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Calcineurin/NFAT signaling in lymphoid malignancies
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Abstract. Deregulated calcium signaling is observed at different stages of tumorigenic processes.
An important signaling pathway activated in response to calcium involves the protein phosphatase
calcineurin and NFAT transcriptional factors. We review here recent data that indicate an important role of the calcineurin/NFAT pathway in lymphoma/leukemogenesis and discuss the potential
therapeutic implications of these findings.
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Introduction
Calcium signaling is used by all cell lineages during development, homeostatic control in adults and responses
to a number of physiological and stress signals. Calcium
signaling is involved in cell survival/apoptosis, cell cycle
progression, differentiation, cross-talk between intracellular
compartments (ER, mitochondria), general metabolism,
telomerase activity and many others. Not unexpectedly
therefore deregulated calcium signaling is observed at different stages of tumorigenic processes (for review see Roderick
and Cook 2008), but the effectors of this altered calcium
response remains to be fully characterized. We review here
recent experimental evidence that support an important role
for a signaling pathway involving the protein phosphatase
calcineurin and NFAT factors in cell transformation and
tumorigenesis.
The calcineurin/NFAT signaling pathway
Calcium (Ca2+)/Calcineurin/NFAT (Nuclear Factor of Activated T-cell) signaling was initially identified in mature T
cells as an essential regulator of TCR-induced IL2 gene
transcription (McCaffrey et al. 1992; McCaffrey et al. 1993;
Shaw et al. 1988). Later studies showed that calcium/calcineurin signaling regulates the expression of a large array
of genes including not only cytokines, but also genes encoding proteins involved in signal transduction, transcripCorrespondence to: Jacques Ghysdael, CNRS UMR146 and Institut
Curie, Centre Universitaire, Bat 110, 91405 Orsay, France
E-mail: Jacques.Ghysdael@curie.u-psud.fr

tional regulation, survival/apoptosis and cell cycle control
(Feske et al. 2001). This signaling pathway is by no means
restricted to the immune system and plays major roles in
a number of lineages (e.g. nervous system, heart and skeletal
muscle, vascular system), thus regulating a wide variety of
complex biological processes (Hogan et al. 2003; Wu et al.
2007). Calcineurin (PP2B; PPP3) (Klee et al. 1998) is
a unique calcium-calmodulin-dependent serine/threonine
protein phosphatase which is ubiquitously expressed. The
calcineurin complex is composed of a catalytic subunit A
(CnA) and a regulatory subunit B (CnB). In vertebrates, the
catalytic subunit is encoded by three distinct genes (CnAα/
PPP3CA, CnAβ/PPP3CB and CnAγ/PPP3CC). CnAα and
CnAβ are ubiquitously expressed whereas CnAγ is specifically expressed in testis (Crabtree 1999; Klee et al. 1998;
Rusnak and Mertz 2000). In addition to its catalytic domain
(aa 70-328), CnA contains a regulatory domain including
a CnB-binding domain (aa 333-390), a calmodulin-binding
domain (aa 390-414) and a carboxy terminal autoinhinitory
domain. Two different genes have been described in vertebrates encoding the CnB regulatory domain: the CnB2/
PPP3R2 gene is specifically expressed in testis whereas
CnB1/PPP3R1 encodes an ubiquitously expressed protein.
Biochemical studies have shown that the heterodimerization
of CnB and CnA is absolutely required for calcineurin activity and that both CnB and calmodulin participate in a cooperative fashion to calcineurin activation to narrow threshold of calcium ions in response to cell stimulation (Klee et
al. 1998). In accordance, deletion of CnB1 by homologous
recombination results in suppression of calcineurin activity
in somatic tissues and early embryonic lethality of CnB-deficient mouse embryos due to a failure to organize a normal
vaculature (Graef et al. 2001). A major function of cal-
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modulin is to relieve the intramolecular inhibition of CnA
catalytic domain by its carboxyterminal inhibitor domain in
response to calcium. Thus, CnA proteolytic fragments or
experimentally engineered mutants lacking the calmodulin
binding and autoinhibitory domains show calcium-independent catalytic activity (Klee et al. 1998). Under physiological settings, engagement of cell surface receptors, such
as antigen receptors of mature T and B cells, the Fc receptors
in monocytes, natural killer cells and mast cells, a number
of tyrosine kinase receptors and G protein-coupled receptors
leads to the activation of phospholipase C (PLC-γ, PLCβ).
Thus, activated PLC hydrolyses phosphatidylinositol-4,5bisphosphate (PIP2) to produce two second messengers,
namely diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (InsP3). Binding of InsP3 to the InsP3R calcium channel located on the endoplasmic reticulum (ER) membrane
induces the release of calcium from internal stores. Store
depletion triggers in turn the opening of store-operated
calcium-release-activated calcium channels (CRAC, e.g. the
ORAI/STIM complex, (Oh-hora and Rao 2008)) in the
plasma membrane increasing levels of intracellular calcium
(Ca2+i). Finally, influx of extracellular calcium leads to the
calcium-calmodulin dependent activation of calcineurin and
the dephosphorylation of its substrates, including NFAT
transcription factors. Dephosphorylation of NFAT by activated calcineurin allows their translocation to the nucleus,
where in cooperation with other transcriptional partners
they regulate the expression of a number of genes (for review
see Macian 2005). NFAT transcription factors form a family of 5 members: 4 calcium signaling responsive members
including NFATc1 (also known as NFATc or NFAT2),
NFATc2 (also known as NFATp or NFAT1), NFATc3 (also
known as NFATx or NFAT4) , NFATc4 (also known as
NFAT3). NFAT5, which is ubiquitously expressed and unresponsive to calcium/calcineurin activation, is activated by
osmotic stress (Lopez-Rodriguez et al. 2001; Miyakawa et
al. 1999). NFAT5 is the founding member of the NFAT family that emerged during evolution from the REL/NFκB gene
superfamily of transcription factors since it is the only NFAT
family member found to be expressed in invertebrates
(Lopez-Rodriguez et al. 2001; Stroud et al. 2002). NFATc1,
NFATc2 and NFATc3 are expressed in the lymphoid lineage
where they are critically involved in the development, differentiation and function of multiple T-and B-cell subsets
(Macian 2005). Each gene can be expressed as a number of
alternatively spliced forms encoding different N-or C- terminal sequences and with distinct functions (Chuvpilo et
al. 1999; Imamura et al. 1998; Luo et al. 1996; Park et al.
