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hTERT and NFAT were thought until 
recently to belong to separate meta-

bolic compartments. The involvement 
of NFAT in the induction of hTERT 
transcription, suggested by hTERT 
expression variations during lymphocyte 
stimulation and immunosuppressive 
treatments, explains the link between 
hTERT expression and cell stimulation 
and offers new insights for therapeutic 
developments.

The integrity of cellular DNA can be 
compromised both by endogenous 
sources, such as oxidative by-products of 
cellular metabolism and stalled replica-
tion forks, and by environmental agents. 
Multiple DNA repair and protection sys-
tems have evolved to reduce the number 
of irreversible mutations. The ends of 
linear DNA could be particularly vulner-
able because, at each round of replication, 
standard DNA polymerases are unable to 
complete DNA synthesis, leading to the 
“end replication problem”. Specific nucle-
oprotein structures capping the ends of 
chromosomes, named telomeres, prevent 
chromosome fusions and genomic insta-
bility. Telomerase, a nucleoprotein, was 
demonstrated to ensure de novo synthesis 
of telomeric repeats during DNA replica-
tion.1 Human telomeres are constituted 
by tandem TTAGGG DNA repeats of 
5–15 kilobase pairs, proteins, such as shel-
terin proteins, and DNA repair proteins.2 
Telomere maintenance is ensured by the 
telomerase complex, formed by the human 
telomerase RNA (hTR) template, contain-
ing the motif CUAAUCCCAAC (comple-
mentary to the telomere repeats), and the 
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human telomerase reverse transcriptase 
(hTERT) catalytic subunit.3 Besides its 
major role in telomere elongation and 
cell life extension,4 hTERT is also impli-
cated in metabolic processes independent 
of telomeres.5 Relationships between the 
expression and activity of hTERT and cell 
stimulation need to be known in order to 
understand consequences of anti-prolifer-
ative and anti-telomerase treatments.

hTERT Expression is Induced  
by Lymphocyte Activation

hTERT expression is restricted to a few 
normal human somatic cell types, such as 
germinal cells, several types of normally 
proliferative somatic cells, such as basal 
layer keratinocytes,6 or cells able to be 
activated, such as lymphocytes. Buchkovic 
and Greider7 demonstrated that peripheral 
blood lymphocytes are able to re-express 
telomerase activity when stimulated. 
eapamycin, which targets mammalian 
target of rapamycin (mTOR) and blocks 
cell cycle in G

1
 phase, was an inhibitor 

of telomerase activity, while aphidicolin 
and Hydroxyurea, inhibitors of S-phase 
progression, were not, suggesting that 
telomerase activity is regulated during the 
G

1
 phase of the cell cycle.7 However, rela-

tionships between hTERT expression and 
lymphocyte stimulation remained poorly 
understood. Telomerase activity appears 
24 hours after lymphocyte stimulation, 
while hTERT mRNA is induced within 
the first 6 to 12 hours.8,9 Some discrep-
ancies between telomerase activity and 
hTERT expression in lymphocytes at vari-
ous stages of differentiation or maturation8 
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were related to post-translational modifi-
cations of hTERT, such as hTERT phos-
phorylation by Akt and protein kinase 
C (PKC), and protein interactions with 
heat shock protein-90, mTOR, S6-kinase, 
and hTR before nuclear translocation 
(Fig. 1).10 This may account for the delay 
between the beginning of hTERT mRNA 
expression and telomerase activity after 
lymphocyte activation. In both normal 
and malignant human cells, however, a 
positive correlation is consistently observed 
between telomerase activity and hTERT 
mRNA expression,11 thereby highlight-
ing the importance of the transcriptional 
regulation of hTERT.

hTERT is located on chromosome 
5p15.33 in a single copy, and sequence vari-
ants at the TERT-CLPTMIL locus associ-
ate with many cancer types.12 The hTERT 
promoter consists of three main regions 
described by their functional activity and 
localization relative to the +1 transcription 
initiation site.13 The first region, consist-
ing of a sequence of 258 bp (from -203 to 
+55), corresponds to the core promoter 
and contains a fragment of 59 bp (-208 
to -150) essential for maximal transcrip-
tional activation of the hTERT gene. The 
second one, an activating region, is located 
between positions -1397 and -798. Finally, 
the third one, an inhibitory region, is 
located between positions -798 and -400. 
Globally, the hTERT promoter is GC rich 
and comprises mainly two CpG islands, 
a broad CpG island from -845 to exon 2 
and a small one between -4245 and -4545 
(reviewed in ref. 14).

