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Introduction

Over the past decade, significant progress toward understand-
ing the biological importance of telomerase to aging and cancer 
has been made (Fig. 1). It is now clear that telomerase undergoes 
complex regulation by numerous transcription factors involved 
in multiple intracellular and extracellular signaling pathways.1,2 
Several kinase cascades, including phosphatidylinositol-3-kinase 
(PI3K), Akt, mechanical (mammalian) target of rapamycin 
(mTOR), and mitogen-activated protein kinase (MAPK), as well 
as members of the Smad family, play a prevalent role in telomer-
ase regulation.3-5 Elucidation of the signal transduction mecha-
nisms underlying this regulation will shed light on the relevance 
of telomerase to aging and cancer and will aid the development 
of methods to manipulate telomerase for prophylactics and thera-
peutic applications. Although there have been several reports that 
growth factors and cytokines stimulate human telomerase reverse 
transcriptase (TERT) expression in solid human tumor cells in 
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Telomerase, comprising a reverse transcriptase protein (TerT) 
and an rNA template, plays a critical role during senescence 
and carcinogenesis; however, the mechanisms by which 
telomerase is regulated remain to be elucidated. Several 
signaling pathways are involved in the activation of TerT 
at multistep levels. The JAK-STAT pathway is indispensable 
for mediating signals through growth factor and cytokine 
receptors during the development of hematopoietic cells, 
and its activity is frequently upregulated in hematological 
malignancies. Here, we review the role of the JAK-STAT pathway 
and related signaling cascades in the regulation of telomerase 
in hematological malignancies.
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a manner that is dependent on signal transducer and activator 
of transcription 3 (STAT3),6,7 only a few such observations have 
been made in hematological malignancies. This review describes 
the role of the Janus kinase (JAK)-STAT pathway and related 
signals in telomerase regulation in hematologic malignancies.

Telomere Replication and Telomerase

Human telomeric DNA consists of 2–15 kb region contain-
ing tandem-repeats of the sequence, (TTAGGG)n, which run 5′ 
to 3′ toward the end of the chromosome.8 This repetitive DNA 
sequence is evolutionary conserved, which implies its essentiality 
for crucial cellular functions.9 Telomeres protect chromosomes 
against degradation, fusion, and rearrangement during DNA rep-
lication. In addition, telomeres ensure that the chromosomes are 
positioned correctly within the nucleus prior to replication.10-12

Because DNA polymerase cannot completely replicate linear 
DNA molecules, it was previously hypothesized that terminal 
sequences are lost from the chromosomes during each round of 
replication.13,14 This event ultimately leads to cell death and may 
therefore play a role in senescence by limiting the proliferation of 
somatic cells.15 In many tumor cells and immature somatic cells, 
telomere length must be conserved to avoid exit from the cell 
cycle and entry into a senescent state; therefore, these cells express 
the enzyme telomerase. Telomerase is a large ribonucleoprotein 
complex, comprising a reverse transcriptase protein (TERT) 
and an RNA template (TERC),16,17 both of which are essential 
for its enzymatic activity. A region within the RNA component 
of telomerase is utilized as a template for synthesis of repeat 
sequences (Fig. 2). The catalytic subunit of the telomerase holo-
enzyme, TERT, is a polypeptide of 1132 amino acids.18,19 Whereas 
TERC expression is relatively ubiquitous throughout embryonic 
and somatic tissues, TERT expression is tightly regulated and 
undetectable in most somatic cells.20 Therefore, TERT expression 
is thought to be the rate-limiting step in telomerase activity.

Multistep Regulation of Telomerase

Expression of TERT is regulated at the levels of transcription, 
mRNA splicing, and translation. The protein is also subjected 



e25256-2 JAK-STAT volume 2 issue 4

transcripts contain at least six splice sites and α splicing variants 
exert a dominant negative effect on normal transcripts.26

MicroRNAs (miRNAs) are also involved in the control of 
TERT gene expression and translation. It is estimated that more 
than 400 miRNAs regulate at least one-third of all protein- 
coding human genes,27 and that some of these miRNA play 
a critical role in tumorigenesis.28 In NK/T-cell lymphomas, 
which display high levels of telomerase activity, miRNA-150 
levels are diminished and transfection of these cells with exog-
enous miRNA-150 reduces telomerase activity by downregu-
lating Akt kinase expression.29 On the contrary, miRNA-21 
upregulates STAT3-mediated activation of TERT expression in 
glioblastoma.30

