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Preface

The roles of nuclear factor of activated T cells (NFAT) transcription factors have been extensively
studied in the immune system. However, ubiquitous expression of NFAT isoforms in mammalian
tissues has been recently observed, as well as an emerging role for these transcription factors in
human cancer. Various NFAT isoforms are functional in tumor cells and multiple compartments in
the tumor microenvironment including fibroblasts, endothelial cells and infiltrating immune cells.
How do NFAT isoforms regulate the complex interplay between these compartments during
carcinoma progression? The answers lie with the multiple functions attributed to NFAT including
cell growth, survival, invasion and angiogenesis. In addition to sorting out the complex role of NFAT
in cancer we face the challenge of targeting this pathway therapeutically.

Introduction

The nuclear factor of activated T cells (NFAT) signaling axis is a vertebrate-specific pathway
important for a variety of cellular functions. NFAT proteins are best characterized as
transcription factors that induce genes important in cellular processes ranging from
development and activation of lymphocytes to differentiation of cardiac muscle cells 1+ 2. In
the canonical pathway first elucidated in immune cells, NFAT is activated as a result of calcium
flux released from endoplasmic reticulum stores and from the extracellular environment
through the activation of store-operated channels in the plasma membrane. In the basal state,
NFAT is hyperphosphorylated in the cytoplasm. Subsequent to cell stimulation and calcium
release, NFAT is dephosphorylated by the phosphatase calcineurin and translocates to the
nucleus where it cooperates with other factors and co-activators to promote de novo gene
transcription.

The foundation of the NFAT field is based on the original discovery that it is an inducible
nuclear factor bound to the IL-2 promoter during the activation of T-cells 3. The importance
of NFAT signaling is also highlighted by the fact that immunosuppressants such as cyclosporin
A (CsA) and FK506, which specifically inactivate the canonical NFAT pathway, are widely
used in the clinic to prevent organ transplant rejection. Since their discovery two decades ago,
it has become increasingly clear that NFAT transcription factors are not only expressed in
immune cells, but are found in all cells and tissues, including epithelial cells. In this context,

Correspondence to A.T. atoker@bidmc.harvard.edu.

Competing Financial Interests: The authors declare no competing financial interests.

Databases: The following terms in this article are linked on-line to: ENTREZ Gene:
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene

NEAT1 | NEAT2 | NFAT3 | NFAT4 | NFATS | NE-kB | FOS | JUN | PLCy | STIM1 | ORAI1 | Calcineurin A | Calcineurin B | GSK-3 |
CK1|DYRKI1A | DYRK2 | DSCR1 | AKT1 | PIK3CA | COX-2 | ENPP2 | VEGF | VEGFR1 | VEGFR2 | 06 | B4 | MDM2 | EDGL1 |
HIF1 | CSF1 | FKBP12

Further Information: Alex Toker laboratory homepage: http://www.tokerlab.com Access to the box links is available on-line.



http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene
http://www.tokerlab.com

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mancini and Toker

Page 2

a number of recent key findings have pointed to important roles for NFAT in modulating
phenotypes associated with malignancy and tumor progression. NFAT isoforms are
overexpressed in human solid tumors and hematologic malignancies 4 ® and appear to have
roles in cancer cell autonomous functions such as invasive migration, differentiation and
survival of cells in the tumor and its microenvironment. NFAT also seems to play a key role
in tumor angiogenesis 6. Understanding the roles played by NFAT in tumor progression is
predicted to provide insight into development of effective therapeutics targeting the NFAT
pathway in cancer progression and metastasis.

Primary structure of the NFAT family

In humans the NFAT family comprises five distinct gene products that are named as follows:
NFATL (also known as NFATc2 and NFATp); NFAT2 (also known as NFATc1 and NFATc);
NFAT3 (also known as NFATc4); NFAT4 (also known as NFATc3 and NFATX) and NFAT5
(also known as TonEBP and OREBP) (TABLE 1). As the name implies, NFAT proteins were
originally identified and characterized in immune cells, however it is now established that all
isoforms are ubiquitously expressed and most cell types express at least one isoform. In
addition, each isoform has alternative splice variants that differ in the amino and carboxyl
termini /2. The calcium-regulated isoforms NFAT1-4 share two conserved domains (Fig. 1):
the Rel homology region (RHR) so called because of its structural similarity to the DNA
binding domain of Rel family transcription factors (also known as the nuclear factor-xB (NF-
«B) family) 1°; and the more moderately conserved NFAT homology region (NHR). NFAT5
has a distinct domain structure and only retains the RHR region of homology to the calcium-
regulated isoforms 1. NFATS does not possess a calcineurin-binding site, and thus is calcium
and calcineurin-insensitive 11 12, The NHR domain contains the NFAT transactivation region
that binds promoter elements and thus initiates gene transcription. The NHR also contains
numerous serine residues that are phosphorylated by distinct protein kinases in resting cells
and, as discussed below, reversible phosphorylation of NFAT modulates nuclear and
cytoplasmic shuttling and in turn transcriptional activity.

This review will focus on the NFAT family members that are expressed in cells that comprise
the tumor and its microenvironment. In this context, NFAT1-5 mRNA and protein have been
detected in multiple cell types in human solid tumors and cells derived from these tumors,
including epithelial cells, endothelial cells of the tumor vasculature and infiltrating immune
cells (TABLE 1). Although expression of NFAT isoforms, particularly NFAT3, has been
detected in various fibroblast cell lines 13, to date there is no information regarding the
endogenous expression of NFAT family members in fibroblasts within the tumor stroma,
specifically carcinoma-associated fibroblasts or myofibroblasts.

