International Journal
of Cancer and Oncology

www.ommegaonline.com

Mini Review

Multiple Pathways Control the Reactivation of Telomerase in HTLV-I-Associated
Leukemia
Marcia Bellon, Christophe Nicot*
Department of Pathology and Laboratory Medicine, Center for Viral Oncology, University of Kansas Medical Center, 3901 Rainbow Boulevard,
Kansas City, KS 66160, USA.

Received date: April 17, 2015
Accepted date: May 30, 2015
Published date: June 2, 2015
*Corresponding author: Christophe Nicot, Professor

and Vice Chair, Director Center for Viral Oncology, University of Kansas Medical Center, Department of Pathology, Lied Bldg., Room 2032, 3901 Rainbow Boulevard,
Kansas City, KS 66160. Tel 913-588-6724; Fax 913-9456836; E-mail: cnicot@kumc.edu

Keywords: Telomerase, telomere; hTERT; Shelterin;
HTLV-I; ATL; Tax; HBZ; NF-κB
Citation: Nicot, C., et al. Multiple Pathways Control the
Reactivation of Telomerase in HTLV-I-Associated Leukemia. (2015) J Cancer Oncol 2(2): 1-8.

Abstract

While telomerase (hTERT) activity is absent from normal
somatic cells, reactivation of hTERT expression is a hallmark of cancer cells. Telomerase activity is required for avoiding replicative senescence and supports immortalization of cellular proliferation. Only
a minority of cancer cells rely on a telomerase-independent process
known as alternative lengthening of telomeres, ALT, to sustain cancer
cell proliferation. Multiple genetic, epigenetic, and viral mechanisms
have been found to de-regulate telomerase gene expression, thereby
increasing the risk of cellular transformation. Here, we review the
different strategies used by the Human T-cell leukemia virus type 1,
HTLV-I, to activate hTERT expression and stimulate its enzymatic
activity in virally infected CD4 T cells. The implications of hTERT
reactivation in HTLV-I pathogenesis and disease treatment are discussed.

Introduction
HTLV-I pathogenesis
Infection with the human retrovirus HTLV-I is associated with the development of an aggressive form of T-cell leukemia known as adult T-cell leukemia/lymphoma (ATLL)[1-3]. The
diagnosis of ATLL is usually made on cytological examination
of “cerebriform” or “flower cells” (activated lymphocytes with
convoluted nuclei and basophilic cytoplasm) and the clonal
integration of HTLV-I provirus in the host genome. The virus
induces a lifelong infection, and while most HTLV-I-infected
individuals remain asymptomatic carriers, 1 to 5% of infected
patients have a lifelong risk of developing leukemia. ATLL has a
broad clinical spectrum and has been divided into four clinically
distinct entities (acute, chronic, smoldering, and lymphoma) that
differ in their presentation, disease progression, and response to
treatment[4]. While there are no karyotypic abnormalities specifically associated with the development of ATLL, cytogenetic
analyses of leukemic cells from HTLV-I-infected patients revealed higher frequency for trisomy 3, 7 and 21 involvement of
chromosomes 6 and 14 and loss of chromosome Y[5-7]. Loss of
heterozygosity on chromosome 6q has been described in half of
acute/lymphoma ATLL[8]. The tumor suppressor genes p53, RB,
and p16INK are also frequently inactivated in ATLL cells. Treatment of ATLL remains disappointing, with marginal improvements in the overall survival of patients and a projected 4-year
survival rate at 5%[4]. There are several factors associated with
the poor prognosis of ATLL, including high serum thymidine kinase levels[9], high serum soluble interleukin-2 receptor (IL-2R)
levels[10], and high serum β2 microglobulin levels[11]. The mech-