The enzymatic activity of TERT is controlled at the post-
translational level via phosphorylation and protein folding. The 
TERT protein contains multiple serine residues that are putative 
sites for phosphorylation and activation by Akt kinase.31 Protein 
kinase C (PKCα) also phosphorylates and activates TERT.32 
Finally, TERT function can be controlled by modifying the 
subcellular location of the protein. Following T-cell activation, 
TERT is phosphorylated and translocated from the cytoplasm to 
the nucleus, where its enzymatic activity is principally exerted.33 
The 14-3-3 signaling protein, which functions as a regulator or 
connecter of multiple molecules, binds to TERT and inhibits 
its nuclear export.34 TERT is also distributed in mitochondria, 
where it plays a role in protecting cells against oxidative stress.35

The following sections discuss the involvement of multiple 
signaling molecules, including STATs, in the transcriptional and 
post-transcriptional control of TERT expression.

The Implication of Signaling Molecules Other 
 than the JAK-STAT Pathway in Regulating 
Telomerase in Hematologic Malignancies

The expression levels and enzymatic activity of TERT are reg-
ulated by multiple signaling molecules and pathways, including 
the RAS/RAF/MEK/MAPK pathway, the PI3K/Akt/mTOR 
pathway, the IKK/NFκB pathway, the transforming growth fac-
tor β/Smads pathway, PKC, and the JAK-STAT pathway.

RAS, a member of the family of small GTP binding pro-
teins, plays a pivotal role in diverse physiological reactions and is 
mutated during oncogenic transformation; oncogenic mutations 
in the NRAS and KRAS genes are found in up to 25% of malig-
nancies.36 The canonical RAS effectors include RAF, RalGDS, 
and PI3K, although RAF is the best characterized. Upon growth 
factor stimulation, GTP-bound RAS induces cellular prolifera-
tion and survival by activating RAF, MEK, and various MAPKs, 
including extracellular-regulated kinases (ERKs) 1 and 2. MAPKs 
also mediate the epidermal growth factor-induced stimulation 
of TERT mRNA expression via activation of Ets-1, Sp1, and 
c-Myc.3,37 A previous study demonstrated that phosphorylation 
of serine10 on histone H3 by MAPKs such as ERK1 and ERK2 
induces TERT expression in concanavalin A-stimulated normal 
T cells and is required for constitutive activation of the enzyme in 
Jurkat cells.38 MAPKs also mediate TERT activation induced by 
viral latent membrane protein 1 in Epstein–Barr virus-infected 

to posttranslational modification and regulation of its subcel-
lular location.21 Transcriptional regulation of TERT has been 
extensively explored.5 The TERT core promoter is located 330 bp 
upstream of the transcriptional start site; this region lacks TATA 
and CAAT boxes but contains binding sequences for various 
transcriptional activators and repressors, which relay the effects 
of growth factors and signaling molecules produced in response 
to diverse stimuli.5 The transcriptional activators that target the 
TERT promoter include c-Myc, Sp1, Ets-1, nuclear factor of acti-
vated T-cells, nuclear factor kappa B (NFκB), cAMP response 
element binding protein, hypoxia inducible factor-1, and STAT3; 
the transcriptional repressors include Wilms tumor 1, myeloid 
zinc finger 2, p53, AP-1, AP-2, AP-4, menin, Smad3, and 
CCCTC binding factor. Notably, transcriptional activation by 
Sp1 depends on its co-operation with c-Myc, which binds to an 
E-box motif on the TERT promoter and activates transcription.1 
Epigenetic modifications for DNA and histones also regulate 
TERT transcription. The TERT promoter contains CpG islands 
and is therefore susceptible to regulation by changes in the DNA 
methylation status;22 hypermethylation of CpG sites prevents the 
interaction of CCCTC binding factor with the promoter, result-
ing in transcriptional activation.23 Moreover, histone acetylation 
and deacetylation may contribute to the regulation of TERT 
mRNA expression. Histone deacetylase inhibitors activate the 
TERT promoter by recruiting SP124 and mimic the induction of 
TERT mRNA expression by T-cell antigen receptor stimulation 
through maintaining H3/H4 acetylation.25 TERT expression 
also regulated by an mRNA splicing mechanism; TERT mRNA 