NFAT transcription factors interact with DNA targets in a versatile manner. NFAT proteins
bind DNA as homo- or heterodimers, and more commonly the DNA binding domain of NFAT
can cooperate with DNA binding domains from other transcription factors to elicit high-affinity
binding 4. The best documented example is the unrelated transcription factor AP-1 (activator
protein-1, comprised of Fos-Jun complexes) which forms a quaternary complex with NFAT
and DNA, and is the primary transcriptional partner for NFAT required for T cell activation
10, 15 |n addition to AP-1, NFAT cooperates with numerous other transcriptional factors
implicated in cell activation and differentiation, including (but not limited to) GATA-4, EGR,
MEF2, and with particular importance in cancer, FOXP (Forkhead Box P) 16. Several recent
articles provide a comprehensive review of the mechanisms of gene transcription by NFAT
and its binding partners 2 17,
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Mechanisms of NFAT activation by calcium flux

The activation of NFAT by calcium signaling arguably represents one of the best-characterized
mechanisms of signal relay initiated by cell surface receptors. In this context, it is important
to note that the mechanisms of NFAT activation have largely been deduced from studies in
immune cells. However, the same mechanisms of NFAT activation and function are
recapitulated in cells that comprise the tumor and its microenvironment, particularly
endothelial cells. A key rate-limiting event in NFAT activation is a rise in intracellular calcium
(which also affects other cancer-associated pathways (BOX 1)) initiated by cell-surface
receptors that stimulate activation of phospholipase type C (PLC) enzymes such as PLCy (Fig.
2). Efficient NFAT activation also requires a sustained calcium signal, and this is achieved by
the opening of calcium-release activated calcium channels (CRAC) at the plasma membrane
that occurs in response to PLC-initiated emptying of calcium from the endoplasmic reticulum
(ER). In turn, calcium release is sensed by the high-affinity ER calcium sensor stromal
interaction molecule 1 (STIM1) 18: 19 |eading to a conformational change in the CRAC channel
protein Orail 20=23  opening of the channel and an influx of extracellular calcium 24,
Subsequent to sustained flux through ER and store-operated calcium channels, calcium binds
to calmodulin, which in turn binds to and activates the serine/threonine phosphatase
calcineurin. Activation of calcineurin is rate-limiting for NFAT activation in all cells.

Box 1
Calcium signaling in cancer

Given the importance of calcium signaling in the activation of NFAT in immune cells, any
role for NFAT in cancer progression will also be affected by calcium flux. Consistent with
this, calcium signaling impacts tumor cell proliferation and invasive migration. In migrating
immune cells that infiltrate the tumor microenvironment, calcium signaling controls cell
polarity, cytoskeletal remodeling and directionality 4. In macrophages, intracellular
calcium exhibits a back-to-front concentration gradient with the lowest concentrations at
the front of the migrating cell. This gradient appears to be reversed from what is expected
since leading edge lamella have numerous signaling components that require high calcium
levels for signal relay 95. High calcium microdomains known as flickers are most active at
the leading edge thus facilitating the turning of migrating cells®6. This may explain the
paradox mentioned above: calcium flickers in the context of low calcium background would
permit the correct spatio-temporal activation of calcium-regulated signaling required to
orchestrate cell migration 9. Knockdown of the store-operated calcium CRAC channels
Orail and STIML1 in breast cancer cells attenuates migration in vitro and reduces tumor
metastasis in mice, also supporting a role for calcium influx in cell migration9”.

Calcium signaling also controls key aspects of cell death by apoptosis, necrosis or
autophagy. Disruption of calcium signaling affects mitochondrial integrity, whereby
overload of calcium in mitochondria promotes apoptosis. In contrast, changes in calcium
flux can also promote survival of cancer cells, whereby phosphorylation of InsP3 receptors
by the PI 3-K/Akt pathway results in reduced calcium release®.

The specific contribution of NFAT as the effector of calcium in the context of the cell
migration phenotypes described above remains to be established. Regardless, alterations in
calcium flux in the tumor microenvironment affect multiple cellular responses, and these
are likely exploited by tumor cells, which commonly exhibit changes in calcium flux.

In the basal state, NFAT is localized in an inactive conformation in the cytoplasm. Over 20
distinct phosphorylation sites have been identified in NFAT1, 18 of which are located in the
regulatory region 2. These sites are found within multiple distinct serine-rich sequences; the
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serine-rich region (SRR1) and the SPXX (Ser-Pro, where X denotes any amino acid) motifs
SP1, SP2 and SP3 (Fig. 1). Dephosphorylation of the SP motifs in NFAT by calcineurin exposes
a nuclear localization sequence and masks a nuclear export sequence, thus promoting nuclear
import leading to transcriptional activation. Calcineurin also maintains NFAT in a
dephosphorylated state in the nucleus 26. Nuclear export of NFAT is a critical mechanism as
it leads to termination of transcriptional activity and gene transcription. Cytoplasmic
accumulation of NFAT is achieved by multiple redundant mechanisms, including inhibition
of calcineurin activity, which can retain cytoplasmic NFAT or promote nuclear export of
NFAT. In addition, nuclear kinases rephosphorylate NFAT leading to export and cytoplasmic
retention.

