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Tumor suppressor functions are essential to control cellular proliferation, to activate the apoptosis or senescence pathway to
eliminate unwanted cells, to link DNA damage signals to cell cycle arrest checkpoints, to activate appropriate DNA repair pathways,
and to prevent the loss of adhesion to inhibit initiation of metastases. Therefore, tumor suppressor genes are indispensable to
maintaining genetic and genomic integrity. Consequently, inactivation of tumor suppressors by somatic mutations or epigenetic
mechanisms is frequently associatedwith tumor initiation and development. In contrast, reactivation of tumor suppressor functions
can effectively reverse the transformed phenotype and lead to cell cycle arrest or death of cancerous cells and be used as a therapeutic
strategy. Adult T-cell leukemia/lymphoma (ATLL) is an aggressive lymphoproliferative disease associated with infection of CD4 T
cells by the Human T-cell Leukemia Virus Type 1 (HTLV-I). HTLV-I-associated T-cell transformation is the result of a multistep
oncogenic process in which the virus initially induces chronic T-cell proliferation and alters cellular pathways resulting in the
accumulation of genetic defects and the deregulated growth of virally infected cells.This reviewwill focus on the current knowledge
of the genetic and epigenetic mechanisms regulating the inactivation of tumor suppressors in the pathogenesis of HTLV-I.

1. Introduction

The first description of HTLV-I came after the discovery
of the human T-cell growth factor (interleukin-2; IL-2),
allowing long-term in vitro culture of T cells and the estab-
lishment of T-cell lines from a patient with a cutaneous T-
cell lymphoma [1–3]. Afterward, this virus was identified as
the etiological agent of ATLL and the terminology HTLV-I
was adopted. HTLV-I is transmitted through sexual contacts
and contaminated blood and frommother to child by breast-
feeding [4]. HTLV-I is mainly found in endemic areas such as
Japan, Africa, South America, the Caribbean basin, southern
parts ofNorthAmerica, and Eastern Europe [5].The diversity
in clinical presentation and prognosis of patients with ATLL
has led to its classification into distinct subtypes referred
to as smoldering, chronic, and acute or lymphoma type [6,
7]. In patients circulating atypical multinucleated lympho-
cytes termed “flower cells” are considered pathognomonic
of ATLL. Tumor ATLL cells are of clonal origin and usually
carry a single copy of integrated virus [8, 9]. The fact that

the different clinical forms of ATLL have distinct genomic
alterations and variable clinical progression is consistent with
the fact that these diseases necessitate different treatments
[10]. However, most of the current treatments for ATLL
fail to induce long-term remission and do not offer the
prospect of a cure. Even the clinically less aggressive forms
of ATLL eventually progress to the acute form. The 4-year
survival rate for acute, lymphoma, chronic, and smoldering
type ATLL is 5.0, 5.7, 26.9, and 62.8%, respectively [11, 12].
The poor prognosis of ATLL patients is associated with the
resistance of neoplastic cells to the conventional combination
of high-dose chemotherapy and radiotherapy. While most
HTLV-I-infected individuals remain asymptomatic carriers,
1 to 5% of infected individuals will develop ATLL in their
lifetime. The disease usually develops after a long latency
of several decades, although faster disease progression has
been reported in individuals coinfected with parasites. The
low incidence and long latency of HTLV-I-associated ATLL
suggest that, in addition to viral infection, accumulations of
genetic alterations are required for cellular transformation
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in vivo. These observations are consistent with the fact
that HTLV-I does not transduce an oncogene and that the
viral oncoprotein Tax has a low transforming activity in
human T cells [13, 14]. Although HTLV-I integrates into
open transcriptionally active chromatin [15], the provirus
does not integrate at specific sites within the human genome
and therefore HTLV-I is not associated with insertional
mutagenesis by either disruption of tumor suppressor or
activation of oncogene. The mechanism by which HTLV-
I induces T-cell transformation is still unclear but recent
studies suggest that the virus may reprogram infected cells to
a mutator phenotype. HTLV-I viral proteins can inflict DNA
breaks and simultaneously prevent proper repair through the
homologous recombination DNA repair pathway, resulting
in the accumulation of mutations and small deletions. If the
longevity of infected cells is extended through reactivation
of hTERT, then the cumulative risk of acquiring a sufficient
number of oncogenic events for transformation is signif-
icantly increased. This review will describe how common
tumor suppressors frequently inactivated in human cancers
are affected in ATLL tumor cells and the significance of these
alterations in terms of disease progression and therapeutic
opportunities.

2. Review

2.1. Inactivation of Cell Cycle Checkpoints Leads to
Uncontrolled Proliferation of ATLL Cells

2.1.1. p53 and p73. In contrast to oncogenic events, inacti-
vation of tumor suppressor functions requires the loss of
both alleles. Consistent with this notion, monoallelic loss of
the 17p13.1 region, where the p53 gene is located [16, 17], is
consistently associated with mutations of the residual p53
allele to inactivate the remaining p53 function [18, 19]. While
p53 mutations are relatively uncommon in non-HTLV-I-
associated T-cell neoplasms and found in less than 3% of
patients [20], it has been reported in approximately 30% of
ATLL patients [21–24]. In addition, functional inactivation of
p53 in the absence of genetic mutations has been reported
in a majority of ATLL patients [25–27]. Further studies
demonstrated that the viral Tax protein plays an active part
in this process and inactivates p53 transcriptional functions
[28–32]. Since significant Tax mRNA expression is detected
in approximately 50%of freshATLL patient samples analyzed
[33, 34], it is unclear if and how p53 is inactivated in ATLL
cells in which Tax is not expressed and in the absence of
mutations. MdmX is upregulated in HTLV-I-transformed
cells in vitro and in vivo and may play an important role
in the inactivation of p53 in the absence of Tax expression.
In addition, while p53 mutations in ALL are very rare,
hypermethylation of the p53 promoter can be detected in
30% of ALL patients [35]. Such a mechanism could also
take part in ATLL and this warrants additional studies.
Interestingly, microRNA miR-150 has been shown to target
p53 and to play an important role in NSCLC tumorigenesis
[36]. Along these lines, miR-150 expression has been found
to be upregulated in ATLL patient samples, suggesting that
it may be involved in inhibition of p53 in ATLL cells [37].