Figure 1. Schema describing the telomere hypothesis of cell aging and 
transformation in human cells. At the beginning of the time axis (cor-
responding to early embryonic development), telomerase in germ line 
tissues is either constitutively active (horizontal dotted line) or becomes 
activated at a slightly later time (diagonal dotted lines). in somatic cells, 
telomerase activity is repressed, and the telomeres shorten until they 
reach a length that signals a halt to cell division (the Hayflick Limit, 
which results in senescence). This barrier, called M1, can be bypassed 
by the administration of transforming agents, which allow telomere 
loss to continue until a crisis point, called M2, at which essentially all the 
TTAGGG sequences (and some proximal sequences) are lost. The result 
is cell death. Only rare cells, which have undergone a specific mutation-
al event(s), emerge from M2 to become immortal: only these cells have 
stable telomeres and express telomerase (modified from ref. 113).
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telomerase activity and phosphorylation of the Akt and TERT 
proteins in various hematopoietic tumor cells derived from leu-
kemias and myelomas.46-51 In addition, Akt kinase is required for 
nuclear shuttling of TERT in various cells, including those from 
human leukemias.48-50,52,53 The TERT protein is functionally 
associated with heat shock protein 90 (HSP90), which is a chap-
erone for a variety of client proteins.54 Our group and others have 

B cells.39 In addition, TERT and transforming 
growth factor β synergistically activate ERK1 
and ERK2 in human fibroblasts.40 Conversely, 
transforming growth factor β suppresses TERT 
mRNA expression by Smad3 binding to c-Myc 
in a variety of cell types.41

The PI3K/Akt/mTOR kinase cascade is 
another major pathway that controls cell pro-
liferation, growth, survival, metabolism, and 
autophagy; this pathway also plays a pivotal role 
in the tumorigenesis of hematopoietic cells.4 
PI3K, a heterodimeric lipid kinase composed 
of a catalytic subunit and a regulatory subunit, 
generates PI-3,4,5-triphosphate (PIP3), which 
binds to PI-dependent kinase 1 and promotes 
phosphorylation of Akt kinase at Thr308. This 
event accelerates the subsequent phosphoryla-
tion of Akt kinase at Ser473 by mTOR complex 
2 (mTORC2). Fully activated Akt kinase then 
phosphorylates multiple downstream targets, 
including mTOR kinase, which forms two com-
plexes, mTORC1 and mTORC2, containing 
raptor or rictor proteins, respectively. There is 
convincing evidence that the PI3K/Akt axis reg-
ulates TERT mRNA expression and post-tran-
scriptional modification. E2 estradiol activates 
the TERT-promoter via a PI3K/Akt/NFκB cas-
cade and accelerates the nuclear translocation 
of phosphorylated TERT in an Akt-dependent 
manner.42 Furthermore, IL-2 upregulates TERT 
mRNA expression in Tax-negative adult T-cell 
leukemia (ATL) cells via a PI3K-dependent 
mechanism that involves PI3K mediates cyto-
plasmic sequestration of Wilms tumor 1 protein, 
a strong repressor of the TERT promoter.43,44 
Our group previously showed that IL-2-induced 
upregulation of TERT mRNA is also mediated 
by mTORC1 in ATL cells,43 which is consistent 
with another report that mTOR regulates TERT 
gene transcription in endometrial cancer cells.45 
Akt kinase is also involved in the posttransla-
tional regulation of TERT in a variety of cell 
types.42 The TERT protein contains putative 
Akt kinase phosphorylation motifs at amino acid 
positions 220–229 (220GARRRGGSAS229, 
817AVRIRGKSYV826); therefore, it is likely 
that its activity is controlled through Akt-
dependent phosphorylation at these sites, par-
ticularly Ser227 and Ser824.31 In support of this 
theory, an TERT synthetic peptide containing the Ser824 residue 
has been shown to be a substrate for activated recombinant Akt 
kinase protein.31 Several lines of evidence suggest that Akt kinase 
phosphorylates and activates TERT in hematological malignan-
cies. For example, inhibitors that suppress the activities of PI3K 
and Akt kinase, such as LY294002, wortmanin, and tyrosine 
kinase inhibitors, abrogate growth factor receptor-regulated 