Numerous serine/threonine protein kinases have been identified as regulators of NFAT activity
and are subdivided into maintenance and export kinases (Fig. 2), which function to keep NFAT
in the cytoplasm by retaining it or promoting its export from the nucleus, respectively. Export
kinases include glycogen synthase kinase 3 (GSK-3) which phosphorylates the SP2 and SP3
motifs of NFAT 1 and NFAT2, an event that requires prior phosphorylation of NFAT by the
priming kinase protein kinase A (PKA) 27: 28, GSK-3 is a constitutively active kinase that is
phosphorylated and inactivated by Pl 3-K and Akt signaling, one of the most frequently
deregulated pathways in human tumors 2°. As discussed later, this provides a point of cross-
talk between PI 3-K and NFAT signaling that is predicted to have important consequences for
tumorigenesis. Casein kinase 1 (CK1) functions as both an export and maintenance NFAT
kinase and phosphorylates the SRR1 region 30: 31, The mitogen-activated protein kinase
(MAPK) pathway is also frequently hyperactive in human cancers, and in this context it is
noteworthy that INK (c-Jun N-terminal kinase) and p38 MAPKSs phosphorylate the SRR region
of NFAT2 and NFAT1 respectively 32 33,

A distinct class of maintenance and export kinases was recently revealed when the dual-
specificity tyrosine-phosphorylation regulated kinases (DYRK) emerged from an siRNA
screen in Drosophila as modifiers of NFAT subcellular localization 34. DYRK1 and DYRK?2
phosphorylate NFAT1 on the SP3 maotif, thus priming the subsequent phosphorylation of the
SP2 and SRR1 motifs by CK1 and GSK-3 34: 35, DYRK(1 functions as an NFAT export kinase,
whereas DYRK2 phosphorylates NFAT in the cytoplasm and functions as a maintenance
kinase (Fig. 2). Thus, several distinct NFAT kinases exist to maintain the precise subcellular
localization of NFAT and in turn transcriptional activity. Although there is now ample evidence
that NFAT family members are targeted by distinct maintenance and export kinases, it is likely
that additional kinases that regulate NFAT subcellular localization have yet to be identified.
In the context of carcinoma progression, identification of protein kinases that control NFAT
activation and that are frequently deregulated in human carcinoma may provide important new
information and possible novel therapeutic targets.

In addition to phosphorylation, distinct post-translational modifications have been reported for
NFAT family members. Sumoylation of NFAT1 and NFAT2 isoforms provides a separate
mechanism of cytoplasmic-nuclear trafficking as it results in nuclear retention of the
transcription factors 36: 37, Moreover, NFAT1 is also ubiquitinated by the E3 ubiquitin ligase
murine double minute 2 (MDMZ2) downstream of Akt and GSK-3 signaling in breast cancer
cells 38:39, Whether all NFAT isoforms are modified by ubiquitination and subsequent
degradation by the proteasome remains to be determined. Taken together, the sensitivity to
calcium flux, the existence of several NFAT kinases and diverse post-translational
modifications demonstrate the complexity of the mechanisms leading to NFAT activation.
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NFAT signaling in tumor cell transformation and proliferation

Single NFAT isoform knockout mice (BOX 2) have indicated that there is a broad range of
targets for these transcription factors and suggest redundancy, but also indicate that isoform-
specific differences exist among NFAT1-4. This obviously hampers the use of single or double
NFAT knockout mice for cancer-related studies in adult mice, as a lack of an observable
phenotype in whole animal knockouts could be due to redundancy, whereas the profound
immunological disorders in double knockout mice limits the analysis of tumor progression in
adult animals. Thus, studies on the role of NFAT transcription factors in cancer progression to
date have largely been restricted to in vitro or cell-based assays. However, isoform-specific
functions of distinct NFAT family members in settings of proliferation and tumorigenesis have
been identified.

Box 2
Lessons from NFAT Knockout Mice

The considerable sequence similarity among NFAT isoforms as well as their mode of
regulation by calcineurin and nuclear export and maintenance kinases would suggest a high
degree of redundancy. This is borne out by the relatively mild phenotypes of the individual
NFAT knockout mice. However, some studies have revealed isoform-specific roles in
development. NFAT1 null mice display hyperproliferation of splenic B and T cells due to
lack of FasL expression and therefore escape from cell death 9°. This is concomitant with
a reduction in IL-4 suggesting that NFAT1 is a positive regulator of cytokine production,
consistent within vitrostudies. Conversely, NFAT2 null mice show defects in heart valve
morphogenesis associated with an abnormal cardiac septum, providing evidence for an
indispensable role for NFAT2 in cardiac development 100, NFAT4 null mice exhibit
abnormal development of myofibers as well as reduced thymocyte numbers due to
suppression of Bcl-2 101, Only when more than one NFAT isoform is eliminated are more
pronounced phenotypes evident, particularly in the immune system. NFAT1/2 null mice
have profound defects in cytokine production and cytolytic activity 102. NFAT3/4 null mice
are embryonic lethal due to defects in angiogenesis characterized by vessel instability and

disorganization 193, NFAT1/4 null mice have a profound lymphoproliferative disorder
104

Among the first studies implicating NFAT in proliferation was in fibroblasts where
constitutively active NFAT2 induced cell transformation and colony formation 4. Similarly,
proliferation and anchorage-independent growth of pancreatic tumor cells is dependent on
calcineurin activity and NFAT2 in a manner dependent on the induction of c-Myc, consistent
with the finding that pancreatic cancers show a high level of nuclear NFAT2 41, More recently,
distinct and opposing roles for NFAT1 and NFAT2 in tumorigenesis were revealed whereby
NFAT1 acts as a tumor suppressor and NFAT2 functions as an oncogene #2. Although NFAT1
and NFAT2 are 72% identical in the carboxyl-terminal DNA binding domain, the functional
differences between these two isoforms lie within this region. In fibroblasts, constitutively
active NFATL induced cell cycle arrest and apoptosis and inhibited RasV12 induced
transformation, whereas constitutively active NFAT2 increased proliferation and
transformation. Similar findings are observed in mice, where NFATL1 null mice are more
susceptible to chemically-induced carcinogenesis 42. These observations underscore the notion
that NFAT1 and NFAT2 likely induce a non-overlapping subset of transcriptional targets that
either suppress or promote cell growth, respectively.