Similarly, studies have demonstrated that p53 inactivation
involves activation of the canonical NF-kB pathway [38] and
activation of NF-kB in the absence of Tax can be achieved
in ATLL cells through upregulated expression of miR-31 [39],
suggesting that miR-31 may play a role in p53 inactivation.
Although p53 is transcriptionally inactive in a majority
of ATLL patients, several studies have demonstrated that
inactivation mechanisms are reversible and that reactivation
of p53 functions can activate the senescence or apoptosis
pathway and efficiently eliminate HTLV-I-transformed cells
[40, 41]. Coexistence of tumor clones with wild type p53 and
p53 mutated has been reported in previously untreated ATLL
patients. In this patient treatment leading to the eradication of
the p53 wild type tumor clone resulted in disease relapse, the
emergence of the p53 mutated tumor clone, and aggressive
disease progression [41].

The p53-related gene, p73, is located in a chromosome
region (1p36) which is a locus that is frequently deleted in
human tumors but infrequently mutated [42, 43]. Existence
of p73 as a tumor suppressor is debated. Hypermethylation-
associated loss of p73 gene expression in various types
of leukemia has been reported [44] and, similarly, p73 is
inactivated by methylation in 30% of smoldering ATLL but
surprisingly at amuch lower rate in chronic and acute types of
ATLL, with an overall methylation rate of 10% in ATLL [45].
In addition to epigenetic inactivation, the viral Tax protein
has been shown to inhibit p73 functions [46, 47].

2.1.2. CDKN2 Genes. The CDKN2A locus located at chro-
mosome 9p21.3 encodes p14ARF and p16INK4a while the
CDKN2B locus encodes p15INK4b, a functional homolog
of p16INK4a. The p14ARF and p16INK4a genes have been
implicated as tumor suppressor genes and are frequently
mutated, deleted, or inactivated through promoter hyper-
methylation in human cancers [48]. P16INK4a is a cyclin-
dependent kinase inhibitor (CDKI) that complexes with
CDK4 or CDK6 and prevents the activation of CDK-cyclin
D and cell cycle progression from G1 to S phase.

While mutations of p16INK4a have been frequently
reported in pancreatic adenocarcinoma and melanoma [49–
51], genetic mutations have not been reported in ATLL
patients. In contrast, homozygous deletion or promoter
hypermethylation of the CDKN2A genes has been described
in at least 20% of acute ATLL patients and loss of CDKN2A
was infrequent in chronic or smoldering ATLL [52–54].
Consistent with its role as a tumor suppressor, azacitidine-
mediated demethylation of the p16INK4a locus significantly
increased expression of p16INK4a and inhibited the growth
of ATLL cells [55]. Remarkably, most of the patients with
CDKN2 gene alterations had the acute and most aggres-
sive form of ATLL, which is consistent with the fact that
p16INK4A expression is a biomarker associated with a more
favorable prognosis as measured by cancer-specific survival
(CSS) and recurrence-free survival (RFS) in many human
cancers. In pediatric cases of ATLL (2–18 years old), fre-
quency of deletion of the CDKN2A locus or mutation of
p53 was found in five of the eight patients, suggesting that
alteration in these genes is associated with a more rapid
progression of ATLL [56]. Additional epigenetic control of
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Figure 1: Schematic representation of DNA damage-induced p53 pathway and how other tumor suppressors are connected to activate cell
cycle arrest, senescence, or apoptosis to prevent cellular transformation.

P16INK4a, P19INK4d, and p14ARF expression by microR-
NAs miR-31 and miR-24 has previously been observed [57,
58]. However, loss of miR-31 expression has been detected
in ATLL cells [59] and expression of miR-24 has not been
reported. In addition to genetic or epigenetic control of
p16INK4A, several studies have shown that the viral Tax
protein directly interacts with p16INK4A and prevents its
inhibitory activity towards CDK4 [60, 61]. Tax was also
shown to bind to p15INK4b similarly to p16INK4a, but not to
p18INK4c and p19INK4d. However, expression of p18INK4c
was suppressed by Tax at the transcriptional level through the
E-box element present in the p18INK4c promoter [60].

P14ARF is encoded from an alternative reading frame of
the CDKN2A locus. P14ARF interacts with and sequesters
MDM2, thereby preventing the ubiquitination and degrada-
tion of p53 (Figure 1). AlthoughP16INK4a andP14ARF act on
distinct targets, they share functional similarity by preventing
cell cycle progression through inactivation of RB and p53,
respectively. However, P14ARF can also inhibit proliferation
in cells lacking expression of p53 or p53 and Mdm2 [62].
Like p16INK4A, P14ARF is silenced by promoter hyper-
methylation or deletion. Although mutations that impair
p14ARF functions have been reported in melanoma, colon,
pancreatic, and lung cancer [63–65], no data is available for
ATLL.

2.1.3. CIP/KIP Family. The CIP/KIP members act as CDKI
and have a wider specificity for CDKs than the INK4 mem-
bers. At low levels p21CIP1/WAF1 and p27KIP1 stimulate
the assembly of the CDK4-cyclin D complex, whereas at
higher levels p21CIP1/WAF1 and p27KIP1 inhibit the activity

of the CDK-cyclin heterodimers [66, 67]. Similarly, at low
concentrations p57KIP2 is able to form an active complex
with CDK2-cyclin A, whereas at higher levels p57KIP2
prevents the kinase activity of CDK2 [68].