Figure 2. Schematic representation of the telomeric structure in mammalian cells. (A) Hu-
man telomeres of the chromosomal-end are composed of TTAGGG DAN repeats with the 
single-stranded overhang of the telomere end. (B) Telomeres are folded into a larger t-loop 
structure. The 3' overhang engages in strand invasion of the adjacent duplex telomeric 
repeat array, forming a D-loop.114 Telomere-binding proteins, including TrF1, TrF2, rAP1, 
TiN2, TPP1, and POT1, form the shelterin complex, which stabilizes the t-loop structure 
and protects the access of telomerase to telomeric DNA.115 TrF1 can bend, loop, and pair 
telomeric DNA in vitro and could potentially fold the telomere. The shelterin component 
TrF2 mediates t-loop formation in vitro by forming a complex with rAP1, which protects 
telomere DNA against DNA double-strand break repair mechanisms such as non-homol-
ogous end joining, and POT1 binds both to shelterin along the duplex telomeric DNA and 
to the single-stranded overhang DNA. Furthermore, tankylase 1 (TANK) associates with 
and poly ADP ribosylates TrF1, resulting in TrF1 release from telomeric DNA and increased 
telomerase access to the telomere. (C) The unfolded state of the t-loop allows telomerase 
to access and act on the single-stranded overhang DNA. The telomerase complex extends 
the telomere end by the addition of TTAGGG DNA repeats using TerC as a template for the 
telomere repeats.
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receptors leads to neoplastic transformation of hematopoietic 
cells. For example, a V617F mutation in JAK2 causes chronic 
myeloproliferative neoplasms such as polycythemia vera, essen-
tial thrombocythemia, and primary myelofibrosis.65 By contrast, 
an internal tandem duplication mutation in fms-like tyrosine 
kinase 3 (FLT3) that occurs in acute myeloid leukemia (AML) 
and a chimeric BCR-ABL protein generated by the translocation 
of t(9;22)(q34;q11) in chronic myeloid leukemia (CML) acti-
vate the JAK-STAT pathway.66 Intriguingly, we recently identi-
fied the BCR-ABL mutation in stem cells derived from a single 
myelofibrosis clone carrying the JAK2 V617F mutation,67 which 
is consistent with the concept that mutation of JAK2 induces 
genetic instability in stem cells.68 Furthermore, genetic gain of 
JAK2 due to 9p24 trisomy, which leads to phosphorylation of 
JAK2, STAT3, and STAT5, has been detected in B-cell, T-cell, 
and Hodgkin lymphomas.69 In particular, STAT3 and STAT5 
phosphorylation has been frequently observed in AML, acute 
lymphoblastic leukemia, CML, and ATL, in which all JAK 
proteins can be constitutively phosphorylated at tyrosine resi-
dues.43,64,66 Furthermore, STAT5 activation induces self-renewal 
in both normal hematopoietic stem cells and leukemic stem 
cells, particularly during the co-culture with stromal cells.70 
Therefore, the JAK-STAT pathway plays a central role in the 
pathophysiological process of hematopoietic neoplasms. Several 
studies show that STAT3 induces TERT expression by bind-
ing to a specific site in the TERT promoter in various tumor 
cells, including glioblastoma, breast cancer, gastric cancer, and 
prostate cancer cells as well as primary fibroblasts.6,7 However, 
evidence of a regulatory interaction between telomerase and the 
JAK-STAT signaling pathway is limited. The following sections 
describe the involvement of this pathway in the regulation of 
TERT in hematologic malignancies, with reference to our own 
published data.

Regulation of telomerase during differentiation of leuke-
mic cells. Telomerase is activated in immature somatic cells and 
inactivated in differentiated cells.18 However, the mechanism by 
which telomerase activity is regulated during cell differentiation 
remains unclear. Our work has focused on the mechanism of 
regulation of telomerase activity during leukemic cell differentia-
tion.60,71 In leukemic cell lines such as HL60, telomerase activity 
is commonly downregulated during monocytic or granulocytic 
differentiation induced by vitamin D3, all-trans retinoic acid, 
and Am80.72 Intriguingly, in the K562 CML cell line, mega-
karyocytic differentiation induced by the tumor promoter TPA 
is associated with transient upregulation of nuclear telomerase 
activity and a gradual decrease in telomerase mRNA expression; 
pre-treatment of cells with PKC inhibitors protects against both 
megakaryocytic differentiation and transient telomerase acti-
vation.71 STAT3 and STAT5, but not Sp1, dissociate from the 
TERT promoter during megakaryocytic differentiation and ery-
throid differentiation, indicating that these STAT proteins act as 
transcription factors that regulate telomerase and help to main-
tain the leukemic phenotype. In other cell systems, telomerase 
deficiency and telomere shortening is reported to impair osteo-
blast differentiation through increased p53/p21 expression,73 sug-
gesting that telomerase activity is involved in the regulation of 

previously demonstrated that activated TERT forms a complex 
with Akt, HSP90, mTOR, and S6K in IL-2-dependent NK lym-
phoma and prostate cancer cells, which suggests a unique regula-
tion mechanism of the TERT protein.49,55