NFAT is also implicated in the induction and progression of hematologic malignancies. Active
nuclear NFAT?2 is found in cases of Burkitt lymphoma, diffuse large B cell lymphoma and in
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aggressive T cell lymphoma % 43: 44, In experimental settings of T cell acute lymphoblastic
leukemia (T-ALL), NFAT activation is calcineurin-dependent and pharmacological inhibition
of calcineurin reverses cell growth and induces apoptosis > 44. Consistent with these findings,
inhibition of calcineurin causes disease regression in mouse models of leukemia °. Considering
the major role of the calcineurin-NFAT axis in immune cell signaling, these findings are not
surprising. What has remained elusive, however, are the genetic and epigenetic mechanisms
that drive constitutive nuclear localization of NFAT and in turn the genes that drive these
malignancies.

NFAT also plays an important role in maintaining the balance between quiescence and
proliferation in stem cells 4°. In stem cells undergoing a transition to a proliferative state,
NFAT?2 acts downstream of bone morphogenetic protein (BMP) as a transcriptional repressor
of the CDK4 (cyclin-dependent kinase 4, required for cell cycle progression), thus maintaining
a state of quiescence in the stem cell population. This may have fundamental consequences for
tumor progression, as metastatic tumor cells undergo the epithelial to mesenchymal transition
(EMT) and gain the properties of stem cells, providing metastatic tumor cells self-renewal
capacity 4.

NFATs modulate epithelial cell invasive migration

Acquisition of motile and invasive properties is concomitant with the mesenchymal phenotype
displayed by tumor cells subsequent to the EMT 47. Recent studies point to an important role
for NFAT in modulating invasive migration, particularly in breast cancer (Fig. 3). Expression
of active NFAT1 promotes migration and invasion of breast cancer cells through Matrigel in
vitro, whereas expression of NFAT5 promotes migration but not invasion 4, again suggestive
of NFAT isoform-specific differences that are likely due to the induction of a non-overlapping
subset of genes. In human breast epithelial cells, the non-canonical Wnt ligand Wnt5a, which
is known to suppress metastatic progression®8 blocks NFAT activation coincident with
attenuated migration by a mechanism that depends in part on the binding of CK1 49,
Conversely, elevated expression of NFAT1 and NFATS is observed in invasive human ductal
breast carcinoma cells lines and also in patients with invasive breast cancer, and this correlates
with expression of the a6p4 integrin, which in carcinoma is released from hemidesmosomes
and associates with the actin cytoskeleton, consistent with enhanced expression of o634
detected in patients with advanced breast cancer 2% 51, A very high frequency of breast cancer
patients harbor activating mutations in PIK3CA, the gene that encodes the catalytic subunit of
P1 3-K 29, Downstream of P1 3-K, the Akt1 serine/threonine kinase attenuates NFAT activity
by a mechanism that depends in part on the ubiquitination of NFAT by MDM2 38, The net
effect is reduction of invasive migration of breast cancer cells, such that a gain of function
signal (activation of Akt1) results in a loss of function downstream event (NFAT ubiquitination
and degradation) and loss of function phenotype (inhibition of invasion).

The mechanism by which NFAT functions as a pro-invasion transcription factor likely lies
with the transcriptional program of genes that are induced in tumor cells. NFAT induces the
transcription of cyclooxygenase 2 (COX-2, also known as PTGS2) in breast epithelial cells,
and this is required for the ability of NFAT to promote invasive migration 32. COX-2 catalyzes
the synthesis of prostaglandins such as prostaglandin E2 (PGE,). Breast cancer cells display
reduced invasion with knockdown of COX-2, or treatment with COX inhibitors such as
NSAIDS (non-steroidal anti-inflammatory drugs), whereas increased expression of COX-2 or
addition of PGE to cells enhances cell invasion 52. This suggests that PGE, might function in
a cell autonomous or paracrine manner to influence invasive migration of epithelial cells (Fig.
3).
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NFAT also induces the transcription of the autotaxin gene (also known as ENPP2,
exonucleotide pyrophosphatase and phosphodiesterase-2) in breast epithelial cells 3.
Autotaxin is a secreted protein and interconverts lyso-phosphatidylcholine into lyso-
phosphatidic acid (LPA). LPA is potent mitogen and motogen for breast cancer cells (Fig. 3)
54, Autotaxin is highly upregulated in cells expressing the a6p4 integrin in an NFAT-dependent
manner 33, Importantly, autotaxin is also significantly upregulated in breast cancer metastases
55, Transgenic mice expressing autotaxin or the receptors for LPA (LPA-R, also know as the
endothelial differentiation gene (Edg) family) in the mammary epithelium display a high
frequency of invasive and metastatic carcinoma 6. Similarly, LPA analogues that act as
antagonists for autotaxin and LPA-R receptors reduce breast cancer cell migration in vitro and
significantly inhibit tumor burden in breast cancer xenografts in mice >’. Because PGE, and
LPA are secreted molecules, they have the capacity to act in a cell autonomous manner by
directly binding to cell surface receptors of epithelial cells and thus promote cell migration,
presumably by engaging cell signaling pathways that elicit remodeling of the actin
cytoskeleton, a pre-requisite for cell motility (Fig. 3).

One would also expect that for NFAT to function as a pro-invasion transcription factor, it would
induce the transcription and secretion of matrix metalloproteinases (MMPs) that are required
for efficient basement membrane proteolysis during tumor invasion and metastasis °8. While
there is some evidence that NFAT is required for MMP induction in myocytes and mesangial
cells, to date no studies have addressed MMP regulation by calcineurin-NFAT signaling in
settings of carcinoma progression. Similarly, secreted factors that are released within the tumor
and its microenvironment are also likely to act in a paracrine manner, particularly in the case
of COX-2 and PGE5 which have a profound influence on endothelial cell growth leading to
angiogenesis.