CDKN1A (p21CIP1/WAF1) located at chromosome
6p21.2 is transcriptionally activated in a p53-dependent
and independent manner [69], inhibits the activity of
cyclin-CDK2, cyclin-CDK1, and cyclin-CDK4/6 complexes,
and negatively regulates cell cycle progression from G1 to
S [70]. Although expression of p21CIP1/WAF1 has been
reported to be increased in HTLV-I-transformed cells in
vitro [71], additional studies revealed that p21CIP1/WAF1
expression was frequently downregulated through promoter
hypermethylation in acute ATLL cells, complete methylation
was found in 25% of patients, and partial methylation
was found in 70% of ATLL patients [72]. The fact that an
increased level of p21WAF1/CIP1 is not associated with cell
cycle arrest in HTLV-I-transformed cells in vitro may be
explained by p21CIP1/WAF1 phosphorylation at Threonine
145 by the PI3K/AKT pathway resulting in cytoplasmic
retention and inactive p21CIP1/WAF1 [72]. Additional
regulation of p21CIP1/WAF1 by microRNA miR-93 has been
described [73]. Since miR-93 is upregulated in ATLL cells it
may play a role in tumor cell proliferation by reducing the
p21CIP1/WAF1 level [74].

CDKN1B (p27KIP1) is located at chromosome 12p13.1 and
its loss has been proposed to play an essential role in T-cell
transformation following HTLV-I infection [75]. P27KIP1 is
rarely mutated or deleted in ATLL. Homozygous deletions
of p27KIP1 and expression of a truncated nonfunctional
p27KIP1 protein (amino acid 76∗) have been reported in
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two cases of lymphoma ATLL [76]. In contrast, P27KIP1
expressionwas downregulated at the posttranscriptional level
in HTLV-I-transformed cells in vitro [75]. In addition, in
cells with physiological levels of p27KIP1, AKT-mediated
phosphorylation of p27KIP1 at amino acid residueThreonine
157 resulted in its cytoplasmic localization and inactivity in
ATLL cells [72].

CDKN1C (p57, KIP2) is located in the telomeric end
of chromosome 11 at the 11p15 locus, which contains sev-
eral imprinted genes. In addition to its role in the G1-
to-S transition, p57KIP2 also contributes to the M-to-G1
transition through activation by p73 [77]. Mutations of
CDKN1C are associated with sporadic cancers and with
Beckwith-Wiedemann syndrome, a disease characterized by
an increased risk of tumor formation in childhood [78,
79]. Loss of heterozygosity (LOH) of p57KIP2 is frequently
observed in human cancers [80]. Expression of p57KIP2
is transcriptionally regulated through distinct epigenetic
mechanisms. Histone methyltransferase EZH2 has also been
shown to suppress p57KIP2 expression through histone H3
lysine 27 trimethylation (H3K27me3) [81] and p57KIP2 is
methylated in nearly 50% of newly diagnosed ALL patients
[82]. In addition, several microRNAs have also been shown
to downregulate p57KIP2 expression, including miR-221
and miR-222 [73, 83, 84], miR-25 [73], and miR-92b [85].
However, there is currently no information about the relative
expression of these microRNAs in ATLL patient samples and
expression of p57KIP2 in ATLL has not been reported.

2.1.4. Retinoblastoma (RB). The RB locus is located at chro-
mosome 13q14.1. In resting cells inhibition of the cyclin
D-CDK4/6 complexes maintains RB and its related pro-
teins (p107 and RB2/p130) in a hypophosphorylated state
and sequesters the E2F transcription factor [86]. Following
activation of the cyclin D-CDK4/6 complexes, RB becomes
hyperphosphorylated and dissociates from E2F, allowing the
latter to stimulate expression of the genes involved in the
progression to S phase of the cell cycle. RB is progres-
sively dephosphorylated during the M-to-G1 transition [87].
Geneticmutation in the RB gene has been reported in various
human cancers [88].

Homozygous loss of RB exon 1 has been reported in one of
21 acute ATLL, one of 15 chronic ATLL, and none of four lym-
phoma ATLL samples. In that study no point mutations were
found in the entire RB gene coding sequence [89]. Hence, the
overall rate of RB alteration in ATLL is approximately 5%.
Interestingly, the authors observed that none of the samples
with an altered RB gene had any defect in CDKI genes
and vice versa, suggesting that these tumor suppressor genes
likely operate in a common pathway and alteration of either
can provide these cells with a growth advantage [89]. These
results are consistent with another study suggesting that RB is
infrequently mutated or deleted in ATLL tumor cells [22]. In
addition, mutations of the RB2/p130 gene have been found in
approximately 2.5% of ATLL patients [90, 91]. Despite a low
level of genetic alterations in the RB gene in ATLL, almost
50% of patients demonstrate very low levels of expression of
an RB protein, which has led to the hypothesis that RB is
posttranscriptionally downregulated in ATLL cells [91]. This

observation is clinically relevant since lower pRB levels in
ATLL patients have been correlated with poor prognosis and
shorter survival [92]. Epigenetic control by microRNA may
in part explain lower levels of RB protein in the absence of
decreased RNA levels. Along these lines, several studies have
shown that RB is targeted by several microRNAs, including
miR-155 [93], and since miR-155 is highly expressed in ATLL
cells [37], this may explain the partial loss of RB. Finally, as
indicated above for other tumor suppressors, the viral Tax
protein is also able to inactivate RB. Direct binding of Tax
to RB targeted the latter for proteasomal degradation and
stimulation of cell cycle progression [94].