1996). NFATc1-c4 share a similar global modular structure,
including N-terminal and C-terminal activation domains,
a central Rel-homology (RHR) domain highly conserved
among family members that mediates DNA binding,
a moderately conserved regulatory domain (also known as
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the NFAT-homology region or NHR) containing 12-14
serine phosphorylation residues located in serine rich regions, a nuclear localization signal (NLS) and calcineurin
docking sites centered over two critical motifs referred to as
PxIxIT and LxVP respectively (Aramburu et al. 1998; Martinez-Martinez et al. 2006). In resting cells, NFATc1-c3 are
located in the cytosol in a fully phosphorylated, inactive
conformation that masks their NLS and inhibits their DNA
binding activity. Calcium/calcineurin-induced activation
leads to NFAT dephosphorylation, inducing a conformational switch that unmasks their NLS, allowing their nuclear translocation, DNA binding activity and interaction
with co-regulators required for transcriptional activation
(Okamura et al. 2000). To regulate transcription of their
many target genes, NFAT proteins bind DNA either as
monomer to specific A/TGGAA motifs, or as dimers to
NFκB-like response elements, or in cooperation with other
transcriptional partners activated by other signaling pathways (e.g. the AP1 complex in response to MAPK activation)
on composite DNA binding sites (for review see Macian
2005). Regulation of NFAT factors activity through the
regulation of their phosphorylation state has to be tightly
regulated to ensure a controlled and balanced activation of
the calcium/calcineurin signaling pathway (Muller et al.
2009). Several kinases are implicated in the maintenance of
NFAT hyperphosphorylation in resting cells and in their
nuclear re-phosphorylation after activation, including casein
kinase 1, glycogen synthase kinase 3 (GSK3), JUN kinase 1
(JNK1) and DYRK protein kinases (for review see Arron et
al. 2006; Gwack et al. 2006; Macian 2005). Although classic
NFAT members are all phosphorylated in their NHR, several NFATs are subjected to other types of regulatory modifications including other phosphorylation events outside the
regulatory domain, ubiquitination, sumoylation that modulate their activity, stability or subcellular localization (for
review see Macian 2005; Nayak et al. 2009; Terui et al. 2004;
Yoeli-Lerner et al. 2005). Although many mouse genetic
studies have clearly demonstrated that NFATc1-c4 are critical effectors of calcineurin in several developmental processes (for review see Macian 2005), the best characterized
function is their role in the immune response. Mouse genetic studies have revealed an intricate level of complexity
between family members. For example in the lymphoid
lineage, NFAT proteins can display either specific, redundant
or antagonist functions (for review see Macian 2005). The
calcineurin/NFAT signaling module is important at specific
steps (preTCR signaling; TCR-mediated positive selection
of antigen specific self MHC-restricted T cells) in thymocytes
development as illustrated by the phenotype of the conditional deletion of mouse CnB1 (Neilson et al. 2004) and of
the single and combined knockout of NFATc1-3 (Cante-Barrett et al. 2007; Hodge et al. 1996; Oukka et al. 1998; Peng et
al. 2001; Ranger et al. 1998; Rengarajan et al. 2002; Yoshida
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et al. 1998). Calcineurin/NFAT signaling plays a critical role
in peripheral T cell activation following TCR engagement.
Under these conditions, NFATc1 and NFATc2 play redundant
roles in activating expression of several cytokine genes (Peng
et al. 2001) while NFATc2 and NFATc3 function in a redundant way to negatively control peripheral T cells homeostasis (Ranger et al. 1998; Xanthoudakis et al. 1996). The crucial
role of the calcineurin/NFAT signaling pathway in T cell
activation downstream of TCR engagement responsible for
the initiation of a productive immune response is highlighted by its sensitivity to calcineurin inhibitors such as
FK506 (Tacrolimus) and Cyclosporin A (CsA). Both FK506
and CsA are extensively used in human medicine as immunosuppressive agents to improve allograft survival and
to treat auto-immune diseases. These calcineurin inhibitors
act through their binding to distinct intracellular receptors
(Monticelli and Rao 2002) FKBP12 and cyclophilinA, respectively to inhibit access of substrates to calcineurin catalytic site (for review see Macian 2005). Although both FK506
and CsA inhibit other but distinct signaling pathways, their
common inhibitory activity of calcineurin make them valuable pharmacological tools to study calcium/calcineurin/
NFAT signaling pathway.