Regulation of tumor angiogenesis by the NFAT axis

In addition to providing solid tumors with the nutrients and oxygen necessary for tumor cells
to survive and proliferate, the vasculature also provides tumor cells a mechanism with which
to disseminate and metastasize to distant organs such as lungs, liver, bone and brain. As first
recognized in the NFAT3/4 null mice (BOX 2), calcineurin-NFAT signaling is essential for
angiogenesis and the formation of an intact vasculature during development. It is therefore not
surprising that NFAT signaling also profoundly affects tumor angiogenesis in humans.
Angiogenesis involves organization and subsequent branching of endothelial cells as well as
recruitment of vascular smooth muscle cells; a process that requires cell proliferation,
migration and differentiation 9. A pre-requisite for tumor angiogenesis is the stimulation of
endothelial cell proliferation, achieved in part by the vascular endothelial growth factor
(VEGF), also an endothelial cell permeability factor 60, As with most mitogens, VEGF
stimulates receptor-mediated activation of PLCy leading to an increase in intracellular calcium,
calcineurin activation and NFAT nuclear translocation 61 (Fig. 4). In turn, this leads to the
transactivation of genes that are essential for angiogenesis, such as COX-2 resulting in synthesis
of PGEy,, a critical mediator of tumor cell and endothelial cell migration and tube formation
62, COX-2 has emerged as a key enzyme in metastatic dissemination of most human tumors,
in particular breast cancer cell infiltration to the lungs and brain 83 84, Activation of NFAT by
VEGF in endothelial cells also induces the transcription of tissue factor (TF, also known as
F3), an important initiator of blood coagulation and angiogenesis 6°. Similarly, NFAT induces
granulocyte-macrophage colony-stimulating factor (GM-CSF in endothelial cells and
monocytes, which is important for their differentiation and survival 66.

The function of NFAT in tumor angiogenesis is best illustrated by studies in animal models of
cancer progression as well as analysis of human pathophysiologies associated with deregulated
NFAT activation. Infantile hemangiomas are rapidly growing areas of disorganized blood
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vessels that are dependent on VEGF signaling for growth. Suppressed transcription of
VEGFR1 (VEGF-receptor 1) in these lesions is mediated by reduced activity of NFAT, and in
turn this elicits an increase in VEGF-dependent VEGFR2 activation which ultimately causes
lesion formation 67. Normalization of VEGF or VEGFR2 activity could provide an effective
strategy for hemangioma treatment in children afflicted with the most aggressive forms of this
disease.

Patients with Down’s syndrome who achieve adulthood have a strikingly lower incidence of
cancer than the normal population 8. This led to the speculation that one or more of the 231
genes elevated in the extra copy of chromosome 21 in Down’s cases might posses tumor
suppressor activities. One of these genes is the calcineurin suppressor DSCR1. DCSR1 loss in
mice seems to suppress proliferation and increase apoptosis of endothelial cells 6. Conversely,
increased expression of DCSR1 results in a reduction of tumor angiogenesis through the
suppression of NFAT activation and decreased VEGF signaling in endothelial cells 6. This is
consistent with an examination of Down’s syndrome patients that reveals an upregulation of
DSCR1 and also the NFAT maintenance kinase DYRK1A that inactivates NFAT by promoting
nuclear export 89. Similarly, cells over-expressing DCSR1 and DYRK1A display reduced
VEGF-mediated proliferation %9 70, These findings provide a molecular explanation for the
reduced incidence of cancers in Down’s syndrome patients with trisomy of chromosome 21,
and underscore the importance of VEGF and NFAT signaling in tumor progression.

Endothelial cells also comprise lymphatic vessels that are responsible for returning interstitial
fluid to circulation. In breast, lung and gastrointestinal tumors, cells metastasize through
lymphatic vessels 1. It is not clear if solid tumors promote localized lymphangiogenesis or
utilize pre-existing vessels to metastasize. Regardless, many lymphangiogenic factors such as
VEGFC influence tumor progression 72 73, In this context, NFAT2 has been shown to modulate
lymphangiogenesis, specifically the patterning process and subsequent valve formation after
the initial sprouting of lymphatic endothelial cells 74 7, In this mechanism, NFAT2 functions
downstream of VEGF through interactions with lymphangiogenic promoting factors such as
prospero homeobox 1 (PROX1), podoplanin, forkhead box C2 (FOXC?2) and VEGFRS3. Thus,
NFAT regulates both tumor angiogenesis and lymphangiogenesis.

Chemokines and immune cell infiltration

It is well-established that in immune cells, NFAT directly induces the transcription of
chemokines 24. Inflammatory chemokines also function as chemoattractants for leukocytes,
enhancing the migration and recruitment of monocytes and neutrophils to sites of tissue damage
76, 77_Chemokines such as CXCL12 (also known as SDF1a) and CCL21 and their receptors
CXCR4 and CCRY are highly expressed in advanced breast cancer and mediate breast cancer
metastasis by promoting chemotactic and invasive migration of epithelial cells 78: 79, Although
presently unknown, any role of NFAT in chemokine signaling and metastatic dissemination
in the tumor microenvironment is likely to be complex. Infiltrating immune cells, as well as
mesenchymal stem cells that are localized in breast carcinomas, secrete chemokines that may
function in a paracrine manner to influence tumor cell invasion and ultimately metastasis 8°
(Fig. 5). However, as NFAT is also active in the tumor cells themselves, chemokines could
influence metastasis in a cell-autonomous manner. Regardless, NFAT signaling in the tumor
microenvironment is likely to have a significant impact on chemokine signaling. This is borne
out by mouse models of leukemia and lymphoma which reveal hyperactivation of NFAT as a
result of paracrine signaling in the tumor microenvironment ° 44, Similarly, infiltrating
macrophages in the tumor microenvironment are directly associated with tumor cells and
participate in a paracrine signaling loop between tumor cells that express epidermal growth
factor (EGF)-receptor and macrophages that secrete EGF and CSF1 (colony-stimulating
factor-1), which in turn promote tumor cell migration.8! Since NFAT induces CSF1 in both
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monocytes and endothelial cells, presumably the function of this paracrine signaling loop is to
promote epithelial cell migration, consistent with the finding that tumor-associated
macrophages are located adjacent to the tumor vasculature, the route of metastatic
dissemination.