Other signaling molecules, such as PKC and NFκB, are also 
known to mediate telomerase activation. The PKC family of 
serine/threonine kinases consists of at least ten isoforms; con-
ventional PKCs such as PKCα are activated by diacylglycerol 
and Ca2+ and are involved in the PLC signaling pathway. PKCα 
phosphorylates TERT and enhances telomerase activity both in 
vitro and in intact cancer cells.32 In T and B lymphocytes, telom-
erase activation is induced by treatment of the cells with phorbol 
ester, an activator of PKC, and ionomycin, a Ca2+ ionophore.56,57 
PKCζ also regulates telomerase activity via transcriptional and 
post-transcriptional mechanisms.58 In cancer cells, the PKCα, β, 
δ, ε, and ζ isoforms regulate TERT phosphorylation and thus 
association of the holoenzyme with HSP90, leading to telom-
erase activation.59 We also previously demonstrated that IL-2-
induced telomerase activation is blocked by treatment of NK cell 
tumors with the PKC inhibitor staurosporine (unpublished data). 
Intriguingly, PKC induces a megakaryocytic differentiation in 
human myeloid leukemia cells that is accompanied by transient 
telomerase upregulation.60

NFκB is regulated by the suppressor IκB and the upstream 
activator IKK and is involved in the control of TERT transcrip-
tion in hematological tumors. NFκB is activated by PKCθ and 
regulates TERT expression through the T-cell antigen receptor 
signaling pathway.61 Tax protein, a product of human T-cell leu-
kemia virus I (HTLV-I), plays a crucial role in leukemogenesis 
of HTLV-I-infected T-cells and upregulates the transcriptional 
activity of TERT via the NFκB signaling pathway.62 Moreover, 
tumor necrosis factor α induces nuclear translocation of TERT 
in multiple myeloma cells by forming a complex between TERT 
and NFκB.63

The Role of the JAK-STAT Signaling  
Pathway in Telomerase Regulation  

in Hematologic Malignancies

The JAK-STAT signaling pathway has been implicated in the 
regulation of hTERT. Cytokine plays a critical role in regulating 
the development, proliferation, and differentiation of multiple 
cell types, particularly immune cells and hematopoietic cells, 
by binding to type I and type II cytokine receptors, which lack 
intrinsic tyrosine kinase activity. Members of the JAK family 
of enzymes, which includes JAK1–3 and TYK2, constitutively 
associate with the intracellular portion of cytokine receptors.64 
Once activated by cytokines, JAKs phosphorylate tyrosine resi-
dues of both the receptors and the STAT family of transcription 
factors, including STAT1–4, STAT5A, STAT5B, and STAT6. 
Phosphorylated STAT proteins dimerize and translocate into 
the nucleus, where they function as transcriptional activators for 
diverse target genes containing STAT-binding motifs, leading to 
the enhancement of cell proliferation, survival, and differentia-
tion. Activation of the JAK-STAT pathway due to aberrant regu-
lation or mutation of components of the pathway or upstream 
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JAK-STAT pathway through cytokine receptors is implicated in 
the tumorigenesis of both lymphoid and myeloid malignancies.

FLT3, also known as cluster of differentiation antigen 135, is 
a cytokine receptor that belongs to receptor-type tyrosine kinase 
class III. The FLT3 gene is frequently mutated in AML, which 
results in constitutive activation of the kinase and its down-
stream targets, including STATs. In fact, high levels of STAT3 
and STAT5 activation occur in 20–80% of AML cases.82 FLT3 
mutations, including internal tandem duplications, are also 
related to poor prognosis.83 In our recent study, we found that 
blasts from de novo AML patients had high levels of P-gp, TERT, 
FLT3, STAT3, and STAT5 expression, as well as elevated phos-
phorylation of the FLT3, STAT3, and STAT5 proteins.84 The 
phosphorylation of STAT5 was associated with P-gp and TERT 
expression, suggesting that STAT5 is involved in the control 
of these genes in primary AML cells and is implicated in drug 
resistance, as noted for CML cells. Moreover, erythropoietin 
induces telomerase activation and concomitant phosphorylation 
of STAT5, ERK, and Akt kinases in erythroleukemia cells.85,86 
In these cells, the erythropoietin-induced upregulation of telom-
erase mRNA is mediated by the STAT5-c-Myc axis, indicating 
a critical role of STAT5 in the pathogenesis of myeloid leuke-
mias. Therefore, the STAT5 signaling pathway is an attractive 
target for therapeutic intervention, particularly in cases of drug 
resistance, and strategies designed to inhibit STAT5 activation 
and STAT5-mediated gene transcription may hold promise for 
leukemia therapy.87