3. Phosphatase and Tensin Homolog
(PTEN)/Src Homology 2 Domain
Containing Inositol

3.1. Polyphosphate Phosphatase (SHP1/PTPN6). PTEN is
located at chromosome 10q23.3 [95] and is among the most
frequent tumor suppressors lost in human cancers [96].
PTEN acts as a phosphatase to deactivate phosphatidylinos-
itol (3,4,5)-trisphosphate (PIP3) and inhibit the activation of
the PI3K/AKT prosurvival pathway [97]. Germline PTEN
mutations and sporadic mutations have been reported in
various human cancers [98] but to date no study has investi-
gated the presence of mutations or methylation of the PTEN
promoter in ATLL cells. Although PTEN is downregulated at
the protein level, in a majority of IL-2-independent HTLV-
I-transformed cells in vitro, PTEN protein expression is not
altered in ATLL tumor cells [99].

SHP1 is located on chromosome 12p13, a region com-
monly involved in leukemia-associated chromosomal abnor-
malities. Like PTEN, SHP1 is also implicated in the degra-
dation of PIP3 and inhibition of the PI3K/AKT pathway
[100, 101]. In addition, loss of SHP1 enhances JAK3/STAT3
signaling and decreases proteasome degradation of JAK3.
Hypermethylation of the SHP1 promoter is associated with
loss of SHP1 expression [102, 103], which coincides with the
IL-2-independent transformation of T cells by HTLV-I in
vitro [104, 105]. Consistent with these observations, SHP1 is
one of the most frequently altered genes in ATLL patients,
with an overall hypermethylation rate of 90% [45]. Inter-
estingly, methylation inactivation of the SHP1 promoter was
more frequently seen in the acute (60%) and the lymphoma
(80%) form of ATLL, which have the worst prognosis and
lowest survival rate [45]. Additional epigenetic control of
PTEN and SHP1 has been reported, such as miR-221, miR-
222 [106], miR-21 [107], and miR-155 [108]. Among these
microRNAs, miR-155 is the only one that has been shown to
be upregulated in HTLV-I-transformed T cells in vitro as well
as in ATLL cells [37].

3.2. Secreted Frizzled-Related Protein 1 (SFRP1). SFRP1 is
located at chromosome 8 p12, a region frequently deleted
in human cancers [109, 110]. SFRP1 functions as a tumor
suppressor and its expression is lost in many patient tumors
because of promoter hypermethylation [109, 111, 112]. Point
mutation is not a frequent method of inactivation of the



Journal of Oncology 5

SFRP1 gene in cancer [109]. Inactivation of SFRP1 is associ-
ated with constitutive Wnt signaling and an increased prolif-
eration in tumor cells [113]. Although potential alterations in
SFRP1 have not yet been investigated inHTLV-I-transformed
cells, it has been found that the noncanonical Wnt pathway is
activated and Wnt5a overexpressed in ATLL cells.

3.3. Additional Tumor Suppressor Pathways. In addition to
tumor suppressors involved in cell cycle control and pro-
liferation, cancer is frequently associated with inactivation
of tumor suppressors involved in other cellular pathways.
Among those, activation of senescence or apoptosis limits
survival and prevents the growth of pretumoral cells. Other
tumor suppressors are responsible for activation of DNA
damage responses and DNA repair pathways, and their inac-
tivation increases the cumulative risk of oncogenic genetic
and genomic alterations. Finally, some tumor suppressor
genes are involved in the control of adhesion molecules and
their loss leads to increased metastasis.

3.4. Senescence and Apoptosis. In nontumoral cells the pro-
gressive shortening of the telomeres after each cell division
limits the proliferative potential by activating the senes-
cence program and permanent cell cycle arrest. Conse-
quently, senescence impedes the accumulation of muta-
tions and genomic defects that are needed for initiation
and progression of cellular transformation. In cancer cells,
preservation of sufficient telomere ends is ensured by reac-
tivation of human telomerase endogenous reverse tran-
scriptase (hTERT). Initiation of senescence is regulated by
the p16INK4a/RB-dependent pathway and a p53-dependent
DNA damage response (DDR) pathway. As discussed above,
most cancer cells avoid senescence by disruption of tumor
suppressor genes p53 and p16INK4a and reactivation of
hTERT. Like most other human cancers, reactivation of
hTERT expression and activity is found inHTLV-I-associated
leukemia and required for long-term proliferation of tumor
cells [114]. Some studies reported a correlation between
telomerase activity and the progression of ATLL [115, 116].
Apoptosis is a tumor suppressor mechanism that is used
to eliminate precancerous cells. HTLV-I-transformed cells
and ATLL cells are highly resistant to multiple proapop-
totic stimuli, including death receptor-mediated and DNA
damage-induced agents compared to normal cells. Onemajor
player of ATLL cell resistance to apoptosis is the activa-
tion of the NF-kB pathway which controls transcription of
numerous antiapoptotic proteins such as Bcl-xL and Mcl-
1 or inhibitor of apoptosis (IAP) overexpressed in ATLL
cells [117–120]. Additional epigenetic alterations have been
reported in ATLL. For instance, hypermethylation of the
death-associated protein kinase (DAPK) promoter was iden-
tified as one of the contributing factors for the progression
of the asymptomatic carrier or smoldering type of ATLL
to the acute or lymphoma type ATLL and was altered in
55% of patients [45]. MicroRNAs miR-132 and miR-125a are
downregulated in ATLL cells [37]. These microRNAs are
downregulated through promoter-mediated methylation in
various cancers [121, 122]. miR-132 has been shown to target
prosurvival proteins in solid tumors while loss of miR-125

protects myeloid leukemia cells from apoptosis [121, 122].
Overall, alteration in the ability of tumor cells to activate
the senescence or apoptosis pathway increases resistance to
therapies and is associated with a poor prognosis.