Targeting the NFAT pathway in cancer therapy

NFAT has long been considered an ideal target for therapeutic intervention in immune
responses. Two structurally unrelated inhibitors, CsA and FK506 are potent inhibitors of
calcineurin-NFAT and are widely used as immunosuppressive agents in tissue/organ transplant
to prevent rejection, and also for treatment of autoimmune disease 82. Both CsA and FK506
prevent NFAT nuclear translocation by interfering with calcineurin activation 83, Specifically,
CsA and FK506 bind to the immunophilin proteins cyclophilin A (CyPA) and FKBP12,
respectively, and both complexes directly bind calcineurin and inhibit phosphatase activity
84,85 By interfering with calcineurin activity, both CsA and FK506 block the
dephosphorylation of numerous other substrates in addition to NFAT86 (Fig. 1). This probably
explains the neuro- and nephrotoxicitiy as well as complications from diabetes and high blood
pressure observed in the clinic®”. Nonetheless, one would predict that as potent calcineurin-
NFAT inhibitors, both CsA and FK506 could be effective cancer therapeutics. Somewhat
paradoxically, there is actually a significant increase in cancer incidence in patients on long-
term immunosuppressive treatments 88, The explanation for this observation is two-fold: first,
the increased cancer incidence is likely due to decreased immune surveillance leading to
reactivation of previously quiescent Epstein Barr Virus (EBV)-transformed positive B cells
and; second, other targets of calcineurin exist that function to modulate phenotypes associated
with cancer, such as proliferation and survival. Moreover, systemic administration of CsA and
FK506 would affect the entire milieu of the tumor microenvironment with pleiotropic effects
on cellular pathophysiology. It is more reasonable to assume that effective NFAT therapy in
cancer will have to come from targeted therapy for the tumor endothelium or the tumor cells
themselves, as these are the primary compartments where attenuation of NFAT activity is
predicted to block or even reverse the tumorigenic phenotype.

Because of the caveats associated with CsA and FK506, other more selective NFAT inhibitors
have been developed. A peptide that interferes with the calcineurin-NFAT interaction, termed
VIVIT, potently blocks NFAT dephosphorylation and nuclear translocation 8% 9, prolongs
graft survival in mice °1 and also attenuates breast cancer cell invasion 4. Although the use of
peptides as signaling antagonists in therapy is problematic due to delivery and stability, it will
be useful to determine the efficacy of VIVIT peptides in mouse models of carcinoma
progression. Small molecule inhibitors of NFAT hold more promise for therapy, and in this
context inhibitors that are similar in structure and function to CsA and FK506, but exhibit fewer
side effects, have been developed. L-732531, an analog of FK506, exhibits less kidney toxicity
and similarly ISATX47 is a potent and less toxic analog of CsA 92: 93, Again, mouse studies
are required to determine if these inhibitors demonstrate any efficacy at preventing or reversing
tumorigenesis in mouse models of cancer, beyond their well-documented activities in immune
suppression.

As discussed above, DSCR1 is an endogenous inhibitor of the NFAT pathway. In DSCR1 null
mice calcineurin is hyperactivated, thereby suppressing cell proliferation and increasing
apoptosis 8 69, A small-molecule strategy targeting the DCSR1/calcineurin interaction could
prove to be effective in settings of cancer therapy. Exploiting the interaction between
calcineurin and DSCR1 with drugs would in both cases effectively block NFAT activity in the
tumor microenvironment, and in turn attenuate the release of factors into the vasculature that
promote proliferation and metastatic dissemination. As more information accumulates on the
regulation of NFAT in cancer, other strategies are likely to emerge. For example, targeting the
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NFAT nuclear export kinases such as GSK-3 would be predicted to phenocopy inhibition of
calcineurin. As GSK-3 activity is inhibited by the Pl 3-K and Akt pathway, frequently
hyperactive in most human solid tumors, this results in diminished GSK-3 activity and in turn
constitutive NFAT nuclear localization. Thus, inhibitors of Pl 3-K or Akt might be expected
to reverse GSK-3 inhibition, promote NFAT export and terminate transcriptional activity.
Ultimately, any new therapeutic strategy targeting NFAT will have to take into account the
pleiotropic functions of NFAT in all cell types within the tumor microenvironment. Moreover,
targeted cancer therapy for NFAT will have to take into account the contribution of isoform-
specific functions in cancer phenotypes.

Conclusions and future perspectives

In the past few years evidence has accumulated that points to a key role for NFAT transcription
factors in cancer progression. Indeed NFAT function is not restricted to the immune system,
as originally thought, instead these ubiquitously-expressed transcription factors control
numerous responses in all cells and tissues. However, a pre-requisite for NFAT activation in
all cells is nuclear translocation and DNA binding, typically in cooperation with other binding
partners. NFAT activity is important for fibroblast proliferation and survival, epithelial tumor
cell invasive migration and endothelial cell growth and angiogenesis. However, many
questions remain, and answers to these questions are predicted to not only reinforce the notion
that the NFAT pathway is a key signaling axis in cancer progression, but may also provide
novel therapeutic avenues for clinical intervention. Most pressing is the development and use
of mouse models of cancer in which NFAT isoforms are either deleted or activated in specific
cell types or compartments in the microenvironment to evaluate the consequences for tumor
initiation and progression. The existence of isoform-specific functions for NFAT family
members in phenotypes such as proliferation and tumor suppression has been shown, but the
mechanisms responsible for these distinctions have yet to be determined. Similarly, although
a handful of genes such as COX-2 and autotaxin have been identified as mediators of the NFAT
signal in tumor and endothelial cells, it is likely that numerous other genes, most likely soluble
mitogens or motogens, have yet to be described. In this context, genome profiling of tumor
cell lines and tumor tissues in which NFAT is active are likely to yield a wealth of new
information. It is possible that mutations and/or amplifications in NFAT maintenance and
export kinases exist in human cancers, consistent with the reported constitutive NFAT nuclear
localization seen in breast cancers. Similarly, mutations or amplifications in NFAT isoforms
may exist, although based on recent cancer genome sequencing studies these are not likely to
occur at very high frequencies. Instead, activation of NFAT in cancer probably occurs by
mechanisms that drive or retain NFAT in the nucleus. Answers to these pressing questions
may hold promise for the development of drugs that specifically target NFAT signaling in
human cancer.