ATL is an aggressive lymphoproliferative disorder that occurs 
in individuals infected with HTLV-1.88,89 ATL is classified into 
four subtypes (smoldering, chronic, lymphoma, and acute) 
according to its clinical manifestations, and each subtype may 
arise via distinct molecular mechanisms.90 Treating aggressive 
ATL is extremely difficult and effective therapies have yet to be 
developed, even for indolent ATL, which is estimated to prog-
ress into acute ATL in more than 50% of cases. Therefore, the 
development of novel therapies targeting ATL cells during the 
indolent phase is important. In some patients, such as those with 
chronic ATL, IL-2 is often required for ATL cell proliferation 
and survival, regardless of Tax protein expression. In addition, 
ATL cells display a high level of telomerase activity, which plays 
a pivotal role in tumorigenesis and is associated with progression 
of the disease. Binding of IL-2 to its receptor induces activation 
of JAK1–3 and accelerates nuclear translocation of the STATs 
in T cells. Constitutive phosphorylation of a tyrosine residue in 
JAKs and STATs, which is associated with the proliferation and 
survival of tumor cells, has been identified in IL-2-independent 
ATL cell lines and primary cells.91 Moreover, IL-2 increases 
telomerase activity in NK lymphoma cells and is associated with 
a PI3K/Akt-dependent elevation of telomerase activity in HTLV-
1-transformed T-cells.49,92 Our group recently demonstrated that 
IL-2 induces telomerase activity and TERT expression, in both 
primary cells and cell lines derived from chronic ATL patients, 
and these responses are accompanied by an increase in tyrosine 
phosphorylation of JAK1–3 and STAT5, as well as an association 
between JAK1/2 and STAT5.43 We also showed that challenging 
these cells with IL-2 induces an association of STAT5 with the 

cell differentiation. On the other hand, despite its lifespan exten-
sion effect, ectopic expression of TERT does not appear to affect 
TPA-induced megakaryocytic differentiation in K562 leukemic 
cells, because biological phenotypes such as CD41 expression 
and ERK phosphorylation are retained in TERT-transfected 
K562 cells. These observations indicate that repression of telom-
erase activity may be a consequence rather than a prerequisite of 
leukemic cell differentiation.74

The role of telomerase in leukemic cell drug resistance. 
CML is a hematological stem cell disorder characterized by 
the presence of the BCR-ABL fusion gene, which produces the 
p190, p210, and p230 chimeric proteins.75 These proteins exhibit 
increased protein tyrosine kinase activities and play an essential 
role in leukemogenesis. Indeed, protein tyrosine kinase inhibi-
tors such as imatinib are useful therapeutic agents for CML.76 
Overexpression of TERT in K562 cells confers a survival advan-
tage and leads to apoptosis resistance, likely as a result of increased 
telomerase activity.74,77 Our group and others have shown that 
treatment of K562 cells and primary leukemic cells derived from 
CML patients with protein tyrosine kinase inhibitors inhib-
its telomerase activity.50,78 However, the level of suppression of 
telomerase activity in cells derived from patients in the blast crisis 
phase of CML is less than that in cells derived from patients in 
the chronic phase.78

P-glycoprotein (P-gp) is the protein product of the multidrug 
resistance gene 1 and is responsible for ATP-dependent efflux of 
a variety of compounds across the plasma membrane; therefore, 
overexpression of P-gp induces drug resistance. Induction of P-gp 
by adriamycin treatment of K562 cells overexpressing the pro-
tein is associated with enhanced phosphorylation of BCR-ABL 
and STAT5, as well as enhanced telomerase protein expression. 
Intriguingly, STAT5 binds directly to the TERT and multidrug 
resistance gene 1 promoter regions in these cells.79 Conversely, 
siRNA-mediated silencing of endogenous STAT5 significantly 
represses both P-gp expression and telomerase activity, and 
results in the recovery of imatinib sensitivity, indicating crucial 
roles of STAT5 in the induction of P-gp and the modulation 
of telomerase activity in drug-resistant CML cells. In addition, 
increased levels of phosphorylated STAT5, P-gp, and TERT were 
also observed in primary cells derived from patients in the blast 
crisis phase of CML.