anism used by HTLV-I to transform human T cells and induce
leukemia is still poorly understood. It is believed that the virus
induces chronic T-cell proliferation resulting in accumulation of
genetic defects and deregulated cellular growth[12]. The absence
of a proofreading mechanism and the ensuing high error rates of
reverse transcriptase enzymes have been associated with the diversity detected in retroviruses. However, HTLV-I is surprising
in that the genetic variability detected between different isolates
is extremely low. Therefore, it has been suggested that HTLV-I
provirus replication occurs through the high-fidelity process of
cellular DNA replication during cell division[13].
The viral oncoprotein Tax is thought to play a central
role in the transformation process as demonstrated in various
transgenic models and the transformation of fibroblasts[14-17]. Tax
expression is also sufficient for immortalization of human primary T cells[18]. Tax has been shown to up-regulate the expression
of IL-2 and the IL-2Rα chain[19,20], as well as IL-15 and the IL15Rα chain[21,22], suggesting an autocrine/ paracrine mechanism
could be responsible for the proliferation of ATLL cells during
the early stages of infection[23]. The transition from IL-2-dependent, HTLV-I-immortalized to IL-2-independent, transformed
T-cells has been associated with constitutive activation of the
JAK/STAT signaling pathways[24] and loss of the SRC homology 2 (SH2)-containing tyrosine phosphatase-1 (SHP-1)[25]. Tax
is unusual in its ability to interact with components of the IKK
complex and induce constitutive activation of the NF-κB pathway, which results in up-regulation of numerous pro-survival
genes[26-28]. In addition, Tax has been shown to inhibit numerous
cell cycle checkpoints to stimulate cellular growth[29-32]. In concert with an increased cellular proliferation, Tax can alter DNA
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repair pathways and chromosome stability, thereby increasing
the mutation rate and possibly promoting genetic rearrangements in infected cells[33-37].
Despite the ability of Tax to promote transformation,
a common and striking feature of ATLL cells is the absence of
detectable Tax expression. Nearly half of all ATLL patients no
longer express detectable tax RNA[38]. This suggests that Tax
expression may not be absolutely required in fully transformed
cells[39]. However, these ATLL cells retain phenotypic characteristics of Tax-expressing cells. In contrast, ATLL cells always
retain expression of the viral HBZ transcript, encoded by the
reverse strand of the viral 3’ LTR[40,41]. Similar to Tax, HBZ has
been shown to promote the growth of T-cell lines[42]. However,
only Tax has been shown to immortalize T cells. As described
below, both Tax and HBZ play important roles in the reactivation and maintenance of hTERT expression in HTLV-I-transformed cells.
Telomeres and telomerase regulate a balance between senescence and genomic instability.
Telomeres help to preserve genome integrity by preventing chromosome fusion and by regulating the onset of senescence[43-45]. Since DNA polymerase is unable to replicate the
very ends of linear DNA, each cell division is associated with
progressive erosion of telomeres. This limits the proliferative
potential of somatic cells. Telomeres are capped by the shelterin
complex that binds and covers telomeric ends. In mammalian
cells, the shelterin complex is composed of telomeric repeat
binding factors 1 and 2 (TRF1 and TRF2), TRF1 interacting nuclear factor 2 (TIN2), protector of telomeres 1 (POT1), repressor/
activator protein 1 (RAP1), and a negative regulator of telomere
length, PTOP/PIP1/TINT1[43-46]. The shelterin complex delivers
signals regarding the length of telomeres that either allow or prevent telomerase from gaining access to the telomere ends[46,47].
The shelterin complex also forms sub-complexes that determine
the structure of the telomeric ends and inhibits the activation of
DNA damage pathways[48,49]. Critically short telomeres[50], and
telomeres unprotected by the shelterin complex, are recognized
and processed as double-strand DNA breaks (DSB) and become
sites for recruitment of factors involved in the DNA damage
response (DDR)[51,53]. These sites, referred to as telomere dysfunction-induced foci (TIF), stimulate the ATM/ATR kinase[54,55]
and activate Chk2-mediated phosphorylation of p53 and p53-dependent transcription. This leads to senescence or apoptosis[56-60].
Initiation of senescence is regulated by the p16INK4a/RB-dependent pathway and a p53-dependent DDR pathway[61,62]. Most
cancer cells avoid senescence by disruption of tumor suppressors and activation of telomerase. Telomerase is a holoenzyme
that consists of several subunits, including hTR (human telomerase RNA) and hTERT (human telomerase reverse transcriptase)
[63,64]
. hTERT is a cellular reverse transcriptase that can extend
telomeric ends[65] and is the rate-limiting factor for telomerase
activity[66]. In cancer cells, reactivation of hTERT expression allows indefinite proliferation[67,68]. The hTERT promoter is tightly regulated and upheld in a repressive state in normal somatic
cells[69,70]. The ability of telomerase to extend telomere length is
subject to complicated controls[71], such as transcriptional[72,73],
posttranscriptional, epigenetic[73,74], and access to the telomeres
regulated by components of the shelterin complex[75].
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Dysfunctional telomeres induced by progressive telomere shortening have been reported to lead to genomic instability at multiple levels. Cells with critically short telomeres that