Oncogenic potential of the calcineurin/NFAT signaling
pathway in hematologic disorders
Although critically involved in many aspects of normal T
cells survival, proliferation and activation, the direct implication of calcineurin and/or its downstream NFAT targets
in lymphomagenesis and cancer in general even if suspected
for a long time has only been recently reported (Buchholz
and Ellenrieder 2007; Medyouf and Ghysdael 2008). Since
NFAT proteins are essential effectors of calcineurin in the
control of a broad spectrum of genes in many different cell
lineages which are critical for proliferation, growth, differentiation, migration and survival, processes commonly
deregulated in cancer cells, it is easy to speculate an oncogenic potential for NFAT transcription factors. As some
NFAT members are involved in the positive or negative
regulation of cell cycle components, it is tempting to speculate that deregulation of their expression could play a role in
cellular transformation. In line with this hypothesis, Clipstone and colleagues have shown that enforced expression
of a constitutively nuclear and transcriptionally active
NFATc1 mutant (caNFATc1, made by substitution of the
serine residues of the NHR by alanine) in the 3T3L1 preadipocyte cell line impaired terminal differentiation into
adipocytes and induced the acquisition of a transformed
phenotype (Neal and Clipstone 2003). More recently, enforced expression of similarly mutated, constitutively active
mutants of NFATc1 (short isoform) and NFATc2 (long iso-
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form) was shown to induce distinct phenotypes in NIH 3T3
cells. Both of these caNFAT proteins are constitutively localized to the nucleus, bind DNA with high affinity and activate
endogenous NFAT target genes (Monticelli and Rao 2002;
Neal and Clipstone 2003; Okamura et al. 2000). Whereas
enforced expression of the short caNFATc1 isoform led to
increased cell proliferation and induction of cellular transformation as previously described in 3T3L1 cells (Neal and
Clipstone 2003), expression of a long isoform of caNFATc2
induced cell cycle arrest and apoptosis (Robbs et al. 2008).
Furthermore, enforced expression of caNFATc2 interfered
with Ras-and caNFATc1-induced transformation of NIH3T3
cells, suggesting that NFATc2 long isoform may act as
a tumor suppressor gene whereas the NFATc1 short isoform
may function as an oncogene (Robbs et al. 2008). Genetics
studies have clearly proved that in the immune system different NFAT factors can play either specific, redundant or
antagonist function regarding normal T cell development
(Macian 2005), these results highlight the notion that different members and splicing-dependent isoforms of the NFAT
family can play different roles in tumor development (Robbs
et al. 2008). The proposed tumor suppressive function of
NFATc2 must however be highly context or signal dependent as NFATc2 knockout mice develop and live normally
and, except for the fact that the differentiation defect observed in cartilage differentiation in these animals is associated with the emergence of chondrosarcoma (Ranger et al.
2000), these mice are not particularly tumor-prone. Interestingly, NFATc2-deficient mice are more susceptible to carcinogen-induced tumorigenesis (Robbs et al. 2008).
Whether this reflects a cell-autonomous requirement for
NFATc2 loss-of-function intrinsic to the tumor cells or results from impaired function in cells in the tumor environment or results from a defective tumor immune surveillance
in NFATc2-/- mice remains to be addressed. Albeit involvement of calcineurin and/or NFAT proteins has been proposed in several solid tumors, in particular breast carcinoma
and pancreatic cancer (for review see Buchholz and Ellenrieder 2007; Medyouf and Ghysdael 2008) we will mainly
focus here on their cell-autonomous implication in hematologic malignancies. A few reports have described gain-offunction mutation in CnA in T or B lymphoma derived cell
lines, but it is unknown whether these mutations were part
of the dominant clone in the primary tumors from which
these cell lines were derived. In the EL4 murine T lymphoma
cells, a missense mutation changed an evolutionary conserved aspartic acid to asparagine within the autoinhibitory
domain of the CnAα gene (Fruman et al. 1995). This substitution leads to the generation of a mutant CnAα hypersensitive to calcium signaling which affects normal signal transduction pathways in EL4 T-lymphoma cells (Fruman et al.
1995). A differential proteomic screen performed in a squirrel monkey-derived B-lymphoma (SML) cell line resulted in
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the expression of a truncated, constitutively active form of
CnA (Gross et al. 2004). In both instances, the consequences of these mutations on the cell line maintenance in vitro
and tumorigenic activity in vivo have not been assesed.
Moreover, large-scale retroviral insertional mutagenesis
screens carried out in lymphoproliferative disorders have
identified two cases of retroviral insertions in genes encoding NFAT family members, including NFATc2 and NFAT5
(Suzuki et al. 2002). In B-cell chronic lymphocytic leukemia
(B-CLL), persistent nuclear localization and constitutive
activation of NFATc2 (Schuh et al. 1996) were shown to be
responsible, in cooperation with STAT6, to the high expression of CD23 on the surface of B-CLL cells, thus contributing to the pathogenesis of this disease (Kneitz et al. 2002).
Importantly, immunohistological analysis of NFATc1 expression and subcellular localization has been performed in
a large panel of Non-Hodgkin B and T-cell lymphoma (Marafioti et al. 2005). Although NFATc1 expression was not
detected in classical Hodgkin’s lymphoma (cHL) and plasma
cell proliferations, NFATc1 was expressed in a majority of
aggressive B-cell lymphomas cases, with nuclear localization
of NFATc1 found in a subset of these cases (Akimzhanov et
al. 2008; Marafioti et al. 2005). Suppressed expression of
NFATc1 in human cHL and anaplastic large cell lymphomas
(ALCLs), which both are lymphoma entities with immunoreceptor signaling, was recently explained by NFATc1
transcriptional silencing through hypermethylation of the
NFATc1 P1 promoter (Akimzhanov et al. 2008). NFATc1
nuclear localization or dephosphorylation of both NFATc1
and NFATc2 were found in primary tumor samples and cell
lines derived from aggressive B and T- cell lymphoma patient
(Medyouf et al. 2007; Pham et al. 2005). Moreover treatment
of these cell-lines with CsA triggered cell cycle inhibition
and induced apoptosis. In vitro studies performed on diffuse
large B cell lymphoma (DLBCL) derived cell lines have
shown that NFATc1 together with NFκB are constitutively
activated and cooperatively regulate the expression of target
genes important for proliferation and cell survival (Fu et al.