Several transcription factors are impli-
cated in hTERT expression: some are acti-
vators (e.g., c-Myc, Max, Sp1, Ets1 and 2, 
E2 and, in normal cells, E2F 1 to 5) and 
others are inhibitors (e.g., Mad1, WT1, 
p53, MZF-2 and, in neoplastic cells, E2F 
1 to 3).14 c-Myc is considered to be a major 
regulatory factor of hTERT and can form 
heterodimers with Max proteins to directly 
activate the hTERT promoter through 
binding two E-boxes within the core pro-
moter. c-Myc was shown to cooperate with 
the ubiquitous factor Sp1, which binds to 
five responsive elements located between 
the E-boxes. Furthermore, c-Myc may, in 
part, control the regulatory activity of the 
Ets1 and 2 proteins that act as activators or 
inhibitors depending on which responsive 

Figure 1. Modulation of hTERT expression during lymphocyte stimulation. (A) hTERT mRNA 
expression in PBL simultaneously stimulated (1 µg/µl PHA) and treated for 48 h with FK506, 
Rapamycin (Rapa), aphidicolin (Aphi), wortmannin (Wort) and indirubin-3'-monoxim (IO). hTERT 
mRNA expression is shown in a representative illustration after semi-quantitative RT-PCR and in 
a histogram summarizing the results from three independent experiments of real-time quantita-
tive PCR (ratio of hTERT expression to control and normalized to actin expression). The strongest 
inhibitory effect was observed with FK506, while aphidicolin and IO did not clearly interfere with 
hTERT mRNA expression. (C: untreated control PBL). (B) Diagram representing lymphocyte stimula-
tion and inhibition pathways. Lymphocyte stimulation activates the phosphatase calcineurin, 
which rapidly dephosphorylates NFAT, and also activates the PI3K/Akt/mTOR pathway, leading to 
the inhibition of the GSK-3β activity, a kinase for NFAT. Dephosphorylated NFAT is translocated 
into the nucleus, where it can exert its transcription factor role for hTERT and cytokines such as 
IL-2. The kinases Akt and PKC, both activated by PI3K, phosphorylate hTERT, which forms a com-
plex with hTR and the chaperone proteins Hsp90 and p23. This complex is translocated into the 
nucleus where it can exert its function as a reverse transcriptase in telomere maintenance. FK506 
induces the inhibition of calcineurin. Rapamycin and wortmannin inhibit mTOR and PI3K (and thus 
Akt) respectively, leading to GSK-3β activation. All of these compounds ensure NFAT phosphoryla-
tion and its subsequent inactivation. The actions of Aphidicolin and IO that do not interfere with 
NFAT activity and hTERT mRNA expression are marked in grey. The pathways implicated positively 
during lymphocyte stimulation are noted by black dashed arrows and those implicated nega-
tively are noted by black solid arrows.
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of hTERT expression at an early stage of 
lymphocyte activation and propose a role 
for NFAT in its transcription (Fig. 1B).9 
The NFAT family is comprised of four 
calcium-responsive transcription factors 
(NFAT1 through NFAT4). These proteins 
are highly homologous in structure and 
contain a DNA-binding domain (DBD) 
and an amino terminal domain called 
NFAT homology region (NHR). The 
DBD has sequence similarity with the Rel 
homology domain of the Rel family of tran-
scription factors and permits NFAT bind-
ing to the DNA core sequence GGAAA. 
The NHR is unique to NFAT proteins and 
is comprised of multiple serine residues, a 
nuclear localization sequence, and a con-
served calcineurin-binding sequence.16 
DNA sequence analysis of the hTERT 
promoter reveals five potential GGAAA 
binding sites at positions -1575, -1225, 
-1200, -775 and -40 relative to hTERT 
transcription initiation site. In luciferase 
assays, NFAT1 (NFATp or NFATc2) 