failed to enter permanent cell cycle arrest activate the non-homologous end joining (NHEJ) pathway, resulting in chromosome end fusions and subsequent breakage-fusion bridge cycles,
eventually leading to a pro-cancer genotype[62,76-78]. Telomere
attrition increases genomic instability and cumulative risks of
cancer progression. Interbreeding of telomerase-deficient mice
led to critically short telomeres in late generations, which severely affect the onset of tumorigenesis[79]. In mTerc-/- p53+/mice, a significantly accelerated rate of tumor formation was
observed and these animals suffered tumor types rarely seen in
p53-/- telomere-competent mice[80]. These studies suggest that
dysfunctional telomeres can drive the initiation of tumors in the
absence of functional apoptosis or senescence checkpoints. Additional studies using conditionally deleted POT1 mice revealed
highly unstable chromosomes, suggesting that POT1 is normally required to suppress genomic instability by preventing the
formation of dysfunctional telomeres. In these animals, loss of
POT1 activated a DDR pathway that resulted in cellular senescence[81]. In contrast, in p53 null cells, POT1-induced genomic
instability supported malignant transformation and cancer[82,83].
These studies confirmed that dysfunctional telomeres can either
suppress cancer by initiating p53-dependent cellular senescence
(tumor suppressor activity), or promote cancer by fueling genomic instability in the absence of p53 (oncogenic activity).
Mechanisms Associated with Reactivation of hTERT Expression in HTLV-I Leukemic Cells.
Transcriptional Regulation of hTERT Expression.
In somatic cells the hTERT promoter is transcriptionally silenced to ensure a finite number of divisions and thereby
prevent the accumulation of genetic defects and potential transforming events[84]. In most transformed cells hTERT expression
is reactivated to support unlimited replication. Several transcriptional factors and signaling pathways that are frequently activated in tumor cells, c-Myc, SP1, USF, STAT3, PI3K, and NFAT,
can positively stimulate hTERT promoter expression[85] (Table
1). In contrast, Mad, histone deacetylases, E2F1, TAK1, WT1,
p53, Smad3, and Menin signaling negatively regulate hTERT
promoter expression[85]. Multiple studies have confirmed that
HTLV-I-infected cells in vitro and in vivo have elevated hTERT
expression and hTERT activity[86-92]. Since HTLV-I cells are immortalized or transformed, it is possible that these cells acquire
high telomerase activity through in vivo genetic alterations.
This theory was disproved when it was demonstrated that the
HTLV-I virus could directly induce endogenous telomerase activity[86]. In this study, gamma-irradiated HTLV-I-infected cells
that produced infectious virus were co-cultured with non-infected, normal PBMCs. Due to the gamma-irradiation, the HTLV-I
producer cells died. However, telomerase expression and activity remained high. This demonstrated that direct transmission of
the HTLV-I virus to primary cells could cause activation of the
endogenous hTERT gene.
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the hTERT promoter is cell cycle dependent, with Tax positively
influencing the hTERT promoter in resting T cells, but negatively regulating the hTERT promoter in activated T cells[95]. This
differential regulation of the hTERT promoter was due to the
recruitment of different transcriptional regulators to a 43-bp region of the hTERT promoter. Tax was able to recruit E2F to this
region of the hTERT promoter to positively influence telomerase
expression. In addition, chromatin immunoprecipitation assays
have demonstrated increased binding of two positive telomerase
regulators, c-Myc and Sp1, to the endogenous hTERT promoter
in HTLV-I- and Tax-expressing T cells[86].Tax is also known to
stimulate c-myc and Sp1 transcription through NF-κB activation[97-99]. Though it remains to be confirmed, this Tax-mediated
increase in c-myc may favor the formation of c-myc/Max over
Mad1/Max complexes. Mad1/Max is a known repressor of the
hTERT promoter, and therefore the displacement of this complex would favor telomerase expression[100]. Together, these findings suggest a model of Tax-induced leukemogenesis whereby
in active, proliferating T-cells Tax initially inhibits full hTERT
expression. These events result in a transient, genetically unstable state for the cells, in which acquisition of chromosomal abnormalities are achieved leading to a transformed state. Tax then
allows these cells to proliferate, expand, and be maintained by
increasing telomerase expression[101].
In addition to Tax, another viral protein expressed in
ATLL samples, HBZ, was found to stimulate hTERT transcription[102]. HBZ can increase hTERT expression in a JunD and
SP-1-dependent manner while HBZ and c-Jun complexes exert a
negative effect[102]. In addition, HBZ can antagonize Menin-mediated recruitment of HDAC and inhibition of JunD by interacting with and recruiting p300 instead to the hTERT promoter[103]. An additional negative regulator of the hTERT promoter,
the T-cell acute lymphoblastic leukemia 1 protein (Tal1), was
also found to be repressed by HBZ[104]. HBZ was able to degrade
Tal1 through the proteosome, thereby preventing Tal1 from decreasing hTERT mRNA. HBZ has been shown to be expressed
at the RNA level in most ATLL patients but it is unclear if the
protein is also expressed at significant levels in these cells[42].
This suggests that in ATLL patients, where Tax expression is low
to undetectable, ATLL cells can still retain high telomerase RNA
levels through the concerted actions of HBZ and/or the elevated
transcriptional and post-transcriptional effects of increased NFκB activity.