At a glance

NFAT (nuclear factor of activated T cells) is a family of closely related transcription factors
that are ubiquitously expressed in mammalian cells and tissues. NFAT1-4 are regulated by the
calcium-sensitive phosphatase calcineurin that induces nuclear translocation and
transcriptional activation.

NFAT transcriptional activity is regulated primarily by phosphorylation that in turn determines
subcellular localization. Maintenance kinases such as DYRK2 and CK1 phosphorylate
cytoplasmic NFAT and prevent nuclear translocation, whereas export kinases such as DYRK1
and GSK-3 phosphorylate nuclear NFAT and promote its export.
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Overexpression and increased transcriptional activity of NFAT isoforms has been detected in
various human solid tumors and cell lines as well as hematological malignancies. This leads
to the induction of genes that promote cellular phenotypes that are associated with tumor
progression, such as a proliferation, survival, migration and invasion.

NFAT isoforms promote the migration and invasion of tumor cells, prerequisites for metastatic
dissemination. These phenotypes are mediated by the transcriptional induction of NFAT target
genes in tumor cells, such as PGE, and LPA.

NFAT is directly implicated in promoting tumor angiogenesis. In endothelial cells NFAT is
activated by VEGF and promotes vessel formation by inducing pro-angiogenic genes such as
cyclooxygenase 2.

NFAT activation in tumor cells and the tumor microenvironment induces soluble factors that
function in both paracrine and autocrine mechanisms to promote tumor progression.

Inactivation of NFAT decreases tumor formation. This is consistent with pathophysiological
settings of enhanced expression of the calcineurin inhibitor DSCR1 which attenuates NFAT
activation and reduces tumor incidence.

Inhibition of NFAT activation using small molecule inhibitors is predicted to suppress
tumorigenesis. Paradoxically, patients receiving immunosuppressive therapy that blocks
NFAT activity have a higher incidence of cancer.

Future cancer therapy targeting NFAT must take into account the cell-type specific phenotypes
associated with deregulated NFAT activation.

Acknowledgments

We thank members of the Toker laboratory for many useful discussions and suggestions. We apologize to colleagues
whose work could not be cited due to space limitations. The Toker laboratory is funded by grants from the US National
Institutes of Health and National Cancer Institute, the Department of Defense and the Susan G. Komen Breast Cancer
Foundation.

Glossary

EMT epithelial to mesenchymal transition, a complex process whereby
genetic and epigenetic events lead to epithelial cells acquiring a
mesenchymal architecture concomitant with enhanced cell motility.
Typically associated with loss of E-cadherin expression

Hemangioma a benign self-involuting mass of proliferating endothelial cells that
typically presents in children

Hemidesmosomes rivet-like structures found in epithelial cells and also keratinocytes
that attach cells to the extracellular matrix. In epithelial cells,
hemidesmosomes couple to integrins to promote attachment of cells
to the ECM

Priming Kinase A ser/thr kinase that phosphorylates specific residues in proteins that

in turn allow for the subsequent phosphorylation of additional
residues downstream of the priming sites, typically mediated by
distinct kinases. Casein kinases are examples of priming kinases
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Rel-family also known as the NF-«kB family, these transcription factors share
transcription factors an amino-terminal REL-homology domain that is responsible for

nuclear localization, dimerization and DNA binding
Sumoylation similar to ubiquitination in that proteins are post-translationally

modified with SUMO, the small ubiquitin-like modifier. Unlike
ubiquitination, SUMOylation does not target proteins for
degradation, instead it facilitates nuclear-cytoplasmic shuttling,
transcription, and cell cycle progression

Chemokines a family of secreted cytokines that regulate both immune
surveillance as well as inflammatory responses upon infection

Store-operated calcium channels in the plasma membrane that allow influx of

channels extracellular calcium in response to emptying of intracellular

calcium stores such as the ER. Also known as CRAC channels

VEGF-R Receptor tyrosine kinases on the surface of endothelial cells that

activate downstream signaling pathways subsequent to binding
VEGF. VEGF-R1 is also known as Flt-1, VEGF-R2 is also known
as KDR/FLK1

Angiogenic switch the transition of a non-vascularized solid tumor to a highly
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Figure 1. Primary structure of NFAT

Schematic structure of NFAT. The domains depicted are retained in NFAT isoforms 1-4, but
in NFAT5 the NHR region is truncated and lacks the calcineurin-binding site. The structure
shows the NFAT-homology region (NHR) region that comprises the amino-terminal
transactivation domain (TAD), the calcineurin-binding site, the nuclear localization sequence
(NLS) and the serine-rich regions SRR1, SRR2, and SRR3, as well as the SP1 and SP2 motifs
(Ser-Pro rich) that are targeted by maintenance and export kinases. The Rel-homology region
(RHR) comprises the DNA binding motif and points of contact with transcriptional binding
partners such as Fos and Jun. Note that NFAT1-4 differ in the size of the carboxyl-terminal
domain, and alternative splice variants of NFAT1 (isoforms A, B, C), NFAT2 (isoforms A, B,
C) and NFAT4 (isoforms 1, 2, 3, 4) also exist that differ in the length of the carboxyl-terminus.
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Figure 2. Calcium signaling and activation of NFAT