(GSK-3β), a kinase for NFAT (Fig. 2). 
Dephosphorylation of NFAT triggers its 
translocation into the nucleus in about 5 
to 15 min, where it can exert its transcrip-
tion factor activity during several hours, 
as hTERT mRNA expression begins to be 
observed.9

Wortmannin, an inhibitor of PI3K, 
and Rapamycin, an inhibitor of mTOR, 
induce the indirect activation of GSK-3β18 
and thus favor NFAT phosphorylation. 
FK506 inhibits calcineurin and the sub-
sequent dephosphorylation of NFAT.16 
FK506, wortmannin and rapamycin, 
which inactivate NFAT as a transcrip-
tion factor, caused inhibition of hTERT 
expression in activated lymphocytes.9 
Conversely, aphidicolin, which inhibits 
DNA polymerase α, and indirubin-3'-
monoxime (IO), an inhibitor of cyclin 
dependent-kinase (CDK) and GSK-3β, 
both inhibit cell cycle progression but did 
not inhibit hTERT expression (Fig. 1A).9 
These observations suggest the induction 

element they bind to. However, neither 
the known transcription factors nor varia-
tions in epigenetic regulation (such as 
methylation and acetylation) or post tran-
scriptional regulation through alternative 
splicing of hTERT (reviewed in ref. 14) are 
sufficient to explain how early induction 
of hTERT mRNA expression during the 
activation of normal lymphocytes is con-
trolled. Indeed, while c-myc deregulation 
may by-pass normal activation pathways 
in lymphoid tumor cells, it is not sufficient 
for the acquisition of competence to pro-
liferate in normal lymphocytes.15

Metabolic Pathways Implicated 
in Lymphocyte Stimulation 

and in vitro Immunosuppressive  
Treatment Responses Lead 

to the Role of Nuclear Factor 
of Activated T cells (NFAT) 

in hTERT Regulation

In quiescent cells, NFAT proteins are 
phosphorylated, located in the cytoplasm, 
and inactive as transcription factors. NFAT 
dephosphorylation and nuclear transloca-
tion occur as a result of the transcription 
of genes implicated in lymphocyte prolif-
eration and differentiation (reviewed in 
ref. 16). T lymphocyte stimulation results 
in calcium- and calmodulin-dependent 
activation of calcineurin, a serine/threo-
nine phosphatase, which induces a rapid 
dephosphorylation of NFAT serine resi-
dues. On the other hand, stimulation 
induces the activation of phosphatidylinos-
itol-3-kinase (PI3K) and the inhibition of 
phosphatases, such as the phosphatase and 
tensin homolog deleted on chromosome 
10 (PTEN) and SH2 domain-containing 
inositol 5-phosphatases 1 (SHIP-1) or 2 
(SHIP-2), which favors the conversion 
of phosphatidylinositol 4,5-biphophate 
(PIP2) phosphorylation into phosphati-
dylinositol 3,4,5-biphophate (PIP3). PIP3 
is recognized by 3-phosphoinositide-
dependent kinases 1 and 2 (PDK1/2) and 
the Akt kinase through their pleckstrin 
homology domain, allowing its recruit-
ment to the plasma membrane.17 PDK1/2 
induces the phosphorylation and activa-
tion of Akt, which in turn phosphorylates 
numerous substrates including the mTOR 
kinase. mTOR and Akt phosphorylate and 
inactivate Glycogen Synthase Kinase-3β 