Table 1:
Effect
on
hTERT

Expression/
Activity in
HTLV cells

Known
HTLV
Activators/
Repressors

+

+

Tax (+)

Tax increases c-myc binding to hTERT promoter

-

Tax increases SP1 binding
to hTERT promoter HBZ/
JunD heterodimers interact
with SP1 on hTERT promoter

Tax (+)

USF binding to hTERT
promoter not affected in
Tax-expressing cells.

c-myc

-

Tested Effect(s) on hTERT
promoter

SP1

+

USF

+

STAT3

+

+

-

Unknown (IL-2 signaling
increases hTERT expression in HTLV cells)

PI3K

+

+

Tax (+)

Tax/IL-2- expression increase activity

NFAT

+

+

p12(I)

Unknown

UN

-

Max binding to hTERT
promoter not affected in
HTLV-/Tax-expressing
cells; c-myc/Max may replace Mad1/Max on promoter

Mad

-

HDACs

-

-

HBZ (-)

E2F1

-

+

Tax (+)

TAK1

-

UN

Tax (+)

Unknown

Unknown

p53

-

+(inactive)

Tax (-)

p53 binding to hTERT
promoter not affected in
HTLV-/Tax-expressing
cells

Smad3

-

+

Tax
(-)
HBZ (+)

Unknown

Menin

-

+

HBZ (-)

HBZ/JunD/menin/p300
complex relieves JunD/
menin inhibition of hTERT
promoter

UN

Tax
(+)
HBZ (-)

Tal1 decreases hTERT
mRNA/HBZ
promotes
proteosomal degradation
of Tal1.

Tal1

-

The HTLV-I virus encodes several proteins through
alternative splicing. Among these, the Tax gene is one of the
most intensely studied due to its high oncogenic potential. The
Tax oncoprotein of HTLV is a strong transcriptional co-regulator of cellular and viral genes[93]. Studies have demonstrated
elevated hTERT expression in Tax-expressing cell lines[94] and
that Tax can differentially modulate the hTERT promoter depending on the activation status and/or cell cycle progression of
the cells[86,95]. Initially, Tax regulation of hTERT caused controversy in the field, since conflicting studies showed positive or
negative Tax-mediated effects on hTERT expression[86,96]. However, several studies now confirm that Tax does indeed increase
hTERT expression, and the discrepancy in regulation was due to
whether prior stimulation was added to the cells of interest. In
transient transfection assays, Tax repressed the hTERT promoter
upon specific mitogenic stimulation[96]. However, in the absence
of mitogenic stimulation, Tax had a general positive regulatory effect on hTERT endogenous gene expression[33,86]. This was
confirmed in further studies demonstrating that Tax regulation of
Nicot, C., et al