Upregulation of telomerase is mediated through the JAK-
STAT pathway in hematologic tumor cells stimulated by cyto-
kines. Cytokines such as erythropoietin (EPO), thrombopoietin, 
colony-stimulating factors, FLT3 ligand, and interleukins are 
essential for hematopoietic cell proliferation, survival, and dif-
ferentiation. For example, IL-2 or IL-7 is required for the devel-
opment of lymphocyte progenitor cells, including B cells and 
T cells, and for immunoglobulin gene rearrangement in B cells, 
during which STAT5 plays a crucial role in mediating the effect 
of the cytokines.80 Moreover, IL-21 and its receptor are expressed 
on resting and activated B cells, T cells, NK cells, macrophage, 
and dendritic cells; binding of IL-21 to its receptor activates the 
JAK-STAT pathway, resulting in either proliferation or apopto-
sis of lymphoid malignancies, depending on the specific isoforms 
of JAK and STAT involved.81 Therefore, the activation of the 
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addition, STAT5 decoy oligodeoxynucleotides downregulate 
c-Myc mRNA expression and induces leukemic cell apoptosis 
in CML.105 These observations indicate an important role for 
c-Myc as a target of the JAK-STAT pathway in the pathogen-
esis of hematologic malignancies. Similarly, ERK1/2 stimulates 
the expression of IL-6 mRNA, an autocrine growth factor for 
multiple myeloma cells, by increasing the binding of Sp1 to the 
IL-6 promoter in myeloma cells,106 and the PI3K/Akt pathway 
regulates miR-29b microRNA expression by recruiting Sp-1 to 
the miR-29b microRNA promoter, resulting in the protection 
of myeloma cells from apoptosis.107 Thus, converging signals 
from these various signaling pathways to c-Myc or Sp1 may lead 
to telomerase transcription and activation in tumors, includ-
ing hematologic malignant tumors. Epidermal growth factor 
and vascular endothelial growth factor upregulate the TERT 
promoter by activating c-Myc and/or Sp1 transcription factors 
in an ERK1/2-dependent fashion in ovarian cancer cells.108,109 
DJ-1, a regulator of PTEN, stimulates the PI3K/Akt/c-Myc 
pathway and upregulates telomerase transcription in renal cell 
carcinoma.110 In hematologic malignancies, cross-talk between 
these major signaling pathways plays an important role in the 
regulation of telomerase as described elsewhere in this paper. 
NFκB stimulated by Tax protein activates telomerase transcrip-
tion via the binding of c-Myc and Sp1 to the TERT promoter in 
ATL tumor cells.62 Furthermore, JAK2-STAT5 mediates TERT 
gene expression in EPO-stimulated erythroleukemia cells85 and 
activates TERT mRNA transcription in cooperation with the 
PI3K/Akt/mTOR pathway in ATL cells.43 Multiple signaling 
molecules and transcription factors interact with each other to 
form a complex network that regulates telomerase expression 
and activity. Thus, several different types of signaling molecules 
lead to telomerase activation and must be targeted for the effec-
tive therapy of hematologic malignancies.

Conclusions and Perspectives

It is beginning to emerge that telomerase may play an addi-
tional role to that of telomere maintenance in hematopoietic 
cells. The expanding development of specific inhibitors for the 
treatment of hematological malignancies necessitates the urgent 
clarification of telomerase function in hematopoietic cells. In 
hematologic malignancies such as leukemia and lymphoma, 
the JAK-STAT pathway and other related signaling cascades, 
such as the PI3K/Akt/mTOR pathway, play critical roles in 
the telomerase activation, which is associated with cell prolif-
eration, survival, differentiation, and tumor cell resistance (Fig. 
3). Therefore, development of agents that target the JAK-STAT 
pathway is a promising therapeutic approach to hematological 
tumors. Additional therapeutic candidates are also emerging 
from the rapidly evolving field of non-coding RNA. Telomerase, 
which contains both structural and mRNAs, is a potential target 
for short RNA sequences such as miRNAs, as reported in the 
fields of thyroid cancer and hepatoma research.111,112 Similarly, 
long non-coding telomeric repeat-containing RNA transcripts 
are involved in regulating telomere length and telomeres as well 
as chromatin stability. Currently, information regarding the 

TERT promoter, and siRNA-mediated knockdown of STAT5 
results in the functional silencing of telomerase activity. These 
data indicate that STAT5 is one of the transcription factors that 
regulate TERT expression in IL-2-stimulated ATL cells. TERT 
also interacts directly with the PI3K/Akt/HSP90/mTORC1 
pathway in an IL-2-dependent fashion. Notably, we found that 
IL-2 enhances the association between the p85 regulatory sub-
unit of PI3K with JAK2, suggesting that JAK2 propagates telom-
erase activation signals to the STAT5 and PI3K/Akt/mTORC1 
pathways.43 These signaling proteins represent novel and promis-
ing molecular therapeutic targets for IL-2-dependent ATL.