Figure 2. Putative relationships between NFAT and hTERT in cell proliferation, differentiation and 
malignant transformation. NFAT and hTERT are both positively and negatively implicated in apop-
tosis regulation and are also involved in cell proliferation, differentiation and malignant trans-
formation. NFAT regulates hTERT transcription both directly and indirectly via c-Myc. In tumors, 
constitutive activation of NFAT can be due to an alteration of the upstream signaling pathways 
implicated in NFAT regulation, either by deletion of tumor suppressor genes (PTEN or SHIP1/2), 
overexpression of oncogenes (PI3K, Akt or RAS) or deregulation of the tumor microenvironment 
depending on autocrine/paracrine growth factors (GF) (R: receptor). NFAT overexpression will 
subsequently trigger an increase in hTERT activity amplifying its proliferative potential. (stars: 
oncogenes; flags: tumor suppressors; →: activation; ⊣: inhibition).
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expression in fibroblasts is accompanied 
by an increase in proteins involved in 
mismatch repair (MSH6, MLH1), 
non-homologous end joining (Ku80, 
XRCC4), and homologous recombina-
tion. hTERT favors genomic stability 
and DNA repair.28,29 It is worth noting 
that its declined expression during in 
vitro lymphocyte aging is accompanied 
by an increase in DNA damage.27 Thus, 
the direct transcriptional regulation of 
hTERT by NFAT offers an explanation for 
the close relationship between lymphocyte 
stimulation and the induction of hTERT 
expression allowing telomere maintenance 
during the cellular stimulation process.

Beyond its role in telomere mainte-
nance, emergent extra-telomeric functions 
of hTERT have been reported: like NFAT, 
hTERT is involved in cell proliferation 
and transformation as well as in apopto-
sis regulation. Indeed, hTERT was able 
to induce cell immortalization and tum-
origenesis when combined with two other 
oncogenes, H-Ras and large T-SV40.30 
hTERT mutants unable to maintain 
telomere length also led, in combination 
with H-Ras, to the transformation of 
GM847 fibroblasts, highlighting a role of 
hTERT in tumorigenesis that is indepen-
dent of its telomere lengthening ability.5

The ectopic expression of hTERT 
supports the proliferation of epithelial 
mammary cells and correlates with the 
induction of genes implicated in cell 
proliferation, in particular the epithe-
lial growth factor receptor.31 Moreover, 
hTERT is involved in the proliferation of 
embryonic stem cells through its combi-
nation with specific transcription factors,31 
and, likely, through the direct modulation 
of the Wnt/β-catenin signaling pathway, 
which has been implicated in stem cell 
proliferation and differentiation and in 
human tumorigenesis.32

Catalytically active hTERT also par-
ticipates in apoptosis induction due to its 
localization in mitochondria, rendering 
cells more susceptible to oxidative stress-
induced mitochondrial DNA damage.33 
In contrast, when located in the nucleus, 
hTERT plays an anti-apoptotic role.28 
hTERT may also counteract p53-induced 
apoptosis, as demonstrated in Burkitt 
lymphoma cells and colon carcinoma 
cells.34

Globally, in murine NIH 3T3 fibroblasts, 
it has been shown that NFAT1 acts as a 
tumor suppressor and NFAT2 as an onco-
gene, when constitutively activated.23

NFAT plays a role in hematological 
malignancies: constitutively active nuclear 
forms of NFAT1 and NFAT2 were found 
in a large panel of Non Hodgkin T-cell and 
B-cell lymphomas.24 Furthermore, persis-
tent activation of the calcineurin/NFAT 
pathway in mouse models of human T-cell 
acute lymphoblastic leukemia (T-ALL) is 
pro-oncogenic in vivo by the constitutive 
activation of the JAK/STAT or NOTCH1 
signaling pathways.24 In all these cases, the 
constitutive activation of NFAT proteins 
seems to be due to an alteration of the 
upstream signaling pathways implicated 
in NFAT regulation, either by deletions 
of tumor suppressor genes (e.g., PTEN 
or SHIP1/2), overexpression of oncogenes 
(e.g., Akt or RAS), or deregulation of 
tumor microenvironment depending on 
autocrine/paracrine signals as proposed by 
Meydiouf et al.24 (Fig. 2).