Post-Transcriptional Regulation of hTERT Expression.
Although transcriptional reactivation of hTERT is
important, some studies demonstrated that transcriptional regulation of hTERT alone does not determine telomerase activity in human CD4 T lymphocytes[105,106]. The catalytic subunit
of telomerase has been shown to be reversibly phosphorylated
at specific serine, threonine, and tyrosine residues, leading to
post-transcriptional control[107]. In fact, telomerase activity is
positively regulated at the post-transcriptional level by AKT, the
p65 subunit of NF-κB, SHP2, 14-3-3 protein, and PKC-mediated phosphorylation[108-111].
The PI3K-AKT-NF-κB signaling cascade can regulate
hTERT transcriptionally and post-transcriptionally and plays
an important role in HTLV-I leukemogenesis. In late stages of
ATLL disease, Tax expression decreases and is only retained in
about half of patients, however constitutive activation of NF-
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κB is always observed in ATLL cells regardless of their status
for Tax. We have previously shown that in the absence of Tax,
signaling through the IL-2Rα chain, over-expressed at the surface of ATLL cells[112], is sufficient for potent transcriptional and
post-transcriptional activation of hTERT through the PI3K and
AKT pathways. Studies shows that IL-2 signaling in HTLV-I
cells results in cytoplasmic retention of the Wilm’s tumor suppressor protein (WT1)[94]. It is possible that elevated IL-2 activity leads to a PI3K-PKA-mediated phosphorylation of WT1,
sequestering the protein in the cytoplasm where it can no longer
bind to and negatively regulate the hTERT promoter. Studies
have also found that AKT can directly phosphorylate hTERT and
regulate its activity, while NF-κB can influence the nuclear/cytoplasmic distribution of hTERT[108,113]. The direct effect of these
proteins on hTERT in HTLV-I cells still remains to be studied.
Given the high levels of AKT and NF-κB in HTLV-I cells, it can
be hypothesized that these pathways could be very important in
maintaining the high telomerase activity seen in these cells. Another cellular protein with positive effects on telomerase activity
is the protein kinase C (PKC) family of proteins[114]. PKC can
phosphorylate hTERT, but the contribution of PKC in HTLV-I
regulation of hTERT is unknown.
Aside from NF-κB, several other cellular proteins are
believed to be involved in telomerase re-localization. Though
not required for telomerase activity, the 14-3-3 proteins have
been found to bind to hTERT and influence its nuclear/cytoplasmic distribution[115]. The SH2-containing protein tyrosine
phosphatase, SHP-2, is also involved in telomerase localization
by regulating tyrosine 707 phosphorylation and maintenance of
hTERT in the nucleus[116]. Elevated SHP-2 expression also led
to increased nuclear telomerase activity in endothelial cells.
The nuclear/cytoplasmic distribution of telomerase has not been
studied in HTLV-I cells, however, as stated above, NF-κB is
constitutively active in ATLL cells and SHP-2 was found to be
expressed in an HTLV-I line. Currently the expression of 14-3-3
proteins in HTLV-I cells is unknown.
In addition to positive hTERT regulators, several negative, post-transcriptional regulators have recently been discovered. Phosphatase PP2A has been shown to exert a negative
control on telomerase activity by directly de-phosphorylating
hTERT and/or indirectly de-phosphorylating AKT[117].Tax has
been shown to inhibit PP2A[118] and drug inhibitors (okadaic
acid) or knock-down of PP2A caused cell death and cell cycle
arrest in HTLV cells. What effect PP2A inhibition has on telomerase activity has not been studied in HTLV-I cells. Another negative regulator, c-Abl, is able to tyrosine phosphorylate
hTERT, leading to telomerase inhibition and telomere shortening[110]. This may play a role in the DNA damage response, as
cells exposed to ionizing radiation induce c-Abl phosphorylation
of hTERT. The roles of c-Abl in HTLV-I pathogenesis and transformation are unknown.
Finally, control of telomerase in HTLV-I cells may also
occur through epigenetic microRNA (miRNA)-mediated effects
or somatic mutations in the telomerase promoter. For example,
studies have found that hypermethylation of the upstream of the
transcription start site (UTSS) region in cancer was associated
with higher telomerase activity[119]. In pediatric brain cancers,
methylation of this region correlated with tumor progression
and an overall worse prognosis. Glioblastoma tumors were also
found to harbor hTERT promoter mutations that correlated with
www.ommegaonline.com
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increased hTERT expression[120].The majority of research on
telomerase regulation in ATLL has been focused on transcriptional regulation at the hTERT promoter. While a direct role for
post-transcriptional regulation of telomerase in HTLV-I has not
been studied, it is highly likely that such a means of telomerase
regulation exists in HTLV-I cells (Table 2). The viral Tax protein
has been shown to stimulate the activity of AKT and PKC downstream pathways[121,122]. Similarly, Tax has been shown to inhibit
PP2A[118]. Hence it is expected, although not demonstrated, that
Tax may alter post-transcriptional activity of hTERT. In addition, several microRNAs have been shown to be de-regulated
in ATLL cells. A comprehensive look on microRNA-mediated
regulation of telomerase in HTLV-I cells needs to be examined.
Table 2
Effect
hTERT

on

Expression/
Activity in
HTLV
cells

K n o w n Tested Effect(s)
HTLV Ac- hTERT promoter
tivators/
Repressors

+

Tax (+)

on

AKT

+(phosphorylates/ Expression)