Receptor tyrosine kinases (RTKSs) and immunoreceptors such as the T cell receptor (TCR)
activate phospholipase Cy (PLCy), which hydrolyses phosphatidylinositol-4,5-bisphosphate
(PIP,) releasing inositol-1,4,5-triphosphate (InsP3) and diacylglycerol (DG). InsP3 and loss of
calcium binding on STIM1 (stromal interaction molecule 1) induces calcium release from the
endoplasmic reticulum (ER). Calcium-release-activated calcium channels (CRACS), including
Orail, are then opened, allowing a sustained influx of extracellular calcium. Calmodulin
(CAM) binds calcium and in turn the phosphatase calcineurin (CaN). Binding of calcium to
the calcineurin regulatory B subunit (CaNB) exposes the calmodulin-binding site on the
catalytic A subunit (CaNA). An autoinhibitory sequence in calcineurin is then released from
the catalytic pocket, and the phosphatase can dephosphorylate cytoplasmic nuclear factor of
activated T cells (NFAT). Inactive NFAT is basally hyperphosphorylated; dephosphorylation
promotes nuclear translocation and gene transcription. NFAT cooperates with multiple other
transcription factors, including the activator protein 1 (AP-1) complex (Fos-Jun dimers). RTK
and TCR activation also stimulates signaling through the MAPK pathway leading to AP-1
activation. The NFAT activation cycle is maintained through complex mechanisms of
maintenance kinases that retain cytoplasmic hyperphosphorylated NFAT, such as casein
kinase-1 (CK1) and dual-specificity tyrosine-phosphorylation regulated kinase 2 (DYRK?2),
as well as nuclear export kinases such as CK1, DYRK1 and GSK-3 (glycogen synthase
kinase-3). These kinases are counteracted by negative regulators of calcineurin, such as DSCR1
(Down syndrome candidate region 1). Pharmacological antagonists of calcineurin, such as
FK506 and cyclosporin A (CsA) are potent inhibitors of NFAT dephosphorylation and nuclear
accumulation.
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Figure 3. NFAT promotes tumor cell migration through paracrine and autocrine mechanisms
Subsequent to genetic and epigenetic deregulation, epithelial cells that reside on the basement
membrane undergo a fundamental change in morphology adopting a mesenchymal
architecture, concomitant with acquisition of a motile phenotype. This ordered series of events
is collectively termed the epithelial to mesenchymal transition (EMT). Subsequently, the tumor
cells degrade the basement membrane and this facilitates cancer invasion into connective tissue
that is comprised primarily of extracellular membrane (ECM) proteins. NFAT promotes
migration and invasion through multiple non-redundant mechanisms. Engagement of integrins
such as a6p4 on tumor cells promotes NFAT nuclear translocation likely through calcium flux.
Nuclear NFAT transactivates numerous genes, including those that encode the autotaxin and
cyclooxygenase (COX-2) proteins. Autotaxin and COX-2 are secreted proteins and catalyze
the synthesis of lysophosphatidic acid (LPA) and prostaglandin E2 (PGE)) respectively. Both
LPA and PGE; are potent motogens and mitogens that act in both paracrine and autocrine
signaling through binding Edg (endothelial differentiation gene) and prostaglandin E, (EP)
receptors, respectively, to promote the invasive migration of tumor cells through the ECM.
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Figure 4. NFAT promotes tumor angiogenesis

The vascular endothelial growth factor (VEGF) is secreted into the tumor microenvironment
by multiple distinct resident cell types, including endothelial cells, fibroblasts and the tumor
cells themselves. If not immediately utilized, VEGF is tethered to the extracellular matrix
(ECM), and signals that stimulate the angiogenic switch during tumor progression activate
mesenchymal stem cells (MSCs), secretion of matrix metalloproteases and release VEGF from
the ECM. VEGF then binds VEGF-receptors (VEGF-R1 and/or 2), leading to an increase in
intracellular calcium that promotes the nuclear translocation of NFAT. Activation of NFAT in
endothelial cells induces the transcription of VEGF and VEGF-R that function in an autocrine
loop. NFAT also induces COX-2 in endothelial cells leading to synthesis of PGEj, which binds
to Edg receptors. Both VEGF and PGE, stimulate endothelial cell proliferation, migration and
ultimately vessel formation. Endogenous inhibitors of calcineurin-NFAT, such as DSCR1
(Down’s syndrome candidate region 1) block endothelial cell NFAT activation and are potent
inhibitors of tumor angiogenesis.

endothelial vessel
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Figure 5. Multiple roles for NFAT in the heterotypic interactions of the tumor microenvironment
Multiple non-redundant mechanisms function to control the specific roles of NFAT
transcription factors in tumor progression. In non-tumorigenic epithelial cells, quiescence is
achieved by multiple mechanisms, including the NFAT-dependent suppression of cyclin-
dependent kinases (CDK4) that are required for proliferation. During tumorigenesis, cells
acquire a motile and invasive phenotype that is in part dependent on the upregulation of NFAT
activity that in turn stimulates the synthesis and secretion of pro-motility factors such as
lysophosphatidic acid (LPA) and prostaglandin E, (PGEy). Intravasation of tumor cells into
the vasculature is only possible subsequent to the angiogenic switch. NFAT promotes
angiogenesis through secretion of pro-angiogenic factors such as the vascular endothelial
growth factor (VEGF) that are secreted by endothelial cells and fibroblasts in an NFAT-
dependent manner. Infiltrating immune cells are mobilized to the tumor microenvironment by
chemotaxis mechanisms that depend on NFAT activation, and in turn secrete local factors such
as colony-stimulating factor-1 (CSF-1) that promote proliferation.
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