2006; Pham et al. 2005). Of particular interest, Ford and
colleagues have proposed that expression of the genes encoding CD154 and BLys, two ligands belonging to the TNFα
superfamily, is synergistically regulated by activation of
NFAT and NFκB (Fu et al. 2006; Pham et al. 2005), thus
possibly regulating survival and proliferation of malignant
B cells. A recent transcriptomic analysis of angioimmunoblastic T-cell lymphoma (AITL) also provided evidence for
NFATc1 overexpression in this pathology (de Leval et al.
2007). Regarding the implication of the calcineurin/NFAT
pathway in in vivo mouse models of human T-ALL/lymphoma, persistent activation of calcineurin/NFAT signaling
was observed in primary leukemic cells and shown to be
independent of preTCR/TCR signaling, but to depend upon
their maintenance in their in vivo context (Medyouf et al.
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2007). Short-term treatment of leukemic mice with calcineurin inhibitors (CsA or FK506) leads to inactivation of
calcineurin/NFAT signaling (NFAT rephosphorylation),
inhibition of cell cycle progression and induction of apoptosis in leukemic cells. These combined cellular effects led
to severe inhibition of tumor load in treated animals and
their increased survival (Medyouf et al. 2007). Pharmacological treatment of diseased mice with these compounds is
likely to inhibit calcineurin in non tumor cells of the leukemic niche, possibly contributing this way to leukemia regression. For example, recent evidence shows that the calcineurin/NFAT signaling pathway is involved in tumor
angiogenesis, acting downstream of the VEGFR and being
negatively controlled by the DSCR1/calcipressin inhibitors
of calcineurin (Ryeom et al. 2008). Ectopic expression of
a constitutively activated calcineurin mutant in leukemic
cells was shown to enhance leukemic cells aggressiveness in
vivo, suggesting an intrinsic role for calcineurin in leukemic
cells (Medyouf et al. 2007). Taken together these observations
provide clear evidence that aberrant activation of the calcineurin/NFAT signaling module plays a critical role in the
pathogenesis of hematologic disorders. It remains to be seen
whether NFAT are effectors of calcineurin in leukemic cells,
whether different NFAT play similar or distinct roles and
whether their activity in different leukemias/lymphomas
involves the deregulation of expression of cytokines, cytokine
receptors, cell cycle components or components of the apoptosis machinery. In some settings, acute activation of the
calcineurin/NFAT pathway has been shown to have a negative impact on tumor cell maintenance. For example, in type
I Burkitt’s lymphoma (BL) cells, it has been reported that B
cell antigen receptor (BCR) in vitro cross-linking with an
anti-IgM antibody leads to endogenous calcineurin activation and nuclear translocation of NFATc2 triggering lymphoma cells apoptosis probably through the induction of
Nur77 (Kondo et al. 2003). Additionally, NFATc3 has been
proposed to function as a tumor suppressor for the development of murine T-cell lymphomas (Glud et al. 2005).
Analysis of T-cell lymphoma induced by the murine lymphomagenic SL3-3 retrovirus identified proviral integration
within the Nfatc3 locus that specifically repressed NFATc3
expression. Moreover, NFATc3-deficient mice infected with
the murine SL3-3 retrovirus developed T-cell lymphoma
with accelerated tumor onset as compared to wild type mice
or NFATc2-deficient mice (Glud et al. 2005). It appears
therefore that an appropriate balance in calcineurin/NFAT
signaling can have either pro-or anti-oncogenic properties.
This might be true both in signaling pathways intrinsic to
tumor cells or to cells of their supportive stroma. It is thus
critical to identify in specific leukemias and lymphomas the
signaling cascades that function upstream of the calcineurin/
NFAT signaling module and to delineate (i) how similar
these pathways are in different tumor types; (ii) at what step
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of disease progression they actually impinge upon the oncogenic process.
Therapeutic targeting of calcineurin/NFAT signaling
Since the NFAT activation process can be mainly divided into
five steps: upstream events, calcineurin activation, NFAT dephosphorylation, NFAT nuclear translocation, NFAT target
gene deregulation and cellular response, therapeutic intervention at each specific step can be envisaged to modulate
the activity of this signaling module in tumorigenesis. The
most potent and well characterized calcineurin inhibitors,
CsA and FK506, have proved their therapeutic efficiency in
pre-clinical models of T-cell leukemia/lymphoma (Medyouf
et al. 2007). Importantly, therapeutic benefit of CsA has been
shown in a small cohort of AITL patients (Advani et al.
2007) and larger clinical trials are ongoing to confirm these
preliminary findings. Also therapeutic benefit is observed
following treatment of myelodysplastic syndromes (MDS)
with CsA, in particular in patients with refractory anemia
and refractory anemia with excess blasts (Chen et al. 2007).