NFAT proteins were found to mediate 
Ca2+ signals not only in immune cells but 
also in various mammalian cell types and 
tissues. They were also shown to play roles 
in human non-lymphoid cancers. Indeed, 
the ectopic activation of NFAT1 was 
shown to promote breast cancer cell inva-
sion through the transcription of COX2 
and the synthesis of prostaglandins.25 
Furthermore, in pancreatic cancers, 
overexpression of NFAT2 increased cell 
proliferation and enhanced anchorage-
independent growth by directly activating 
c-Myc expression.26

The Question about the Role 
of hTERT in NFAT-Controlled  

Cellular Metabolism Pathways 
must be Raised

After lymphocyte stimulation and in 
response to NFAT transcriptional activa-
tion, we can observe an early increase in 
hTERT mRNA expression and telomerase 
activity.9 Inversely, a decrease in hTERT 
expression and activity is observed dur-
ing in vitro lymphocyte aging27 as NFAT 
DNA binding is also known to decrease.19 
Moreover, the catalytic subunit of telom-
erase hTERT can physically bind telom-
eres and DNA repair proteins. Its ectopic 

overexpression induced an increase in 
hTERT promoter transcriptional activity. 
Subsequent 5' deletions of the promoter 
sequence showed that NFAT1 could act 
mainly through a binding site located in 
the hTERT core promoter at position -40 
and flanked by two Sp1 sites. Mutation 
of NFAT1 responsive elements inhib-
ited hTERT promoter activity in vitro. 
Interestingly, simultaneous mutation of 
one or both Sp1 sites enhanced this effect, 
suggesting a possible relationship between 
these two factors. NFAT1 overexpression 
and inhibition correlated with variations 
in endogenous hTERT expression. In 
addition, chromatin immunoprecipitation 
assays demonstrated the direct binding of 
NFAT1 to the endogenous hTERT pro-
moter sequence through the -40 and -775 
sites. NFAT1 regulation of hTERT does 
not exclude a role for the other NFAT iso-
forms as NFAT1 silencing in stimulated 
Jurkat cells does not completely abolish 
endogenous hTERT expression.9

NFAT Implicated in Cell Death, 
Proliferation and Differentiation 
Regulation can be Constitutively 

Activated in Cancer Cells

NFAT proteins are expressed in mul-
tiple cell types both within and outside 
the immune system and their DNA-
binding activity decline with age.19 
NFAT1 and NFAT2 functions are the 
best known. NFAT1 implication in cell 
stimulation appears complex, since it 
is involved in the transcription induc-
tion of interleukins (IL)-2, IL-3, IL-4, 
IL-5, Granulocyte-macrophage colony 
stimulating factor, Interferon γ, TNFα, 
and cell cycle regulatory proteins such 
as p21Waf1, in cooperation with several 
transcriptional partners such as AP-1.20 
However, in unstimulated lymphocytes, 
NFAT1 present in the nucleus at a basal 
level also negatively regulates cyclin A2 
or downmodulates the expression of 
CDK4 as lymphocytes return to the qui-
escent state.21 NFAT1 was also shown to 
be implicated in apoptosis by enhancing 
activation-induced cell death in T-cells 
via the transcription of the FasL gene 
through early growth response proteins.22 
NFAT2 acts as a positive regulator of cell 
proliferation and a repressor of cell death.23 
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NFAT may induce hTERT expression 
at two levels: directly, at the transcrip-
tional level,9 and indirectly, by activating 
c-Myc.26 Thus, any aberrant activation 
of the NFAT upstream pathways, either 
through the calcineurin pathway or 
through the PI3K/Akt/mTOR pathway, 
as found in vivo in numerous lymphoid 
or non-lymphoid malignancies, could 
facilitate tumor growth in part via hTERT 
expression activation. The inhibition of 
NFAT activity obtained with immunosup-
pressors such as anti-calcineurin molecules 
or with mTOR inhibitors might counter-
act these tumoral processes. However, in 
normal proliferative cells, the decrease in 
hTERT expression and subsequent puta-
tive telomere shortening and uncapping 
induced by NFAT inactivation may favor 
DNA damage and the emergence of malig-
nancies. The putative positive or negative 
consequences of the inhibition of hTERT 
expression related to the therapeutic inhi-
bition of NFAT pathways remains largely 
to be studied.
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