NFκB
(p65)

+(Localiza- +
tion/
Expression)

Tax
(+) NF-κB mediated SP1
HBZ (-)
and c-myc activation of
hTERT promoter; unknown direct effects.

PKC

+(phosphorylates/ Expression)

Tax (+)

Unknown

14-3-3 +(Localiza- UN
tion)

UN

Unknown

SHP2

+(Localiza- +/UN
tion)

UN

Unknown

Abl

-(phosphorylates)

UN

UN

Unknown

PPA

-(De-phosphorylates)

UN

Tax (-)

Not tested; Inhibition
of PPA leads to loss of
cell viability in HTLV-I
cells.

+

The PI3K/AKT pathway
was shown to positively
influence telomerase activity in HTLV-I cells;
unknown direct effects.

Importance of telomerase regulation in ATLL disease and
therapy.
Telomere loss in cancer cells is believed to occur because of insufficient levels of telomerase, or due to a crisis originating from a combination of replication stress and a deficiency
of double-strand break repair in telomeric regions[123]. Telomere
attrition is an important driving factor in promoting the genetic
alterations needed to establish a transformed state. Preventing
telomere loss could prevent the genetic instability found in cancer and deter tumor progression. Several studies have found a
correlation between telomerase activity and the progression of
ATLL disease from the chronic to the acute stage[91,92]. It was
found that ATLL leukemic cells have shorter telomere lengths
than their non-infected counterpart. Also, acute ATLL patients
have shorter telomeres when compared to asymptomatic patients. These studies have found that the median survival period of acute ATL patients harboring higher telomerase activity
and shorter telomere lengths was significantly shorter than acute
ATL patients with lower telomerase activity and normal telomeres (0.47 years vs 4.1 years). This suggests that the level of
telomerase activity and the length of the telomere could thereInt J Cancer Oncol
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fore be used as a prognostic marker for ATL disease.
Though activated T cells express high levels of telomerase, this activity is transient and decreases once the stimulus is
removed. In fact, non-stimulated, normal T cells have low to undetectable telomerase activity. The fact that ATLL cells demonstrate persistent, continuously high levels of telomerase activity
suggests that high telomerase activity is required to maintain the
transformed state. Several lines of evidence point to the fact that
elevated telomerase activity is required for ATLL pathogenesis.
First, telomerase activity correlates with proviral loads, which
are known to correlate with disease progression[124,125]. In addition, after integration of the HTLV-I virus, infected cells undergo mitotic division for several years. Studies demonstrate that
ATLL cells are derived from the clonal expansion of a single
clone[126]. Given the long latency period of ATLL, it is understandable that these cells must gain a proliferative advantage.
Reactivation of telomerase would allow these cells to continue
to proliferate indefinitely. (Figure 1)

ed senescence also had elevated p21WAF, p16ink and decreased
p-GSK3β expression.
ATLL cells are examples of a growing list of cancers
that demonstrate short telomeres with re-activation of telomerase. Among leukemias, T-cell prolymphocytic leukemia
(T-PLL), chronic myeloid leukemia (CML), and chronic lymphocytic leukemia also display short telomeres and high telomerase activity[127-129]. T-PLL cells were sensitive to the telomerase inhibitor, BIBR1532, which did not affect normal T cells.
This same inhibitor was also able to inhibit proliferation of
pre-B acute lymphoblastic leukemia cells[130]. Progress has recently been seen in the treatment of ATL patients with a combination of AZT and interferon-alpha (IFN-α)[131]. A high response
rate was seen with minimal side effects in ATLL patients. The
fact that zidovudine/IFN-α is now used in first-line therapy for
treating leukemic sub-types of ATL demonstrates the importance
of telomerase in ATLL disease[132,133].
Footnote:
Authors declare no conflict of interest. This work was funded
by NIH grant CA106258 to C.N. The content is solely the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

Figure1: Telomerase regulation in ATLL cells.
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