4. DNA Repair Pathways and
Genome Instability

Genome instability is a hallmark of tumor cells and is
involved in the transformation process. ATLL has numerous
structural andnumerical genomic alterations.Although there
is not a specific chromosome alteration typifyingATLL, some
genomic defects such as translocations involving 14q32 (28%)
or 14q11 (14%) and deletion of 6q (23%) occurmore frequently
and may play a role in disease progression [123, 124]. Alter-
ations of the DDR and the DNA repair pathways are inti-
mately linked to genome and chromosome integrity. HTLV-I
Tax protein inhibits DDR and predisposes to accumulation
of genomic mutations [125–127]. Although aneuploidy is
frequently observed in HTLV-I-transformed and ATLL cells,
it is not linked to defects in the mitotic spindle checkpoint,
which is fully functional in these cells [128]. In contrast,
centrosome amplification-associated aneuploidy has been
reported in ATLL cells and may be involved in chromosome
instability and tumor progression [129]. Alternatively, defects
in the homologous recombination (HR) pathway observed
in Tax-expressing cells [130, 131] may also be responsible for
chromosome instability and increased aneuploidy [132].

4.1. Single-Strand DNA Damage Repair Pathways. Microsat-
ellite instability (MSI) has been linked to a defect of the DNA
mismatch repair (MMR) pathway and has been implicated
in a wide array of human cancers. The incidence of MSI
in ATLL is significantly higher than in other hematological
diseases, suggesting that MSI is a feature of ATLL and may
be involved in the progression of the disease [133, 134]. In
fact, the hMSH2 gene that contributes to DNA mismatch
repair demonstrated two types of polymorphisms (CTT to
TTT resulting in Leu changing to Phe at codon 390 in exon
7 and CAG to AAG resulting in Gin changing to Arg at
codon 419 in exon 7) in ATLL cells [135]. Additional studies
demonstrated loss of MMR-related genes in ATLL cells [136].
HTLV-I viral protein Tax-mediated increased expression of
proliferating cell nuclear antigen (PCNA) has been shown to
inhibit the activity of the nucleotide excision repair (NER)
pathway [137, 138]. Similarly, Tax was also shown to inhibit
the base excision repair (BER) pathway [139].

4.2. Double-Strand DNA Damage Repair Pathway. Tax has
been shown to associate with the minichromosome main-
tenance MCM2-7 helicase and stimulate premature S phase
progression leading to genomic lesions [140]. Follow-up
studies confirmed these results and demonstrated that Tax
acts as an inducer of genomic DNA double-strand breaks
(DDSB) during DNA replication by blocking progression of
the replication fork [130, 131]. Importantly, Tax-mediatedNF-
kB activation prevented DDSB repair by homologous recom-
bination (HR) and increased usage of the error-prone non-
homologous end joining (NHEJ) repair pathway [130, 131].
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In addition, reduced expression of human translesion syn-
thesis (TLS) DNA polymerases Pol-H and Pol-K in HTLV-
I-transformed T cells and ATLL cells was associated with an
increase in DNA breaks at particular genomic regions, such
as the c-Myc and the Bcl-2 major breakpoints [130].

5. Loss of Adhesion Molecules Stimulates
Metastasis of ATLL Cells

Studies have reported that the tumor suppressor in lung
cancer 1 (TSLC1/IgSF4/CADM1) is overexpressed in the acute
type of ATLL [141]. In addition, others had shown that
expression of TSLC1 plays an important role in the organ
infiltration of ATLL cells [142]. High levels of intracellular
and serum levels of MMP-9 have been reported in ATLL
patients and correlated with organ involvement, suggesting
that overexpression of MMP-9 in ATLL cells may be in part
responsible for their invasiveness potential [143]. Likewise,
analyses of histopathological tissue sections from ATLL
patients with skin infiltrations revealed increased expres-
sion of MMP-2 in fibroblasts surrounding infiltrating ATLL
cells, but not in fibroblast biopsies from nondiseased areas.
Emmprin was found to be overexpressed and it facilitates
MMP-2 production via interactions with fibroblasts, thereby
facilitating stromal invasion by tumor cells [144]. Additional
studies found that the CADM1 protein is overexpressed in
ATLL cells. CADM1 interacted with T-lymphoma invasion
and metastasis 1 (Tiam1) leading to Rac activation and
stimulated infiltration of tumor cells into various organs
[145].

Disclaimer

The content is solely the responsibility of the author and does
not necessarily represent the official views of the National
Institutes of Health.

Conflict of Interests

The author declares that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The author would like to thank Brandi Miller for editorial
assistance.This work was supported byNIHGrant CA106258
to Christophe Nicot.

References

[1] B. J. Poiesz, F. W. Ruscetti, A. F. Gazdar, P. A. Bunn, J. D.
Minna, and R. C. Gallo, “Detection and isolation of type C
retrovirus particles from fresh and cultured lymphocytes of a
patient with cutaneous T-cell lymphoma,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 77, no. 12, pp. 7415–7419, 1980.

[2] M. Yoshida, I. Miyoshi, and Y. Hinuma, “Isolation and char-
acterization of retrovirus from cell lines of human adult T-cell

leukemia and its implication in the disease,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 79, no. 6, pp. 2031–2035, 1982.

[3] M. Yoshida, I. Miyoshi, and Y. Hinuma, “A retrovirus from
human leukemia cell lines: its isolation, characterization, and
implication in human adult T-cell leukemia (ATL),” Princess
Takamatsu Symposia, vol. 12, pp. 285–294, 1982.

[4] A. Gessain and O. Cassar, “Epidemiological aspects and world
distribution ofHTLV-1 infection,” Frontiers inMicrobiology, vol.
3, article 388, Article ID Article 388, 2012.

[5] M. Iwanaga, T. Watanabe, and K. Yamaguchi, “Adultt-cell
leukemia: a review of epidemiological evidence,” Frontiers in
Microbiology, vol. 3, article 322, 2012.