Regulation of telomerase expression/activity by cross-talk 
between the JAK-STAT pathway and other signaling path-
ways. The interaction of major pathways, including JAK-STAT, 
RAS/RAF/MAPK, and PI3K/Akt/mTOR, in the regulation of 
cell responses has been reported previously. The PI3K/Akt path-
way activates RAF and prevents apoptosis by regulating Bcl-2 
family members.93 Inversely, RAF/MEK1 activation induces 
cellular arrest via PI3K/Akt inhibition.94 TGF-β prevents Fas-
induced apoptosis of pre-B cell lines by inhibiting the PI3K/Akt 
pathway.95 The JAK-STAT pathway also interacts with these sig-
naling pathways in hematopoietic and tumor cells. For example, 
interplay between the JAK-STAT pathway and the Ras-ERK or 
PI3K-Akt signaling pathway has been reported in Jurkat T cells 
and CD34+ erythroid progenitor cells, respectively.96,97 STAT5 
interacts with the p85 subunit of PI3K via the scaffolding adap-
tor Gab2 and activates Akt kinase, resulting in the growth of 
myeloid leukemia cells.98 Furthermore, JAK2-STAT5 in asso-
ciation with the cytokine receptor-like factor 2 (CRLF2), a 
receptor for thymic stromal lymphopoietin (TSLP) that plays 
a pivotal role in normal lymphopoiesis, interconnects with 
the PI3K/Akt/mTOR pathway and causes the proliferation of 
B-precursor ALL cells.99 TSLP-induced activation of the JAK-
STAT and PI3K/Akt/mTOR pathways is negated by treatment 
with the JAK1/2 inhibitor ruxolitinib. In addition, transforma-
tion of BaF3 cells, a mouse pro-B cell line, by the constitutively 
active form of leukocyte tyrosine kinase induces activation of 
JAK1/2-STAT5 and ERK1/2 downstream of JAKs.100 Because 
c-Myc and Sp1 transcription factors play a critical role in regu-
lating telomerase activity, the signaling pathways that impinge 
on these factors can control telomerase expression. B-cell anti-
gen receptor stimulation elicits c-Myc expression via ERK1/2 
phosphorylation in B-cell chronic lymphocytic leukemia, in 
which ERK-dependent induction of c-Myc regulates leukemic 
cell proliferation.101 Thrombopoietin, a major regulator of mega-
karyocyte proliferation and differentiation, stimulates c-Myc 
expression in both hematopoietic cell lines and primary mega-
karyocytes via a PI3K- and MAPK-dependent mechanism.102 
Furthermore, c-Myc is expressed in response to cytokines, 
such as IL-6, that induce B-cell proliferation and differentia-
tion. IL-6/gp130-triggered activation of STAT3 induces c-Myc 
expression, which leads to cell cycle progression in B cells.103 
JAK2-STAT3 is activated in diffuse large B-cell lymphoma and 
may play a role in IL-10-mediated tumor cell proliferation, sug-
gesting that tumor cell apoptosis induced by JAK inhibition 
could be mediated via the repression of c-Myc expression.104 In 
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control of telomerase by these non-coding RNAs is limited. In 
this context, the molecular mechanisms that underlie the regula-
tion of telomerase activity at telomere ends may not be the end, 
but just the beginning of a new round of investigations into this 
fundamental area of cell biology.

Figure 3 (See previous page). Schematic representation of signal transduction during regulation of TerT expression. (A) Growth factors, cytokine 
receptors, and oncoproteins such as BCr-ABL propagate signals to the nucleus through the JAK-STAT, Pi3K/Akt/mTOr, NFκB, rAS/rAF/MeK/erK1/2, 
and PKC pathways. These signaling cascades upregulate TerT expression in a variety of cells, including both hematopoietic and tumor cells. TerT 
expression is regulated at the transcriptional and posttranslational levels. Agr, antigen receptors; GFr, growth factor receptors; iL-r, interleukin recep-
tors; TNFr, tumor necrosis factor receptor; PTK, protein tyrosine kinases; H, histone; Ac acetylation. (B) Ligation of receptors such as FLT3, iL-2, and the 
erythropoietin receptor or constitutive activation of oncoproteins such as the chimeric protein BCr-ABL activates JAK1–3 (or directly activates STAT5). 
This leads to tyrosine phosphorylation of STAT3 or STAT5 and the concomitant activation of other signaling pathways such as ras/rAF/MeK/erK1/2 
and the Pi3K/Akt/mTOr pathways in acute myeloid leukemia, chronic myeloid leukemia, and lymphoid tumors. These signals facilitate the transloca-
tion of several transcription factors such as STATs, c-Myc, and Sp1 to the nucleus, where these transcription factors bind to the TerT promoter region. 
STAT5 also binds to the MDr1 promoter and upregulates P-gp expression in some leukemia cells. Both STAT3 and STAT5 are released from the TerT 
promoter during the differentiation of myeloid leukemia cells.
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