However, both CsA and FK506 display off-target and severe
toxic side effects ranging from neurotoxicity, nephrotoxicity, hypertension and gastrointestinal disturbances (for
review see Dumont 2000). They also function as efficient
immunosuppressants and their use in remission induction
protocols may thus compromise tumor immunosurveillance mechanisms. Other synthetic or natural calcineurin
inhibitors were identified or synthetized after the discovery
of CsA and FK506. For example, a FK506 analog (designated
as L-732, 531) (Dumont 2000), and a CsA analog (named
ISATX247) (for review see Aspeslet et al. 2001; Lee and Park
2006; Stalder et al. 2003) displaying a similar or even higher
efficiency with a reduced nephrotoxicity have been generated. Attempts to find novel calcineurin inhibitors through
large-scale screens of chemical libraries have identified small
molecules that block either NFAT activation or NFAT nuclear
translocation, but turned out not to inhibit calcineurin itself
but the activity of upstream calcium channels (Venkatesh
et al. 2004). The interaction between calcineurin and NFAT
factors and other substrates occurs at the level of two motifs,
highly conserved among NFAT family members and centered
over the PxIxIT and LxVP motifs in the NHR regulatory
domain. Pharmacological compounds or synthetic peptide
inhibitors spanning the PxIxIT motif have been identified
in high throughput screens and shown to efficiently prevent
NFAT dephosphorylation and nuclear translocation without
affecting calcineurin activity (Aramburu et al. 1999; Kang
et al. 2005; Lee and Park 2006; Noguchi et al. 2004; Roehrl
et al. 2004). Designing more selective inhibitors targeting
the physical interaction of calcineurin with its substrates is
clearly an option to specifically target calcineurin signaling
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(Kang et al. 2005). Furthermore, several endogenous proteins
that inhibit calcineurin activity have been identified (for
review see Macian 2005) and appear to be potential targets
for NFAT inhibition (for review see Lee and Park 2006). For
example, therapeutic inhibition of calcipressin may prove
to be an alternative or synergistic approach to existing antiangiogenic therapies (Ryeom et al. 2008).
The most promising advance towards specificity is to bring
to light the respective roles of calcineurin downstream targets
that mediate its oncogenic or anti-oncogenic activity in different human malignancies, both in the tumor themselves
and in supporting cells of the microenvironment. Available
evidence shows that NFAT transcription factors are mediators of calcineurin in different cancers (Buchholz et al. 2006;
Jauliac et al. 2002; Pham et al. 2005). It is however possible
that NFAT factors are not the only targets of calcineurin in
leukemogenesis as calcineurin can dephosphorylate other
effectors possibly relevant to its oncogenic properties (see
for example Huang et al. 2008)
Acknowledgements. Work by the authors is supported by funds
from Institut Curie, CNRS, ANR, INCA Ligue Contre le Cancer
(Equipe labelisée Ligue) and AICR. SG is the recipient of a predoctoral fellowship from the MENR.
The authors have no financial interests related to the material in the
manuscript nor to the participation in the 2nd ECS Workshop.

References
Advani R., Horwitz S., Zelenetz A., Horning, S. J. (2007): Angioimmunoblastic T cell lymphoma: treatment experience with
cyclosporine. Leuk. Lymphoma 48, 521–525
Akimzhanov A., Krenacs L., Schlegel T., Klein-Hessling S.,
Bagdi E., Stelkovics E., Kondo E., Chuvpilo S., Wilke
P., Avots A., Gattenlohner S., Muller-Hermelink H. K.,
Palmetshofer A., Serfling E. (2008): Epigenetic changes
and suppression of the nuclear factor of activated T
cell 1 (NFATC1): promoter in human lymphomas with
defects in immunoreceptor signaling. Am. J. Pathol.
172, 215–224
Aramburu J., Garcia-Cózar F., Raghavan A., Okamura H., Rao A.,
Hogan P. G. (1998): Selective inhibition of NFAT activation by a peptide spanning the calcineurin targeting site
of NFAT. Mol. Cell 1, 627–637
Aramburu J., Yaffe M. B., Lopez-Rodriguez C., Cantley L. C., Hogan
P. G., Rao A. (1999): Affinity-driven peptide selection of
an NFAT inhibitor more selective than cyclosporin A.
Science 285, 2129–2133
Arron J. R., Winslow M. M., Polleri A., Chang C. P., Wu H., Gao X.,
Neilson J. R., Chen L., Heit J. J., Kim S. K., Yamasaki N.,
Miyakawa T., Francke U., Graef I. A., Crabtree G. R. (2006):
NFAT dysregulation by increased dosage of DSCR1 and
DYRK1A on chromosome 21. Nature 441, 595–600
Aspeslet L., Freitag D., Trepanier D., Abel M., Naicker S., Kneteman N., Foster R., Yatscoff R. (2001): ISA(TX):247:

F52
a novel calcineurin inhibitor. Transplant. Proc. 33,
1048–1051
Buchholz M., Ellenrieder V. (2007): An emerging role for Ca2+/
calcineurin/NFAT signaling in cancerogenesis. Cell
Cycle 6, 16–19
Buchholz M., Schatz A., Wagner M., Michl P., Linhart T., Adler
G., Gress T.M., Ellenrieder V. (2006): Overexpression of
c-myc in pancreatic cancer caused by ectopic activation
of NFATc1 and the Ca2+/calcineurin signaling pathway.
Embo J. 25, 3714–3724
Cante-Barrett K., Winslow M. M., Crabtree G. R. (2007): Selective
role of NFATc3 in positive selection of thymocytes. J.
Immunol. 179, 103–110
Chen S., Jiang B., Da W., Gong M., Guan M. (2007): Treatment
of myelodysplastic syndrome with cyclosporin A. Int. J.
