH.51,52 This drug inactivates NFAT by
inhibiting the phosphatase activity of calcineurin. The main con-
cern is the risk of off-target effects due to the fact that broad
inhibition of other substrates.53 One way to reduce side effects is
to deliver the drug by local administration (inhaled therapy) into
pulmonary circulation. The novel peptide VIVIT that selectively
interferes the interaction between NFAT and calcineurin potently

prevents NFAT nucleus accumulation and dephospherylation.
The use of VIVIT for therapy is limited due to delivery issues
and stability.54 Proper delivery carriers may improve the efficacy
of VIVIT-related therapeutic agents. Specific NFAT inhibitors
such as modulatory calcineurin-interacting proteins which
restrains calcineurin activity has been used to treat cardiac hyper-
trophy and failure.55 NFAT inhibitor (A-285222) inhibits NFAT
without affecting calcineurin activity and has no off-target side
effects in either primates56,57 or rodents.58 Therefore, in PAH,
NFAT inhibitors might reverse pulmonary vascular remodeling
through their effects on PA-SMCs, and inflammatory cells.55

Although the RNAs (small interfering RNA and microRNA)
have been demonstrated to be effective in NFAT inhibition in
PASMC, the lack of suitable vectors, technical methods of extrac-
tion and dosage limit their use in vivo. The small molecular,
hydrogen exerts its therapeutic effects on MCT-induced PAH in
rats by modulating the STAT3/NFATc2 axis and it exhibits few
side effects.59 Some compounds and drugs, including plumbagin,
dichloroaletate and sildenafil have good effects in various models
of PAH by inhibiting NFAT gene family.15,16,60 In clinic, efficacy
and safety of endothelin-receptor antagonist has been confirmed
in PAH patients.61-64 Because ET-1 (upregulated in PAH) acti-
vates NFATc1, which in turn increases bcl¡2 expression, contrib-
uting to the prosurvival and antiapoptotic effects of ET-1,65

endothelin-receptor antagonist might also inhibit NFAT activa-
tion. At present, most of studies found that interventions target-
ing NFAT pathway may be effective for PAH therapy. However,
phenamil attenuates the development of PAH and vascular
remodeling via activating calcium-calcineurin-NFAT pathway
and subsequent transcription of Tribbles homolog 3 gene which
promotes the differentiated, contractile VSMC phenotype, which
is characterized by elevated expression of contractile genes and
reduced cell growth and migration.47 Mesenchymal stem cell
improves right ventricular systolic pressure and pulmonary vas-
cular remodeling through suppressing calcineurin /NFAT path-
way.66,67 Nonetheless, the NFAT remains to be a good target in
developing new drugs for PAH therapy.

Conclusion and perspectives

Accumulating evidence suggests that NFAT proteins are acti-
vated in PAH by modulating the process of cardiopulmonary
remodeling although contradictory reports also exist. Results
from preclinical and clinical studies indicate that NFATs play a
key role in pathophysiological process of PAH, including
inflammation, aerobic glycolysis, PASMC proliferation and
even in ventricular myocyte hypertrophy. The proposed combi-
nation therapies are likely to increase the therapeutic efficacy of
PAH. Therefore, therapies targeting NFATs or their up and
downstream molecules will provide more clinical benefits for
PAH patients. Although inflammation is the essential compo-
nent of all models of PAH, little is known about the role of
NFATs in innate immune response in hypoxic PAH. It remains
unclear why the same NFAT isoform can have opposite func-
tions in PAH. Further investigation is required to clarify the
isoform-specific NFAT function in different types of PAH.
Answers to these pressing questions will certainly enhance the
development of drugs that could cure PAH with little side
effects.
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