[6] K. Takatsuki, K. Yamaguchi, F. Kawano et al., “Clinical diversity
in adult T-cell leukemia-lymphoma,” Cancer Research, vol. 45,
pp. 4644s–4645s, 1985.

[7] K. Tsukasaki, O. Hermine, A. Bazarbachi et al., “Definition,
prognostic factors, treatment, and response criteria of adult
T-cell leukemia-lymphoma: a proposal from an international
consensus meeting,” Journal of Clinical Oncology, vol. 27, no. 3,
pp. 453–459, 2009.

[8] F. Wong-Staal, B. Hahn, V. Manzari et al., “A survey of human
leukaemias for sequences of a human retrovirus,” Nature, vol.
302, no. 5909, pp. 626–628, 1983.

[9] M. Yoshida, M. Seiki, K. Yamaguchi, and K. Takatsuki, “Mon-
oclonal integration of human T-cell leukemia provirus in all
primary tumors of adult T-cell leukemia suggests causative role
of human T-cell leukemia virus in the disease,” Proceedings of
the National Academy of Sciences of the United States of America,
vol. 81, no. 8, pp. 2534–2537, 1984.

[10] A. Bazarbachi, F. Suarez, P. Fields, and O. Hermine, “How I
treat adult T-cell leukemia/lymphoma,” Blood, vol. 118, no. 7, pp.
1736–1745, 2011.

[11] M. Shimoyama, “Diagnostic criteria and classification of clin-
ical subtypes of adult T-cell leukaemia-lymphoma. A report
from the lymphoma study group (1984–87),” British Journal of
Haematology, vol. 79, no. 3, pp. 428–437, 1991.

[12] A. Bazarbachi, Y. Plumelle, J. C. Ramos et al., “Meta-analysis
on the use of zidovudine and interferon-alfa in adult T-
cell leukemia/lymphoma showing improved survival in the
leukemic subtypes,” Journal of Clinical Oncology, vol. 28, no. 27,
pp. 4177–4183, 2010.

[13] Y. Kfoury, R. Nasr, C. Journo, R. Mahieux, C. Pique, and
A. Bazarbachi, “The multifaceted oncoprotein Tax. subcellular
localization, posttranslationalmodifications, andNF-𝜅B activa-
tion,” Advances in Cancer Research, vol. 113, pp. 85–120, 2012.

[14] M. Bellon, H. H. Baydoun, Y. Yao, and C. Nicot, “HTLV-I tax-
dependent and -independent events associated with immortal-
ization of human primary T lymphocytes,” Blood, vol. 115, no.
12, pp. 2441–2448, 2010.

[15] N. A. Gillet, N. Malani, A. Melamed et al., “The host genomic
environment of the provirus determines the abundance of
HTLV-1-infected T-cell clones,” Blood, vol. 117, no. 11, pp. 3113–
3122, 2011.

[16] C. Miller, T. Mohandas, D. Wolf, M. Prokocimer, V. Rotter,
and H. P. Koeffler, “Human p53 gene localized to short arm of
chromosome 17,” Nature, vol. 319, no. 6056, pp. 783–784, 1986.

[17] O. W. McBride, D. Merry, and D. Givol, “The gene for human
p53 cellular tumor antigen is located on chromosome 17 short
arm (17p13),” Proceedings of the National Academy of Sciences of
the United States of America, vol. 83, no. 1, pp. 130–134, 1986.



Journal of Oncology 7

[18] S. J. Baker, E. R. Fearon, J. M. Nigro et al., “Chromosome 17
deletions and p53 gene mutations in colorectal carcinomas,”
Science, vol. 244, no. 4901, pp. 217–221, 1989.

[19] J. M. Nigro, S. J. Baker, A. C. Preisinger et al., “Mutations in the
p53 gene occur in diverse human tumour types,” Nature, vol.
342, no. 6250, pp. 705–708, 1989.

[20] G. Gaidano, P. Ballerini, J. Z. Gong et al., “p53 mutations
in human lymphoid malignancies: association with Burkitt
lymphoma and chronic lymphocytic leukemia,” Proceedings of
the National Academy of Sciences of the United States of America,
vol. 88, no. 12, pp. 5413–5417, 1991.

[21] A. Sakashita, T. Hattori, C.W.Miller et al., “Mutations of the p53
gene in adult T-cell leukemia,” Blood, vol. 79, no. 2, pp. 477–480,
1992.

[22] E. Cesarman, A. Chadburn, G. Inghirami, G. Gaidano, and D.
M. Knowles, “Structural and functional analysis of oncogenes
and tumor suppressor genes in adult T-cell leukemia/lym-
phoma shows frequent p53 mutations,” Blood, vol. 80, no. 12,
pp. 3205–3216, 1992.

[23] H. Nagai, T. Kinoshita, J. Imamura et al., “Genetic alteration
of p53 in some patients with adult T-cell leukemia,” Japanese
Journal of Cancer Research, vol. 82, no. 12, pp. 1421–1427, 1991.

[24] M. Tawara, S. J. Hogerzeil, Y. Yamada et al., “Impact of p53 aber-
ration on the progression of Adult T-cell leukemia/lymphoma,”
Cancer Letters, vol. 234, no. 2, pp. 249–255, 2006.

[25] K. Yamato, T. Oka, M. Hiroi et al., “Aberrant expression of the
p53 tumor suppressor gene in adult T-cell leukemia and HTLV-
I-infected cells,” Japanese Journal of Cancer Research, vol. 84, no.
1, pp. 4–8, 1993.

[26] R. L. Reid, P. F. Lindholm, A. Mireskandari, J. Dittmer, and J. N.
Brady, “Stabilization of wild-type p53 in human T-lymphocytes
transformed by HTLV-I,” Oncogene, vol. 8, no. 11, pp. 3029–
3036, 1993.