Hematol. 85, 11–17
Chuvpilo S., Avots A., Berberich-Siebelt F., Glockner J., Fischer C.,
Kerstan A., Escher C., Inashkina I., Hlubek F., Jankevics E.,
Brabletz T., Serfling E. (1999): Multiple NF-ATc isoforms
with individual transcriptional properties are synthesized
in T lymphocytes. J. Immunol. 162, 7294–7301
Crabtree G. R. (1999): Generic signals and specific outcomes:
signaling through Ca2+, calcineurin, and NF-AT. Cell
96, 611–614
de Leval L., Rickman D. S., Thielen C., Reynies A., Huang Y. L.,
Delsol G., Lamant L., Leroy K., Briere J., Molina T., Berger
F., Gisselbrecht C., Xerri L., Gaulard P. (2007): The gene
expression profile of nodal peripheral T-cell lymphoma
demonstrates a molecular link between angioimmunoblastic T-cell lymphoma (AITL): and follicular helper T
(TFH): cells. Blood 109, 4952–4963
Dumont F. J. (2000): FK506, an immunosuppressant targeting
calcineurin function. Curr. Med. Chem. 7, 731–748
Feske S., Giltnane J., Dolmetsch R., Staudt L. M., Rao A. (2001):
Gene regulation mediated by calcium signals in T lymphocytes. Nat. Immunol. 2, 316–324
Fruman D. A., Pai S. Y., Burakoff S. J., Bierer B. E. (1995): Characterization of a mutant calcineurin A alpha gene expressed
by EL4 lymphoma cells. Mol. Cell. Biol. 15, 3857–3863
Fu L., Lin-Lee Y. C., Pham L. V., Tamayo A., Yoshimura L., Ford R.
J. (2006): Constitutive NF-kappaB and NFAT activation
leads to stimulation of the BLyS survival pathway in aggressive B-cell lymphomas. Blood 107, 4540–4548
Glud S. Z., Sorensen A. B., Andrulis M., Wang B., Kondo E., Jessen R., Krenacs L., Stelkovics E., Wabl M., Serfling E.,
Palmetshofer A., Pedersen F. S. (2005): A tumor-suppressor function for NFATc3 in T-cell lymphomagenesis by
murine leukemia virus. Blood 106, 3546–3552
Graef I. A., Chen F., Chen L., Kuo A., Crabtree G. R. (2001): Signals
transduced by Ca2+/calcineurin and NFATc3/c4 pattern
the developing vasculature. Cell 105, 863–875
Gross K. L., Cioffi E. A., Scammell J. G. (2004): Increased activity of
the calcineurin-nuclear factor of activated T cells pathway
in squirrel monkey B-Lymphoblasts identified by PowerBlot. In Vitro Cell. Dev. Biol. Anim. 40, 57–63
Gwack Y., Sharma S., Nardone J., Tanasa B., Iuga A., Srikanth S.,
Okamura H., Bolton D., Feske S., Hogan P. G., Rao A.
(2006): A genome-wide Drosophila RNAi screen identi-

Gachet and Ghysdael
fies DYRK-family kinases as regulators of NFAT. Nature
441, 646–650
Hodge M. R., Ranger A. M., Charles de la Brousse F., Hoey T.,
Grusby M. J., Glimcher L. H. (1996): Hyperproliferation
and dysregulation of IL-4 expression in NF-ATp-deficient
mice. Immunity 4, 397–405
Hogan P. G., Chen L., Nardone J., Rao A. (2003): Transcriptional
regulation by calcium, calcineurin, and NFAT. Genes
Dev. 17, 2205–2232
Huang C. C., Wang J. M., Kikkawa U., Mukai H., Shen M. R., Morita
I., Chen B. K., Chang W. C. (2008): Calcineurin-mediated
dephosphorylation of c-Jun Ser-243 is required for c-Jun
protein stability and cell transformation. Oncogene 27,
2422–2429
Imamura R., Masuda E. S., Naito Y., Imai S., Fujino T., Takano T.,
Arai K., Arai N. (1998): Carboxyl-terminal 15-amino acid
sequence of NFATx1 is possibly created by tissue-specific
splicing and is essential for transactivation activity in T
cells. J. Immunol. 161, 3455–3463
Jauliac S., Lopez-Rodriguez C., Shaw L. M., Brown L. F., Rao A.,
Toker A. (2002): The role of NFAT transcription factors
in integrin-mediated carcinoma invasion. Nat. Cell Biol.
4, 540–544
Kang S., Li H., Rao A., Hogan P. G. (2005): Inhibition of the calcineurin-NFAT interaction by small organic molecules
reflects binding at an allosteric site. J. Biol. Chem. 280,
37698–37706
Klee C. B., Ren H., Wang X. (1998): Regulation of the calmodulin-stimulated protein phosphatase, calcineurin. J. Biol.
Chem. 273, 13367–13370
Kneitz C., Goller M., Tony H., Simon A., Stibbe C., Konig T., Serfling
E., Avots A. (2002): The CD23b promoter is a target for
NF-AT transcription factors in B-CLL cells. Biochim.