[27] S. Takemoto, R. Trovato, A. Cereseto et al., “p53 Stabilization
and functional impairment in the absence of genetic mutation
or the alteration of the p14(APF)-MDM2 loop in ex vivo and
cultured adult T-cell leukemia/lymphoma cells,” Blood, vol. 95,
no. 12, pp. 3939–3944, 2000.

[28] T. Akagi, H. Ono, N. Tsuchida, and K. Shimotohno, “Aberrant
expression and function of p53 in T cells immortalized by
HTLV-I Tax1,” FEBS Letters, vol. 406, no. 3, pp. 263–266, 1997.

[29] C. A. Pise-Masison, K.-S. Choi, M. Radonovich, J. Dittmer, S.-J.
Kim, and J. N. Brady, “Inhibition of p53 transactivation function
by the human T-cell lymphotropic virus type 1 Tax protein,”
Journal of Virology, vol. 72, no. 2, pp. 1165–1170, 1998.

[30] C. A. Pise-Masison, R. Mahieux, H. Jiang et al., “Inactivation
of p53 by human T-cell lymphotropic virus type 1 tax requires
activation of the NF-𝜅B pathway and is dependent on p53
phosphorylation,” Molecular and Cellular Biology, vol. 20, no.
10, pp. 3377–3386, 2000.

[31] J. C. Mulloy, T. Kislyakova, A. Cereseto et al., “Human T-cell
lymphotropic/leukemia virus type 1 tax abrogates p53- induced
cell cycle arrest and apoptosis through its CREB/ATF functional
domain,” Journal of Virology, vol. 72, no. 11, pp. 8852–8860, 1998.

[32] C. A. Pise-Masison, R. Mahieux, M. Radonovich, H. Jiang, and
J. N. Brady, “Human T-lymphotropic virus type I Tax protein
utilizes distinct pathways for p53 inhibition that are cell type-
dependent,” The Journal of Biological Chemistry, vol. 276, no. 1,
pp. 200–205, 2001.

[33] N. L. Ko, J. M. Taylor, M. Bellon et al., “PA28𝛾 is a novel
corepressor of HTLV-1 replication and controls viral latency,”
Blood, vol. 121, no. 5, pp. 791–800, 2013.

[34] Y. Satou, J. I. Yasunaga, M. Yoshida, andM.Matsuoka, “HTLV-I
basic leucine zipper factor genemRNA supports proliferation of
adult T cell leukemia cells,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 103, no. 3, pp.
720–725, 2006.

[35] X. Agirre, F. J. Novo, M. J. Calasanz et al., “TP53 is frequently
altered by methylation, mutation, and/or deletion in acute
lymphoblastic leukaemia,”Molecular Carcinogenesis, vol. 38, no.
4, pp. 201–208, 2003.

[36] D.-T. Wang, Z.-L. Ma, Y.-L. Li et al., “miR-150, p53 protein and
relevant miRNAs consist of a regulatory network in NSCLC
tumorigenesis,” Oncology Reports, vol. 30, no. 1, pp. 492–498,
2013.

[37] M. Bellon, Y. Lepelletier, O. Hermine, and C. Nicot, “Deregula-
tion of microRNA involved in hematopoiesis and the immune
response in HTLV-I adult T-cell leukemia,” Blood, vol. 113, no.
20, pp. 4914–4917, 2009.

[38] S.-J. Jeong, M. Radonovich, J. N. Brady, and C. A. Pise-Masison,
“HTLV-I Tax induces a novel interaction between p65/RelA and
p53 that results in inhibition of p53 transcriptional activity,”
Blood, vol. 104, no. 5, pp. 1490–1497, 2004.

[39] M. Yamagishi, K. Nakano, A. Miyake et al., “Polycomb-
mediated loss of miR-31 activates nik-dependent NF-𝜅B path-
way in adult T cell leukemia and other cancers,” Cancer Cell,
vol. 21, no. 1, pp. 121–135, 2012.

[40] K.-J. Jung, A. Dasgupta, K. Huang et al., “Small-molecule
inhibitor which reactivates p53 in human T-cell leukemia virus
type 1-transformed cells,” Journal of Virology, vol. 82, no. 17, pp.
8537–8547, 2008.

[41] A. Datta, M. Bellon, U. Sinha-Datta et al., “Persistent inhibi-
tion of telomerase reprograms adult T-cell leukemia to p53-
dependent senescence,” Blood, vol. 108, no. 3, pp. 1021–1029,
2006.

[42] S. Ichimiya, Y. Nimura, H. Kageyama et al., “p73 at chromosome
1p36.3 is lost in advanced stage neuroblastoma but its mutation
is infrequent,” Oncogene, vol. 18, no. 4, pp. 1061–1066, 1999.

[43] M. Kaghad, H. Bonnet, A. Yang et al., “Monoallelically
expressed gene related to p53 at 1p36, a region frequently deleted
in neuroblastoma and other human cancers,”Cell, vol. 90, no. 4,
pp. 809–819, 1997.

[44] S. Kawano, C. W. Miller, A. Gombart et al., “Loss of p73 gene
expression in leukemias/lymphomas due to hypermethylation,”
Blood, vol. 94, no. 3, pp. 1113–1120, 1999.

[45] H. Sato, T. Oka, Y. Shinnou et al., “Multi-step aberrant CpG
island hyper-methylation is associated with the progression
of adult T-cell leukemia/lymphoma,” The American Journal of
Pathology, vol. 176, no. 1, pp. 402–415, 2010.

[46] I. Lemasson and J. K. Nyborg, “Human T-cell leukemia virus
type I tax repression of p73𝛽 is mediated through competition
for the C/H1 domain of CBP,” The Journal of Biological Chem-
istry, vol. 276, no. 19, pp. 15720–15727, 2001.

[47] A. Kaida, Y. Ariumi, Y. Ueda et al., “Functional impairment
of p73 and p51, the p53-related proteins, by the human T-cell
leukemia virus type 1 Tax oncoprotein,”Oncogene, vol. 19, no. 6,
pp. 827–830, 2000.

[48] R. T. Williams and C. J. Sherr, “The INK4-ARF (CDKN2A/B)
locus in hematopoiesis andBCR-ABL-induced leukemias,”Cold
Spring Harbor Symposia on Quantitative Biology, vol. 73, pp.
461–467, 2008.

[49] C. Caldas, S. A. Hahn, L. T. da Costa et al., “Frequent somatic
mutations and homozygous deletions of the p16 (MTS1) gene in



8 Journal of Oncology

pancreatic adenocarcinoma,” Nature Genetics, vol. 8, no. 1, pp.
27–32, 1994.

[50] D. Bartsch, D. W. Shevlin, W. S. Tung, O. Kisker, S. A. Wells
Jr., and P. J. Goodfellow, “Frequent mutations of CDKN2
in primary pancreatic adenocarcinomas,” Genes Chromosomes
and Cancer, vol. 14, no. 3, pp. 189–195, 1995.

[51] L. Liu, N. J. Lassam, J. M. Slingerland et al., “Germline
p16INK4A mutation and protein dysfunction in a family with
inheritedmelanoma,”Oncogene, vol. 11, no. 2, pp. 404–412, 1995.

[52] R. Trovato, A. Cereseto, S. Takemoto et al., “Deletion of the
p16𝐼𝑁𝐾4𝐴 gene in ex vivo acute adult T cell lymphoma/leukemia
cells and methylation of the p16𝐼𝑁𝐾4𝐴 promoter in HTLV type
I-infected T cell lines,”AIDS Research and Human Retroviruses,
vol. 16, no. 8, pp. 709–713, 2000.

[53] T. Uchida, T. Kinoshita, T. Murate, H. Saito, and T. Hotta,
“CDKN2 (MTS1/p16𝐼𝑁𝐾4𝐴) gene alterations in adult T-cell
leukemia/lymphoma,” Leukemia & Lymphoma, vol. 29, no. 1-2,
pp. 27–35, 1998.

[54] Y. Hatta, T. Hirama, C.W.Miller, Y. Yamada,M. Tomonaga, and
H. P. Koeffler, “Homozygous deletions of the p15 (MTS2) and
p16 (CDKN2/MTS1) genes in adult T-cell leukemia,” Blood, vol.
85, no. 10, pp. 2699–2704, 1995.

[55] K. Uenogawa, Y. Hatta, N. Arima et al., “Azacitidine induces
demethylation of p16INK4a and inhibits growth in adult T-
cell leukemia/lymphoma,” International Journal of Molecular
Medicine, vol. 28, no. 5, pp. 835–839, 2011.

[56] M. S. Pombo-de-Oliveira, J. A. Dobbin, P. Loureiro et al.,
“Genetic mutation and early onset of T-cell leukemia in
pediatric patients infected at birth with HTLV-I,” Leukemia
Research, vol. 26, no. 2, pp. 155–161, 2002.

[57] M. J. Bueno andM.Malumbres, “MicroRNAs and the cell cycle,”
Biochimica et Biophysica Acta, vol. 1812, no. 5, pp. 592–601, 2011.

[58] M. J. Bueno, I. P. de Castro, and M. Malumbres, “Control of cell
proliferation pathways by microRNAs,” Cell Cycle, vol. 7, no. 20,
pp. 3143–3148, 2008.

[59] M. Yamagishi, K. Nakano, A. Miyake et al., “Polycomb-
mediated loss of miR-31 activates nik-dependent NF-𝜅B path-
way in adult T cell leukemia and other cancers,” Cancer Cell,
vol. 21, no. 1, pp. 121–135, 2012.

[60] T. Suzuki, T. Narita, M. Uchida-Toita, and M. Yoshida, “Down-
regulation of the INK4 family of cyclin-dependent kinase
inhibitors by tax protein of HTLV-1 through two distinct
mechanisms,” Virology, vol. 259, no. 2, pp. 384–391, 1999.

[61] T. Suzuki, S. Kitao, H. Matsushime, and M. Yoshida, “HTLV-
1 tax protein interacts with cyclin-dependent kinase inhibitor
p16INK4A and counteracts its inhibitory activity towards
CDK4,”The EMBO Journal, vol. 15, no. 7, pp. 1607–1614, 1996.

[62] D. Bertwistle, M. Sugimoto, and C. J. Sherr, “Physical and
functional interactions of theArf tumor suppressor proteinwith
nucleophosmin/B23,” Molecular and Cellular Biology, vol. 24,
no. 3, pp. 985–996, 2004.

[63] H. Rizos, A. P. Darmanian, E. A. Holland, G. J. Mann, and R. F.
Kefford, “Mutations in the INK4a/ARF melanoma susceptibil-
ity locus functionally impair p14ARF,”The Journal of Biological
Chemistry, vol. 276, no. 44, pp. 41424–41434, 2001.

[64] N. Burri, P. Shaw, H. Bouzourene et al., “Methylation silencing
and mutations of the p14ARF and p16INK4a genes in colon
cancer,”Laboratory Investigation, vol. 81, no. 2, pp. 217–229, 2001.

[65] D. K. Bartsch, M. Sina-Frey, S. Lang et al., “CDKN2A germline
mutations in familial pancreatic cancer,” Annals of Surgery, vol.
236, no. 6, pp. 730–737, 2002.

[66] S. W. Blain, E. Montalvo, and J. Massagué, “Differential inter-
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