Biophys. Acta 1588, 41–47
Kondo E., Harashima A., Takabatake T., Takahashi H., Matsuo Y.,
Yoshino T., Orita K., Akagi T. (2003): NF-ATc2 induces
apoptosis in Burkitt’s lymphoma cells through signaling via
the B cell antigen receptor. Eur. J. Immunol. 33, 1–11
Lee M., Park J. (2006): Regulation of NFAT activation: a potential
therapeutic target for immunosuppression. Mol. Cells
22, 1–7
Lopez-Rodriguez C., Aramburu J., Jin L., Rakeman A. S., Michino
M., Rao A. (2001): Bridging the NFAT and NF-kappaB
families: NFAT5 dimerization regulates cytokine gene
transcription in response to osmotic stress. Immunity
15, 47–58
Luo C., Burgeon E., Carew J. A., McCaffrey P. G., Badalian T. M.,
Lane W. S., Hogan P. G., Rao A. (1996): Recombinant
NFAT1 (NFATp): is regulated by calcineurin in T cells
and mediates transcription of several cytokine genes.
Mol. Cell. Biol. 16, 3955–3966
Macian F. (2005): NFAT proteins: key regulators of T-cell development and function. Nat. Rev. Immunol. 5, 472–484
Marafioti T., Pozzobon M., Hansmann M. L., Ventura R., Pileri S.
A., Roberton H., Gesk S., Gaulard P., Barth T. F., Du M.
Q., Leoncini L., Moller P., Natkunam Y., Siebert R., Mason
D. Y. (2005): The NFATc1 transcription factor is widely
expressed in white cells and translocates from the cyto-

Oncogenic potential of calcineurin/NFAT signaling
plasm to the nucleus in a subset of human lymphomas.
Br. J. Haematol. 128, 333–342
Martinez-Martinez S., Rodriguez A., Lopez-Maderuelo M. D., Ortega-Perez I., Vazquez J., Redondo J. M. (2006): Blockade
of NFAT activation by the second calcineurin binding site.
J. Biol. Chem. 281, 6227–6235
McCaffrey P. G., Jain J., Jamieson C., Sen R., Rao A. (1992):
A T cell nuclear factor resembling NF-AT binds to
an NF-kappa B site and to the conserved lymphokine
promoter sequence “cytokine-1”. J. Biol. Chem. 267,
1864–1871
McCaffrey P. G., Luo C., Kerppola T. K., Jain J., Badalian T. M., Ho
A. M., Burgeon E., Lane W. S., Lambert J. N., Curran T.,
Verdine G. L., Rao A., Hogan P. G. (1993): Isolation of the
cyclosporin-sensitive T cell transcription factor NFATp.
Science 262, 750–754
Medyouf H., Alcalde H., Berthier C., Guillemin M. C., dos Santos
N. R., Janin A., Decaudin D., de The H., Ghysdael J.
(2007): Targeting calcineurin activation as a therapeutic
strategy for T-cell acute lymphoblastic leukemia. Nat.
Med. 13, 736–741
Medyouf H., Ghysdael J. (2008): The calcineurin/NFAT signaling
pathway: a novel therapeutic target in leukemia and solid
tumors. Cell Cycle, 7, 297–303
Miyakawa H., Woo S. K., Dahl S. C., Handler J. S., Kwon H. M.
(1999): Tonicity-responsive enhancer binding protein,
a rel-like protein that stimulates transcription in response to hypertonicity. Proc. Natl. Acad. Sci. U.S.A. 96,
2538–2542
Monticelli S., Rao A. (2002): NFAT1 and NFAT2 are positive
regulators of IL-4 gene transcription. Eur. J. Immunol.
32, 2971–2978
Müller M. R., Sasaki Y., Stevanovic I., Lamperti E. D., Ghosh S.,
Sharma S., Gelinas C., Rossi D. J., Pipkin M. E., Rajewsky K., Hogan P. G., Rao A. (2009): Requirement
for balanced Ca/NFAT signaling in hematopoietic and
embryonic development. Proc. Natl. Acad. Sci. U.S.A.
106, 7034–7039
Nayak A., Glockner-Pagel J., Vaeth M., Schumann J. E., Buttmann
M., Bopp T., Schmitt E., Serfling E., Berberich-Siebelt F.
(2009): Sumoylation of the transcription factor NFATc1
leads to its subnuclear relocalization and interleukin-2
repression by histone deacetylase. J. Biol. Chem. 284,
10935–10946
Neal J. W., Clipstone N. A. (2003): A constitutively active NFATc1
mutant induces a transformed phenotype in 3T3-L1
fibroblasts. J. Biol. Chem. 278, 17246–17254
Neilson J. R., Winslow M. M., Hur E. M., Crabtree G. R. (2004):
Calcineurin B1 is essential for positive but not negative
selection during thymocyte development. Immunity 20,
255–266
Noguchi H., Matsushita M., Okitsu T., Moriwaki A., Tomizawa K.,
Kang S., Li S. T., Kobayashi N., Matsumoto S., Tanaka
K., Tanaka N., Matsui H. (2004): A new cell-permeable
peptide allows successful allogeneic islet transplantation
in mice. Nat. Med. 10, 305–309
Oh-hora M., Rao A. (2008): Calcium signaling in lymphocytes.
Curr. Opin. Immunol. 20, 250–258

F53
Okamura H., Aramburu J., Garcia-Rodriguez C., Viola J. P., Raghavan A., Tahiliani M., Zhang X., Qin J., Hogan P. G., Rao A.
(2000): Concerted dephosphorylation of the transcription
factor NFAT1 induces a conformational switch that regulates transcriptional activity. Mol. Cell 6, 539–550
Oukka M., Ho I. C., de la Brousse F. C., Hoey T., Grusby M. J.,
Glimcher L.H. (1998): The transcription factor NFAT4
is involved in the generation and survival of T cells. Immunity 9, 295–304
Park J., Takeuchi A.,Sharma S. (1996): Characterization of a new
isoform of the NFAT (nuclear factor of activated T
cells): gene family member NFATc. J. Biol. Chem. 271,
20914–20921
Peng S. L., Gerth A. J., Ranger A. M., Glimcher L. H. (2001): NFATc1
and NFATc2 together control both T and B cell activation
and differentiation. Immunity 14, 13–20
Pham L. V., Tamayo A. T., Yoshimura L. C., Lin-Lee Y. C., Ford R.
J. (2005): Constitutive NF-kappaB and NFAT activation
in aggressive B-cell lymphomas synergistically activates
the CD154 gene and maintains lymphoma cell survival.
Blood 106, 3940–3947
Ranger A. M., Gerstenfeld L. C., Wang J., Kon T., Bae H., Gravallese
E. M., Glimcher M. J., Glimcher L. H. (2000): The nuclear
factor of activated T cells (NFAT): transcription factor
NFATp (NFATc2): is a repressor of chondrogenesis. J.
Exp. Med. 191, 9–22
Ranger A. M., Oukka M., Rengarajan J., Glimcher L. H. (1998):
Inhibitory function of two NFAT family members in
lymphoid homeostasis and Th2 development. Immunity
9, 627–635
Rengarajan J., Tang B., Glimcher L. H. (2002): NFATc2 and
NFATc3 regulate T(H):2 differentiation and modulate
TCR-responsiveness of naive T(H):cells. Nat. Immunol.
3, 48–54
Robbs B. K., Cruz A. L., Werneck , M. B., Mognol G. P., Viola J. P.
(2008): Dual roles for NFAT transcription factor genes
as oncogenes and tumor suppressors. Mol. Cell. Biol.
28, 7168–7181
Roderick H. L., Cook S. J. (2008): Ca2+ signalling checkpoints in
cancer: remodelling Ca2+ for cancer cell proliferation and
survival. Nat. Rev. Cancer 8, 361–375
Roehrl M. H., Kang S., Aramburu J., Wagner G., Rao A., Hogan
P. G. (2004): Selective inhibition of calcineurin-NFAT
signaling by blocking protein-protein interaction with
small organic molecules. Proc. Natl. Acad. Sci. U.S.A.
101, 7554–7559
Rusnak F., Mertz P. (2000): Calcineurin: form and function. Physiol.
Rev. 80, 1483–1521
Ryeom S., Baek K. H., Rioth M. J., Lynch R. C., Zaslavsky A., Birsner
A., Yoon S. S., McKeon F. (2008): Targeted deletion of the
calcineurin inhibitor DSCR1 suppresses tumor growth.
Cancer Cell 13, 420–431
Schuh K., Avots A., Tony H. P., Serfling E., Kneitz C. (1996): Nuclear
NF-ATp is a hallmark of unstimulated B cells from B-CLL
patients. Leuk. Lymphoma 23, 583–592
Shaw J. P., Utz P. J., Durand D. B., Toole J. J., Emmel E. A., Crabtree
G. R. (1988): Identification of a putative regulator of early
T cell activation genes. Science 241, 202–205

Gachet and Ghysdael

F54
Stalder M., Birsan T., Hubble R. W., Paniagua R. T., Morris R. E.
(2003): In vivo evaluation of the novel calcineurin inhibitor ISATX247 in non-human primates. J. Heart Lung
Transplant. 22, 1343–1352
Stroud J. C., Lopez-Rodriguez C., Rao A., Chen L. (2002): Structure
of a TonEBP-DNA complex reveals DNA encircled by
a transcription factor. Nat. Struct. Biol. 9, 90–94
Suzuki E., Nishimatsu H., Satonaka H., Walsh K., Goto A., Omata
M., Fujita T., Nagai R., Hirata Y. (2002): Angiotensin II induces myocyte enhancer factor 2- and calcineurin/nuclear
factor of activated T cell-dependent transcriptional activation in vascular myocytes. Circ. Res. 90, 1004–1011
Terui Y., Saad N., Jia S., McKeon F., Yuan J. (2004): Dual role of
sumoylation in the nuclear localization and transcriptional
activation of NFAT1. J. Biol. Chem. 279, 28257–28265
Venkatesh N., Feng Y., DeDecker B., Yacono P., Golan D., Mitchison
T., McKeon F. (2004): Chemical genetics to identify NFAT
inhibitors: potential of targeting calcium mobilization in
immunosuppression. Proc. Natl. Acad. Sci. U.S.A. 101,
8969–8974

Wu H., Peisley A., Graef I. A., Crabtree G. R. (2007): NFAT signaling and the invention of vertebrates. Trends Cell Biol.
17, 251–260
Xanthoudakis S., Viola J. P., Shaw K. T., Luo C., Wallace J. D., Bozza
P. T., Luk D. C., Curran T., Rao A. (1996): An enhanced
immune response in mice lacking the transcription factor
NFAT1. Science 272, 892–895
Yoeli-Lerner M., Yiu G. K., Rabinovitz I., Erhardt P., Jauliac S.,
Toker A. (2005): Akt blocks breast cancer cell motility
and invasion through the transcription factor NFAT. Mol.
Cell 20, 539–550
Yoshida H., Nishina H., Takimoto H., Marengere L. E., Wakeham
A. C., Bouchard D., Kong Y. Y., Ohteki T., Shahinian A.,
Bachmann M., Ohashi P. S., Penninger J. M., Crabtree G.
R., Mak T. W. (1998): The transcription factor NF-ATc1
regulates lymphocyte proliferation and Th2 cytokine
production. Immunity 8, 115–124
Received: May 1, 2009
Final version accepted: June 12, 2009

